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Abstract

The mechanisms leading to failure during high temperature, LCF and creep-fatigue
are presented and discussed for two representative, commercial ODS (Oxide Dispersion-
Strengthened) superalloys, Inconel MA 754 and MA 6000. The fatigue behavior of these
alloys is compared with that of conventional (non-ODS) superalloys of nearly identical ele-
mental composition. The behavioral differences may be understood on the basis of the two
primary microstructural differences between ODS and non-ODS, namely, grain structure
and the fine particle dispersion itself. It is found that recrystallization defects in the form of
fine grains are the primary cause of crack initiation in the ODS materials. The results are
discussed in light of previous creep and fatigue studies of dispersion-strengthened alloys.
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Introduction

Alloys strengthened through inclusion of a fine dispersion of oxide particles have re-
ceived considerable attention due to their exceptional creep properties. As a consequence,
our understanding of creep-related phenomena in ODS alloys is now comparable with that
of currently used, non-dispersion strengthened superalloys. However there have appeared
relatively few studies in the open literature whose subject has been the behavior of ODS
materials during high temperature fatigue. In the following, the results of high temperature
fatigue and creep-fatigue experiments obtained for two commercially available ODS super-
alloys will be presented and discussed in light of previous fatigue studies and our current
understanding of the creep behavior of ODS materials.

Essentially, ODS alloys are distinguished from conventional superalloys by the disper-
sion of fine oxide particles and by an elongated grain shape, which develops during a re-
crystallization heat treatment. This particular grain structure enhances the high tempera-
ture deformation behavior by inhibiting intergranular damage accumulation. This is ac-
complished by increased constraint in the neighborhood of cavitating, transverse grain
boundaries and by increased tortuosity of intergranular crack paths (1). It has also been
quite well demonstrated how an oxide dispersion improves high temperature creep
strength. The movement of dislocations is impeded by the non-shearable dispersoid parti-
cles resulting in a threshold stress below which creep rates are negligible (2,3,4).

It is to be expected that the high temperature cyclic behavior of ODS alloys is also
strongly influenced by the dispersion and grain morphology. Practically all investigators
into the fatigue behavior of ODS materials have reported improved fatigue damage resist-
ance, (e.g. 5-7). It has been commonly reported that the amount of slip observed is less for
dispersion-strengthened material andy that slip character becomes more wavy or discon-
tinuous (8,9,10,11). TEM observations have indicated that dislocation cell structures either
do not form or that their formation and diameter are determined by particle geometry
(10,12,6,13,14).

Low frequency fatigue at high temperatures entails conditions which are sufficient for
the operation of time dependent damage mechanisms such as those present during creep. It
is clear that such processes, which normally lead to intergranular fracture, are made more
difficult by an elongated grain structure during cyclic loading just as they are during mono-
tonic loading, (e.g. 6,13). However, the creep-fatigue behavior of dispersion-strengthened
alloys has not been studied in any detail to date. In the following, some results of creep-
fatigue tests of MA 6000 are discussed which reveal aspects useful for the optimization of
alloy behavior under high temperature creep and fatigue conditions.

Experimental

Present experimental work has been concentrated on the two yttrium-oxide disper-
sion-strengthened superalloys Inconel MA 754 and MA 6000 . Both alloys are produced by
INCO Alloys International, by the mechanical alloying process (15). The performance and
behavior of each ODS alloy has been compared with that of a conventional (cast or
wrought non-ODS) alloy of similar elemental composition. The compositions as deter-

mined for both ODS and non-ODS counterpart alloys are given in table I along with other
microstructural data.

MA 754 is strengthened by solid solution and by the dispersion. In addition, an elon-
gated grain structure is obtained during heat treatment (see (16) for a more detailed de-
scription of the microstructure). In addition to solution strengthening, MA 6000 is strength-
ened at intermediate temperatures by gamma-prime Niz(Al'Ti) precipitates while at tem-
peratures above 900 °C, the dispersion is the dominant source of strength. A bi-modal dis-
tribution of grain sizes exists in MA 6000; large grains with lengths on the order of 1-2
centimeters and grain aspect ratios (GAR) > 20 account for some 95% of the volume,
while the remainder comprises a distribution of much smaller grains with lengths ranging
from 100ym to 1 millimeter and GAR’s between 1 and 20. For a more detailed description
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of the microstructure of MA 6000 the reader is referred to (17) and (18).

Low cycle fatigue tests have been carried out using total strain control with total or
inelastic strain limits in the temperature range from 750 to 1100 °C. Symmetric and asym-
metric waveforms were chosen in conjunction with test frequencies such that the prevailing
damage mode would be either of fatigue-type or mixed creep-fatigue. Creep-fatigue cycle
forms included tensile hold-times and slow tensile loading followed by fast compression,
commonly referred to as ’slow-fast’. Samples from tests run to physical separation of the
specimen as well as interrupted experiments were then subjected to optical, scanning elec-
tron and transmission electron microscopy. Further experimental details will be given else-
where (19).

