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The measurement of compressive creep
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Grain boundary sliding (GBS) has been hypothesized to act as the primary driving force for
the nucleation and growth of grain boundary cavities in ceramics undergoing creep. In
addition, GBS is often a major mode of deformation during high-temperature creep. This
paper demonstrates the importance of GBS with mode Il GBS measurements performed
using a stereoimaging technique on a single-phase alumina tested under constant
compressive stresses of 70 and 140 MPa at 1600 °C. Measurements were taken at constant
time intervals during creep. The results support previous observations that GBS is
stochastic and history independent. GBS displacements at given time intervals are shown to
fit a Wiebull distribution. During steady-state creep, GBS displacements increased linearly
with time at a constant sliding rate of ~ 6.0 x 10> yms~! at 70MPa and ~ 1.3 x 1074 um s~
at 140 MPa. Also, an average of 67% of the grain boundaries exhibited measurable sliding
throughout the creep life of the 140 MPa test. Results of the GBS measurements are used to
modify an existing creep model describing stochastic GBS. In part Il of this paper [1], the
GBS measurements reported are related to the associated creep cavitation measured in
specimens tested under identical conditions. © 1998 Kluwer Academic Publishers

1. Introduction creep of ceramic materials, no comprehensive study
The time-dependent deformation of a polycrystallineof GBS during creep has yielded details of the GBS
ceramic at elevated temperatures can only be achievgghenomenon itself. Reports in the literature of GBS
by the relative movement of adjacent grains (grainmeasurements in ceramics are limited [15-31]. Some
boundary sliding); a shape change of individual grainsneasurements have been performed on bicrystal sys-
through slip, twinning or diffusion; or porosity changes. tems [30, 31] which are not considered to be represen-
These deformation processes are often synergistic aridtive of the three-dimensional constraint imposed by
lead to creep damage and failure. The specific mechdhe surrounding grains of a polycrystalline material.
nisms governing creep deformation, damage, and failMost of the studies [21-24, 26, 27] focused on indirect
ure will, of course, depend on the material type andneasurement techniques, such as the so-called grain-
microstructure [2, 3]. shape-change technique (which has been shown not to
In structural ceramics, failure caused by creep is ofbe accurate [32]) that only yielded the GBS contribu-
ten caused by the stress-induced nucleation, growthion to the total creep strain. One study only provided
and coalescence of cavities on grain boundaries, whic®BS data in the form of a qualitative comparison of mi-
eventually leads to crack formation and failure [4—8]. crostructural features post-test [22]. Chokshi [15] and
Grain boundary sliding (GBS) has been hypothesizedixon and Davies [28] have published GBS measure-
to be the primary driving force for creep cavitation, ments on AJO; and SiC, respectively, using the line
whereby the relative grain displacements give riseoffset method. Although their data illustrated the im-
to stress concentrations at critical locations on theportance of GBS to the creep process, the results were
grain boundaries, such as second-phase patrticles, triptly reported in terms of the GBS contribution to creep
points, and ledges, where GBS and associated creefeformation. Inaddition, Blanchard and Page have pub-
cavities have been observed [9—-14]. GBS is also knowtished studies [17-19] reporting GBS microdisplace-
to be an important mechanism in superplastic deformament, strain, and strain rate measurements resulting
tion, as has been noted in polycrystalline alumina [15]from compressive creep of /D3 and showed that mea-
and in a Zirconia-Alumina composite [16]. surable sliding occurs as mode Il shear, in-plane rota-
Although GBS has been discussed and proposed d®n, and in-grain shear. Although these studies showed
an important deformation and damage process durinthe importance of GBS to creep deformation, the extent
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of GBS, and the various types of sliding in ceramics,placements are perceived in the third dimension and
no GBS measurements to date have been documentethy be measured using photogrammetric methods [38].
during the creep process to show details of the sliding The stereoimaging technique has proven to be very
microdisplacements and kinetics. powerful in that areas of a microstructure may be anal-
Calculations performed by Raj [33] and Argon [34] ysed and periodic GBS displacement arrays may be
have shown that stresses on the order of five to 20 timegenerated along the entire length of grain boundaries.
the remote applied stress are needed in order to ndn addition, the technique does not require the use of
cleate stable creep cavities. Argon [35] has hypothelinear markers, such as scratches or fiducial grids which
sized that GBS can give rise to the stress concentrazan only provide for a GBS measurement at one point
tions needed for cavitation. Furthermore, Cleiral.  on a given grain boundary. This automated sterecimag-
[11] have shown that for a ledge acting as a stress coring technique has also been used to successfully mea-
centration on a sliding grain boundary, the localizedsure various aspects of crack nucleation and growth in
tensile stress is of sufficient magnitude for stable cavimetals and composites [39-42].
ities to nucleate during only a short time period as a This paper will report on the results of a compre-
