Crack Initiation and Propagation during
High-Temperature Fatigue of Oxide
Dispersion-Strengthened Superalloys

D.M. ELZEY and E. ARZT

The mechanisms of crack initiation and propagation have been investigated in two oxide
dispersion-strengthened (ODS) Ni-base superalloys under conditions of symmetric low-cycle
fatigue (LCF) and creep-fatigue. The behavior of both ODS alloys is compared with that of
conventional alloys of otherwise similar composition. While the improvement in fatigue resis-
tance previously reported for ODS metals and alloys is confirmed by the present study for
temperatures below about 0,67, the potential advantage of dispersion strengthening is not being
exploited by the current generation of ODS superalloys at higher temperatures; crack initiation
is found to occur prematurely due to the presence of recrystallization defects in the form of fine
grains. The mechanism of crack initiation at fine grains is creep-type cavitation on boundaries
transverse to the applied stress. Bxperimental results indicating the influence of temperature,
loading frequency, and waveshape on the crack initiation rate are presented and discussed in
detail. A qualitative correlation between waveshape and creep-fatigue life is suggested based
on the macroscopic inelastic strain rate which is determined by the waveform and limits in turn
the rate at which cavity growth can be accommodated,

I. INTRODUCTION

ArLLOYS strengthened by a fine, homogeneaus disper-
sion of oxide particles represent a relatively new class
of materials intended for critical high-temperature ap-
plications, such as gas turbines. Among the important
material properties required for such applications are ex-
cellent creep strength and corrosion resistance. The su-
perior creep strength of dispersion-strengthened alloys at
very high temperatures and relatively low stresses in
comparison with dispersion-free alloys has motivated a
great deal of study of the creep behavior of these ma-
terials.!"> As a consequence, the mechanisms respon-
sible for the improvement of creep resistance, obtained
by introducing a fine dispersion, are now reasonably well
understood. ! Certain applications, such as gas turbine
blades and vanes, require, in addition to creep strength,
adequate resistance to high- and low-cycle fatigue (HCF
and LCF, respectively). The fatigue behavior of
dispersion-strengthened alloys is much less well docu-
mented, and in particular, the role of the dispersion in
determining the high-temperature fatigue strength is only
poorly wnderstood, The current study of the high-
temperature cyclic bebavior of the oxide dispersion-
strengthened (ODS) superalloys INCONEL* MA 6000

*INCONEL MA 6000 nod MA 754 are trademarks of Inca Alloys
Intermational, Inc., Huntington, WV, .

and MA 754 has been undertaken in order to determine
the mechanisms leading to failure under these conditions
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and to compare the fatigne behavior of modermn ODS
superalloys with that of conventional high-strength tur-
bine alloys.

Oxide dispersion-strengthened superalloys such as
MA 6000 and MA 754 are powder metallurgy materials
produced by means of the mechanical alloying {MA)
process.”) Here, elemental and master powders are
blended together with the fine dispersoid particles and
subsequently milled in a high-energy steel ball attritor.
The fully mixed compact is then extruded. A final re-
crystallization heat treatment is applied in order to obtain
the coarse, directional grain structure needed for optimal
high-temperature creep resistance.

Prior to the advent of dispersion-strengthened super-
alloys made possible by the MA process, investigations
of the potential of dispersion strengthening were prac-
tically lirnited to elemental metals (Pb, Cu, Al, or Ni),
for which the difficulties of introducing the dispersed
second phase were surmountable. Perhaps the earliest re-
port of the fatigue behavior of a dispersion-strengthened
metal is that due to Martin and Smith® for Cu-containing
8i0, and Al,O4 particles. The authors reported an im-
provement in the room-temperature fatigue strength due
to the presence of the hard second-phase particles. Sim-
ilar results were later obtained for Pb-PbO!"® and for
AL-ALO; alloys.™

The superior fatigue resistance of dispersion-
strengthened metals and alloys is frequently attributed to
the increased homogeneity of plastic deformation during
cycling."%-13 This phenomenon, referred to as “slip dis-
persal,” is well documented and arises from the particles
acting as obstacles to dislocation motion; dislocation
pileups at the particles lead to localized cross slip and
the activation of alternative slip planes. While slip dis-
persal appears to be an effective means of inhibiting
crystallographic crack initiation, crack propagation has
been found to be negligibly affected by a dispersion. 1

Similarly, recent investigations of ODS superalloys have
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demonstrated superior HCF resistance relative to con-
ventional superalioys.12:14] However, results of LCF
testing, most notably at high temperatare, have not con-
sistently demonstrated the advantage of dispersion-
strengthened alloys.!'¥) Qur present results show clearly
that with the increasing importance of creep damage
mechanisms at higher temperatures and lower loading
frequencies, lifetime may be determined by processes
which are less influenced by mechanisms of dispersion
strengthening, Instead, we underscore the important role
of the grain structure in optimizing fatigue strength in
these alloys.

II. EXPERIMENTAL
A. Materials

The compositions of INCONEL MA 6000 and
MA 754 are shown in Table I. Two couventional
(non—dispersion—strengthencd) alloys with otherwise
comparable chemical compositions were studied for
comparison. MA 6000 is strengthened by coherent
y'-precipitate particles [7.e., Niy(Al, Ti) with L1, struc-
ture], which are mainly respansible for intermediate
temperature strength, and by the dispersion of incoherent
oxide particles (—1.1 wt pet Y;0,), which impart high-
temperature strength (at 7 > 900 °C) (Figure 1). After
a secondary recrystailization heat treatment, MA 6000
possesses a grain structure highly elongated in the di-
rection of extrusion (Figure 2). Grain aspect ratios
(GAR = ratio of prain length to width) range from 15
to 23 for fully recrystallized macrograins. Table 11 sum-
marizes some of the microstructural dimensions for
MA 6000 as reported in the literature. During recrystal-
lization, the grains of MA 6000 assume a (110 texture
in the direction of extrusion. The appearance of a strong
texture has also come (o be recognized as a characteristic
feature of ODS superalloys. '

MA 754 consists of an austenitic salid solution of Nij
and 20 pet Cr with approximately 1.1 wt pet Y.O,
(Table I). The elongated grain structure (GAR > 10) is
attained by isothermal annealing. Some physical

Table I. Elemental Composition of
Oxide Dispersion-Strengthened Alloys
and Their Conventional Counterparts