Table 1. Elemental Composition of Materials and Microstructural Data

Alloy Ni Cr Fe Al Ti W Mo Co Ta C B Zr NbYyOs

MA 6000 Bal 155 - 45 25 38 20 - 19 .06 .01 .16 - 1.1
IN738 Bal 159 - 35 35 25 16 83 16 .09 .01 5 .7 ---
MA 754 Bal 20.5 .13 30 35 - - - - .06 - - - 05
Nim75 Bal 20 <5 25 .40 - - - -1 - - - ===
Grain GAR Particle Particle Texture
Size {mm] Dia [nm] Spacing [nm]
MA 6000 5-20 20 30 150 <110>
IN 738 2 1 - - -
MA 754 0.5-3.0 10 15 125 <100>
Nim 75 0.1 1 - - -

Fatigue Behavior

Slip character: ODS vs non-0DS

It has been well documented that gamma-prime-strengthened, Ni-base superalloys
are subject to the development of concentrated, planar slip bands during LCF (20,21,22).
The gamma-prime precipitates are sheared by such bands, causing a transition to coarse,
planar slip (14). Such slip bands were found very infrequently in MA 6000 and only at
high inelastic strain amplitudes (N; < 100 cycles). In contrast with IN 738 (non-ODS
counterpart for MA 6000), stage I cracks, which develop from coarse slip bands in non-
ODS alloys, have not been observed in MA 6000. Additionally, TEM micrographs often
show individual dislocations which are pinned at the backside of dispersoid particles
(figure 1), confirming the existence of an attractive interaction in a manner analogous to
that observed for creep (23). No evidence of the formation of regular dislocation networks
could be found, confirming the improved slip character.

Similarly, slip bands could not be resolved in fatigued MA 754 under any conditions
of temperature and strain rate tested. MA 754 deforms macroscopically along planes of
maximum shear stress (figure 2). Identical behavior has been reported for TD-Ni (nickel
with thorium-oxide dispersion) (24,10). This mode of deformation also results in a pro-
nounced tendency for growing cracks to branch. By comparison, Nimonic 75 (non-ODS
counterpart to MA 754), exhibits intense planar slip extending through entire grains under
these conditions and initiates cracks at surface slip extrusions and at twins. Again, no
stage I cracks were observed in the ODS material.

In agreement with earlier studies, these observations tend to confirm the hypothesis,

e.g. (10), that planar slip deformation becomes dispersed as dislocation glide on planes
oriented for slip is impeded by non-shearable particles. The subsequent activation of
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Figure 1: TEM showing dislocation confi-
gurations in fatigued MA 6000. Dispersoid-
dislocation interactions similar to those
which have been described for creep are ob-
served, (850 °C, symmetric cycling, 10
[s71], Aey/2=0.4% failure after 100 cycles)

1 mm

Figure 2: Surface of a cylindrical fatigue
specimen of MA 754 illustrating damage on
planes of maximum shear stress. (1050 °C,
symmetric cycling, 107 [s1], i‘-.rL}E =().4%,
failure after 180 cycles)

alternative slip systems homogenizes the plastic glide deformation. This process has
sometimes been referred to as slip dispersal’. The metallurgical stability of the ceramic
dispersoids in ODS alloys enables this mechanism of strengthening to be effective at
temperatures in excess of (L8T .

(rrain boundaries as fafigue crack milialion sites

The high degree of strengthening obtained within the grain interiors of ODS super-
alloys enhances the susceptibility of grain boundaries to various damage processes. Coun-
tering this imbalance is the highly elongated grain structure, characteristic of these mater-
ials. Large grain aspect ratios imply less grain boundary area lying normal to the applied
stress within a given volume. The influence of GAR in determining creep damage rates has
been well demonstrated for MA 6000, where single crystal creep performance may be at-
tained at GAR > 15-20 (25,18,1).

Although the average GAR may be in excess of 15-20, as is the case for the MA 6000
material tested in this study, local values of the GAR may be as low as 1-2. Such grain
structure inhomogeneities, which take the form of relatively small included grains or pock-
ets of finer grains sandwiched between elongated macro grains, might be expected to be the
weakest link in the microstructural chain. That this is the case may be seen in figures 3
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and 4, which show crack initiation in MA 6000 during symmetric cycle LCF at 1 Hz and
850 °C. The crack has initiated at the grain ht}undarﬁ of a fine grain located just beneath
the sample surface. Initiation is usually observed to be on or near the sample surface but
some internal initiation at fine grains has also been observed duri;:lg the symmetric LCF of
MA 6000. Crack propagation to failure is fully transgranular. though macroscopically

MA 6000 exhibits a very strong <110> texture, it has been shown that the incompletely
recrystallized, fine grains are characterized by high misorientation (26). It is believed that
the susceptibility of fine grains to fatigue damage is related to differences in the crystallo-
raphic orientation, which in some cases results in higher elastic stresses at fine grain
undaries during loading.

