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Creep fracture of the oxide dispersion strengthened superalloy INCONEL MA 6000 has been investigated as a function
of grain elongation and loading direction. Metallographic analysis reveals a high susceptibility to creep cavitation at grain
boundaries perpendicular to the applied stress. The strong dependence of the rupture time on grain aspect ratio and
stress direction is interpreted in terms of a model in which it is assumed that the extent of creep constraint on damage
formation governs the fracture behaviour. It is concluded that for realizing the full potential of dispersion strengthening,
fine grain regions must be efiminated.

Die Rolle von Korngrenzen beim Hochtemperaturkriechbruch einer oxiddispersionsgehérteten
Superlegierung

Der Kriechbruch der oxiddispersionsgeharteten Superlegierung INCONEL MA 6000 wurde als Funktion der Korn-
streckung und der Belastungsrichtung untersucht. Metallographische Beobachtungen zeigen eine starke Neigung zur
Ausbildung von Kriechporen an Korngrenzen, die senkrecht zur &uBeren Spannung liegen. Die starke Abhangigkeit der
Bruchzeit von dem Kornstreckungsverhiltnis und der Spannungsrichtung wird im Rahmen eines Modells interpretiert,
das das Ausma8 der Behinderung der Schadigungsentwicklung durch benachbarte Kérner als entscheidend fiir das
Bruchverhalten annimmt. Es folgt, daB Feinkornbereiche vermieden werden miissen, um das volle Potential der Disper-

sionshértung ausschdpfen zu kénnen.

1 Introduction

Oxide dispersion strengthened (ODS) superalioys repre-
sent a modern class of high temperature alloys which are
promising candidates for applications in both stationary
gas turbines and aircraft engines. By adding dispersoid
particles to a superalloy matrix, at least three strengthen-
ing mechanisms can be exploited: solid solution, precipita-
tion and dispersion hardening. This superpositionresultsin
high strength over a wide temperature range, with disper-
sion hardening as the predominant mechanism at temper-
atures above about 900 °C)2). The detailed mechanisms
of dispersion strengthening at high temperatures have
been investigated only recently, e.g.3)4)3).

In such highly strengthened materials particular attention
must be paid to potentially weakening microstructural ele-
ments. At high temperature itis often the grain boundaries,
especially those with a perpendicular stress component,
which are potential sources of damage. They act as effi-
cient sources for vacancies which accumulate in grain
boundary voids causing early intergranular fracture, In
order to take full advantage of dispersion strengthening at
high temperatures, this detrimental effect of grain bound-
aries must therefore be minimized. This is attempted by
recrystallizing the superalloy to a coarse, elongated grain
structure2)6)?). The grain boundaries become uncritical
when a certain grain aspect ratio (ratio of length over width
of an average grain) is consistently achieved during recrys-
tallization®)8). This processing step is, however, not always
totally successful: recrystallization defects in the form of
fine grained regions embedded in an otherwise coarse
grained structure occur frequently. In addition, under
transverse loading many grain boundaries are under
tension and intergranular fracture, accompanied by a
dramatic decrease in lifetime, is expected to occur. The
magnitude and mechanisms of these deleterious grain

boundary effects, which will be important in high-temper-
ature service, have not been studied extensively in ODS
alloys.

This paper is designed to contribute to the understanding
of grain boundary damage processes in the elongated
grain structures which are typical of current ODS super-
alloys. Careful metallographic investigation of the distribu-
tion of the damage after creep in MA 6000 has lead to a
model which predicts time-to-fracture as a function of the
grain aspect ratio. In this way, the experimentaliy meas-
ured effects of grain elongation and of loading direction on
the high temperature strength of highly strengthened
grains will be interpreted in terms of damage mechanics.

2 Experimental

The material on which this study was performed is
INCONEL MA 8000, with the chemical composition shown
in Table 1. It contains about 50 vol.% of coherent y’ precip-
itates and 2.5 vol.% Y,0; dispersoids. The commercially
applied zone annealing treatment leads to grains of typical
length 10 mm and a grain aspect ratio of 15. Resuits of an
extensive microstructural study can be found in 10).