MA 6000 IN 738 MA 754 NIMONIC 75

Ni bal. bal. bal. bal.
Cr 15.5 15.9 20.5 20
Al 4.5 3.5 0.3 .25
Ti 2.5 3.5 0.35 0.40
W 3.85 2.5 — —
Mo 2.03 1.6 — —
Co —_ 3.3 —_ —_
Ta 1.86 .6 — —_—
Fe — — 0.13 <35
Cu —_ — — < 0.5
C 0.06 0.09 0.06 .0l
B 0.01 0.01 — —_
Zr 0.16 0.5 _— —
Si —s — — <1
Y,0, 1.08 —_ 0.5 e
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Fig, 1—Y,0, dispersoids in MA 6000 (TEM). The incoherent oxide
purticles have an average diameter of 33 pm,

dimensions, including grain and dispersoid size, are
summarized in Table II. Measurements of the crystal-
lographic texture have revealed a (100) texture in the
direction of extrusion, with a preferred {110} orientation
in the transverse direction,[!7]

Both ODS alloys contain several defect types:U8.19 (4)
unrecrystallized zoues containing numerous very fine
grains of 1- to 5-um diameter, (b) approximately spher-
ical inclusion particles of approximately 10-gem diame-
ter, which may arise from insufficient powder milling,
(c) stringer defects, which appear to be caused by Cr-,
Al-, and/or Ti-rich inclusion particles being broken up
and then drawn into long strings of much finer particles
during extrusion, and finally, (d) fine grains, which ap-
pear either singly or in chains of up to perhaps 10 grains
and range in size from 10 to 100 um.

B. Testing

Symmetric LCF tests were conducted in the temper-
ature range of 750 °C to 1100 °C and at strain rates of

Fig. 2.—Highly elongated grain structure in MA 6000. The average
grain aspect ratio is about 20 for MA 6000 and 13 Tor MA 754,
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Table I1.

Microstructural Dimensions of Oxide Dispersion-Strengthened and Conventional Alloys

Graln Size Particle Diameter Particle Spacing
{mm) GAR (nm) (nm) Texture
MA 6000 (0ODS) 5 to20 20 30 150 {110}
IN 738 2 1 -— = —_
MA 754 (ODS) 06t 3.2 13 15 130 {100)
NIMONIC 75 0.1 1 P

107% and 107 s™', In the case of MA 6000, a number
of previous studies have examined the fatigue life as a
function of the imposed strain range,!"2-] Thege re-
sults have been summarized by Bressers and Arzt.!'s) For
this reason, the current study of the symmetric LCF be-
havior of MA 6000 concerns primarily the investigation
of crack initiation mechanisms by means of interrupted
tests.

The influence of creep deformation and damage on the
cyclic behavior may be investigated by applying com-
binations of very slow and fast strain rates. Such creep-
fatigue tests were carried out at 850 °C, 950 °C, and
1050 °C using three different waveforms— “slow-fast”
(8-F), tensile hold-time (H-T), and slow Symmetric (S-S)
(Figure 3). The S-F cycle consists of a slow tensile-going
ramp (at 107 5™") followed by a rapid compression (at
107%s™Y. The H-T cycle consists of a fast strain reversal
(same strain rate as for the compression ramp during §-F
tests) with a period of constant total strain in tension.
The duration of the hold-times were selected such that
the total cyclic period of H-T tests would be the same
as that of S-F tests (for a given test strain range). Test
conditions and results are summarized for MA 6000 in
Table Al and for MA 754 in Table AlI of the Appendix.

All tests were conducted in strain control with R, =
=1 (i.e., fully reversed). Loading of the polished, un-
notched, cylindrical test specimens (7 mm diameter with
15 mm gage length) was applied upiaxially in the direc-
tion of extrusion, The heating of test samples was ac-
complished using an induction coil. All tests were
conducted in air. For further details, the reader is re-
ferred to Elzey, (19

In addition to tests conducted until rupture of the sam-
ple, intetrupted tests were carried out, which allowed
investigation of the early phases of damage. Such spec-
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imens were either broken in tension after cooling in lig-
uid nitrogen or were removed intact. Sections removed
from whole or fractured samples, which were then pol-
ished and etched, as well as fracture surfaces, were in-
vestigated by means of light and scanning electron
microscopy (SEM). Some investigations by transmission
electron microscopy (TEM) were conducted to gain
qualitative information about dislocation arrangements.

In the following, “failure” will be nsed to indicate the
number of cycles at which a 50 pet decrease in the ten-
sile load may be observed, as measured from an extra-
polated line of steady softening. Such a definition is
possible, since, as a rule, a steady cyclic softening was
observed for both ODS alloys under all conditions tested.

IIl. RESULTS

A. Symmetric High-Temperature Low-Cycle Fatigue
(HTLCF)

1. Mechanical behavior and lifetime

The behavior of MA 6000 and MA 754 under
conditions of symmetric (triangular) loading and at fre-
quencies sufficiently high to avoid any significant time-
dependent effects (¢ = 107 s™') was first investigated.
Two tests of MA 6000, one at 850 °C and one ar 1050 °C
at a strain rate of 107 s™', were conducted to failure in
order to allow comparison with previous data (Figure 4),

Figure 5 shows the evolution of the peak stress as a
function of cycle number for tests on MA 754 at several
temperatures and strain amplitudes. This behavior, which
was also observed for tests on MA 6000, is characterized
by three stages of softening; the first stage exhibits a
high rate of softening but is of short duration, followed
by a much longer period of steady-state softening. The
final stage arises due to macrocrack propagation and sig-
nals the imminence of fracture.

MA 6000 O T=850°C €1.107s" (cosT son®
¥ Comparison tost ol 850°C £=14G° 5

10 . 1 -1 1
@ T=1050°C Ey=1.30" s 1 COS5T 501
% Comparison lest of 1080°C = 1107 57!

1 L | I |

10 10? 10° 1ot t0°
CYCLES TO FAILURE ——

Fig. 4—LCF lile of MA 6000 as a function of total strain amplitude

at 830 °C and 1050 °C. Two tests (*) conducted to failure for purpases
of comparison show good agreement with literatura data,
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Fig. 5—Both MA 6000 and MA 754 (showno here) exhibit cyclic
softening during HTLCF.

The LCF life of MA 754 as a function of the applied
total strain amplitude and temperature is shown in
Figure 6. Data from Nazmy!?®! at 850 °C have also been
included. Cyclic stress-strain curves (plot of the satu-
ration stress ws applied strain amplitude) are given in
Figure 7 for MA 754, (Cyclic stress-strain curves for
MA 6000 may be found in Bressers and Arzt.!tS

Numerical results of all fatigue tests are summarized
in Tables Al and AIl of the Appendix.

2.- Mertallographic and fractographic results

Tests to failure of MA 6000 revealed the initiation of
surface {or near-sutface) cracks as well as occasional in-
ternal cracks. This is exemplified by the fracture surface
of Figure 8, which shows one internal as well as three
surface crack initiation sites.