result of the competition of diffusional stress relax- hensive study of the GBS behaviour of a single-phase
ation. Blanchard and Page [18] calculated strains reAl,O3; undergoing creep at two stress levels. The GBS
sulting from GBS displacements measured on individ-histories of individual grains will show that GBS is in
ual Al,O3 grain boundaries of 4000% (correspondingfact stochastic and history independent. Periodic GBS
to a strain rate of % 1072 s™1), thereby providing ex- measurements taken over time will show that sliding
perimental evidence that large localized stress concertlisplacements, on average, increase linearly with time
trations caused by GBS are possible. Through matheand strain during steady state creep. The relationship
matical models, GBS has been shown to relate to bothetween the GBS rate and applied stress will be dis-
continuous cavity nucleation [36] and transient cavitycussed. These results are also used to modify an ex-
growth [37]. In Chan and Page’s model [36, 37], cav-isting creep model describing stochastic GBS. Part
itation was shown to depend on the number and magef this paper will correlate these GBS measurements
nitude of GBS events and the rate of GBS. It is thiswith creep cavitation measurements made on the same
critical GBS data that currently lacks in the literature, material under identical conditions. Microstructural ev-
particularly in materials for which cavitation kinetics idence of GBS and creep cavitation documented from
are well characterized. these experiments has been published previously [13].
There are a number of complications associated
with performing GBS measurements. The simplest ex-
periments use bicrystals which allow facile measure2. Experimental procedure
ment and interpretation of the data. Unfortunately,2.1. Material
as previously mentioned, bicrystal data does not reptucaloX® Al,Os, with an average grain size of Lin,
resent the constraint provided by the surroundingwvas selected for this study because of its relatively large
grains in polycrystalline materials. In addition, the equiaxed grains and glass-free grain boundaries, char-
three-dimensional grain structure found in polycrys-acteristics which together provided for fewer complica-
talline materials presents experimental complicationgions when digitizing the microstructures. Lucdfois
for performing meaningful GBS measurements. Theseomposed of 99.9% pure AD; doped with MgO as a
complications arise mainly as a result of the threesintering aid. Although MgAIO, spinel particles have
dimensional network of grains sliding in innumerable been identified at triple points [43, 44], the microstruc-
combinations, magnitudes and directions and the diffiture of Lucalo® is relatively clean and free from any
culties in marking the grains and measuring the slidingglassy phase or regular second-phase precipitates.
displacements, especially at the interior of the speci-
men. For a number of reasons, performing these mea-
surements on ceramic materials (as opposed to meR.2. Specimen preparation
als) further complicates a GBS experiment. Histori-Compressive creep specimens were machined into right
cally, it has been difficult to mark effectively a ceramic circular cylinders, 1.27 cm in length and 0.64 cm in di-
microstructure to provide the reference needed to obameter. The specimen ends were ground and lapped flat
serve the relative grain motion resulting from GBS. and parallel to within Zum.
In addition, the high test temperatures employed to To maintain a continuous record of the microstruc-
creep ceramics often change or destroy these surfateral state during the creep life of the specimen, polymer
markings. replicas were taken after each test interval. These repli-
In this paper, GBS measurements, including discas were subsequently used to perform the GBS mea-
placements over time, GBS rates, and GBS frequencygurements. For this purpose, a polished flat, 1.27 cm in
taken during creep of AD3 will be reported. Measure- length and 0.25 cm in width, was ground and lapped
ments were made using an automated machine-visioron the front radial surface of the cylindrical speci-
based stereoimaging system assembled to record mmens. The specimens were thermally etched for 1 hr
crodisplacements and strain in the microstructures ot 1600°C in air to delineate the grain boundaries,
materials. The vision system is an automated version aiind replicas were taken to characterize the precrept,
the stereoimaging technique. Stereoimaging compardsaseline microstructure. The surface features needed to
two photographs that show in-plane displacements immake the appropriate GBS measurements using the ma-
one relative to the other. In a stereoscope, these dighine vision system were formed when molybdenum

5038



plated onto the polished and etched specimen surfad@oundary location for subsequent analysis. The results

from the molybdenum heat shield during creep testingfor each grain boundary of the DISMAP measurements
were displacement arrays superimposed over each grain
pair, showing the relative grain movement and defor-

2.3. Creep tests mation during the given time interval. Data gathered on
and near the grain boundaries were ignored to remove

Compressive creep tests were performed on the a ; :
sintered, machined, and etched specimens in atitaniunfy €rroneous results due to grain boundary grooving

gettered argon atmosphere at 16Q0using a dead- romthermal etching. GBS data were gathered on atotal
weight-loaded machine. Specimens were tested fo?f70 grain boundaries (from 10 randomly-chosen areas

GBS measurements under stress levels of 140 MPa ang the microstructure) over four time intervals for the
70 MPa. 140 MPa test (starting after 30 min of testing because