Table 1.

Ni Cr Al Ti
69 15

Nominal chemical composition of MA 6000 (in wt.%).

W Mo Ta C B Zr
45 25 4 2 2 0.05 0.01

Y203
0.15 14

Samples from tensile creep tests under varying test condi-
tions were analyzed by both SEM and optical microscopy.
The creep tests had been partly interrupted tests and tests
conducted until failure. Specimens of two creep series

were available for metallographic investigations (see
Fig. 1):

- longitudinal tests, at 850 °C in a stress range from 305
MPa to 330 MPa and at 950 °C in a stress range from 190
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MPa to 215 MPa, on material with an average grain aspect
ratio R of about 13,

- tests, at 950 °C and 230 MPa, on material with varying
grainaspect ratio R (5 to 63) in extrusion direction (fongitu-
dinal) and tests normal to the extrusion direction {long
transverse) at the same temperature and stress.

For macroscopic metallographic investigations the best
results were obtained after mechanical grinding and
polishing the sections, followed by etching with 10 m| H,0,
10 ml Ethanol, 10 ml HCI and 2 g Cu,S0O,. To reveal p'-pre-
cipitates, a different etchant (93 ml H,0, 5 ml HNO; and
2 ml HF) was used. Further details are to be found in 1y,

3 Results

3.1 Structural Inhomogeneities in Undeformed Material

Figure 2 shows a fine grain region which has incompletely
recrystallized. EDX-Analysis in the SEM confirmed that the
chemical composition of these recrystallization defects is
identical with that of the matrix. Therefore these defects
are indeed small grains and not chemical inhomoge-
neities. The only difference to the long grains is geometric:
a lower grain aspect ratio, and in many instances, a differ-
ent crystallographic orientation,

This sort of material defect, which must be considered
typical of present alloy processing, occupies only a small
volume fraction and may appear to be unctitical forcreep.
However, in these zones the grain aspect ratio is locally
decreased and - as will be shown below - cavitation on
such grain boundaries may be enhanced. Ifthe distribution
of these defects is inhomogeneous, it is likely that some of
the damaged grain boundaries will be close enough to
allow coalescence to longer cracks. Metallographic analy-

Extrusion Direction
{L
o [45°

[ ==

Fig. 1. Orlentation of longitudinal (L), long transverse (LT) and
45° specimens (45°) with respect to the direction of grain elonga-
tion (extrusion directian).
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.Typicél recrystallization‘defect in the alloy investigated.

sis shows that microcracks on grain boundaries and also
transgranular cracks are normally linked with such recrys-
tallization defects in samples with an otherwise high grain
aspect ratio.

3.2 Metallographic Damage Analysis

Figures 3 and 4 are SEM micrographs of the fracture sur-
faces after different creep tests. The first two pictures (Fig.
3) show the fracture surfaces of specimens crept in the
longitudinal direction. Figure 3a represents a test at 950°C
and 230 MPa with material of a grain aspect ratio R = 5.
Fracture is typically intergranular with the pull-out of single
grains. The grain diameters correspond to those measured
from cross-sections of the same specimen. In contrast,
Fig. 3b is the fracture surface of the sample with a high
grain aspect ratio (R = 63), tested under identical condi-
tions as before. Fracture is transgranular here, with the
fracture plane running at approximately 45° with respect
1o the stress direction.

Figure 4a shows the fracture surface of a long transverse
test. In contrast to the longitudinal tests the long grain

Fig.8a. R =5, time-to-fracture t; = 0.4 h. Fracture is intergranular
with typical pull-out of single grains.

P
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Fig. 3b. R = 63, t; = 171 h. Fracture is completely transgranular.
The crack plane runs at approximately 45° with respect to the
stress direction.