Polished and etched axial sections revealed that the
damage leading to crack initiation ocecurs frequently at
fine grains (defects (d} in Section II-A). Figure 9 illus-
trates crack initiation at the boundary between two fine
grains. Following the initiation of a crack at a fine grain,
cracks propagate transgranularly through the surround-
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Fig. 6—LCF life of MA 754 as a function of total straln amplitude
and temperature, ’
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Fig. 7—Cyclic stress-strain eurves for MA 754, NIMONIC 73, es-
sentially a non-ODS version of MA 754, has considerubly lower cyclic
strangth,

ing macrograin in a plane perpendicular to the direction
of applied stress.

The rough, highly varied fracture surfaces of LCF
specimens of MA 754 suggest considerably greater plas-
ticity than in the case of MA 6000 (Figure 10). Exam-
inations of the fracture surfaces reveal no evidence of
the propagation of a single macrocrack to Ffailure. In-
stead, multiple crack initiation accurs with fracture due
to coalescence of microcracks.

Figure 11 shows a detail of the fracture surface in
Figure 10. It is possible to identify several approxi-
mately circular recesses (see arrows), the largest of which
is surrounded by a relatively flat area of transgranular
crack growth. Such pits are caused by the “pullout™ of
damaged grains during specimen separation.

During high-temperature low-cycle fatigue (HTLCF)

Fig. 8-—Fracture surface following symmetric LCF (MA 6000,
850 °C). Four crack initiation siles are visible~—three at the satnple
surface (see arrows) and one in the interior. The smooth region is due
to fast fraclure {test BBO2, Table Al),
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Fig. 9—Crack initintion during LCE (MA G000, 830 °C) wt the
boundary belween two [ine grains. This axial section also shows the
gubsequent transgranular crock growth through the surrounding
macrograln,

of MA 754, cracks may also initiate on or near the sur-
face. This tendency is more apparent at the lower test
temperatures (<750 °C to 800 °C). Figure 12 shows a
crack which has initiated on a surface-connected grain
boundary. This micrograph also illustrates features typ-
ical of fatigue crack growth in this alloy, namely, crack
branching and crack growth along longitudinal grain
boundaries,

In order to investigate the influence of the dispersion
on the high-temperature fatigue behavior, tests of
MA 754, interrupted after 300, 500, and 800 cycles, were
compared with identical tests on the dispersion-free alloy
NIMONIC* 75. All tests were conducted at a tempera-

*¥NIMONIC is n teademurk of Tuco Alloys International, Inc.,
Huntington, WV,

ture of 750 °C and at a constant jnelastic strain range of
0.3 pct. These results revealed that a homogeneous dis-

Fig, 10~—~The roughness of the LCF fracture surface (MA 754,
850 °C) is the result of multiple internal arack initiation and subse-
* Quent coalescence, portly along axially oriented macrograin boundaries.

METALLURGICAL TRANSACTIONS A

Fig. 11 —TIntemal crack initlation at s fine grain during LCF at
1050 °C (MA 754). A characteristic fenture of crack initiation at fine
graing is the hale (picture center) left by “pullout” of the damaged
fine grain,

tribution of finely spaced slip bands is visible on the pol-
ished surface of the non-ODS alloy, while no slip lines
whatever could be identified in MA 754. Crack initiation
was observed to accur at surface-connected grain bound-
aries in NIMONIC 75 under these conditions.

3. Sumnmary of LCF behavior

The results of our observations of the symmetric LCF
behavior of MA 6000 can be summarized in the form of
a crack initiation “mechanism map" (Figure 13), Fine
grains appear to be responsible for crack initiation under
most relevant LCF conditions, especially with increasing
temperature.

Crack growth in MA 6000 during HTLCF is either
fully transgranular or mixed trans-/ intergranufar,
Figure 14 shows the erack growth mode as a function of

Fig. 12— Crack growth in MA 754 durng HTLCF [both the sample
sutface (dark) and part of an axial section are visible]: the crack has
initiated at a surface-connected grain boundary, A tendency for crack
branching along planes oriented 45 deg with respect to tho stress axis
and damage on internal grain boundaties influence the crack growth
behavior.
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CRACK INITIATION MECHANISM

MA 6000 LCF
0.8 ] N I |
Mechanism Unknown
;@ S"”“ﬁﬁ;ﬁa'ﬁg;‘ { A Crystaiiographic
S 0.7 = A Fing Graln =
E‘\J '“temmﬁgﬁgﬁ ) Fine Grain
s 0-6 | o

4 A
® Crystallographic
o - ]
E 0.5
g

0.4~ - —]

. . Surface

E - * Fine Grain ___
?-j 0.3 |- LT -
2 A Internat
o] Fine Grain
=

0.1 i [ | |

600 700 800 800 11000 1100

Temperature (°C)

Fig. 13 —LCF erack initiation mechanism a5 a function of temper-
atre and straln amplitude for MA 6000; crack initiation occurs under
most conditions due to dumage on fine grains; this tendency increpses
with increasing tempernture. At high strain amplitudes, crystallo-
graphic damage and slipband cracking become increasinply important.

strain mate and temperature. Intergranular damage in-
creases with increasing temperatute and decreasing strain
rate, .

Results of HTLCF tests of MA 754 in the temperature
range of 750 °C to 1100 °C indicate two crack initiation
mechanisms: at lower temperatures (=800 °C), cracks
initiate at surface-connected grain boundaries, while at
temperatures greater than about 800 °C, internal crack
initiation occurs at fine grains. These observations are
summarized in Figure 15,

B. Creep-Fatigue

1. Mechanical behavior and lifetime

The influence of cycle shape on the fatigue life of
MA 6000 may be seen in Figure 16, The S-F cycle leads
to a factor of 10 reduction in cyclic lifetime compared
with symmetric LCF results (T = 850 °C, ¢ = 10™3),
Somewhat less damaging are the S-5 cycle (factor of 5
reduction) and the H-T cycle {factor of 4 reduction), Also,
S-F results at 1050 °C (A) reveal considerably shorter
lives than S-F tests at 850 °C,

Figure 17 shows a comparison of the creep-fatigue life
of MA 6000 with results of identical tests conducted using
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CRACK PROPAGATION MODE
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Fig. 14—Crack growth behavior of MA 6000 as a function of strain
rate and (emperature: fracture is mainly transgranular under all con-
ditions tested; this is attributable to the highly elongated grain struc-
ture, Grain boundaries (also those pasullel to the stress axis) become
incrensingly susccptible to fracture with incrensing temperature,

1100

IN* 738, a cast, non-ODS alloy. The strengths of the

*IN is a trademark of Inco Alloys International, Inc., Hunting-
ton, WV,

ODS and conventional alloy are comparable.

