i ’T INTERNATIONAL AToMPC ENERUGA AW
4 %\} UNITED NATIONS EDUCATIONAL, SUIENTIEIC AnD CULTURAL ORGANIZATION

INTERNATIONAL CENTRE FOR THEORETICAL PHYSICS
1.C.T.P, P.O. BOX 586, 34100 TRIESTE. ITALY.

B

Cautt CENTRATOM TRIESTE

SMR.703 - 19

WORKING PARTY ON
MECHANICAL PROPERTIES OF INTERFACES

23 AUGUST - 3 SEPTEMBER 1993

"High Temperature Failure in Ceramics'"
(Part I)

"Influence of Microstructure on Creep Rupture”
and
"Creep and Creep Rupture of Structural Ceramics"

Sheldon WIEDERHORN
United States Department of Commerce
National Institute of Standards and Technology
Materials Science and Engineering Laboratory
Building 233, Room B309
Gaithersburg, MD 20899
U.S.A.

These are preliminary lecture notes, intended only for distribution to participanis.

ban M8 Teups dnlidy



From: CERAMIC MICROS
TRUCTURES "
Edited by Pask and Evans > %

{Plenum Publishing Corporation, 1988)

[NFLUENCE OF MICROSTRUCTURE ON CREEP RUPTURE

S$.M. Wiederhorn, B .J. Hockey and R F. Krause, Jr.

National Bureau of Standards
Institute for Materials Science and Engineering
Caithersburg, MD 20899

ABSTRACT

In this paper, the effect of microstructure on both the creep and creep
rupture behavior of two commercial grades ot vitreous bonded aluminum
oxide was investigated. Deformation and fracture occurred within the
ductile, intergranular phase of the material. The creep rate was
relatively Insensitive to the ameunt of intergranular phase, but was
sensitive to structural details of that phase The creep rate could be
reduced by Increasing both the degree of crystallization of the
intergranular phase and the viscosity of residual glass within that
phase. The time-to-rupture and the strain-at-rupture increased as the
amount of Iintergranular phase within the material increased. In this
regard, an increase in the amount of intergranular phase permitted
greater accommodation of strain, and hence, blunting of cavities tha
nucleated during the creep process The data fit a modified
Monkman-Grant curve in which the Monkman-Grant coefficient was sensitive
to both stress and the amount of intergranulav phase The Monkman-Grant
voefficient was not scensitive, however, to the deprec of crystallization
of the intergranular phase

[NTRODUCTION

A common method of manufacturiog cevamics involves the use of
chemical afids that permit sintering at reduced temperatures. Sinteving
aids are, in fact. essential in the manufacture of many covalent
materials such as silicon nitride and silicon carbide, since these
materials do not sinter easily without them. With the addition of
sintering aids, sinterlng occurs by liquid phase transpert, which
enhances the densification rate. As the temperature is reduced, the
sintering aid solidifies and a dense, rigid solid forms. However, a
residual low melting phase s invariably left at the grain boundaries so
that when rthe temperature Is raised again the phase softens, thereby
establishing a rhermal limit for use of the material in high temperature
applications. Quantificatien of the effect of second phases on creep and
creep rupture is relevant, therefore, to establishing upper temperature
bounds for the use of ceramic materials in high temperature applications

Since inrergranular phases in ceramics made with sintering aids are
often vitreous ar high remperatures, an undersrtanding of the effect of
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phase composition, devitrification at lower temperatures and the amount
of the second phase on creep and creep rupture is important for improving
ceramic performance in high temperature structuval applications With
this in mind, the effect of intergranular phases on the mechanical
behavior of ceramic materials at high temperatures was studied using two
microstructurally different alumina ceramics as model materials. Roth

the amount of Intergranular phase and the degree of crystallizarion were
used as experimental variables.

EXPERIMENTAL PROCEDURE

Twe commercial grades of vilreous bonded aluminum oxide wevre selected
tor study primarily because they contained significantly differvent wolume
fractions of intergranular phase. (ne (COORS AD-98) contained
approximately 6 to 8 vol. % intergranular silicate phase, the other
(COORS AD-85) contained approximately 20 to 2% vol 4 intergranular
silicate phase. All mechanical tests were conducted in four-poiur
bending using a fixture with an outer gauge section of 40 mm aud an irge
pauge sectlon of 10 mm. Specimens, 50 by § by 3} mm, were obtained from
large blocks of material by diamond sawing and grinding After the finual
grinding step. specimens were annealed at 1090°C tor 96 hr. to stabilise
the wicrostructure prior to the creep studies Tests were camlusied in
the temperature range 950°C to 1100°C for AD-¥6 and 180070 (o 115070 fa
Al B4y

treep studies were conducted by the method described earlier §1°
Créevp rates were determined trom the load point displacement using the
method of Hollenberg et al [2], asswaing linear fiow in the mut

No corrections were made for non limwar creep or for possible

ariai

tlts In
the neutral axis as a consequence af nuequal creep in compressiong am!
tension [1-%] Investigations of the microstructure of these mater ials
were conducted primarily by analyrical transmission electron miciogeupy
The vomposition of the intergranular glass in as received, anncaled
deformed material were determined by x-ray energy dispeysive
spectroscopy, while erystalline devitrification products were i entitied
by both x-ray diffraction analysis and x-vay energy dispersive
SPECITOSCOpY Microstructural analyses were conducted on both the
compressive and tensile sections of test specimens.

atuld

EXPERTMENTAL RESULTS

Hicrostructure

Figure 1 compares polished sections of aAD-8% and AD-96 ro illustiate
some of the important differences In the structure of the twa aluminas
used in this study While both aluminas are primarily composed of Al
prains of varying size and shape, theve is a clear ditference in average
praln size On the basis ef the line intercept method, an average praln
size of ~ % um is obhtained for AD 96 and - 3 um for the AD-8%9 e the
same hasis, the volume fraction of intergranular, hinding phase ranged
from -0 2 to ~0.2% in the AD-85 and from -0 08 to - 08 in AD 94 Both
aluminas also conrained an undetermined volume fraction of
tvpicall-

parasity,
in the form of isolared grain-size pores, Figure 1, w«hich from
post-test examinations did not appear to play a significant role in the
deformation or rupture processes

Closer examination of the microstructure of both materials by
transmission electron microscapy, Figures 2-4, vrevealed the presence of o
binder phase net only at multi-grajn junctions (as indicated in
Figure 1}, but also between all adjacent AI:O‘ grains Thus, while (1 i
convenient to distinguish between multi-grain juncrinn regians and grain
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Fig 1. Optical micrographs of relief-polished (a) AD-96 and (b)Y AD-85
illustrating differences in pgrain size and volume fraction of
intergranular phase for the two aluminas.