The creep tests were interrupted periodically (ev-Of lack of required §urface_features ir_l the basgline _mi-
ery 30min for the 140 MPa tests and 60 or 120 minprostructure) and eight grain bound_arles overelghf[tlme
for the 70 MPa tests) to allow the polymer replicas tomtervals for the 70 MPa test (Stgrtlng after 180 min Of.
be taken, during which time a stress of 20 MPa wad€Sting because of lack of required surface features in
maintained. For each replicating interval, the specimend€ Paseline microstructure). The grainboundaries were
were cooled under the test load to preserve the high tenf10Sen for measurement at random to provide data rep-
perature microstructure. The 140 MPa creep test wakeSenting the average behaviour of the specimen.
continued for 150 min (five replicating cycles), while
the 70 MPa test ran for 540 min (seven replicating cy-
cles) and was continued for another 480 min, replicated3. GBS results
crept again for 60 min, and replicated. 3.1. Creep characteristics

To record the microstructural creep history for sub-Because a dead-weight-loaded creep rig with no ex-
sequent microdisplacement measurements, replicas tdnsometry was used for the compressive creep tests,
the polished and etched flat surfaces of the creep speao displacement versus time curves were recorded. In-
imens were taken after each 30, 60 or 120 min test instead, at the end of each test interval, the specimens
terval over the duration of the entire test. The replicasvere removed from the load train and dimensioned,
were then flattened and mounted on glass slides, coatethd the strain accumulated over the given time interval
with aluminum to enhance contrast, and photographedyas calculated.

Specifically, several series of pictures were taken at a The linear relationships between strain and time ob-
magnification of 50& at various locations on the repli- served for both the 140 MPa and 70 MPatests showthat,
cas, providing a visual history of the microstructural within the error of measurement, the specimens were
evolution (of groups of 15-20 grains) during creep.in the steady-state creep regime during the time inter-
These series of photographs were then analysed, usals used for GBS measurements. The specimen tested
ing the machine-vision system, to obtain the relativeat 140 MPa failed after 151 min of creep and accumu-
grain displacements and strains in the microstructur¢ated 0.63% strain at an average rate of 707 s~1.
resulting from the creep test. The 70 MPa specimen was tested for a total of 1080 min
and accumulated 0.72% strain at an average rate of
1x107"st
2.4. GBS measurements
GBS measurements were made by digitizing micro-
graph pairs representing a creep test interval on a sp&.2. 140 MPa test results
cialized DISMAP system. The DISMAP system (mea- Selected results of the mode || GBS measurements
surement of micratisplacements bynachine vision performed on individual grain boundaries are summa-
photogrammetry), developed by Frangeal. [45] in-  rized in Fig. 1 where the mode || GBS displacement,
cludes a Cognex 2000 image processing system, whiotly g, is plotted for each grain boundary in two mi-
provides fast correlated searching for pattern matchingrostructural areas examined versus the four, 30 min
combined with standard image processing capabilitiesime intervals over which GBS measurements were
A detailed description of the hardware and operation ofmade (for brevity, the remaining five microstructural
the machine vision system is provided elsewhere [45]areas are not presented in this detail). By examining

In general, photograph pairs representing the mithe activity of the individual grain boundaries in each
crostructural evolution during a creep interval (for ex- microstructural area, the GBS behaviour during creep
ample a 30-min creep interval from 120 to 150 min may be characterized. For example, in microstructural
from the 140 MPatest) were placed under the two sterearea 1 (Fig. 1a) during the first time period in which
cameras, aligned, digitized, and saved for further promeasurements were made (30—60 min), the ten grain
cessing. The GBS displacement measurements wetmundaries measured exhibited a distribution (to be de-
made by assigning points at which measurements wergcribed later) of mode Il GBS displacements ranging
to be made by superimposing a digitized grid over thefrom 0.06..m to 0.59um, while three grain boundaries
grain pairs and executing a programmed search anexhibited no measurable sliding. During the next time
train sequence. For consistency and referencing puinaterval (60—90 min), a given individual grain boundary
poses, grain boundaries were aligned parallel to thevas observed to either slide (either more or less than in
y-axis of the grid and placed &t= 0 to define the grain the first time period) or not slide. More specifically,
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@ Figure 2 Average mode Il GBS displacements (only of those boundaries
that slid) of each microstructural area. The bold line shows the average
12F T T T T = mode Il GBS displacements of all boundaries measured.
B3 E previous observation that the GBS behaviour is stochas-
3 tic, even when averaged within a given microstructural
osf 1 area. In addition, the results of the GBS measurements
_F in areas 5 and 7 suggest that some groups of grains in a
%o.sf_ i sample will exhibit increased GBS activity with time,
B