Only preliminary investigations of the creep-fatigue
behavior of MA 754 were carried out. As for symmetric
HTLCEF tests, both ODS alloys exhibit cyclic softening
during creep-fatigue.

2. Metallography and fractography

A typical MA 6000 fracture surface obtained under
creep-fatigue conditions is shown in Figure 18, Close
examination of the fracture surface reveals that failure
has occurred by the initiation, growth, and coalescence
of a number of internal cracks., A detail of a single ini-
tiation site may be seen in Figure 19, in which the tip
of a protruding fine grain is visible, A region of trans-
granular crack growth (flat, dark area) surrounding the
fine grain tip may also be seen.

Conclusive evidence demonstrating that fine graing are
indeed responsible for crack initiation during creep-
fatigue was obtained by preparing an'axial section pass-
ing directly through the crack initiation site seen on the
fracture surface. The result is shown in Figure 20, in
which several fine grains are clearly visible. On the frac-
ture surface, radial lines (river markings) extending out-
ward away from the exposed fine grain tip may be seen.
Evidence of cavitation damage is visible on transverse

METALLURGICAL TRANSACTIONS A




CRACK INITIATION MECHANISIA
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Fig. 16— The influence of creep-fatigue waveform on the cyclic life
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Fig. 17—A comparison of 5-F creep-fatigue lifetimes of MA 6000
gnd IN 738 (data for IN 738 taken from Nozmy):#2 the results for
the two alloys are practically identical; only on the basis of plastic
striin amplitude does MA 6000 show a slight advantuge.

Fig. 18~—Fracture surface following slow-fast cycling ut 850 °C
(MA 6000). More than 25 internnl crack initiation sites may be iden-
tified (test BDO2, Table AD).

Fig. 19— Cruck initiation sitc as viewed on the fracture surface (8-F,
MA 6000). The tip of a fine grain may be seen protruding upward
(center). A erack (ttansgranular and perpendicular to the applied stress)
exlends radially outward, as evidenced by river markings.
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Fig. 20— This micrograph, which has been prepared by eutting an
axial section through n crack initiation sitc, demonstrates clearly that
fine grains cause crack initistion, The fracture surface (durk) has been
made visible by tilting the sample slightly toward the viewer.

grain boundaries of grain defects (Figure 20). Inter-
granular cavitation damage is restricted to grain defects;
fully recrystallized macrograins did not show evidence
of damage under any conditions. Although crack initi-
ation at fine grains has been illustrated by results ob-
tained under S-F conditions (Figures 18 throngh 20), this
mechanism was observed for all creep-fatigue cycle shapes
investigated.

In analogy with results of symmetric LCF tests, it was
observed that high plastic strain amplitudes lead to an
increasing occurrence of crystallographic damage. This
results in the introduction of a second crack initiation
mechanism, illustrated by Figure 21. Here, a coarse slip
band may be seen to intersect a fine grain boundary,
Such slip band cracking was observed only in connection
with fine-grain boundaries possessing an orientation of
between 30 and 60 deg with respect to the direction of
applied stress.

Tensile H-T tests revealed the appearance of surface
cracks in MA 6000, a feature unique to this type of test.
In a few cases, it could be observed fhat the surface-
connected grain boundaries and subsequent intergranular
cracks were heavily oxidized, However, the creep-fatigue
life of MA 6000 is not determined by the growth of sur-
face cracks, which appear to either grow very slowly or
cease growing altogether,

Interrupted creep-fatigue tests showed ihat damage
forms by nucleation and growth of intergranular creep
cavities on boundaries perpendicular to the applied stress
(Figure 22). The accurnulation of cavitation damage leads
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Fig. 21— A second erack initiation mechanism occurs at high plastic
strain amplitudes: slip bands interact with grain boundnries to accel-
erate cavitution damage. Shear strains within the slip band are ac-
commodated by deformation on the grain bonndary.

to the formation of a crack which propagates iransgran-
ularly into the swrounding macrograin.

Metallographic examination of a series of specimens,
all tested under identical conditions but interrupted at
progressively larger numbers of cycles (for example at
300, 400, and 500 cycles in the case of an expected life
to failure of 700 cycles), provided information concern-
ing the rate of damage accurnulation and crack initiation
life. In summary of these results, it was found that about
two-thirds of the total life under S-F conditions are re-
quired before cavitation damage has adyanced to the
transgranular crack growth stage. Under H-T loading,
crack initiation occurs at & smaller propoertion of the total
eyelic life (N, < Ny /2); however, the crack initiation
process is actually slower than under S-F conditions at
a given strain amplitude.!'%]

A comparison of S-F with symmetric 8-S tests {at

Fig. 22— Cavitation damage on fine grain boondaries during S-F creep-
fatigue (MA 6000). Grain boundaries lying perpendicular to the di-
rection of applied stress are most affected.
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850 °C, Ae = 0.8 pet, &= 1075 5~ interrupted after
155 cycles revealed that while cavitation had already
progressed to crack growth in the S-F sample, practically
no damage could be observed after slow symmetric Ioad-
ing. Apparently, the symmetric loading leads to at least
partial healing of cavities during compression.

Preliminary creep-fatigue tests of MA 754 have con-
firmed that crack initiation due to cavitation damage at
grain defects occurs here as well,

IV. DISCUSSION
A. Crack Initiation

The results of this study have shown that grain strue-
ture defects are a frequent canse of crack initiation dur-
ing symmetric HTLCF. This observation is valid for both
ODS alloys investigated, Failure is caused by the nucle-
ation and subsequent growth of only a small number of
cracks (1 to 4 have been observed), initiating most fre-
quently on or near the sample surface.

Results of creep-fatiguce tests of both ODS alloys have
demonstrated that there, grain defects are the primary
cause of crack initiation. In comparison with symmetric
LCF, a much higher density of such cracks is observed
under creep-fatigue conditions (a factor of 10 or more in
the case of S-F and tensile hold-time tests), OF the three
creep-fatigue waveshapes, the symmetric S-8 cycle re-
sulted in the lowest densily of cracks. This is believed
to be the result of cavity sintering during slow
compression,

1. Crack initiation mechanisims

Although mechanisms of crack initiation during LCF
of MA 6000 have been reported by other studies, the
harmful influence of grain defects has not been previ-
ously identified. Kim and Merrick,™ who investigated
the LCF behavior of MA 6000 at 760 °C, reporled the
presence of smooth facets on the fracture surface at what
was believed to be the crack origin, They concluded that
these facets were caused by crystallographic (stage I) crack
initiation and growth. The current study has also re-
vealed an influence of coarse crystallographic slip band
formation, however, only at relatively high plastic strain
amplitudes, In spite of these observations, to the au-
thors' knowledge no clear ovidence of slip deformation
(SEM or light microscopy showing slip lines, bands, ex-
frusions, ere.) during LCF of MA 6000 at Jow to mod-
erate strain amplitudes has been presented,