Fig. 2. Transmission electron micrographs illustrating the microstructule
of vitreous bonded AD-96 alumina in the as-received state. Glass
of uniform composition i{s located at tviple lunctions (a and b
and alsc between adjacent grains (i),

beodary lavers, the intergranalar space is continuous Consistent with

the inhomogencous Al,0, grain morphology, there was a fonsi§erahlp‘
variation in the dimensions of individual multi-grain junction reglons
and in the widths of intergranular layers found in both aluminas
Typicallv, the Former ranged in size and shape from micron sizfd,
irregular shaped "pockets” to smaller (tenths of a micron), triangulas
shaped triple junctions, Fig. Za. intergranular layer widrhs ranged from
tenths of a micron down to an apparent limiting width of nanometer
dimensions, Fig. 2b DPue to the differences in prain size and invvolumf
fraction of binder phase for the two aluminas the intergranular widths in
al-96 were, on the average, narrawer as well as ltanger thar those [ the
AD-B5 In addition to these dimensional differences, the intergranular
phase in AD-96 was found to be entirely glassy in the as-rﬁfrived .
coundition, whereas in AD-85% the intergranular repions cnnralnpd_egthm
glass or crystalline anorthite, Figure 3. Table 1 lista the initial
intergranular glass phase compositions for both AD-9%6 and AD-S? Also
included in Table 1 are data obtained on an AD-85 sample in which LT§
intergranular phase was made entirely glassy by quenching from 1400°C.

although comparison of the "as-received” glass compositions indirates
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TABLE I: GLASS PHASE COMPOSITIONS {(wr. %3
5i0, Al; 0y Mg0 Ca0 FeO Na; 0 K,C Ba0

AD96* 54.7 25.3

B.3 2.7 .9 7.3 0.5 -
ADB5* 57.8 1.1 5.5 3.3 1.3 - - 11.0
ADB 5% 50.1 29.5 5.1 8.2 0.6 - - 6.5

*As-Recelved
**Quenched from 1400°C

Fig. 3. (left) Transmlssion electron micrograph from AD-85 alumina in the

as-received condition. Intergranular phase is largely contained
within multi-grains junctions and consists of glass and

crystalline (anorthite) phases.

Fig. 4. (right) Transmission electron micrographs illustrating the glasuy
to crystalline phase change that occurs within grain houndarjes
during creep In AD-96 (a), devitvificarion resulted in the
exclusive formation of plagioclase (-0 95 albites0.5 anorthiter.
In AD-B5, most grain boundaries similarly crvstallized to
anorthite or contained multiple phases of anorthite (AnY, celsian
(BAS), and/or cordlerite separated by a high silica glass (1, as
in (hy.

a significant difference only with regard to the presence and
concentraricns of Na,0 and BaO. coosiderable difterences werse !ound
both the nature and distribution of cvystalline, intergranular phases
produced when the two aluminas were exposed to high temperatures
during static annealing treatments or during the creep tests. As
described in an earlier paper on the flexural creep of AD-926 [1], the
extent of devirrification, the nature and distribution of interpranatan
phases, and the compesition of retained glass ir this alumina all depen:
not only on proximity to external surfaces, hut on the state of stress
Specifically it was shown that considerably pgreater crystallization of
the initially glassy binder phase occurs within the tensile zone as
compared te the neutral or compressive zones, and thar this can be
directly related ro the additional crystallization of a plagioclase
phase Moreover, plagicclase was found te form nor only within
mult{-grain Junctions, but alse within many of the narrower (< 200 1)
grain boundary regions, Figure 4a, wheveas the var{ous other crystalline
products of devitrification (i e. the magnesio-alumino silicates,
enstatite, sapphirine, and corderite) formed only within muiti-grain
junctions Thus during creep. graln boundaries within the tensile
regions of AD-96 consist primarily of crystalline plagioclase and/or

eithes
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retained glass, while those within the compressive zone (excluding the
near surface regions) are entirely glassy.

as indicated above, the as-recelved state of AD-85 differs from the
aD-96 in that a significant fraction of the intergranular regions
(including both grain boundary layers and multi-grain junctions) is
crystalline anorthite. While the bulk distribution of intergranular
phases developed in flexural creep samples was not investigated,
examination of thin sections taken parallel to and immediately beneath
the exposed tensile and compressive surfaces revealed extensive
devitrification due to the formation of additional amorthite togethe:
with corderite, sapphirine, and a barium aluminosilicare, tentatively
identified as silica-rich celesian. While anorthite appeared Lo be the
primary crystalline phase present within the narrower grain boundaries
(i.e. 200 nm or less in width), many grain boundaries were also found te
be composed of corderite (usually with an inter-dispersed glass phase).
or combinations of all four crystalline phases separated by glass. Figure
4b.  The composition of retained glass found in devitrified AD-B5 also
differed sumewhat from that found In devitrified AD-96. In AD-46,
devitrification resulted Ln & retained glass phase significantly depleted
in all of the network modifiers, but still containing roughly 20 % hv
weight Al;0,, whereas in AD-8% the retained glass phase was significautly
depleted in Al,0, as well and often appeared ro he pure Si0;.

Creep Measurement

The eftect af devitrification on the creep rat.. of AD.96 is
illustrated in Figure 5. The creep rare of the fully vitreous
{as-received) material Is approximately nne hundred times that of the

devitrified {annealed) material Furthermore, failure occurs in anlv -4
minutes for the vitreous material compared to -60 hours in the
devitrified material under identical test conditions. The estimated
increase in viscosity of the retained glass in the annealed matevial «an
orly account for a decrease in the creep rate hy a factor of 10 [1]  The

additional factor of 10 decrease in the nbserved crecp vate must he due
to the presence of intergravular crystalline phases, which are
undoubtedly more resistant to flow rthan glass of a similar cowposition
1] although a comparlson of vitreous AD-85 with fullv devitrified
AD-8% has not been made, a similar veduction of cireep rate hy
devitritfication is also expected for this material
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Fig » The effect of devitrification on the crveep rvate of aD 90
(a) As-received material; (b) Material that has besn annealed at

1050°C for 96 haurs. The creep rate of the as-received material
is approximately one hundred times .hat of the fully devitrified
ratevial Solid and dashed lines represent independent runs
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Creep of the AD-96 specimens usually ended in failure at a strain ot
from ~0.05 to ~0.15 percent [6]. By contrast, very few of the aD-83
specimens failed within the times of the experiments, which in certain
cases exceeded 700 hrs Those AD-B3 specimens that did fail, failed a: s
strain that ranged from ~0.4 to ~1.4 percent. Thus, the strain required
for failure of the AD-85 was approximately ten times that of the AD-U6.
Desplte this difference in rupture strain, both materials appeared to

phase was pglassy throughout, whereas in Fig?re $ CﬂYi[ﬂElOﬂ En r‘\Drh‘S.l
occurred within a wider, partially crystallized grainm boundary, and :
glassy phase of nearly pure 5i0, separares.lhe cavlcy‘from thk
crystalline anorthite phase. While the inictial stages of ?ra?.
deﬁelopment in both materials can be similarly described by lj{s.k. .
selective cavitation process, the eventual morphology of the L{aﬁ s is
quite different and this difference can be related to differences in

exhibit primary creep over most of the test range.  For both types of grain size and volume fractien of binder phase.
materials, the creep strain., e, could be expressed in tferms of a power :
tunction in time, with a fractienal time exponent, n: ¢ = ¢ t© For all

.
studies, the value of n ranged from 0.4 toe 0.6

The vreep behavior of the Al 8% and the AD-96 are compated in Figore o
for two test conditions: one in which failure of the AD-9% sample
occurred within a few hours of initial load; the other in wirieh the time
1o fallure was approximately 100 hours. Under the same test conditio
the AD-85 samples sustained the load for the entire duration of the
tests, which were eventually Interrupted befare failure Aside from the
difference in the rime-to-rupture, the most significant result ot the
study was the relative Insensitivity of the creep rate to the matcriat
beling tested For the shorter of the twe runs. Figure a. the Cruep

