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High-cycle fatigue (HCF), involving the premature initiation and/or rapid propagation of cracks to
failure due to high-frequency cyclic loading, remains a principal cause of failures in gas-turbine propul-
sion systems. In this work, we explore the feasibility of using “grain-boundary engineering” as a
means to enhance the microstructural resistance to HCF. Specifically, sequential thermomechanical
processing, involving alternate cycles of strain and annealing, was used to increase the fraction of
“special” grain boundaries and to break up the interconnected network of “random” boundaries, in a
commercial polycrystalline Ni-based superalloy (ME3). The effect of such grain-boundary engineering
on the fatigue-crack-propagation behavior of large (�8 to 20 mm), through-thickness cracks at 25 °C,
700 °C, and 800 °C was examined. Although there was little influence of an increased special
boundary fraction at ambient temperatures, the resistance to near-threshold crack growth was definitively
improved at elevated temperatures, with fatigue threshold stress intensities some 10 to 20 pct higher
than at 25 °C, concomitant with a lower proportion (�20 pct) of intergranular cracking.

I. INTRODUCTION

NICKEL-BASED superalloys are widely used in tur-
bines for both aerospace and land-based power-generation
applications, due to their exceptional elevated-temperature
strength, high resistance to creep, oxidation, and corrosion,
and good fracture toughness. However, a critical property
of these alloys is their resistance to fatigue-crack propagation,
particularly at service temperatures. In engine applications,
there are often two components to this problem: (1) low-cycle
fatigue, which results from relatively large cycles associated
with the stopping and starting of the turbine, and (2) high-
cycle fatigue (HCF), associated with vibrational loading
during service. The HCF, in particular, has been recognized
as the single largest cause of engine failures in military
aircraft.[1] It results in rapid, and often unpredictable, failures
due to the propagation of fatigue cracks in blade and disk
components under high-frequency loading, where the crack-
ing initiates from small defects, in many instances resulting
from fretting or foreign-object damage.[2] Due to the high
vibrational frequencies involved, even cracks growing at
slow per-cycle velocities can propagate to failure in short
time periods, possibly within a single flight segment. Conse-
quently, HCF-critical turbine-engine components must be
operated below the fatigue-crack initiation or growth thresh-
olds, such that cracking cannot occur within �109 cycles.
To address this problem, significant research efforts have
been directed in recent years to developing HCF design and
life-prediction methodologies for titanium- and nickel-based
alloys; these studies have resulted in an extensive database

on HCF,[1,3,4] which has been exclusively directed to typical
blade and disk microstructures.[5–8] However, the question
as to whether these microstructures can be optimized to
promote HCF resistance has rarely been addressed.

One approach to enhancing microstructural resistance to
fracture has been through the notion of grain-boundary
engineering, where the “character” of the grain boundaries is
changed by thermomechanical treatment.[9] Specifically, the
grain-boundary character distribution (GBCD) is controlled
principally by promoting a high proportion of so-called “spe-
cial” grain boundaries. These boundaries are characterized by
a particular misorientation and high degree of atomic matching;
they are described geometrically by a low “sigma number”
(1 � � � 29), which is defined in terms of the coincident-site
lattice (CSL) model[10] as the reciprocal of the fraction of
lattice points in the boundaries that coincide between the
two adjoining grains, with an allowable angular deviation
from the Brandon criterion of �� � 15 deg � ��1/2.[11]

Processing generally involves several strain-annealing cycles
to induce (1) strain by cold working and (2) strain-induced
grain-boundary migration during subsequent annealing, the
latter creating special grain boundaries via a boundary decom-
position mechanism in the grain-boundary network.[12] In
addition to an enhanced fraction of special boundaries, such
“engineered” microstructures can possess a refined grain size
and diminished incidence of deviation from the exact �
misorientations; the texture, however, generally remains
unchanged or, in some cases, can be reduced.

To date, the grain-boundary engineering approach has
been shown to be particularly successful in promoting frac-
ture resistance in specific cases, notably in the context of
intergranular stress-corrosion cracking[13–20] and creep[21–24].
However, its effect on the fatigue resistance has largely
been unexplored; indeed, to our knowledge, only one such
study exists in archival literature.[25] In that study, ambient-
temperature, smooth-bar, tension-tension fatigue lives for
two 	/	
 superalloys were reported to be increased by a
factor of �1.5 in an Fe-based alloy by increasing the fraction
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of special boundaries from 20 to 65 pct and by a factor of
3 in a Ni-based alloy by increasing this fraction from 9 to
49 pct, although no mechanistic explanation was presented.