L [T AL X t

Fig.3aandb. Fracture surfaces of creep specimens in longitudi-
nal direction with different grain aspect ratio R (T = 950 °C, ¢ =
230 MPa).
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boundaries now act as transverse grain boundaries lead-
ing to the typical intergranular fracture. In Fig. 4b the stress
direction was 45° with respect to the extrusion direction.
Figures 4a and b clearly reveal the fibre-like grain structure
on the fracture surface. The smooth areas in the fracture

surfaces are the result of the final fast fracture which
occurs transgranulary.

100 -

Figure 5a shows the fraction of intergranular fracture sur- 50
face as a function of the grain aspect ratio. Thus, the frac-
ture mode changes to transgranular above a grain aspect
ratio of about 18. Although only 4 samples with varying
grain aspect ratio were available for analyzing the fracture
mode, the transition from inter- to transgranutar fracture
seems well documented.
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The change in fracture mode with increasing grain aspect
ratio is accompanied by a dramatically increasing time-to-
fracture (Fig. 5b). Anincrease of the grain aspect ratio from

intergranular fraction of the fracture surface area.
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Fig. 5b. Rupture time. The open square at R = 3 represents a
long transverse test with an “effective” R ~ 3 (longitudinal data

from Arzt and Singers), transverse data from Zeizinger and Wil-
kinsani?)),

2aKU %22 ed4@4 THRAR GU HP-B
Fig. 4a. Long transverse test: “effective” R=~1, T = 950 °C, ¢ =
230 MPa and t; = 0.16 h.

Fig. 5a and b. Fracture properties as a function of the grain
aspect ratio R; T = 950 °C, ¢ = 230 MPa.

R4 B2 1008 68U MR
Fig. 4b. 45°test: “effective” R=1, T=950°C, ¢ = 230 MPa and
= 2385 h,

Fig. 4a and b. Fracture surfaces of long transverse and 45°
specimens. The grain aspect ratio in extrusion direction was

about 13. Both micrographs clearly reveal the fibre-like grain
structure.

Fig. 6. Voids on grain boundaries with a normal stress compo-
nent. Grain boundaries paralle! to the stress direction are un-
damaged (horizontal stress orientation in this figure). Longitudi-
nal test: R = 5, T = 960 °C, ¢ = 230 MPa and = 0.4 h.
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Fig. 7. y-free diffusion zone between grain boundary voids
pointing to grain boundary diffusion as the dominant growth
mechanism (stress direction vertical).

Fig. 8. Section of a specimen crept in the longitudinal direction.
In regions with locally decreased grain aspect ratio grain bound-
aries are damaged by microcracks.

1to 20 causes a prolongation of the rupture life by a factor
of 100. For grain aspect ratios higher than 20 no significant
increase in fracture time can be observed. The square at
R = 3 (Fig. 5b) represents a long transverse test!2); in such
a plot this data point fits well within the scatterband of the
longitudinal data.

The mechanism for intergranular failure of MA 6000 is
damage by void growth on grain boundaries with a normal
stress component. Figure 6 shows typical grain boundary
voids, which disappear wherever the boundary's tangent
becomes parallel to the applied stress (horizontal in the
figure). On grain boundatries parallel to the stress axis no
voids could be found. The spherical shape of the voids
points to grain boundary diffusion as the dominant growth
mechanism. The specimen in Fig. 7 was etched for y'-pre-
cipitates, which show as small rectangular holes in the
matrix. Between the voids on the grain boundary a y'-free
zone appears, which is an additional indication for void
growth by diffusion.

Another observation is related to the distribution of cavi-
tated grain boundaries. At low grain aspect ratio (also for
the transverse test direction with the low “effective” grain
aspect ratio) the transverse grain boundaries which have
cavitated were found to be homogeneously distributed.
With increasing grain aspect ratio the distribution of cavi-
tated facets becomes more inhomogeneous. At high grain
aspect ratio voids or microcracks occur only in regions
with a low “local” grain aspect (Fig. 8).