HL

rate
wig essentially ldentical for both materials over rhe entire tesr Vg
For the longer of rhe two runs, Figute &b, the creep was fasier tor e
AD-8B%, but only by a fartor of two or three at a given strain Thies o e

Fig. /. tleft) Trapsmission electron micrographs showing cavities forired
within narrow grain boundaries in (a) AR-96 and (b) AD. 8% [
voth aluminas, grain boundary cavitatlon represents tLhe initial

creep vate of AD.G6 just prior ro failure was 1 B9xl0-8
creep rate of the AD-8% ar the same strain was 4 6Hunl(-%

whiereas the

stage in crepp crack formarion

: . - J— - - N ey
»mison OF ChEEr : o ) . . o . o . ially cavitated
I 40 wry 080 ¢ Qcsmians aoara toan T e Fig. 8  (right) Transmission electron micregraph ol parti Ly 1
: graln houndary vegion in AD BS. Note presemce of nearly pn1}
’ I o o1 wWe LG i AV . Croand Tnrevpranulan
o 5 femeirot silica glass (0 between expanding eavity o indintey
: ione ; : .
3 ouonl A ! anwrthite (AN
| o as
. . Siome b 4708 fames
e e . et e Ciented pormal (o
£ H LELERCR lee AD 96 selective vavitation of grain boundaries oriented n
5 | T & the tensile axis results in "segmented cracks” consisting of cavitated
) — LN [TvA P aud partially cavitated grain boundaries, Figure Ya These cracks prow
stanly ro mactoscapic dimensions while retaining relatively narraw
ot ,{ opening displacements due to the rvestraining actions of the parcially
a b vavitated grain boundary sepments Further deforma: ion eventually
. - . = L S J— R N results in the development of stresses sufficient to separate the
Vo I T o 100 300 ) Tims ~atastrophi Paibare
. L . . . atastraphic faila
Tt b TIME b restraining grain boundarv segments, and ultimately cat & '

oveurs o this process relatively litrle cavitation eccurs along the
tlanks of cracks in AD-96: instead, cavitatian is mainly restvicrfed o
ad of the advancing crack.  In

Fig. & The creep hehavior of AD 8BS and AD Y6 compared for two fest
condit fons fal failure of the AD-G6 occurred within a tew hous s
of inir{al lead, (b} Failure of the AD 94 oceurred in
approximately 100 hours.

favarahly oriented grain boundaries ahe
many wavs the manner in which creep cracks in AL-Y6 grow closely
reserbies the descerviption of crack gr sth in recently developed crack

interface bridging models, which have been proposcd to explain the eftect
Cavitation and Crark Morphology i "

ot wicrestrucrture oo fracture toughness 7]
In both aluminas crack initiation and inciremental growith vver by a
selective cavitation process in which caviration first occurs within
relatively narrow grain boundaries that are roughly aligned normal ta the
tensile axis. Subsequently, cavitation accurs within inclived grain
boundariv. and multi-grain junctions te fornm a contivuously open crack
Fxamination of isolated, partially cavitated grain boundaries by
transmission electron microscopy, morecver, has shown Lhat cavities
appedar to nucleate preferentiallv within the glassy porvions of grain
boundaries, since cavities are invariablv bounded Ly a residual glass

Iir AD-AS, the initial stape of crack development aud crack gruwlh ilsw
involves the selective cavitation of narrow, favorably oriented grain
boundaries However, hecause of the smaller grain sice and larger voluae
fraction of intergranular phase for this material {(relative to AD- 96}
the vavitated grain boundaries are not onlv smaller aund more unl%nlmiy
distributed but rend to be separated from each other by micron-sized
multi-grain junctions As a consequence, continued r?vliy gr?wrh:
teading to the formation and growth of cracks of mulriple grain siee

dimensions, is effecrively arrested until the development of higher Toral
phase Figure 7 illustrates the almost idenrical manner in which srrains sulficient ro drive the cavitation pravess thivough the
cavitation firsc occurs within relatively narrow grain houndary layvers in interleaving malti-grain junetions Thus, unlike the "segmented cracks”
bath materials In both examples seen in Fipure 7, the grain boundin v

that form in AD-95, Figure Ya creep cracks in AD-8% necessarily attaln a
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fully open morphology and, with continued growth, exhibit appreciable
crack opening displacements, Fligure 9b. Moreover, because of the
enhanced capacity of AD-85 to distribute and accommodate strain - as
evidenced by the large crack openi.g displacements - individual crack
segments generally arrest within 200 to 300 uwm. Nevertheless, continuous
cracks of macroscopic dimensions, eventually responsible for Eailure in
AD-85, develop by the linking up of similar, adjacent crack segments.

Fig. 9.

Scanning electren micrograpns illustrating representative
portions of creep cracks developed at tensile surfaces in

{a) AD-96 and (b) AD-85. Distinct differences in crack
morphology and crack opening displacements relate to the effect

of microstructure on crack growth by cavitation, as discussed in
the text.

DISCUSSION
Two Phase Creep

A number of theories have been developed ta explain the creep of two
phase materials. All assume homogeneous deformation of the structure. so
that each grain of the structure contribures a proportional amount tn‘ﬁ
total deformatien. Creep models can be divided into rhree types: -
lubricated flow [8, 9}, percolation |9, 10). and, solutinn-precibitatiun
(8, l}-lﬁ]. In lubricated flow, the second phase acts as a lubricanr
reducing the friction between adjacent solid particles during shear
deformation. 1In percolation, lecalized flow of fluid from the- ‘
compress!ve to the rensile surfaces of individual grains governs
deformation Finally, in selution-precipitarion, mass tr;nspnrl of the
selid grains through the liquid controls the deformation rate Each ot
these rﬁeories suggests that the steady state creep rate is invofﬁplv
proportional to the viscosity of the second phase fluid, a result that is
consistent wlith our finding that the creep rate is reduced when the

effect%ve vigcosity of the intergranular phase is increased by
devitrification

Current theories of creep also supgest a dependence of the creep rate
on microstructure: in particular on the grain size, g, of the material
and on the fraction of second phase, w/g, present in the material (w is
the thickness of the Intergranular phase) In lubricated flow, the creep
Yate is expected to be proportional to w/g, in percolation to ew/g)j 1nL
in solution-precipiration to w/g if the process is interface ccntroiie;
{12] and to (w/g)/p? if the process is transport controlled [12] Far
the materlals studied in the present paper, the measured 3:1 ratio (AD-96
to AD-83) of grain size and volume fraction of second phase (AD-85 to
AD-96} should result in an increase of creep rate (AD-8% relarive to
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AD-96) of ~30 for the percolarion or transport controlled selutien-
precipitation and ~3 for simple sliding or interface controlled solution-
precipitation, provided the effective viscosity of the second phase in
both materials is the same. From the present results one must conclude
that neither transport coentroiled solution-precipitatien, nor percalation
can account for the observed results. Simple lubrication also dees mnot
provide an adequate explanation of the results because it does not
account for the dilatation that occurs during the creep of two phase

materials {17, 18] Furthermore, simple lubrication does not provide
sufficient resistance to flow te account for the low creep rates measured
in the present study [8, 9] Therefore, iuterface controlled salution

precipitation [12] appeavrs to be the most likely mechanism to explain the
present set of daral.