Summarizing the results of a number of LCF studies
of MA 6000 conduected. as part of a cooperative project
of the European Community (COST 301 Round I,
Bressers and Arzt!'9 cited avidence indicating that crack
initiation is an environmentally enhanced process; how-
ever, no specific mechanism was identified. Other stud-
ies cited inclusions as being responsible for the initiation
of cracks in MA 6000.U4327 In these studies, the in-
clusion size was reported to be approximately 70 pm.
Since microstructural investigations of as-received ma-
terial have not revealed inclusions larger than the oe-
casional milling defects, which may reach a diameter of
10 um or so, it appears likely that fine grains were er-
roneously identified as inclusion particles (Figure 19).
The susceptibility of grain structure defects to crack for-
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mation has been reported during stress rupture loading
of MA 6000,%2" although the effect appears to be much
less pronounced than in the case of high-temperature
fatigue.

The observation that the transverse boundades of grain
defects are the most frequent sites of crack initiation dur-
ing symmetric LCF and creep-fatigue indicates an ac-
cumulation of damage which is highly localized on these
grain boundaries. As mentioned previously, the trans-
verse boundaries of fully recrystallized macrograins are
not damaged during fatigue or creep-fatigue. Appar-
ently, fine grains behave différently in response to a given
applied stress than do macrograins. The following rea-
son for this observation is suggested; fully recrystallized
macrograins exhibit a strong texture and will therefore
have little misorientation between each other. The fine
grains, however, have arbitrary crystallographic orien-
tation; ™ this leads to high-angle grain boundaries be-
tween the fine grzin and the macrograin and, therefore,
t0 an increased susceptibility to cavitation. In addition,
the fine grains will possess a different elastic modulus
in the direction of loading than the textured matrix, which
leads to local stress concentrations.

There are other factors which might help to explain
the sensitivity of fine-grain boundaries to damage ac-
comulation: (a) a large strength differential between the
highly strengthened grain interiors (solid solution, pre-
cipitate, and  dispersion) and the grain boundaries,
(b) the absence of other defects, such as casting pores
or large ceramic inclusions, which plague many con-
ventional high-strength alloys, and (c) the suppression
of erystallographic crack initiation due to the slip-
homogenizing effect of the fine dispersoid particles,

From the similarity of the cavities to creep cavities
observed after monatonic loading,®® we conclude that
also during creep-fatigue, creep-type cavities develop
which grow by stress-directed diffusion of vacancies from
the grain boundary to the void surface. Figure 23 sug-
gests that the mechanism of crack formation during sym-
metric LCF might be cavitation, too, The phenomenon

Fig. 23—This detail of an LCF fracture surfnce shows crack initia-
Lion at a fine grain. The lurge, flat cavities have probably formed by

the coelescence of 2 number of much smaller pores (MA 600Q,
B850 °C, N = 5017 cycles).
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of cavity nucleation during symmetric fatigue cycling at
frequencies which preclude creep effects is well docu-
mented; yet, there exists no generally accepted expla-
nation for it. It is clear, however, that the formation of
slip bands and their impingement on hard, second-phase
particles is a primary source of cavity nncleation in many
engineering alloys (see Gerold®¥ for a review of this lit-
erature). The grain boundaries in MA 6000 have indeed
been shown to contain hard particles, such as larger Y,0,
dispersoids and carbonitrides,” which could act as cav-
ity nuclei. However, a concentrated study of cavity nu-
cleation and growth during LCF of ODS alloys would
be required to confirm this. e

An additional mechanism leading to crack initiation
has been observed during creep-fatigue at relatively high
plastic strain amplitudes (Ag;, > 0.4 pct). These results
(Section III-B) show that damage on fine grain bound-
Aries may be caused by interaction with slip band cracks
(Figure 21) in addition to cavitation. Grain boundaries
whose orientation coincides roughly with the direction
of slip (generally between about 30 and 60 deg with re-
spect to the direction of applied stress) are susceptible
to sliding due to the high applied shear stresses. As slid-
ing occurs, slip deformation within the matrix is accom-
modated, allowing the development of an actual crack
along the slipband. Grain sliding would also be expected
fo cause stress concentrations within the boundary, lead-
ing to enhanced cavity nucleation and growth.!%3

Influence of the dispersion on fatigue

deformation behavior

While the non-ODS alloy NIMONIC 75 exhibited a
dense array of finely spaced slip bands, slip bands could
not be resolved in MA 754 tested under identical con-
ditions. As reported in other experimental studies, in
which the fatigue behavior of an ODS alloy has been
directly compared with that of a conventional alloy of
similar composition, the dispersion inhibits the forma-
tion of long, planar slip bands (Leverant and Sullivan!™®
for TD-Ni and Ni; Weber and Bomford!'? for MA 753
and NIMONIC 8CA).

Obviously particle-dislocation interactions must lead
to the activation of alternative slip planes, resulting in a
more homogeneous distribution of plastic deformation.
Griif and Hombogen™! have convincingly demonstrated
that the effect of a finer slip distribution is ta delay the
nucleation of slipband cracks. The opposite effect can
be observed in alloys containing shearable precipitates,
where slip tends to become increasingly concentrated as
precipitates are sheared. Liitjering!! has demonstrated
both situations for the case of aluminum alloys, for the
alloy containing shearable precipitates, the slip distri-
bution becomes extremely inhomogeneous, while the alloy
containing hard particles exhibits finer slip and delayed
crack injtiation. In MA 6000, the effect of the nonshear-
able dispersoids overrides that of the coherent v' parti-
cles: only at very large strain amplitudes does
crystallographic crack initiation occur. MA 754, which
does not contain shearable particles, never showed this
stage I nucleation.