Clearly, the effectiveness of grain-boundary engineering
will depend upon the nature of the crack path, specifically,
the preponderance of intergranular vs transgranular cracking.
In light of this, the objective of the present study was to
investigate, for the first time, the feasibility of using grain-
boundary engineering processing to promote resistance to
fatigue-crack propagation, particularly at near-threshold
levels, in a new polycrystalline nickel-based disk alloy, ME3.
Specifically, the crack growth rates and threshold behavior
of large (8 to 20 mm) through-thickness cracks were examined
over a range of temperatures (25 °C, 700 °C, and 800 °C) in
order to enhance the incidence of intergranular crack growth.

II. EXPERIMENTAL PROCEDURES

A. Materials

An advanced powder-metallurgy nickel-based superalloy,
ME3, was used in this study. It is a relatively new polycrys-
talline Ni-Co-Cr alloy, of proprietary chemical composition
(similar to Udimet 720), designed to have extended durabil-
ity at 650 °C for aircraft engine disk applications by utilizing
a moderately high 	
 precipitate content with high refractory-
element levels. Forged heats of the alloy were received as
plate stock from General Electric (GE) Aircraft Engines (fine-
grained sample) and from NASA–Glenn (coarse-grained sam-
ple). The as-received microstructure comprised a bimodal
distribution of �20 nm and 100 to 200 nm ordered 	
 (L12)
precipitates within the equiaxed 	 matrix, as described by
Nembach and Neite.[26] The matrix grain size (dg), was 1.3
and 15 �m in the two as-received conditions for the GE and
NASA heats, respectively. Typical ambient- and elevated-
temperature mechanical properties are listed in Table I.[27]

B. Thermomechanical Treatments

To vary the GBCD, the effects of several thermo-
mechanical processing parameters were first evaluated,
including prestrain (by cold rolling), annealing time, and
temperature. Based on earlier grain-boundary engineering
processing of INCONEL* 600,[24] cold rolling was used to 

*INCONEL is a trademark of INCO Alloys International, Huntington, WV.

vary the prestrain from 5 to 20 pct, followed by annealing
at temperatures from 1000 °C to 1170 °C with annealing

times of 15 to 45 minutes; in addition, air cooling instead
of water or oil quenching was adopted to avoid quench crack-
ing. Based on a series of preliminary multiparametric opti-
mization tests, the following processing sequence was adopted
to promote a high fraction of special grain boundaries.

(1) As-received plates were electrodischarge machined into
35 � 30 � 15 mm sections.

(2) Sections were solutionized at 1175 °C for 1 to 2 hours,
followed by an air cool to room temperature to dissolve
the 	
 precipitates.

(3) Microstructures were then grain-boundary engineered
using four cycles of strain and high-temperature anneal-
ing of the single-phase alloy, specifically involving
cycles of cold rolling (10 pct reduction in thickness per
cycle) followed by a 30-minute anneal at 1150 °C in an
air furnace.

(4) Finally, a duplex aging treatment (4 hours at 843 °C,
followed by 8 hours at 760 °C) was carried out to repre-
cipitate the 	
 as a bimodal distribution of cuboidal
precipitates.

Additionally, to compare with the as-received and grain-
boundary engineered microstructures, some as-received
sections from the fine-grained heat were grain-coarsened by
heat-treating for 3.5 hours at 1175 °C; this heat treatment
led to little or no change in the GBCD compared to the
as-received material.

C. Large-Crack Propagation Tests

The fatigue-crack-propagation behavior of large (�8 to
20 mm) through-thickness cracks in the as-received, grain-
boundary-engineered, and grain-coarsened microstructures
was characterized in air at ambient (25 °C) and elevated
(700 °C and 800 °C) temperatures using 6- to 8-mm-thick,
25.4-mm-wide, compact-tension (C(T)) specimens of the
as-received microstructures, all machined with the crack
plane perpendicular to the circumferential direction and crack
growth in the radial direction (the C-R orientation). However,
after grain-boundary engineering, the (C(T)) specimens can
be considered to be in the L-T orientation, i.e., with the crack
plane perpendicular to the rolling direction (L) and crack
growth in the transverse direction (T). Testing was performed
on computer-controlled, servohydraulic testing machines
(MTS Systems Corp., Eden Prairie, MN), in general accor-
dance with ASTM Standard E-647,[28] with specimens cycled
under stress-intensity (K) control, at frequencies between
10 and 25 Hz (sine wave) at a load ratio (ratio of minimum
to maximum loads) of R 
 0.1. Fatigue thresholds (�KTH),
defined as the minimum stress-intensity range to yield a growth
rate of 10�10 m/cycle, were approached using automated
load-shedding at a normalized K gradient of �0.08 mm�1,
as specified in the standard. Multisample tests were con-
ducted to verify the effect of grain-boundary engineering on
the large-crack propagation behavior; specifically, at least
three samples were tested for each microstructural condition,
and in each sample, growth rates were determined under both
decreasing- and increasing-K conditions.