3.3 Damage Accommodation: Grain-Boundary Sliding
vs. Power-Law Creep

The growth of grain boundary voids requires accommoda-
tion of the material in the vicinity of the damaged grain
boundary. Different accommodation mechanisms are pos-
sible: accommodation by grain boundary slidings)8) or by
plastic deformation of the adjacent grainst?)14). Obviously
in both cases the grain aspect ratio plays animportant role
for the accommodation process. With increasing grain
aspect ratio the shear stress on longitudinal boundaries
due to cavity growth on transverse boundaries will
decrease and accommodation by grain boundary sliding

Fig.9aand b. Linkage of grain boundary microcracks at grains with low grain aspect ratio by a transgranular crack; (a) unetched and

(b) etched.
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Fig.10. Average void diameter as a function of time normalized
1o the rupture time. Interrupted tests: R = 13, 190 MPa and 950 °C
(triangles), 305 MPa and 850 °C (circles).
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Fig. 1.  Schematic grain configuration with constant grain

aspect ratio R = L/i. The properties with subscript ¢ relate to the
damaged, those with subscript u to the undamaged regions. g..is
the applied tensile stress,
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Fig.12. Comparison of the calculated rupture time as a function

of grain aspect ratio (Eq. (1)) with the experimental data (see text
for more details).

becomes more difficultis). At the same time more creep
deformation will be necessary for accommodation
because there are fewer damaged grain boundaries (see
model below). In both cases the constraint on void growth
increases with increasing grain aspect ratio.

To decide experimentally which of the two accommoda-
tion mechanisms is more likely in MA 6000, creep tests
were carried out in compression, with samples marked by
surface scratches. The stress direction was 45° to the
extrusion direction. Thus the long grain boundaries were
loaded under maximum shear stress and measurable grain
boundary siiding could be expected. Yet at all test condi-
tions (same temperature and stress range as for the ten-
sile creep tests) no displacement of the surface scratches
could be observed. We therefore conclude that under
these test conditions the accommodation is unlikely to
occur by grain boundary sliding.

3.4 Fracture Process

Final fracture takes place by the linking-up of the intergran-
ularly damaged regions. Figure 9 shows how transgranu-
tar fracture at high grain aspect ratio is initiated at recrys-
tallization defects with a low "local” grain aspect ratio
where separate intergranular microcracks have devel-
oped by cavitation. The samples investigated showed only
a few of the resulting macrocracks. The reasons are: first,
the low density of recrystallization defects and second, the
primary macrocrack grows at the expense of all other
forming cracks.

To gain information on the fraction of creep life spent in
forming intergranular cracks, the void diameters were
measured on sections of samples subjected to interrupted
tests under selected conditions. The average void diam-
eter 2r as a function of the creep time t normalized to the
rupture time t;is shown in Fig, 10. For times less than about
60 % of the rupture time, separate voids are found while for
longer times all voids are coalesced to microcracks on
transverse grain boundaries. The cavity nucleation time
(the time for voids to exceed the “sinter-radius” r = 2y/g,
where y is the surface energy per unit area and ¢ is the
tensile stress) can be estimated at less than 10 % of the
rupture time.

4 Model for Time-to-Fracture as a Function
of Grain Aspect Ratio

On the basis of the metallographic observations, a model
for the evolution of intergranular damage in elongated
grain structures was developed. It rests on the following
main assumptions (see also Fig. 11):

- cavities nucleate and grow on grain boundaries with a
normal stress component,

- void growth occurs by grain boundary diffusion,

- grain boundary sliding along grain boundaries parallel
to the stress direction is suppressed,

- void growth is accommodated by power law creep in
the surrounding grains,

- the time-to-fracture can be approximated by the calcu-
lated time for cavity coalescence.

Adaptation of the model for constrained cavity growth by
Cocks and Ashby3) to the present grain geometry leads to
the following expression for the theoretical time-to~frac-
ture (see Appendix);

oy o [ I o o T S R
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where R is the grain aspect ratio, n the stress exponent for
power law creep (Eq. A2), 2z the average spacing of cavi-
ties on a cavitated grain boundary, .. the remote applied
stress, dgDg the thickness times diffusivity of the grain
boundary, 2 the atomic volume, & the total strain due to
void growth and &, the creep rate of uncavitated material
(Eq. A2).