Creep-RBupture

Creep rupture data on structural materials is eften summari.ee .n
terms of a Monkman-Grant [20] plet, in which the minimum strain rate,
is plotted as a function of the stress rupture time, t.. Originally
dMeTsed to correlate data on structural metals, the plot provides a
simple way of summarizing creep data since the creep rate is often found

to be inversely proportional to the failure time. 1In the present study
the grain boundary phase was modified in two ways in order to influence
the creep and creep rupture behavier: (1) annealing was used to

devitrify the material in hopes of increasing the time to failure: (2 a
material with additional second phase was tested with the expectation of
increasing the strain to failure Both treatments enhanced the creep
rupture lifetime For practical purposes it is important Lo ascertain
whether these microstructural modifications can also chanpe creep-ruptnie
hehavior when this hehavior is expressed in terms ot the Monkman: Grant
velation.

A comparison of the creep rupture hehavior of the as-received (fully
vitreous) and anncaled (devitrified) AD-%6 is shown in figure 10a. In
earlier studies of this material, anncaled specimens were shown to ohey a
modified Monkman Grant relation in which the Monkman-Grant canstant was
function of stress [1] The data seemed to indicate that for a fixed
value of the applied stress, a linear relation is obtained hetween the
creep rare and the inverse of the rupture time. Included with the
results of the ecarlier study are the creep rupture results from the
as-received AD-9h, which was tested ar 60 MPa (Figure ") The rupture

data for the as-received material fall on the same Tine as the othey
AD-96 data collected at the same applied stress This result suppgests
that Monkman-Grant curves for this marerial arve not affected by the state
of crvstallization ot the second phase as long as the praiu size and the
relative amount of the second phase are vonstant. For this condition,
the rupture time can be predicted in tervms ol the vreep rate vogardless

af the state of devitrification

By c¢ontrast, changing the velume of the second phasce scems 1o have a
significant effect on rhe position of the Monkman-Grant curve. This
vesult is illustrated in Figure 10b, In which data from the specimens of
AD-BS that failed are plotted with data from specimens of AD-06 Beeause
of the limited amount of data for AD-85, the data are compared at
constant temperature vather than at constant stress All of the data fm
the AD-96 fall on straight lines of constant temperarure {for rhis type

‘Yang and Raj [18] in their investigation of the creep of glavs-
reramics found that the mechanism of creep that was most consistent with
their data was transport controlled solution-precipitation.
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Monkman-Crang

of

rhe creep rupture hehavior of the as-

received and fully devitrified AD-%¢

expressed in terms
for the same testr conditions,

eep rupture data
In

curves

{aj},

Note thar

is compared.
the data for the glass bonded

as the

ame Line

<}

material, solid rriangies, falls on

data for the devitvified material

data for the AD-96 are compared with those for the AD-85

the dat .
conslant

AD-85
than

imited amount of dara

<

of the !
arc compared At

Because

v at

-

cemperatu

onstant

regs

st

f the lines are not -1). The data for the

AD-8° fall on a set of lines that ave displaced from the lines for the
aD-96 by a factor of approximately 3 in time at a constant creep rate.

As the creep rate for a given strain is not sensitive to the amount of
second phase, figure b, it must be concluded that the difference in
behavior of the two materials is primarily a consequence of the greater
tolerance of the AD-85 to strain. The preater capacity for accommedation
in the AD-85 yields a material with a very different stress rupture

behavior.
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ACKNOWLEDGEWENT
Suppart of the Department of Energy, Automotive Cas Turbine Program is
gratefully acknowledged

REFERENUES

1.5 M Wiederhorn, B Hockey., R.F. Erause, It and K Takus, "Creop
and Fracture of a Vitreous-Bonded Aluminom Uxide,” T Mater. sei. 21,
Bl B0 01986y

2w W, Hollenberg, G.R. Terwilliger and RS Gordon, "Caleulation of
Sprass and Strains in Four-Point Bending Creecp Tests . " 1. Am. Ceram
Soc. 54, 196-199 (1971).

18 M Wiederhorn, L. Chuck, E R, Fuller, 11 and N T Tighe, "Creep
Rupture of Siliconized $ilicon Uarbide, ™ pp 9% in Tailloving
Multiphase Ceramics, R E. Tressler, G Lo Messing and €6 Pautanoe,

sdy . Plenum Press. New York {19871,

A D.F. varroll. R, E Tressler, ¥ Tsal and & HNear, "High Temperature
Mechanical Properties of Siliconized Silican Carbide Composites.”
pr. T7h-dBR in ret . 3

, L Celnt. G Grathwohl and F o Thummler, “"Strengthening atter Creep of
Reaction-Bonded Silicenized Silicon Carbide ™ ppo n15 %26 in Creep acd
Fracture of Fngineering Matevials and Structures, B oWilshirve atul
DR J. vwer. eds. . Pineridge [ress, Swansea, UK c1G84)

b K Jakus . 5.4, Wiederhorn and B0 Hockev, ucleation and Growth ol

Cracks in Vitreous-Bonded Aluminoam txide at Flevarod Tewperaturios,

I Am Ueram. Soc b9 (19861 October lssue

7. P L. Swanson, ¢ J. Fairbanks, B.B. lawn, Y-W Mal ardl B Hockey,
“Crack-Interface urain Bridging as a fracture Resistance Mechanism in
Ceramics- 1 Experimental Srudy ou Alumina. " .J. Awm. Cevam, Soc | iu
press (1987).

8 O M Pharr and M F. ashbv. "On Creep Enhanced bw a Liquid Phase " Acta
Met 3], 129-38 (1983)

9 F F. Lange, "Non-Elastic Deformation of Polyorystals with a Ligquid
Boundary Phase," pp. 161-38]1 in Deformation of Ceramic Materials, R.U.
Bradt and R.E. Tressler, eds Plenum Press., New York (1975}

10. D €. Drucker, "Engineering and Continuum Aspects of High-Strength

Materials,” pp. 795-833 in High Strength Materials. Y F. Zackay. ed
John Wiley and Sons, Inc., New York £1965)

805

- -



11.

12.

13,

i5

16.

0.

806

R. Raj, "Creep in Polycrystalline Aggregates by Matter Transport
Through a Liquid Phase," J. Geophys. Res. 87 [B6]), 4731-39 (1982)

R. Raj and C.K. Chyung, "Solution-Precipitation Creep in Glass
Ceramics." Acta Met. 29, 159-66 (1981).

D.W. Durney, "Soclution-transfer, an Important Geological Deformation
Mechanism,” Nature, 235, 315-16 (1972).

D.W. Durney, "Pressure Solution and Crystallization Deformatian,”
Phil. Trans. R. Sec. A283, 229.40 (1976)

E.H. Rutter, "The Kinetics of Rock Deformation by Pressure Solution.”
Phil. Trans. R. Soc. Lond. A283, 203-219 (1976)

R.L. Stocker and M. F. Ashby, "On the Rheology of the Upper Mantle
Rev. Geophys. and Space Phys. 11. 391-421 (197%)
0. Reynolds, "On the Dilatancy of Media Composed of Rigid Particles

in Contact, with Fxperimental fllustrations,” Phil Magp. 20 489.-31]
(1885).

F.C. Frank, "On Dilatancy in Relation to Seismic Souvees
Geophysics, 3, A4HS (1965

Rewr

J.-G. Wang and R. Raj. "Mechanisms of Superplastic Flow in a
Fine-Grained Ceramic Containing some Liquid Phase " ..