‘The positive influence of a fine dispersion on the de-
formation during fatigue also becomes quite evident when
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Fig. 24—Typicul dislocation structure in fatigued MA 6000 (LCF,
850 °C, A¢,/2 = 0.3 pet, £= 107", N = 1330 cycles). Dislocations
are frequently pinned by dispersoids,

examining samples by means of TEM. Figure 24 illus-
trates some features characteristic of ODS alloys sub-
jected to HTLCF: dislocation pinning at dispersoids (see
References 31, 34, 4, and 35 for a detailed explanation
of this high-temperature strengthening mechanism), gen-
erally low dislocation density, and the absence of
long-range cell structures. These observations are in
agreement with other investigations. 2014l

2. Creep-fatigue interaction

Our metallographic results demonstrate that the initi-
ation of cracks during creep-fatigie occurs almost ex-
clusively by the nucleation and growth of intergranular
creep cavities. In contrast to symmetric LCF, cavitation
under creep conditions is experimentally well docu-
mented P and considerable progress toward a theoret-
ical understanding has been made.””! Simple models for
cyclic lifetime prediction for materials which fail by cav-
itation during creep-fatigue assurne no influence of cyclic
straining on cavity nucleation and growth rates. Unfor-
tunately, except for very special circumstances, predic-
tions so arrived at overestimate the number of cycles to
failure. A number of possible creep-fatigue interaction
mechanisms have been studied, some of which might
explain the acceleration of cavitation processes during
creep-fatigue. These include cavity nucleation on sliding
grain boundaries which contain ledges or hard parti-
cles,” nucleation due to slip bands impinging on second-
phase particles, accelerated cavity growth due to
vacancy production during cyclic straining,®¥ pucleation
of wedge cracks during asymmetric fatigne,® and ac-
celerated diffusion due to local residual stresses near
second-phase patticles.[441]

Evidence for a creep-fatigue interaction mechanism
leading to accelerated cavity nucleation was found
by comparison of cavity densities in MA 6000 fol-
lowing S-F creep-fatigue, with samples crept for roughly
the same lifetime and at a stress level approximately
equal to the time-averaged stress oblaining during
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creep-fatigue; these observations revealed a much higher
(roughly a factor of 5) grain-boundary cavity density than
for creep.

The most likely explanation for the accelerated cavity
nucleation rate during creep-fatigue appears to be the
interaction of slip bands (although too short and/or wavy
to be directly observable in ODS alloys) with dispersoid
particles lying on the grain boundary. Also, the infro-
duction of residual stresses near hard particles could, de-
pending on the waveshape, be expected to influence the
rate of cavity nucleation.M041.14]

3. Cycle-shape effects

Of the cycle shapes employed, slow tension combined
with fast compression (S8-F) results in the greatest re-
duction in life as compared to symmetric LCF, followed
by S-S and, finally, by tests with tensile hold-times.
Nazmy'* has reported a similar influence of cycle shape
on the creep-fatigne life of IN 738, These results were
atiributed to several phenomena, including multiple sur-
face cracking, the development of mean stresses during
cycling, and differences in crack morphology. Samples
subjected to H-T tests were especially likely to develop
multiple surface cracks. According to the author, a re-
duction in crack growth rates may occur as cracks ap-
proaching one another on different crack growth planes
cause load shedding, The present results for MA 6000
also show that surface eracking is much more frequent
during H-T testing, probably because of higher stresses
at the sample surface during rapid strain reversal. How-
ever, in the case of MA 6000, possibly an environmental
interaction (“oxide pegging”), rather than crack-crack
interactions, is responsible for the relatively slow growth
rates of I-T surface cracks, /22431

Concerning mean stresses, strain cycles which are un-
balanced toward tension lead to compressive mean
stresses, while imbalance toward compression (com-
pressive hold-time test, for example) produces positive
mean stresses. Mean stress is here defined as (o, + 03)/2.
In the case of MA 6000, mean siresses defined in thig
way exist from the first cycle onward and change little
with cycling. The time-averaged stress {(given by the
centroid of the area under the stress-time curve for a given
cycle) is positive for H-T cycles and provides a better
parameter for gaging the damage accumulated per cycle®™!
and, hence, also for evaluating the effects of waveform
on cyclic lifetime,

The fact that, besides IN 738 and MA, 6000, a number
of very different engineering alloys which are known to
fail by intergranular cavitation exhibit the shortest cyclic
lifetime when subjected to S-F loading (e.g., Type 304
Stainless Steel,!™l Al-5Mg),1s! suggests a mechanism
relatively independent of composition and micro-
structure. Since the damage mechanism is known to be
intergranular cavitation, an explanation for the observed
influence of cycle shape should relate directly to cavity
nucleation or growth rates. Under conditions of constant
Stress, the growth rate of cavities is normally controlled
by the rate at which material displaced to the grain
boundaries can be accommodated. ! For the case where
accommodation by power-law creep of the matrix is as-
sumed, the remote strain rate 6”, below which cavity
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growth is constrained, is given by™¥ (formulation here
according to Riedel])®"!

2r*V1 + 3/n-Q- 8Dy, ot
h g(e)kTA%d
where g(w) = —2Inw — (3 — @) (1 = w)

-(3)
“T\ [

where n is the power-law creep exponent, {2 the atomic
volume (1.09- 107 m?), 8D, the grain-boundary thick-
ness times the diffusion coefficient, o7 the remote equiv-
alent stress (= axial stress ~— transverse stress), w the
cavitated area fraction, g(w) a shape factor, R the cavity
radius, A the cavity spacing, k Boltzmann's constant, T
the absolute temperature, and o the grain diameter.

Using representative values for MA 6000 (f.e., n =
6, 80y = 3.5-107% m’/s, o© = 120 MPa, g(w) =~ 1,
T=1123 K, A =2 pm, d = 50 zm), Eq. [1] gives
£ = 3.5-107". The tensile strain rate used during S-F
tests in this study was 107°, much higher then £° cal-
culated from Eq. [1]. This estimate therefore suggests
that cavity growth remaing fully unconstrained, and the
maximum diffusive cavity growth rate is attained. Dur-
ing the tensile hold-time period of an H-T cycle, the re-
mote inelastic strain rate is given by §° = —1 [E - do/dr.
Initially, do/dt is high, but relaxation guickly saturates,
Ieading to strain rates lower than 107% 5!, Therefore,
cavitation rates are expected to be much snaller than
under S-F loading, In general, the cycle shape will de-
termine the effective macroscopic inelastic strain rate,
which, in turn, determines to what extent cavity growth
is constrained. A similar influence of the waveshape could
well be expected for any material prone to intergranular
cavitation during creep-fatiguc.