This equation consists of two terms weighted by factors
which depend on the grain aspect ratio. The first term,
which predominates at low grain aspect ratio, describes
unconstrained void growth. With increasing grain aspect
ratio the second term becomes important; Eq. (1) then
converges to a Monkman-Grant type relation. An equation
of similar form has been obtained by using a tensile-crack
model for the grain boundary facet cavitating under con-
strained conditions (see e.g. Riedel'8)). It is important to
note that the present model contains the grain aspectratio
as the decisive parameter which determines the extent of
creep accommodation necessary for cavity growth.

In Fig. 12 the measured rupture time as a function of the
grain aspect ratio (symbols) is compared with calculated
fracture time (lines). The stress exponent n = 47 was taken
from Howson et al.1?). For the void spacing 2z, the range
between 8 and 16 ym was assumed, which corresponds to
values measured on longitudinal sections of crept spec-
imens.

Figure 12 shows that the model is in good agreement with
experimental data over the whole range of grain aspect
ratios. While the agreement in absolute values, especially
at high grain aspect ratios, may in fact be fortuitous (see
discussion below), the plot suggests that the generaltrend
of rupture time improvement with increasing grain elonga-
tion canindeed be due to the increasing constraint on void
growth. The agreement between theory and experiment
will be further discussed below.

5 Discussion

Even in the relatively coarse-grained ODS materials inves-
tigated in this study, grain boundaries play an important
role in high-temperature deformation and fracture. it has
been shown that the grain boundaries become suscep-
tible to damage formation whenever the grain elongation
in the direction of loading is small, i.e. when the grain
aspect ratio is insufficient or when a fully recrystallized
material is subjected to stresses at an angle to the extru-
sion direction. In both cases, cavities form readily on grain
boundaries with a perpendicular stress component, with
typical nucleation times smaller than 10 % of the time-to-
fracture.

This high susceptibility to intergranular damage formation
must be attributed to the relative weakness of the grain
boundaries in comparison with the highly strengthened
grain interiors of MA 6000. The particle-free zones
between the cavities suggest that the primary void growth
mechanism is diffusion, which is not affected by the
presence of dispersoids (apart from a possible effect on
vacancy emission in the remaining grain boundary liga-
ment - see e.g. Arzt et al.18) - which is insignificant at the
stresses considered). Also the testing temperatures - like
the service temperatures foreseen for such alloys — are
higher than for conventional high-temperature alloys,
typically 80 % of the absolute solidus temperature; and

therefore diffusion rates, which depend mainly on the
homologous termnperature, are high.

The creep tests performed with the longitudinal grain
boundaries oriented in the direction of maximum shear
stress have shown that the accommodation of the local
strain generated by void growth is unlikely to occur by
grain boundary sliding, contrary to earlier suggestiongs).
The reason must lie in the highly serrated longitudinal grain
boundaries, whose sliding displacement requires diffusion
aver long distances. Also, diffusion creep can be neglect-
ed as an accommodation process because the diffusion
distance, which scales roughly with the length of the grains
under longitudinal loading, is too large. Transverse loading,
by contrast, does indeed give rise to considerable diffu-
sion creep as has been shown recentiy9).

These considerations leave power-law creep as the only
realistic accommodation process. Based on earlier
theories (e.g. Cocks and Ashby!3)), the model for the
coupling between diffusional cavity growth and power-law
creep in the undamaged grains has been adapted for the
particular case of an elongated grain structure. it attributes
the dramatic improvement in the fracture time with
increasing grain aspect ratio to the increasing necessity of
accommodating the strain accumulated by damage for-
mation. In a grain structure with low aspect ratio, in which
cavitation is relatively homogeneously distributed, accom-
modation plays a lesser role than in a high grain aspect
ratio structure, where few cavitated grain boundaries are
present. For void growth on the comparatively flat longitu-
dinal boundaries under transverse loading, the accommo-
dation is in fact negligible. This can explain why the rupture
times in the transverse direction are so much infetior to
those obtained in longitudinal tests.