Aw. Ceranm
Soc. 67, 399.409 (1984)

F.C. Monmkman and N.J. Grant, "An Empirical Relationship herween
Bupture Life and Minimum Crecp Rate in Ureep-Rupture Tests " Praos
ASTM 56, 593-620 (19%6) .

_-ﬂz__-



CREFP AND CRFEP RUPTERE OF STRUCTURAL CERAMICS

S M. WIFDEFREOEN, B ). HOCKEY and .- 1. CHUANG
National lnstitute of Stamdards and Technotogy
Gathersburg, MDY 20894, LISA

ABSTRACT. Structural ceramics are often two phase materials, in which rigid
refractory grains, fibers, or whiskers are bonded by a less refractory matris, Al
clevated temperalines, creep ovcirs by deformation of the matrix, resulting
the localization of stresses along grain boundarics, Tellowed by cavitation and
eventually by structural Tuilure ol the ceramic,  The sequence of events pror to
failure depends on the grion wizee ol the amount of bonding matrix within tiw
solid.  Large amounls al matrix phase reduce core Cratint s atorrain houndaries,
and thus the stresses that canse cavitation. L arge grains, fibers or whiskers
provide casy paths for crack growth, so that, once imitiated, cracks readily
propagate to failure. In aructural ceramics, farlure time can be expressed as o
power function of the crecp rate; the coefficient amd exponent of the power
funclion are determined by the failure mechanisn,  1n this paper, models for
creep rupture of ceranties are presented for cavity coalescence and for crack
arowth as pritnary failure processes. The maodel Tor cavity coulescence, in
particular, is used to rationalize creep rapture duta for o two phases ceranti
that Fails by cavity conlescence.

1. INTRODUCTION

failure of structural ceramics ot elevated temperatures can be classified into
two general types depending an the time required for failure i1-5). For
relatively short failure times, failure is a consequence of crack growth from
preexisting defects. For relutively tong lailure times, failure results from
distributed cavities that are nucleated by the creep process. A thresheld stress
separates the two types of failure [2]. Most theoretical and experimental work
on ceramics at elevated temperatures have dealt with crack growth as the
principal mode of fFailure and a series of excellent reviews and resecarch papers
are available on this subject [6-8]. The subjects of cavity nucleation and cavity
growth in ceramic materials have also been investigated and are similarly
referenced in the literature [9-12}, With few exceptions (13}, an area of the
ceramics literature that has been neglected is cavity coalescence, which
pertains to the sequence of events that transforms cavities into microcracks.
Cavity coalescence is the main subject of this paper. First, the steps leading
to the formation of cavities and/or microcracks are discussed and are shown Lo
be critically dependent on the microstructure of the ceramic, Whether
microcracks, or isolated cavities are formed during cavitation is shown (o
depend on the ratio of the volume of bonding matrix to the volume of the
refractory grains, and also on the size and shape of the refractary grains in Lhe
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atructural ceramic. Next, it is shown that the creep life of two phase ceramics
can be expressed as a power function of the strain rate, independent of
temperature or applied stress. This relation between creep rate and failure time
was {irst proposed by Monkman and Grant [14) for structural alioys. It also
pravides a convenient representation for analyzing creep rupture data in
structural ceramivs, Finally, two theories to rationalize the dependence of
rupture life on creep rate are developed. OF these, a theory maodelled on cavity
coalescence is shown o provide a satisfactory description of the stress ruptuse
behavior of a ceramic that forms isolated cavities during deformation.

2. CAVITY MORPIOLOGY

Al materils discussed in this paper are two phidse ceramics, in which refractory
prains ur whiskers are surreunded and bonded by less retractory matrix. The
aratns are asstined ta be completely rigid so that all deformation ovcours within
the matrix.  Lhis assumption is valid for a wide class of struclural ceramics
over a range of conditions . Despite differences in the microstructures of these
two phiase materials, certain Comimon features are apparent both in the mode ol
cavitation, and in the way cavities grow in these materials, First, cavities
always seemed to form at interfaces between the rigid grains and the more
ductile matrix. Most often, cavities are observed te form within the interfacial
regions separating closely spaced grains, or at triple junctions. Interfacial
cavitation s ilustrated in figure 1 for two grades ol alumina HGl, and in figure
2 for a grade of siliconized silicon carbide [17-18]. Cavities torm at such
lorations largely because of physical limitations on the rate of flow of the
l_n;m‘i.\ Letween the grains as they move apart [14, 20]. 1f the matrix does not
flow rapidiv enough, high dilational stresses develop within the matrix,
eventually resulting in the formation of cavities. Since the highest stresses
develop at the midpoint between two planes that are being pulled apart,
cavitation is expected to occur preferentially between grains that are closely
spaced.

A guantitative estimate of the stresses that develop between two grain
interfaces can be obtained by modeling the interfaces by two circular cylinders
of radius G, separated by a distance h, figure 3. As the cylinders are forced to
move apart, fluid is sucked nto the space betwern the cylinders.  Assuming no
slip between the fluid and the disk, the pressure, p, that develops between the
cvhinders is given by the following retation {21]):

p=p, - e/ dh/dO (G- ) (1)

As the refractoriness of the matrix phase increases relative to that of
the grains, higher temperatures have to be used 1o deform the solid. As a
consequence, deformation and hence cavitation may also vecur within the grains,
al the grain boundaries. Such cavitation has been observed in one of the newer
grades of silicon nitride, in which small lenticular shaped cavities decorate the
grain boundaries of the solid after creep at elevated temperatures [i5]. The
inlirphnlogivs of these ravities is essentially different from those discussed
10w .
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Figure 1. Transmission electron micrographs : iowing cavities formed within
narrow grain boundaries in (a} AD-96 and (b)Y ALY-85. In both grades of alunina,
grain boundary cavitation represents the initial stage in creep crack Tormation,
Microstructural analysis indicates grain sizes of =9pm awd =3pm for AD 6 aod
AD-B5, respectively. AD-96 contains 96 wght. % sluminum oxide, whereas Al
85 contains 85 wght. % aluminum oxide. The volume fraction of intergranula
binding phase ranged from =0.2 to =0.25 for the AD-85 and from =0.06 1o = (.08
for the AD-96. Lata from reference 16.

e

Figure 2. Cavity formation in Carborundum KX01. This material contains =33
vol. % silicon. Cavities are always located at Si/SiC interfaces, most often
between (wo closely spaced SiC grains. As the cavities grow from the narrow
space between the grains, they arrest on cncountering a larger pool of silicon,
The applicd tensile stress was vertical {top to bottom) in the figure.
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where g is the distance from the center of the cylinder, p, is the pressure in the
fluid surraunding the cylinders and w is the viscosity of the fluid. The maximisn
absolute pressure oCcurs when g = 0. If the grains in a material are considered

1o be rigid cviinders of height 2G, then dh/de = 26 - £, so that -

poop-6rE -Gy (2

For the grade of siliconized silicon carbide shown in fignre 2, a viscosity of
107 Pa-s is estimated at 1300°C and 100 MI'a from the creep map Tor silicon
[22]. Var a creep rate of =10 %' and a SiC grain size of S, pressares >
Gia are estimated for values of b <21mm. Grain boundary separations of this
magnitude are not unusuat for SiC bended by Si, suggesting that cavital inn
chiould he relatively casy once the creep rate has exceeded o threshold value
determined by the grain separation.