] possibly leading to a site where creep cavitation be-
3 haviour is accelerated, or where microcracks will form.
Whenthe mode Il GBS measurements for all 70 grain
boundaries are averaged together (indicated by the bold
line with standard deviation bars in Fig. 2), there ap-
pears to be a slightincrease during the last time interval
(120-150 min) in the magnitude of the overall average
Time Interval (i) GBS displacement measured. This small increase, how-
(b) ever, is not considered to be statistically significant, as
the increase observed is just above the standard devia-
Figure 1 Mode Il GBS displacements measured during the 140MPatjon hars of the data gathered during the previous three
E‘;Tr?(;zfil’?nc(gefr;si‘V:rzzu(i)cﬁzg ;'_me interval of individual grairy; ., o intervals. In addition, the increasedgigg for all -
the grain boundaries during the 120-150 min time in-
terval is primarily caused by the large displacements
measured in areas 5 and 7. Thus, although the average
a given grain boundary can either not slide, or ex-mode Il GBS displacement measured did not increase
hibit either a larger or smaller GBS displacement insignificantly with creep time, small areas (containing
successive creep time intervals. In other words, thex 15-20 grains) in the microstructure were observed
GBS events are stochastic in nature. This behaviouto exhibit an increase in the average GBS displacement
is also observed in microstructural area 7 (Fig. 1b)with creep time.
where some largedygg values were measured and The results of a survey recording the GBS history
was also observed throughout all of the time intervalsof each grain boundary in the seven microstructural ar-
in each of the remaining five microstructural areas notas over the four creep time intervals (30-60, 60-90,
shown. These results indicate that the Luc&l@x-  90-120, and 120-150 min) are shown in Fig. 3. The four
hibits random GBS behaviour over time during com-GBS displacement measuremendydg values mea-
pressive creep. sured over the four time intervals) for each grain bound-
The average GBS displacement of only those boundary were classified in a binary manner by labelling zero
aries that slid is represented as the bold line with stanmeasurable displacement, N (ho movement), and any
dard deviation bars in Fig. 1 (a and b). The average GB$neasurable displacement, M (movement), regardless of
displacements (of only those boundaries that slid) fothe magnitude ofthe displacement. As seenin Fig. 3, the
each of the seven microstructural areas are combined ifiour time periods give rise to 16 possible permutations
Fig. 2. Note that in areas 1-4 and 6, the average of thef grain boundary activity. For example, 5.7% of the
sliding displacements remains constant over creep timgrain boundaries measured exhibited an N—M—N—-N
within the error of one standard deviation. In contrast,history during the four time intervals, thereby demon-
the average sliding displacement in areas 5 and 7 agstrating four discrete intervals of movement. Specifi-
pears to increase slightly with creep time. Also, the av-cally, these boundaries did not slide from 30 to 60 min,
erage GBS displacement over time behaves differentlglid during the following 60 to 90 min period, and fi-
in each area measured. These data further support tmally did not move from 90 to 120 min or from 120 to
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Figure 3 Mode Il GBS history over four time intervals during creep, = e "

where N represents no GBS and M represents sliding during the given
30 min interval. €Y

o]

150 min. The resultsin Fig. 3 again support the previous e
observation that Lucal@kexhibits stochastic GBS be- f Fa e
haviour over creep time.

Also, through analysis of the datain Fig. 3, GBS does
not appear to be history dependent. As no type of his
tory permutation appears to exhibit a significant dom- _
inance over the average frequency of all the historie«
observed, the probability of a grain boundary moving=
in a given successive time period is the same as th
frequency of boundaries moving at any given time in
the bulk and is independent of previous grain boundan
movement history. These results indicate that LucBlox
exhibits stochastic, history-independent GBS during
compressive creep. The most frequent permutation ok
served was the M—M—M-M history (representing grain
boundaries that moved during every time period), which
was exhibited by 23% of the grain boundaries mea-
sured and the next most frequent permutations obhFigure 4 Frequency versus mode Il GBS displacement (of only those
served where the N-M—=M-M and the M=N-M-M, boundaries that slid) and Weibull distribution for (a) 30—60 min, and (b)
which were both exhibited by 14% of the boundaries cumulative (30-150 min) creep time intervals.
measured. The fact that the previously mentioned GBS

histories were observed at higher frequencies than the The statistical analysis revealed that the Weibull dis-
average (7%) may be explained based on the averaggbution [48] most appropriately represented the GBS
percentage of grain boundaries that slid (to be discussegisplacement data. Thisis demonstrated in Fig. 4, which
in detail later). It will be shown that almost 70% of the shows both the raw data histograms and the Weibull fit
grain boundaries measured exhibited GBS. Thereforgor the 30-60 min (Fig. 4a) and cumulative (over all four
one would expect the permutations containing the mosfime intervals, 30-150 min) time intervals (Fig. 4b),