=ta

E

B. Crack Growth Behavior during Symmetric LCF
and Creep-Fatigue

Fractographic study of crack growth surfaces in
MA 6000 following HTLCF at test temperatures lower
than 1050 °C reveals little influence of plasticity —the
surface, which in most cases lies perpendicular to the
applied stress, is practically featureless, with only oe-
casional striations. This generalized picture of the crack
growth behavior is in agreement with the low ductility
and fracture toughness reported for MA 6000.947 Also,
crack branching, which, when significant, tends to lower
the crack growth rate (e.g., in IN 738),42 has not been
observed in MA 6000 here, As expected in an alloy with
a high grain aspect ratio (GAR > 20), crack growth is
confined largely to a transgranular path. At very high
temperatures (>1000 °C), preferential weakening of grain
boundaries enhances their susceptibility to fracture, Iead-
ing to mixed trans-/intergranular crack growth. This
transition to mixed crack growth at very high tempera-
ture may be enhanced by environmental effects but has
also been observed for internal cracks having no contact
with the environment,

In contrast with MA 6000, cracks growing in MA 754
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during symmetric LCF frequently branch and show a
pronounced tendency to propagate along planes of max-
imum shear stress, i.e., at 45 deg with respect to the
direction of applied stress (Fignre 12). Ham and
Wayman™® observed a similar phenomenon during fa-
tigue of dispersion-strengthened nickel (TD-Ni); fracture
accurred in some cases by the propagation of a single
shear crack extending throngh the entire specimen cross
section. Identical tests of nickel without the dispersion
did not reveal this behavior, It is plausible that a mech-
anism similar to that of “void sheeting,” developed to
explain ductile fracture of steels during tensile load-
ing,"” js responsible— microvoids are nucleated at
second-phase particles due to siresses at the particle-matrix
interface. Macroscopic shear deformation occurs by
necking of the ligaments between voids. It is probable
that high-strength alloys with relatively low ductility, such
as MA 6000, would not be as susceptible to this type of
fracture mechanism as MA 754 or TD-Ni. Ductile alloys
without a dispersion of second-phase particles are equally
unlikely to exhibit this behavior.

Regarding the influence of cycle shape, it is to be ex-
pected that not only the crack initiation rate will be af-
fected, but the crack propagation rate as well. Ratigue
crack growth studies of these effects using fracture
mechanics-type specimens have not been reported for
MA 6000 or MA 754; however, crack growth rate mea-
surements for MA 6000 subjected to a triangular wave-
shape at various frequencies ranging from 0.01 to 10 Hz
have been made at high temperature.!™ These results in-
dicate that time-dependent effects do not become no-
ticeable until the frequency is reduced to about 0.01 Hz
and the temperature increased to about 950 °C. Addi-
tionally, Martin and Tekin®" have investigated the effect
of a short hold-time at peak load. Intreduction of an hold-
time at minimum load had no effect on the crack growth
rate, while a hold at the maximum stress intensity caused
crack grawth to stop. This unexpected result was attrib-
uted to environmentally induced crack branching. Al-
though crack branching has not been observed for surface
cracks created during creep-fatigue of MA 6000 in the
preseat study, this could explain why failure occurs even
under these conditions by the growth of internal cracks
rather than by the growth of cracks initiating at the sam-
ple surface,

At the frequencies employed for creep-fatigue testing
during this work (» < 0.003 Hz), the roles of time-
dependent deformation and damage are, in most cases,
quite apparent. Figure 25 illustrates this point for a crack
initiated at a fine grain during S-F loading at 850 °C.
The transverse boundary is fully damaged, and a trans-
granuiar crack extends radially into the surrounding
macrograin. Precipitate-free zones are visible near the
root of the transgranular crack and also within the lig-
aments separating the cavity growing ahead of the crack
tip and the crack itself. The presence of precipitate-free
zones indicates the important role of diffusion as a mech-
anism of cavity growth. While cracks which are refa-
tively short (=20 um) appear to propagate by the
nucleation and growth of cavities in the matrix ahead of
the crack tip, longer eracks exhibit a different behavior;
crack tips, in general, are sharper, and cavities are no
longer visible directly ahead of the crack.
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Fig. 25—~ Short cracks grow by the nucleation and conlescence of pores
in the matrix phead of the crack tip. (S-F test intercupted after
155 cycles).

Some observations concerning the influence of wave-
form on the crack growth rate may be drawn from an
analysis using fracture mechanics-type correlation pa-
rameters."”l The crack geometry, taken as representative
of the sitvation occurring during creep-fatigue of
MA 6000, is that of a fully embedded, penny-shaped
crack, Since cracks usually initiate by cavitation damage
on transverse boundaries of fine grains, the starting crack
size is taken to be the average diameter of these fine
grains. A comparison of the average crack growth rates
during creep-fatigue with literature fatigue crack growth
rate (FCGR) data (0.1 = v < 50 Hz) demonstrates that
creep-fatigue crack growth occurs at stress intensities
which are typically at or below the threshold siress-
intensity for non-time-dependent fatigue. It is therefore
apparent that the crack growth rate during creep-fatigue
is greatly accelerated due to the influence of creep de-
formation and damage mechanisms discussed above.

Only in the case of tensile hold-time tests does the
application of an elastic crack growth rate analysis (AK)
appear to correlate with experimentally determined FCGR.
This indicates that crack growth occurs primarily due to
the strain reversal (6 = 1072 s™') and that the relaxation
observed during the period of constant total strain greatly
limits the time-dependent growth. During S-F cycling,
time-dependent effects are much more important, as re-
flected by the necessity of including the effects of creep
(accomplished by use of the C* parameter) in order to
obtain reasonable agreement with experimental data,

Y. CONCLUSIONS

The following conclusions may be drawn from this
study:

During high-temperature low-cycle fatigue, cracks ini-
tiate most frequently at recrystallization defects in the
form of fine grains embedded in the fully recrystallized
macrograins, In MA 6000, cracks usually appear on or
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near the sample surface. Crack initiation in MA 754 oc-
curs either on the sample surface, which is usually a re-
sult of environmental attack of surface-connected grain
boundaries, or within the specimen interior, in which chse
initiation occurs due to the presence of fine grains.

While studies have shown that MA 6000 possesses
clearly superior HCF strength relative to its non-ODS
counterpart, IN 738, the lifetime under LCE and creep-
fatigue of both alloys is comparable, This behavior may
be attributed to the increasing effect of time-dependent
damage with decreasing loading frequency, to which grain
structure defects in ODS superalloys are particularly
susceptible.

Crack initiation occurs at fine grains during creep-
fatigue regardless of cycle shape; however, the rate of
damage leading to crack initiation is very much a func-
tion of waveshape. Application of slow-fast cycles leads
to the greatest reduction (= factor of 10} in cyclic life-
time relative to symmetric LCF results, followed by slow-

slow tests (= factor of 5 reduction), and lastly, by tensile
hold-time tests (= factor of 4 reduction).

The observed influence of cycle shape on the creep-
fatigue life of alloys (including ODS) subject to inter-
granular cavitation can be explained qualitatively by
considering the effect of waveshape on cavity constraint.
Strain rates applied during S-F cycles permit high cavity
growth rates (unconstrained), while tensile strain hold-
times lead to a high degree of constraint and correspond-
ingly longer lifetimes.

The potential fatigne strength to be attained by the
introduction of dispersion strengthening is not being fully
exploited by the current generation of ODS superalloys.
While the dispersion suppresses the nucleation of
crystallographic cracks by inducing a more homoge-
neous slip distribution, recrystallization defects lead to
premature crack initiation. Elimination of these defects
should enable substantial improvements in the high-
temperature fatigue strength of ODS alloys to be realized.