Onee nueleated, a cavity tends to grow along the grain interface until it
covers the facel of the grion an which it nucleated, Subsedguent growth then
depends on the microstructure of the solid. 17 only a small wnount of bonding
phase is ot the gram interface, the cavity will contitne to grow Trom one grain
1o the next along grain imerfaces, thus forming a crack. Such crack formatior

dh/dt
e 2Go
l
2G
Lo —!  flid

Figure 3. Model of two grains being puiled apart as a consequence of the crecp
process. Fluid is assumed to flow freely into the space hetween the two grains,
estahlishing a pressure gradient, which is the cause of cavitation. The bonding

mmarrix is assumed to be approximated by a viscous fluid in this model

d for the silicon carbide

In this estimate a grain size of 5 pm is asswmnNe
applicd stress to

grains. The viscosity of silicon is calculated as the ratio of the
the creep rate at 1300°C. As silicon is a power-law material, it is recognized
that equation 2 can only approximate the true situation.
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via rapid interfacial cavity growth was typically observed in alumina containing
=B vol. % glass, figure 4. Similar creep crack formation due to small amouns
of glass a1 grain boundaries has also been observed by Fvans et al. 123} and by
Wilkinsan [24] in studies on nominatly "pure” alumina containing isolated pockets
of glass. o these materials, the glass wets the grain boundaries of the
aluminur oxide grains only in the vicinity of the glass pockets. Under stress,
crucks readity generated fram the glass pockets, then grew into the bulk of the
aluning where they arrested. Thus, o small quantities, glass apparcuatly
"embrittles" alominnm oxide a1 elevated temperatures, permitting the nocleation
of sizable cracks within the material as a consequence of creep cavitation,

As the volume fraction of honding phase within the solid is increased,
cavities tend o stubilize once they have propagated across a facet, This is
ilustrated for o grade of sthicanized silicon carbide containing 33 vol. % silicon
(Carborundur KXOL), in which solated damage ocours as a consequence of
cavitation, frigure 20 After g noclens s formed between two narrowly spaeced
grains, cavities generaily grow unul they intersect the larger pockets of sailicon
on cach side of the houndary, The cavity then blunts amd arreses. Cavitles are
formed al vandom throughout the gauge section and, with continued creep, the
gauge section bhecomes fitled with these cavities, For this type of
cavitation, cavity coalescence s required 1o form a crack that then propagates
through the matenal causing failure, figure 5.

Scanting electron micragraph illustrating representative portion of a
creep crack developed at the tepsile surface of o flexure bar in AD-96 aluming.
Cavities in this material are not arrested after nucleation, but grow as cracks
along grain interfaces. Figure taken from the work presented in reference 16.

—-1%-

S

lLarge grains, fibers or whiskers in an otherwise fuw‘gm]_n 1]n.1;}11::1:):::((:){1‘2;)2:{
crack growth over cavity coalescence as _fraclturv, r_[}ggtlanl_irrrh.ido e é‘,(j]m
cruck growth is illustrated in a grade of siliconized bllvl?()ﬂ (; o bm{dcd by 16
210) that contains a mixwure of =50 pm gnd .:3 nm grams 0 ;r D vt
vol. % Si, figure 6 1251 Generalized cavitation does not ?_Lckt o
Cavities form along the larger grain lmundﬂn_vs qnd lllt‘-:\ in -‘[!-rumiﬂl\-' o
crack. Onee the crack has been forllnvd, ra;il_alun;ht)(‘(T,.l(l‘rtiH:: g,;,m-im:-“g o
s erack tip and the material fails by crack growth. nsile specinens 1R
lf:‘il (Il:yhl:‘lii Emu'ms, show no evidence of gvnvrah.’(.'d (‘n.vi‘lal['.‘u’r:mw'ltih.l‘!ll_l‘lhl. Faugpt
wection, lustead, (mt*lnrrlwn <'rm'&ks '§|u'd[]1::"l‘f:‘[:‘::l,—]:-);z,:‘:z(,fl}'l1“\ gn;]m‘ gm;(_mn‘_
rved: these usually form at the “highers stress n: ! e seet
Utm;\ngitt;dlnr crack nucleation process is ohsorvv_tl i whlskv‘r r(‘il‘llfs!-l';t(}‘ :1]1]: T;:pn
pitride 1271, o this matevial, cavities ruixf‘lvﬂly from 1:;1 l:;iﬁ‘(.‘:,t:; l:url.h: h
oyt e inte the siticon pitride matrix forming 4 vradc al cventud iy i sult
E‘rllt:]‘inllt‘\'llmi:nmn Catlure, figure Ta.o DBelow g stress lhr('sh(‘)ldl,. l.u.n‘ I.() ft,I]I,‘\l:“:'v:::;( kl‘\l us
that show in Higure 7a, de not grow in this material, Caviti s .;ull 'iA(.\
U SiC whisker interface, but these tend to have lnlumrvd niuln ;; ?131:15(,1“[‘[;“‘““‘ y
indicating hmited growth. Abave the crack growth threshold, high ¢

Figure 5. Cavity coaleseence in Carborundu KXOT. ‘ys ry ft'u.r of t‘h(:s,(*‘-t‘n .
conlesced features are observed in the gauge section ;11_1(‘1' I«’f~.1l1ng,l _511;]??,:_5r11‘ g
low probability cvent. The appliesd tensile stress is horizontal in this Tigure.

To reduce stress concentrations in the gauge sm,'lin.n, fit gr“uduai reduction
of the section from the gripping area was used in the dcsftg;‘n. .vaer—th(l:fleslsl,‘an
ertianeement of stress of approximately 3% s expected [26]. :‘\ppur(-‘nt‘%',‘ t 1is
enhancement is sulficient to nucleate cracks al the ends of the gauge section.
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Sl
note microcracks are observed, all of them slowly growing as a function of time,
s of ligure 7b. As the applicd stress is increased, however, fewer microcracks are
LCRB observed. Apparently, the crack Browth sensitivity of the material to applied
=18 stress is greater than the cavity nucleation sensitivity of the material to applied
erial. stress, so that a crack, once nucleated, rapidly grows to failure, leaving veTy
little damage behind in the rest of the gauge section.
N
it 3. CRFEP RUPTURE LIFETIME
Fauge
Although the lifetime of stroactural ceramics depends on the exact details of the
tian®. mechanism responsible for failure, some characteristics of the creep rupture
ieon process seem 1o apply regardless of Taiture mechanism. Creep rupture studies
d then on a number of structural ceramics mdicate, for example, that failure strain ic
esults greatest for specimens tested at the slowest straia rates. This retation between
neh as failure strain and strain rate is illustrated in figure B far three, (wo phase
i at ceramiecs. Strains 1o failure in tension for two phase ceramics tend o be <29,
which means that these maserials o not exhibit extended tertiary creep
es af behavior. In fac, primary creep o these materials can be exaggerated, lasting
for thousands of havrs, when processes such as devitrification occur a grain
interfaces (15, 27].
sting a
e,

Figure 6. Microcrack formation in Coors SCRB 210. Cavitation appears to
Juction  occur preferentially at the interfaces of large grains within the structure. This
dess, an material contains =18 vol. % silicon in which are tmbedded a mixture of =50um
¢, this  and =3um grains SiC.
«tion.
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Rate, 1/s