Figure 3: MA 6000 LCF fracture surface: Figure 4: An axial section taken through
crack initiation has occurred at the the crack initiation point shown in the
transverse boundary of a fine grain figure left. The etched boundary of a fine
located near the test sample surface. grain is visible on the polished section
(850 °C, symmetric cycling, 1072[s"1], surface.

A¢y/2=0.3%, failure after 5017 cycles)

Grain structure inhomogeneities are also present in MA 754 but since the average
GAR is much less than for MA 6000, the disparity between fine grains (GAR > 1) and the
average GAR is also much smaller. Crack initiation is also complicated by the afore-
mentioned shear deformation. It appears likely that the intersection of coarse shear bands
at the sample surface can cause crack initiation although internal damage at fine grains has
also been occasionally observed.

Creep-Fatigue

Examination of the creep fracture behavior of MA 6000 has demonstrated the extreme
susceptibility of grain structure inhomogeneities to cavitation damage (18,1). This obser-
vation, and the fact that cracks are frequently seen to initiate at such relatively fine grains
during symmetric-cycle LCF, indicates the likelihood that mixed creep-fatigue damage
initiation should also occur at grain inhomogeneities. This hypothesis is well confirmed by
the results of a number of ‘slow-fast’ LCF tests which were carried out on MA 6000.
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Creep— fatigue crack initiation

Figure 5 is a plane view of a fracture surface of an MA 6000 sample tested under
’slow-fast’ (S-F) conditions at 850 °C. Closer inspection of the fracture surface reveals
more than 20 individual, internal crack initiation sites, each surrounded by a radially ex-
panding crack front (figure 6). That these initiation sites are indeed fine grains, is shown in
figure 7. Metallographic examination of polished axial sections revealed the nucleation and
growth of pores primarily on the transverse grain boundaries of fine grains. The presence
of precipitate-free zones (PFZ) between pores indicates that pores grow by the stress-
directed transport of atoms from the pore surface to the grain boundary. Detailed analysis
of interrupted tests has shown that approximately 60-70% of the life is spent initiating
cracks intergranularly in this manner.

The extent of cavitation damage accumulated during creep-fatigue exhibits a clear de-
pendence on grain size. Fine grains were observed to be responsible for at least 80% of all
crack initiation sites during creep-fatigue. Although the average GAR of finer grains is
considerably less than that of the macrograins, no clear connection between the extent of
cavitation damage and GAR could be ascertained among the population of fine grains. It
should be noted that this observation does not conflict with the results of Zeizinger (18)
and Arzt and Singer (25), who have shown that the creep rupture life of MA 6000 increases
strongly as the average GAR increases. Stephens and Nix (27) have studied the creep be-
havior of MA 754 and also report the deleterious effect of a duplex grain morphology on
the creep resistance. The enhanced grain boundary damage associated with fine grains
could be due to the greater ease with which damage can be accommodated by grain sliding.
However, the observation that fine grains with aspect ratios upto 20 are still highly prone
to cavitation renders this explanation suspect. It appears more likely that, as mentioned
previously in connection with LCF crack initiation, the crystallographic misorientation of
fine grains with respect to the fully recrystallized macrograins enhances damage formation.

The subject of creep-fatigue must include consideration of possible interactions bet-
ween damage processes associated with creep (e.g., cavitation, grain sliding) and with fa-
tigue (e.g., plastic deformation). It may then happen that for a given test temperature, the
time-to-failure for creep-fatigue is much shorter than an "equivalent" stress-rupture
loading. This is the case for MA 6000. To give an example, at a temperature of 850 °C, a
creep-fatigue test with applied tensile and compressive strain rates of 105 and 1072 [s71],
respectively, and a strain amplitude of 0.3% has a time-to-failure of about 120 hours. The
stress needed to cause creep rupture after 120 hrs at this temperature corresponds to 85% of
the actual peak tensile stress applied during the creep-fatigue test. However, only about 20
hrs are spent at this stress or higher during the S-F test, (a stress well above the threshold
for creep). Thus, only 1/6 of the creep-rupture time is required for a creep-fatigue loading
to cause the equivalent damage based on the applied stress. Figure 8 illustrates the com-
parison of S-F lifetimes with symmetric cycle fatigue (strain rate of 2- 10 [s'1]) at 850 °C.
It may be seen from the figure that the asymmetric loading leads a reduction in cyclic life
of roughly a factor of 3. From these observations, it is clear that the net damage accumula-
tion rate is accelerated under conditions which combine slow or constant tensile loading
with fully reversed, plastic compression.