APPENDIX

Table AL, MA. 6000: Numerical Results of Fatigue Experiments

Test  Test  Temp. & 8o T Ae Agy  Ag, A Aed/2  Ag/2 )

No. Type (°C) (1/s) (1/9) (s) (Pet)  (Pet)  (Pct) (MPa) (MPa) (MPa) N/2% N Ny
BBO] TRI 150 107 107? 12 0.6 0.350 0.250 468 221 —247 170 352 505
BB0OZ TRI 850 [0™* 107? 16 0.8 0.654 0.146 1027 488 —538 650 1330 1555
BX0l TRI g0 107 107? 16 0.8 0.642 0.158 943 458 ~485 100 105
BX02 TRIL B50 107 107? 16 08 0.612 0.188 1011 491  —520 100 100°
BX05 TRI BS0 107 (077 1.2 06 0.560 0.040 981 462  ~519 2000 2028!
BX08 TRI 850 107 07t 1.2 06 0.544 0.056 1022 72 =550 1500 2100°
BX(6 TRI 850 107 1072 1.2 0.6 0.544 0.056 1016 510 —506 3000 3748
BX09 TRI 850 107 1072 1.2 06 0.550 0.030 955 555  —400 4425 5017
" BX07 TRI 850 107 107 1.2 06 0560 0.040 1013 501 -512 8000 8000¢
BB03 S§/8 850 1077  107% 1600 0.8 0.548 0.252 874 422 —452 45 105
BB04 S/8 850 107  10™* 1600 0.8 0.528 0272 876 421 —455 130 270 335
BX04 S/S 850 107* . 107° 1600 0.8  0.520 0.280 863 421 —442 150 155¢
BDO4 §/F BSO  107%  107* 1001 1.0 0.502 0.498 1030 410  —620 50 55 75
BD03 S/F 850 107" 107* 901 09 0540 0360 1054 429 —625 40 B4 105
BDO1 S/F 850 107% 107 3801 0.8 0472 0328 1013 416  —397 95 191 242
BDO2 S/F 850 107 107 601 06 0.416 0.184 823  35] —472 305 635 735
BX03 S/F 850 10" 107  BO1 0.8 0514 0.286 988 400  —588 100 155°
BDOS S/F 850 107 107 601 0.6 0.424 0,176 858 373 —485 250 300"
BDO6 S/F 850 107 107 601 0.6 0.424 0176 B48 364  -484 200 3108
BDO7 S/F B30 107% 107 60l 0.6 0.436 0.164 876 385 —491 420 420¢
BDO8 §/F 850 107 107 601 0.6 0.446 0.154 840 369  —471 400 500
BDi2 S/F 1050 100F 107 s01 0.5 0.270 0230 458 198 —260 25 50 135
BD1l §/F 1050 107% 107! 300 03 0270 0.030 387 180  —207 100 620  g32!
BDI0 §/F 1050 107° 107* 300 03 0260 0.040 370 175  —195 100 143 155°
BHOS H/T 850 107* 107* 1200 1.2 0.632 0.568 1500 626  —874 30 &0 67
BHO4 H/T 850 107 107 1000 1.0 0.560 0.440 1190 486  —~704 90 148 197
BHO1 H/T 850 107 107* 800 0.8 0492 0.308 1113 437  —676 154 460 512
BHO2 H/T 850 1077 107 600 0.6 0474 0.126 940 340  —600 385 715

*Cycle period.

**Cycle at which Asy, Ag,, Am, Aoy/2, and Ao,/2 were determined.
'Cycle at which the peak tenslle stross bepins (o decrcase rapidly.
*Accurncy of lifetime questionable due to experimental difficultics,
*Test interrupted at glven number of cycles.
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Table AIL.  MA 754: Numerical Results of Fatigue Experiments

Test Test Temp. & &, T As Aey
No. Type (C) (1/s) (i/s) () (Pet) (Peb)

Agy, Ao Aoy/2  Aa./2
(Pct) (MPa) (MPa) (MPa) 'N/2** N N,

AB04 TRI 1100 1072 107 20 1.0 0.354 0.646 249 122 -127 30 40 20
ABOI TRI 1100 107 107 16 0.8 0376 0424 292 145 —147 50 142 180
ABO2 TRI 1100 107 107 12 0.6 0.340 0.260 244 122 -122 150 277 340
ABO5 TRI 1100 107 107 12 0.6  0.360 0.240 275 135 —140 230 453 535
ABO3 TRI 1100 107 107 B 04 0334 0.066 256 127 —129 1500 2995 5250
AR08 TRI 1050 107 107 12 0.6 0400 0200 335 166 —169 420 510  680F
AB09 TRI 1050 107 10™* 12 0.6 0380 0.220 337 167 -170 230 467 @35
AB12 TRI 050 107 1p7? 8 04 0364 0036 300 153 ~ 156 1000 B420°
ABI3 TRI 950 107 107 16 0.8  0.454 0.346 410 210 —200 210 410 605
AB0O7 TRI 950 107 107 12 0.6 0.418 0.182 378 182 —195 200 750 1100
ABI10 TRI 950 1077 107* 12 0.6 0.420 0.180 380 188 -162 500 1000 1370
AB11 TRI 850 10 107 20 1.0 0520 0480 518 255 —263 200 415 563
ABl4 TRI 850 107 1073 16 08 0.520 0280 503 249 —254 520 940 1495
AB17 TRI 750 107° 107 24 1.2 0.672 0.528 707 348 —-359 275 530 700
AB16 TRI 750 107 107* 20 1.0 0648 0352 GRd 338 —345 500 R60 1435
AB15 TRI 750 107 107 16 0.8 0.628 0.172 681 338 —343 750 1550 2515
ABOE TRI <760 107 1077 12 0.6 0.566 0034 605 205 =310 3350 6665 9765
AV0L TRI 750 107 107 16 0.94 0.632 0.308 683 330 —353 300 3008
AV02 TRI 750 107 107° 16 0.92 0.610 0.310 659 328 —331 500 500°
AV03 TRI 750 107 107 16 0.94 0632 0308 688 340 —348 600 800!
ADO1  §/F 950 107 107 801 0.8 0.216 0.584 181 67  —1l4 15 20 37
ADO2  S/F 950 107 107 601 0.6 0.340 0.260 358 161 -197 40 82 137

*Cycle period.

**Cycle at which Ae,, Az, Am, Ag,/2, and Ao, /2 were determined.

Cycle at which the peak tensiie stress begins to decresse rapidly.

*Aceursey of lifetime questionable due to experimental difficulties.

'Test Interrupted at given number of cycles.
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