“movement” components to exhibit a higher frequency.respectively. The PDF for the Weibull distribution is
As previously mentioned, the individual GBS dis- defined as follows [48]

placements measured during a given time interval

represent some distribution afygg values at each a\ /x\¢ L Y\ @

time interval. To determine which statistical model f(x) = <—) (—) exp[—(—) } (1)
best represents the distribution of mode Il GBS dis- BJ\B p

placements, the data were subjected to a statistical

analysis, specifically, a comparison test described byherex represents thdygg valuesg is the shape pa-
Wirsching and Carlson [46], which included five of rameter, angs is the scaling parameter. Table 1 lists
the more commonly used probability density func-the Weibull parameters for each time interval and the
tions (PDF): normal, lognormal, exponential, Weibull, cumulative data.

and extreme value distribution (EVD). The compari- Comparing the Weibull parameters for each creep
son study was performed by calculating two statisticstime interval reveals that, within experimental scatter,
the Cramer—Von Mises (CVM) [46] and Finkelstein— the distributions of mode Il GBS displacements remain
Schafer (F-S) statistics [47] which are based on devithe same; neither the mean values nor the distributions
ations between the hypothesized and empirical PDFshift significantly with creep time. In addition, the dis-
The minimum CVM and F-S values for a given distri- tribution of the cumulative mode || GBS displacements,
bution represented the best fit. determined by summindygg values for each grain
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TABLE | Mode Il GBS displacement Weibull statistics (140 MPa 1.0 T T T T

compressive creep test) 6. = 140 MPa
Time Standard € 08l T= 16009 _
Interval Meandygg deviation % . t = 150 min.
(min) (1) () o B | g‘-’ r= 0996

[+]
30-60 0.18 0.11 166 020 9 06[ .
60-90 0.23 0.19 132 025 &
90-120 0.19 0.16 139 022 <
120-150 0.30 0.22 143 033 £ o4t -
Average 1.45 025 @@
Standard deviation 0.15 006 g
Cumulative 0.64 0.40 166 072 3 gaf _
(30-150)

0 | | | | !
0 30 60 90 120 150 180

boundary over all four time intervals, is consistent with Time (min.)

the distributions for each individual time interval (also

see Fig. 4b). This finding is significant because it in-Figure 5 Cumulative averagelyg (for 70 grain boundaries) versus
dicates that the cumulative GBS behavior on a giveriime for the 140 MPa compressive creep specimen.

grain boundary is the same as that observed at each

time interval during steady-state creep (of course, thr 1.0 T T T T 7 T
cumulative GBS displacement value will increase ovel o = 140MPa
time). T osl |- lewc
. . . Ead = T
When thex andp values determined at each time in- 5 Dy
terval are averaged, the mode Il GBS displacemenllf
over a 30-min time interval in LucalSk crept at § il |
140 MPa at 1600C can be defined as follows g
2 04 .
- dyge os dyss Lo 3
f(d in=6( — exp|—( =—== g
(d¥ag)s0 min <0.25 "\ 025 5 o2f ]
(2) 0 ! I ! 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Similarly, the cumulative mode Il GBS displacements
measured over all four 30-min time intervals under the

same creep conditions may be defined as Figure 6 Cumulative averagdlygg versus specimen strain for the
140 MPa compressive creep specimen.

Specimen Strain (%)

s a0 15
@oelm=2( o2 ) enl-(Tez) | @ |
0.72 0.72 that the GBS data were not gathered during the 0-30

min time period because of a lack of surface features

using a value of 1.5 fow& (obtained by averaging the in the baseline microstructure. Therefore, the cumu-
cumulative and intervat values) angg =0.72. These lative averagalygz data may not be extrapolated to
empirically derived descriptions of the interval and cu-dygg = 0 to determine the actual onset of GBS activity,
mulative GBS displacements will later be applied to aas the cumulative averaghygg values do not include
model developed by Chan and Page [36] to describany activity during the 0—30 min time period.
stochastic GBS behavior. The cumulative averagdysg also increases linearly

Since the averagdygg measured over the seven, with accumulated specimen strain, as shown in Fig. 6.
randomly chosen microstructural areas remains conthiswould be expected based onthe relationship shown
stant during the creep life of the 140 MPa specimen, thén Fig. 5 and the fact that the specimenwas in the steady-
cumulative averagdygg increases linearly with time, state creep regime. The linear relationship between the
as shown in Fig. 5. The cumulative averatyg,s was  cumulative averageygg and strain holds strong impli-
calculated by adding the averagyg, values over suc- cations regarding both GBS behaviour and creep cavi-
cessive time intervals. This represents the accumulatedtion, as will be discussed.
damage resulting from GBS over creep time. Thus, As noted in Fig. 1, not all of the grain boundaries ex-
during steady-state compressive creep under a load diibited measurable sliding at each time interval. There-
140 MPa, the cumulative GBS displacements increastore, in order to study the GBS activity, the percentage
linearly with creep time. Using the data presented inof grain boundaries exhibiting GBS is plotted versus
Fig. 5, the average GBS rate for these test conditionsreep-time intervalin Fig. 7. For a given microstructural
was calculated to be 1.3x 1074 ums™1. The average area, the fraction of boundaries measured that exhibited
GBS rate was calculated by dividing the average cumuGBS either decreased or increased in successive time
lative GBS displacement measured by the creep timéntervals, as observed in Fig. 7. For example, in area 3,
over which the GBS measurements were made. Recall0% of the grain boundaries measured exhibited GBS
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Figure 7 Percentage of grain boundaries exhibiting mode Il sliding ver- Figure 8 Magnitude of the mode Il GBS displacemedygg, versus
sus time interval for the seven areas of the microstructure measured. (Thke respective grain boundary orientation to the load #&gg, for the
dark line shows the average over all of the areas with error bars of on80-60 min time interval.