Strain

Rate, 1/s

Strain

i he Figure 8
ion i isker reinforced materials occurs at t !
Figure 7. Cavity mi)cledaé;?r? ’?héhgigh‘:,srﬁzkers {a). Cavities grow fr(u,r;t;]hg[her ;;](}n:;l,:}(\,l‘
Nisiie _mtﬁrfaCES_ ?E the Eg)ulk of the material, where thev lmk-_upthe D hed
Whi‘Skv‘«"' lmer[acﬁs Torming life-limiting cracks. A‘s can_bs‘ cen :’:;Lics. pots
cavities eV?ntt’E; yhc whisker-reinforced SisN, specimen in (M":ﬁ Lies form
gagfge S?Cl:ﬂ?o?lgtrout the gauge section. The gauge section wi th .
rm
:ﬂ:;:{uor( hifkvn from reference 27.
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4. MIFCHANISMS OF FAILURE TN TWO PHASE CERAMICS

that the faslare of two phase ceramics can
wacterized by two extremes in behavior. In materials that contain a large
cavities tend to nucleate at graim interfaces
full facet cavities. Tailore in this mede is
e oerack, Onee o critical crack s
faiture s determined by the
sacks,

pep crack nurleation and

ation followed by rapid
This aceurs for

e, or in materials

Dana presented i this paper sugygest
be ehi
volume fraction of bonding phiase,
and then stabilize after growing into
by cavity coaleseence o form a eritical siz
formed, crack growth is relatively rapid, so that
wl far the cavities (o coalesce inte
AL the othwer extreme, failure is caused by or
propagat ion. In these Microstractures, interfacial cavit
intet facial cavity growth 1o form crack nuelei is favored.
materials that bave relatively small amounts of second pin
that coutain whiskers or large grains. The rate tiniting step for component
fifetine can be crack mkleation, or erack growth, or @ combination of the two.
As an example, invitreoeus bonded aluming containing B oval, % vitreous phase
{Coors ADYG), =13% of the Failure time is required Tor cavity nucleation,
indicating that both processes determine the tifetime |30, Similar studios hive

ver Lo be conducted on other materials,

Fithe reqiine

4 L. Failure by crack Growth

A relutively simple derivation of a Menkman Grant cguation can be obtained if
the time Tor nucleating eracks is assumed to be short relative ta the time for
crack growth”. As an extreme of this condition, we¢ considet creep failure from
preoexisting flaws. If the erack growth rate is a power function of the applied
atress intensity factor, e v = _-Dxp(—();’](l]-(KI/I\'“)”. then the time to failure,
1,, s given by 1 BeexplQ/RT8" -0 Vowhere Bois il erials/environmental
constant and S is the s rength determined from the initial Haw size [41.
('mul:inin%; this equation with the Norton equation for ereep,

£ o-E e YR afe ), the Tollowing equation is oin ained Tor the time 1o failure’:

i iR o o “ dn
1, 'E"'-H'l‘l fd el -5, _IG“/qul {4)

Zisin of [ailure, either crack
ase the nucleation

st be present.
i by crack

> por crack growth to be an important meehar
growth must initiate from pre-existing defects, in which ¢
time is zeto, or a fixed but smali number of nucleation sites mu
Onee these sites are activated, the remaining lifetime is determinec

growth from these sites.,

" This approach to cuaponent lifetime was first suguested by Lange [321.
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From this vquation, the strain rate exponent for the Monkinan-Grant equation is
m = p/n. Purthermore, the ceefficient € in the Monkman-Grant equation
{equation 3) is temperature independent only if H/n = Q/p. Otherwise, a series
of parailel lines will he ohtained on a Monkman-Grant type of piot.

Fquation | provides a means of estimating the Monkman-Grant exponent
directly from creep and erack growth measurements. The exponent for the
creep rate, n, can be obtained from tensile creep measurements. The crack
growth exponent can be obtained from indentation cracks in tensile bars, or
from fraciore mechanics specimens, However, as indentation cracks mayv oot
propagate in the same way as those that nucleate naturally during crecep, it s
probably betrer to obtain the crack growth expouent from maturally nocleated
cracks. The Tact that these two types of cracks may behave differentiv during
creep was demiesdtated oo Tlexural bars of vitreous bonded alming (Coors
ADYGY by Jakus e ab 13010 As shown in Tigare 10, the stress intensity [acton
cxpanent of the crack propagation vate was -1 for artificially inteoduced
indentation cocks, bat only 1 lfor natural cracks generated by the creep
process . Recentlv, Jakos and Naie {3 demonstrated the sanie tvpe of belinim
on 510 whesher reinforced ALGO L Resolts shown in figure 10 should be
confitined on ceusie specimens because of the greater sinplicay ol the st ess
Hstribution in this ivpe of Toading, Despite this precaution, cqnation b provides
a uselul tepresentation tor creep ruptoure ander conditions when Bfetiome s
determined primarily by crack propagatinn parimetors.

A2 Fathne by Cavity Coalescence

The following sequencr of evenls is consistent with obervations of cavitat on
damage i Carbornndurn KXOT 7, L8] Prior (o coclescenee, cavities foro at
random thronghout the gange section, A stnall strains, cavities are dsolared,
but stable. With increasing strain, the cavity density increases and some
cavities are nucleared adjacent to others, thus, forming small cracks, When o
sufficient number of cavities are linked together, o self sustainiog crack is
formed which then propagates o failure. At any time, the size of the crack
that formns depends on the density of the cavities and therefore on the creep
strain. oo velationship between creep sirain and crivieal crack size can be
developed, then, as shown below, the time to lailure can be determined solely
from the creep bebavior of the material,

An estimate of the crack size can he obtamed from total creep strain by o
two step process. Piest, the cavity density is determined experimentally as

This kind of behavior cannet be rationalized on the basis of stress
relaxation in the surface of the flexure beam. Stresses in the beams that
contain the indentation cracks are expected to be higher during crack growth,
since the indentation cracks are present far the eotive peried of testing, whereas
the naturally grown cracks form after the stress field in the flexure bar hos
relaxed. With the higher stress, a higher crack velacity would be expected for a
given applied stress intensity factor, in contrast to what is observed in figure
10,
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Figure 10, Crack propagation enrves for buth erecp nucleated and indentation
nncleated cracks in vitreous bonded aluminum oxide (AD 981 The slope of the
curve for the indentation-nueleated vracks is about 4 times that of the curve fu
ereep-nicleated eracks, Data taken from reference 30.

function of total strain, either by density measurements or by ceramographic
techniques. Then, the crack size s estimated from the cavity density by using
statistical theory, Receotly, Carroll and Tressler [L8] determined the cavity
density in siliconized silicon carbide specimens (Carborundum KX01) that were
strained in tenstle experiments conducted at F100°C (versus 122570 1o 1400°C
for the creep rupture data shown in figure Y. The cavity density faslfound to
be linearly related to the total strain in the gauge section of the specunen,
figure 11, A positive intercept on the strain axis of the data suggests a finite
strain for cavitation. A lnear refation between cavity density and creep strain
has also been reported in other studies on ceramic materials 33 ,34]. Using the
cavity density data in figure 11 and the strain to failure date in figure 8, jt can
he concluded that the density of cavities at failure ranged from =680/mm®
{e-0.001) to =3000/mm” (£=0.014).
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Figure 1E Area density of cavitics as o Tunction of creep strain at 1 HI07C,
Ihe fraction of cavitated grains, p, was estimated as the density ol cavitios
divided by density of grains per unit area of sarface.