One observation made while examining the cavitation damage in MA 6000 caused by
creep-fatigue provides a possible clue as to the mechanism by which creep and fatigue
damage interact; the maximum pore size reached prior to coalescence never exceeds ap-
proximately 2 pym. This is in contrast with pores developed under constant stress, which
attain a diameter of 5-10 ym before coalescence (1,18). Although direct measurement of
the cavity spacing is made difficult by the fact that regularly spaced, individual pores are
rarely seen, it was clearly observed that the cavity spacing is much smaller during creep-
fatigue. This is taken to be an indication that cavity nucleation is enhanced by strain re-
versal. A possible secondary effect could be plastic flattening of pores during compression
and subsequently, the acceleration of lateral pore growth.
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Figure 5: Fracture surface of an MA 6000
sample tested under ’slow -fast’ conditions
at 850 °C. Cracks initiate internally at fine,
included grains, (see figs. 6 and 7). More
than 20 individual crack initiation sites
may be identified. (¢,=105 [s'1], .= 102
[s1], Ae/2=0.3% failure after 630 cycles)

1 mm

Figure 6: Detail of crack initiation site
taken from the fracture surface of fig. 5.
The tip of an included, fine grain is visible
from which a crack has propagated trans-
granularly through the surrounding macro-
grain.

1 []_,um

Figure 7: A section taken through a crack
initiation site of a sample tested under
“slow-fast’conditions. A crack has initiated
on the transverse boundary of a fine,
included grain. The outlines of several
small grains have been made visible by
etching the polished axial section.

100/ ym
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MA 6000 'SLOW FAST' CREEP-FATIGUE AT 850 °C
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Figure 8: Fatigue resistance of MA 6000 at 850 °C: S-F cycling results in a severe degrada-
tion of the cyclic lifetime in comparison with symmetric LCF.

Creep— fatigue crack propagation

The crack propagation phase consists of the time between complete cavitation of the
transverse fine grain boundary and failure. The greater part of this phase will be spent in
transgranular crack extension through the macrograins with the remainder for link-up of
planar cracks and subsequent failure. Metallographic investigation has revealed that trans-
granular cracks are blunted and that quite frequently, pores nucleate and grow ahead of the
crack (see figure 9). In addition, precipitate-free zones have been ohserved between the
main crack and individual pores. This evidence suggests that crack advance is controlled
by diffusive cavity growth and the fracture of ligaments ahead of the main crack.

10 prm

Figure 9: The transgran-
ular growth of cracks in
MA 6000 which initiate at
fine grain  boundaries
during creep -fatigue.
Note pores growing ahead
of the crack tip and preci-
) pitate-free zones,

White particles seen on the grain boundary are the result of an etchant reaction.

(6,=107 [s°1), ¢.= 102 [s71], Ae/2=0.4%, failure after 242 cycles)
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The linking up of macrograin cracks occurs primarily intergranularly along grain
boundaries oriented in the longitudinal direction. Thus, the coalesence of transgranular
crack planes is controlled by the spatial distribution of the planes. For the purposes of
modelling or lifetime prediction it is necessary to determine the probability that a given
average planar crack separation will exist. Decreasing the total number of grain structure
inhomogeneities will result in a corresponding improvement in the high temperature creep
and creep-fatigue lifetime. Since the next largest defects (e.g. carbonitride particles) are
roughly 3 orders of magnitude smaller than the grain defects which are at present respon-
sible for crack initiation, the potential for improving the fatigue resistance by elimination of
grain inhomogeneities appears to be substantial.

Summary

Commercial ODS superalloys have demonstrated improved high temperature fatigue
damage resistance in comparison with non-ODS alloys of nearly identical elemental com-
position. The dispersion improves the fatigue behavior through the inhibition of slip band
formation and the resultant suppression of crystallographic microcracking. The creep-
fatigue properties are enhanced both by the dispersion and by a highly elongated grain
structure. It has been shown that recrystallization defects in the form of fine grains are sus-
ceptible to the formation of damage. These defects are responsible for the initiation of
cracks under LCF and creep-fatigue conditions.

Testing under creep-fatigue conditions leads to a severe degradation of lifetime in
comparison with either creep or fatigue alone. The principal mechanism by which the ac-
cumulation of creep damage is accelerated by strain reversal appears to be the plastic
strain-enhanced cavity nucleation rate. Creep-fatigue tests can be employed to establish
the relative density of recrystallisation defects.

Our results indicate that due to the presence of fine grains, the role of the dispersoids
in improving the slip character during LCF of oxide-dispersion strengthened superalloys
has not yet been exploited. Further progress will depend heavily on our understanding of
how recrystallization defects arise and on their eventual elimination.
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