standard deviation.)

during the first time period. In the second time period, |,

%) T T T T T T
/Fs)ﬁ B |
I -
80% of the boundaries slid, then 50% moved in the thirc / ! '
and fourth periods. During any given creep time period / . ]
in all seven areas, the GBS activity never decreased bt ,
low 50%. The average percent of grain boundaries the§
exhibited mode Il GBS over all seven areas (shown a: ; // :
the bold line) essentially remained constant within one® /
standard deviation over creep time. However, it is in- . 2 /4
%
// A / ‘/'. 4 ]

n

o

2

teresting to note that the areas exhibiting a measurabl
increase in the average mode Il sliding displacemen
over creep time, areas 5 and 7 (Fig. 2), also exhib

ited an increase in the fraction of boundaries that slid [/ /, e
Overall,~ 67% of the grain boundaries measured in the ° 2 “©

e, Grain Boundary Orientation to Load Axis {Degree)

140 MPa specimen exhibited mode Il GBS throughout
the creep life of the specimen. Therefore, although theigure 9 Cumulative mode 11 GBS displacememlygg, over all four
fraction of boundaries that slid in a given area was ob+ime intervals versus the respective grain boundary orientation to the
served to vary somewhat over creep time, the overafPad axisfce.

average percentage of boundaries that slid remained

relatively constant with creep time. _

To determine if there is any preference of grainfandomly generated values dfcg andfgg. Briefly,
boundary orientation on the magnitude of mode Il GBScorrelation coefficients were calculated using both the
displacementdyg, these values were plotted versus random and experimental data. The resulting correla-
the grain boundary orientation to the load axigg,  tion coefficients for both the experimentally generated
for each creep time interval. This relationship for theand randomly generated data were close to zero, thus
30—60 min measurements is shown in Fig. 8. When th@roviding sufficient reason to accept the null hypoth-
mode || GBS displacements are plotted for each cree@sis: that no correlation exists betwedyyg andge,
interval, there is no angular dependence observed. [and that there is no dependence of the magnitude of
fact, the magnitude of the sliding displacements is trulymode Il GBS displacements on the grain boundary ori-
random with respect tégg. entation to the load axis.

When the cumulativalygg for each grain bound-
ary (summed over all four time intervals) is plotted
versusfgg, an unclear pattern evolves, as shown in3.3. 70 MPa test results
Fig. 9. Ninety-six percent of the data fall within the Although the 140 MPa tests were analysed in detail
shaded region shown, suggesting the possibility thatising a relatively large sampling of GBS measurements
some correlation betweedysg andfgp exists. In or- (70 grain boundaries), a small data sampling of GBS
der to check this possible correlation, a null hypoth-measurements (eight grain boundaries) was gathered
esis was formulated: there is no correlation betweermn the 70 MPa specimen for comparative purposes.
dygg andégg. The rank correlation statistical analy-  In general, the GBS behaviour of the 70 MPa speci-
sis, described by Kendall [49], was used to test the nullmen was similar to that measured in the 140 MPa spec-
hypothesis. Kendall’s rank correlation [49] was alsoimen. Specifically, GBS was observed to be stochastic
performed on a similar plot that was constructed usingand history independent. In addition, the averdgg;
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25 , r r T history independent. These findings are significant, as

5. = 70MPa the_y are thelfirst to dogumgnt the GBS behaviour of i.n-

’g T°= 1600°C d|V|_duaI grain b_ou_ndanes ina polycrystalline ceramic
= 20 t= 1080 min. N during creep. Similar observations have been published

ES r= 0.999 in the metallurgy literature for bicrystals [50], and in
N ] the ceramic literature with one publication on NaCl and
g~ MgO bicrystals [30] that have led researchers [36] to
Ed assume that GBS is also stochastic in ceramic materi-
2 10}k - als. In fact, in their modelling efforts, Chan and Page
g 1 [36] assumed stochastic GBS induced periodic, short
E ) duration, stress spikes that acted as the driving force

O 05| ¥ for continuous cavity nucleation during creep (in both

metals and ceramics). Chan and Page [36] also assumed
| | | Y, that the GBS behaviour “evolved without effects, i.e.