The relation between cavity density and crack size can be determined from
the statistical analysis of Lindborg™ [35]:

[= 0202 q/N ™ (%)

where £ is the fraction of grains cavitated in the solid and N is the total nuaber
of grain boundaries normal to the applied stress. g is the cluster size, e the
number of cavities aggregated together to form a crack. I the gain size, G, s
assumed to be uniform throughout the solid, and if the grains are arranged in o
cubic lattice, then N o= (W/G) -(1/G), where Woas the width of the gauge section,
which is assumed 1o be square, and 1. is the length of the gauge section . The
area occupied by a cluster is just G -g, and the erack size, 20, is assumed
proporticnal the square root of the cluster area, G- Yq.

i3]

See the paper by Humt [36] for o critical discussion of Lindborg’s work. In
deriving equation 5 the implicit assumption is made that failure occurs once a
critical failure probably is reached, =60-70%. This same assumption was used in
a paper by Rana and Fvans [13] in their discussion of failure by cavity
coalescence.,

-Q% -
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Figure 12, Caleulated crack size as o function nf. the fraction n'f l'kl\:')]‘l ul't'd\ "
grains. This curve s a plut of equation 5, for which the crack size, 2a, 1.\1'( llll:l
1o G4y, the grain size, G, is pqual to dum ‘d]ld”l'lll‘ 11)1;}1 mu!]l‘n-r of bhoundaries,
N normad to the applicd stress s equal Lo 1x10" {assinming W dmim and

I 15mmb.
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Figure 13. Calculated crack size as a function of specimen sirain. This figure

is obtained by using the curves in figures 11 amd 12 to eliminate the fraction ol
cavitated grains as a variable.
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Using the above definitions, equation 5 s plotted in figure 12, where the

crack size, 2a, is the ordinate and the fraction of cavitated boundarics, I, is the
abscissa. This equation is nonlinear; the crack size, 2a, approaches infinity as
approaches (1.2, Therefore, f-{.2 is an upper bound for the fraction of ruptured
boundaries in a sulid. In the set of experiments on Carborundum X0, the
cluster sive was much smaller than this value. The range of values estimated
above for the cavity density at failure is =680/mm” to =3000/min’ . Aszuning
the grains may be represented by starked cubes Spn oon a side, the grain
boundary demsity is A0x10 /. Combining these two estimates, the fraction
of cavitared baundaries ot fractore raoged from =0.017 1o =0.U76.0 Lor this
range of f, the critical crack size ranges from =13 to =M, suggesting o
cluster size of from =7 1o 216 Tor o self sustainmg crack.

Combinmg the dota i figuee 11 with the theoretical curve in fipore 12, an
estimate of the dependence ol crack size on strain is abtamed, Dgure 1300 A
power law bt to the points i Tigare 13 vields the following cquation lor the
estimated crack size as o lanetion ol stain:

da her T {13}

wherse botues the vabone Tai “mu‘

Equation 6 mav now be combined with copirical representations al the vrees

data to ohtan an equation tor the creep ruptare behovior. The creep data
shown in figure 11 for Carborandom KXOT s hnearized, £ - F oL, siee b
linear equation represems the creep data over approximitely 80 porcent of the

Cresp Strain, £ (")

Time, 1 {vw)

Figure 14, Ummaxial crecp curves for KXOE at variouns thermal and mechanical
loadings. Uhree important shservations can be made from this data: (1) over
most of the data range, creep strain can be represented as a Hoear function af
time; (2} rupture strain decreases with increasing creep rate, {3) the maximum
rupture strain is =1.5%, which indicates brivtle behavior even @ low rates of
creep. Figure from ceference 38,

~2%-

Q0

lifetime of each specimen, The stress dependence ol the creep behavior is
represented by the Norton equation: € = €,-(0/0,)", where €, now contains the
temperature dependence of the creep rate. Ié‘or1 experitnents on KX01, n = 11,
If g, is selected as 100 MPa, then g = Ixk07s .

Finally, at some threshold stress intensity factor, K, o crack is assumed to
grow from a coalesced nucleus. The crack nucleus is defined by:
K., = {2/ -a-Ya, where ats the critical crack radius. Combining these
equations, the relationship between creep rate and rupture time is given by the
following equation:

T U (VAL R N T RN S (7)

The form of this equation is ddeatical to that of a Monknn Grant equation,
with i - L+5.237n, Since o 1Y in the present experunent [18], n = §.48, which
comprares favorably with the vafue of 145 obtained from the ereep rupture data
shown in fignre

Onee the value of mois determined, the night hand side of cqoation 7
cvaluated and K con be determnned, Inothe current experiment, K, o= 0.4
M, which i conststent with o value of Za = 22 i for the eritieal crack
stzes Bhis value of Koomwch lower tha the value of K measored on
chevron notebed specunens of tus material tested at elevated temperatures. At
13000°C, Tor example, K. for KXOE is =15 MEaom 7 [37]0 This value of K, s
consequence of o snbstantial cavitation sone that develops around the crack tp
in these materials at elevated temperatures, These zones are readily observed
in siliconized silicon carbide at the tips of cracks al freshly introduced
indentations, figure 15,0 For these cracks, propagation is preceded by the

can boe

-

l'.lgllr'tr' [5. Covity distribution armmd the tip of an indencation crack in KX0L.
Cavities Tormn a cloud around the erack tip, which later Tink up as the crack
propagates (Vickers indentation, 10 kg temperature 1300 C) stress 120 Mg
Vitne andder lead 19 hr),
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linkage of cavities with the crack tip. Thus, plastic work at the crack tip, and
volume expansion accompanying cavitation probably account for the high
toughness of this material at elevated temperature. By contrast, cracks that
nucleate within the creeping material as a consequence of creep , do not
develop large cavitated zones as they propagate, figure 5, which again suggests
a basic difference in behavior between cracks freshly introduced into an
unstrained material, and cracks that develop as a consequence of the creep
behavior of the materials. Creep apparently "work hardens” ceramic materials,
embrittling them and reducing resistance to crack growth, As in the case of the
alumina tested in flexure [301, self nucleated cracks appear to propagate
differemiy from ones that are introduced by indentation.

5 SUMMARY

Two types of creep-rupture behavior are observed in two phase structural
ceramics.  Coeramics that contain large amounts of bonding phase form
distributed isolated cavities during creep. With continuing creep, the density of
cavities increases. Cavities link 1o Torm eritical size cracks that eventnally
cause Failure.  As the amount of bonding phase is decreased, constraints are
such that cavities, once nucleated, propagate as cracks. Small amounts of
bonding phase in the material effectively embritte ceramics at evlevated
temperatures reducing strain to failure. The strain to failure is also reduced if
large grains or [ibers are included within the solid, as these are preferred sites
of cavity nucleation and rapid growth into cracks. Regardless of fracture
mechanism, however, lifetime can be expressed as a power function of the creep
rate, independent of temperature or applied stress. This separation of creep
rupture hehavior into creep behavior and rupture behavior simplifies the analyses
of creep rupture data and permits a more rapid evaluation of material
performance for high temperature application.
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Engines Program, 1.5, Department of Energy, and Test Methodology for Tubular
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