The model agrees quite well with experimental results,
especially at low grain aspect ratios. However, because
the void spacing (2z), which can only be determined
experimentally, enters Eq. (1) as a critical variable, the
model is not fully predictive. Using sensible values for z, at
least a correct order-of-magnitude estimate is obtained.
Obviously, comparison between theory and experiment
would be necessary at different stress levels. The model
would predict a low stress sensivity at low grain aspect
ratio as compared to longitudinal tests on high grain
aspectratio material. First creep results of transverse tests
at different applied stresses'?)'9) do indeed show a
reduced stress dependence. However, the stress sensitiv-
ity m (where t;~ o™™) is typically different from the predict-
ed m = —1. The reason may be that additional mecha-
nisms, such as continuous void coalescence and/or
nucleation give rise to a non-linear stress dependence
even in the case of unconstrained cavity growth. This has
been shown recently by Wilkinson20), whose calculations
fead to slopes between —1and —n (where n is the power-
law creep exponent). A full model, which would have to
incorporate this effect, has not yet been attempted.

The calculations show that the grain aspect ratio, rather
than the grain size, determines the fracture path and thus
the fracture time. This is reflected in the data of Fig. 5,
although it must be realized that, due to the nature of the
recrystallization process, grain aspect ratio and grain size
could not be varied independently. The conclusion that at
high temperature the grain shape effect “swamps any
grain size effect” has already been drawn for thoriated
nicke!l alloys by Wilcox and Clauer?). Their qualitative inter-
pretation however refied on grain boundary sliding, which
we have ruled out for the alloy considered here.
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Strictly speaking, it is not the grain aspect ratio as such
which is decisive for damage formation. Rather the inter-
locking between individual grains improves with increasing
grain aspect ratio, which necessitates more damage
accommodation in grains adjacent to a transverse grain
boundary. An extremely disadvantageous case in which
this interlockingis lost would be a planar boundary through
the specimen as it can form e.g. when diffusion bonding is
carried out in the coarse-grained state. Such a boundary,
which would represent a low grain aspect ratio situation,
would cavitate and fail rapidly, even if the aspect ratio of
the neighbouring grains were high. Rupture times of such a
joined part would therefore be expected to lie on the lower
part of the curve in Fig. 12. A similar case of almost planar
grain boundaries being subjected to tensile stresses
arises in transverse testing. It is seen in Fig. 12 that the cor-
responding data point fits nicely into the rest of the data
when the appropriate low grain aspect ratic in this direc-
tion is used. The low transverse rupture strength, and also
the low creep ductility in this direction, can thus be attri-
buted to the lack of creep constraint on damage formation.

While the initial transition to transgranular fracture seems
to be well described by the model, the agreement at
higher aspect ratios must be considered fortuitous.
Formally, Eq. (1) reduces to a Monkman-Grant type relation
in this limit. But the model, which explicitly describes cavi-
tation and its accommodation, does not of course apply to
predominantly transgranular failure. In particular, an incon-
sistency common to all cavitation models arises in this
constrained case: the time-to-failure will not be deter-
mined only by cavity coalescence, but also by the joining
of individual microcracks. This point has been emphasized
by Riedel2)). The statistical distribution of fine-grained
regions, which act as nucleation sites for microcracks,
would therefore have to be taken into account. Such a
model has not yet been developed.

6 Conclusion

The results of the metallographic examination of crept
specimens with different grain aspect ratios lead to the

Lubi 8

Fig. 13a. Void nucleation and growth on
transverse grain boundaries in fine grain
regions.

cracks,

Fig. 13a to c.