oo 180 360 540 / gc')o 1080 the past sliding events have no influence on the future
behaviour”. This assumption was also observed to be
true in this study, as GBS was shown to be history in-
Figure 10 Cumulative averagdygg versus time at a stress of 70 MPa. dependent.
The ramifications of the stochastic, history-

independent GBS observed in this polycrystalline alu-
measured during the 1080-min creep test remained comnina system on the creep cavitation behaviour are also
stant within one standard deviation. Therefore, the cusignificant. Referring to the model developed by Chan
mulative averageygg increased linearly with time, as  and Page [36], they concluded that “stochastic GBS has
showninFig. 10. Thus, as with the 140 MPa test, cumubeen identified as the most likely driving force for con-
lative GBS displacements increase linearly with creeginuous cavity nucleation in both metals and ceramics”.
time during steady-state creep at 70 MPa. Using thesghese conclusions, based on a model, will be discussed
data, the GBS rate for the 70 MPa test was calculateth conjunction with experimental creep cavitation data
to be~ 6 x 107° um s™1. The same GBS rate was cal- in part Il of this paper [1].
culated for the two latter time periods used to measure Previously, the lack of detailed GBS measurements
GBS behaviour ata higher specimen strain (0.72%). Rein the literature forced the use of a term for the average
callthatthe GBS rate measured in the randomly chosepumulative GBS displacement. In Chan and Page’s [36]
areasonthe 140 MPaspecimenwasd®* ums™,  model, (x) is used to symbolize the average sliding
approximately two times that measured in the 70 MPaiistance per sliding event and the average cumulative
specimen. The cumulative averatyg;g also increases GBS displacement) (t), is
linearly with accumulated specimen strain for the 70

MPa specimen, as shown in Fig. 11. ap(x)tt—m

U(t) = a—m (4)

Time (min.)

4. Discussion Earlier, the GBS measurements taken both at each time

4.1. GBS behaviour . . interval and over the entire specimen life were shown
The results presented show that during compressiv, g o weibull distribution. As such, Equation 4 can

creepin Lucalo®, the GBS behaviour is stochastic and be made more accurate by replacinglth) term with
the actual distribution as follows: wheég= 150 min and

25 , , , | , the measurements were initiated at 30 min
G = 70 MPa _
’g 20 T = 1600°C i U(150)— U(30) = f(dygg)cum
‘é t = 540 min. ao(x>[1501—m _ 301—m]
12 r= 0997 = a—m ©)
g 15} -
5 h
@ wnere
< 1.0
43 O —
2 e d_y 0.5 @ 15
3 (@oem=2( 02 ) el -(T22) | @
3 oS -
When treated rigorously(x) is the average sliding
0 ! ] I ! ! distance per individual sliding event. This quantity
0 0.1 62 03 04 05 06 g difficult to measure with the techniques currently

available. L

During steady-state creep, the averatyg.g re-
Figure 11 Cumulative averagdycs Versus specimen strain at a stress Mmained constant in the microstructural areas used IfOI‘
of 70MPa. the GBS measurements. As a result, the cumulative

Specimen Strain (%)

5044



averaged_yGB was shown to increase Iinearly with time TABLE |l Compressive creep and GBS characteristics

and specimen strain. Therefore, GBS was shown to bgpp"ed stress Total strain Strain rate GBS rate
a steady-state process, meaning- 0 in Equation 4.  (mpPa) (%) (sY (um s
Similar GBS behaviour has been observed on a variety
of polycrystalline metals [51]. In fact, with the longer 14°
primary and tertiary creep regimes found in most metals’
(compared to ceramics), the mean GBS displacement
versus time curve has been shown to closely resem-

ble the actual specimen displacementyersus time cregp, ;sed by the motion of the adjacent ridged, elastic
curves [52] throughout each creep regime.

0.63 7x 1077 1.3x10°*
0.72 1x 1077 6.0x 10°°

grains.
4.2. Effect of grain boundary orientation 4.3. Effect of applied stress on GBS
on GBS GBS measurements were made on compressive creep

It was shown that there is no preference of grain boundspecimens tested at only two stress levels, 70 and
ary orientation (to the compressive load axis) on thel40 MPa. Without GBS data obtained at a third stress
magnitude of the respective mode || GBS displacementevel, the true stress dependence of GBS behaviour
dygg. In fact,dygg was found be random vers@sg at  could not be quantified. But, by comparing the data
each time interval and for the cumulative (30—150 min)obtained at 70 and 140 MPa, shown in Table Il, some
data. general observations may be made.

Generally, two schools of thought exist on this As previously stated, GBS behaviour both at a
subject, but are only alluded to in the literature 70 MPa and 140 MPa load was observed to be stochas-
addressing ceramic materials undergoing creep. Oniic and history dependent. In addition, the averdgg;
suggests that no relationship exists between relativeneasured remained essentially constant with creep time
grain motion and orientation to the load axis due toat both loads. Therefore, the cumulative averdggy
compatibility and constraint requirements [5]. The was observed to increase linearly with time and strain
second point of view is that a grain boundary with during steady-state creep at both loads. Comparing the
a 90 orientation to the load axis should experienceGBS rates measured at each load level reveals that at
little grain boundary sliding because of the minimum 140 MPa, the GBS rate was twice that measured at
resolved shear stress, whereas a boundary with? a 450 MPa.
orientation should exhibit maximum displacement Only one reference to the stress dependence of GBS
because of the maximum resolved shear stress [11, 53pr a ceramic material (MgO) is available in the liter-
Although many researchers attempting to model GBSture [32]. In this report, Langdon [32] simply states
and related phenomenon use the simple geometrithat “grain-boundary sliding increases in importance
approach to resolve local stresses, it is generallwith decreasing stress”. This statement was substanti-
accepted, and further supported by the results of thiated with measurements &fy/€;: (the contribution of
study, that compatibility and constraint requirementsGBS to the total creep strain) of 20% at a stress of
rule the overall GBS process during compressive creep4 MPa, 8% at 69 MPa, and 7% at 103 MPa. Unfortu-
[11,53]. Itis obvious from the analysis of Figs 8 and 9 nately, Langdon did not report a GBS rate, thereby pre-
that no correlation exists between the magnitude of disventing the formulation of the true stress dependence
placement at a given grain boundary and its orientatioon GBS. Langdon’s results do, however, illustrate the
to the load axis. In fact, contrary to the second schoolmportance of the GBS phenomenon in ceramics at rel-
of thought, the largesdygg values were observed on atively low stress levels, conditions often employed for
boundaries nearly perpendicular and parallel to thdong-service structural components.
load axis, and the remaining measured displacements In the metallurgy literature, similar GBS measure-
(on boundaries oriented between 0 and)9@aried ments on a Mg alloy, Magnox Al80 [52], and pure Al
substantially. These results suggest that GBS anfb4], also showed that the contribution of GBS to the
other relative grain movements are dictated by grairtotal creep straineg,/e) increased as the stress de-
compatibility requirements, and may be random withcreased. In addition, for very low stresses (less than
respect to orientation. Also, no orientation preference.14 MPa), Harpegt al.[54] noted thatyp,/€; decreases
was observed for either sliding or non-sliding. with decreasing stress because of “the distinct differ-

Blanchard and Page [18] previously published GBSences in crystallographic mechanisms for creep in the
data showing relative grain movements in one mi-low stress ranges”.
crostructural area during one 30-min creep interval. No Only two studies providing the actual stress depen-
apparent relationship was observed between the maglence of the GBS rate have been reported thus far
nitude and direction of the relative grain movements[55, 56]. In both cases, the data were measured on a Pb
and the orientation of the load axis, and no obvioushicrystal system. Although not highly representative of
trends in relative grain motion in two dimensions werea polycrystalline ceramic, the GBS behaviour of the Pb
observed. It is interesting to note that apparent contrabicrystal system was similar to the Lucafsystem
dicting movements and negative sliding are depicted imeported here, and is thus worth discussing. By plot-
the micrograph they show. Negative sliding may be ding their data, Gifkins and Snowden [55] showed that
result of grain rotation or a compatibility requirement the relationship between the rate of sliding and stress
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and the relationship between the creep rate and strefeferences
followed the same behavior. Specifically, the stress de-1. C. R. BLANCHARD andR. A. PAGE,J. Mater. Sci33(1998)

pendence of the steady-state creep rate is described b%/ 2042 CUANS. i “Recent Ad . d Fracture of
a pOWer IaW as fOIIOWS [55] . . . , 1IN ecen vances In Creep an racture o

Engineering Materials and Structures,” edited by B. Wilshire and D.
R. J. Owen (Pineridge Press, Swansea, UK, 1982) p. 53.

€ = Ac" (7 3.A. H. CHOKSHI andT. G. LANGDON, Mater. Sci. Tech?
(1991) 577.

WhereA |S a Constanta the app“ed StreSS, an’dthe 4.J. R. PORTER W. BLUMENTHAL andA. G. EVANS,

stress exponent. The stress dependence of the GBS rage £ Ve@l 290984898, =

was therefore described by Strattal. [56] as follows J. Amer. Ceram. S069 (1986) 725.
) 6. R. A. PAGE, J. LANKFORD, K. S. CHAN, K.
P =Co”’ (8) HARDMAN-RHYNE ands. SPOONER ibid. 70(1987) 137.
7. R. RAJ, in “Advances in Fracture Research,” \Vol. 4, edited by
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(Pergamon Press, New York, 1989) p. 2769.
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Pb bicrystals exhibitan= 1; therefore, the GBS rate is 803.
linear with stress. Above 2.1 MPa=5, and the GBS 9. J. INTRATER andE. S. MACHLIN, Acta Metall. 7 (1959)
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