: R i
Fig. 13b. Formation of grain boundary Fig. 13c.

following picture of high temperature fracture in INCONEL
MA 8000 (see also Fig. 13). Below a minimum grain aspect
ratio (R = 10) and under transverse loading, fracture is -
apart from transgranular contributions to final fracture -
completely intergranular. In this range creep cavities form
and grow on grain boundaries with a perpendicular stress
component. Beyond a small transition region (10 =R < 15)
the fracture mode changes to predominantly transgranu-
lar. Our observations suggest that in this case fracture is
initiated at the recrystallization defects, which are always
present in the form of fine grain regions. These results can
be explained by considering the necessity ofaccommoda-
tion processes for cavity formation: at lower grain aspect
ratio and under transverse loading, creep accommodation
plays a lesser role than at high grain elongation. A model
for this process has been formulated on the basis of
current cavitation theories, which, despite some remaining
problems, correctly describes the trends observed.

From a practical point of view, the most important result is
the high susceptibility of ODS alloys to intergranular dam-
age formation. Fine grain regions are particularly vulner-
able - even more so under conditions of high temperature
fatigue22)23). Efforts to eliminate such recrystallization
defects appear therefore to be indispensable.

7 Appendix

Calculation of the Time-to-Fracture as a Function of Grain
Aspect Ratio R

Consider an idealized structure with grain aspectratioR =
L/l (Fig. 11). The voids are homogeneously distributed on
transverse grain boundaries (normal to the stress direc-
tion). The area fraction of voids is f = r?/z2 (with r = void
radius and 2z = planar void spacing). Due to the diffusion
of atoms from the void surface into the grain boundary cor-
responding grains are jacked apart. We assume that this
separation in longitudinal direction (parallel to the stress
direction) is accommodated by dislocation creep in
adjacent grains. The structure of the derivation follows that
by Cocks and Ashby13),

:

4

Linkage of grain boundary
cracks by transgranular cracks.

Summary of transgranular fracture, (In all pictures the stress direction is vertical.)
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The strain rate due to void growth can be written as®)

_ 463Ds 06,
kTLin(lf) 22

where g is the stress at the damaged grain boundary driv-
ing void growth. dg Dy is the grain boundary width times its
diffusivity, £2 the atomic volume, k Boltzmann’s constant
and T the absolute temperature.

C

(A1)

The strain rate in undamaged grains adjacent to damaged
grain boundaries is due to power-law creep:

. . e
&, = & —
dJg

o, is the stress carried by the undamaged cross-section.
£y, 0o and n are creep constants. Compatibility requires
both strain rates to match:

(A2)

te = & (A3)
Force equilibrium obtains when
2s - No, + 10, =28 0w (A4)

where a.. is the applied tensile stress and 2s the spacing of
damaged grain boundaries in transverse direction (see
Fig. 11).

From a geometrical consideration we get:
2s =RI (A5)
Equations (A1) to (AB)lead to animplicit equation for o,/ oo:

4-53DB.Q(70 Oc

n
o [ S e ] TR e O
with the following approximate solution:

Tl
e (1-=1/R)Lay (A7)
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Using the equation for the damage rate df/dt (Ref. 13)):
daf _ 25 Dg R0y G

(AB)
dt KkT/fin{Hz® a
we get the final equation for the rupture time:
kT Z3 f dp
= ———" [ +/fIn (1) 2 df (A9)
' deDBQUO-friC ( )Uc

where for g,/ o, we use Eq. (A7). f;is the initial damage (the
value for r, > 2y/¢ where y is the surface energy per unit
area of the material) and #, the damage at failure.

Integration of Eq. (A9) results in:
;= 0085KTZ
P 5 Ds 2 0w

where the following boundary conditions have been
applied:

f, €0,01 (f =~ 0,0001 for these tests)
f. <1 (f, = 0,25; the choice of f_ is not very critical).

&, isthe steady state strain rate and g the straintofracture
due to the void growth. Integration of Eq. (A1) with dt =

1 - d-1/R)" + % A-1/R)"  (A10)

df/(dffdt) (for dfidt see Eq. (A8)) between the bounds f,
and f, results in:

g = - (Aﬁ)
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