Crack-length measurements at all temperatures were
determined from the unloading elastic compliance, as mea-
sured by a capacitance gage (Model HPT-150E-S-N2-3-B,

Table I. Typical Mechanical Properties of the As-Received
ME3 Alloy at Ambient and Elevated Temperatures for the

Initially Fine-Grained and Coarse-Grained Heats

Yield Ultimate 
Strength Strength Reduction 

Temperature (°C) (MPa) (MPa) in Area

25 (fine) 1180 1620 26 pct
700 (fine) 1040 1300 18 pct
25 (coarse) 1150 1650 21 pct
700 (coarse) 980 1310 15 pct
800 (coarse) 900 980 12 pct
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Capacitec, Ayer, MA) mounted across the notch mouth. Stress
intensities were determined from the linear-elastic solutions
for the (C(T)) geometry given in ASTM Standard E-399.[29]

For all tests and conditions, the specimen thickness (B), width
(W), and crack length (a) were always large compared to
the maximum plastic-zone size, estimated by ry,max � 1/2�
(Kmax/�y)

2, where Kmax is the maximum stress intensity in the
fatigue cycle and �y is the yield strength; specifically, B, W,
and a � 15ry,max, implying that plane-strain, small-scale yield-
ing conditions prevailed throughout. Results are presented in
terms of the crack growth rate per cycle (da/dN) as a func-
tion of the applied stress-intensity range (�K).

D. Electron Backscattered Diffraction Characterization

Electron backscattered diffraction (EBSD) provides the
best method to measure the grain-boundary character and
the triple-junction distributions. These measurements were
made, along with the crystallographic texture, by orienta-
tion mapping of metallographically prepared specimens in
a PHILIPS* XL-30S scanning electron microscope (SEM) 

*PHILIPS is a trademark of Philips Electronic Instruments Corp.,
Mahwah, NJ.

equipped with the OIM** software from TSL, Inc. Analysis 

**OIM is a trademark of TSL, Inc., Draper, UT.

of the EBSD data was performed using custom algorithms
described in detail elsewhere.[30,31,32] Grain boundaries were
categorized according to the coincident-site lattice model
and the Brandon criterion.[10,11] In all cases, the EBSD char-
acterization was performed at the center of the sample in a
plane perpendicular to the rolling direction; the scanned areas
were typically 1-mm square and always encompassed in
excess of 2000 analyzed grain boundaries.

III. RESULTS AND DISCUSSION

A. Grain-Boundary Characterization

The EBSD results on the GBCD and texture of the
as-received and grain-boundary-engineered microstructures
are given in Figure 1; both the fine-grained (GE sample)
and coarse-grained (NASA sample) as-received and grain-
boundary-engineered structures are shown. In this figure,
the random grain boundary network is enhanced in black
and the special grain boundaries are in color, with red
representing �3 (twin) boundaries and yellow representing
other �3n special boundaries. The corresponding character-
istics of all microstructures, including the grain-coarsened
structure, are listed in Table II. It should be noted that, barring
the grain size, the characteristics of the fine- and coarse-
grained materials are essentially the same.

For both alloys, the (number) fraction of special grain
boundaries (fN) in the as-received condition constitutes no
more than 29 pct of the total number of boundaries. After
grain-boundary engineering, however, this “special fraction”
by number was increased to 41 to 42 pct.* With respect to 

*This increase in the fraction of special boundaries with grain-boundary
engineering is significantly higher than that reported for other two-phase
austenitic alloys.[25]

grain size, the coarse-grained alloy remained effectively
unchanged after the grain-boundary engineering processing,
whereas the initially fine-grained alloy showed grain coars-
ening from an average of 1.3 to 13 �m. Additional EBSD
scans verified that these microstructures were isotropic,
regardless of the plane of observation.

Specifically, grain-boundary engineering resulted in an
increase in the number fraction of special boundaries, from
0.29 to 0.42 and from 0.28 to 0.41 in the fine- and coarse-
grained alloys, respectively. Additionally, the length frac-
tions (fL) of special boundaries were correspondingly
increased in the two alloys from 0.36 to 0.57 and 0.38 to
0.56. The disproportionate increase in the length fraction in
comparison with the number fraction (fN) is entirely due to
the increased frequency of lower-energy special boundaries
like annealing twins (�3). With an increase in the fraction
of special boundaries, there was also a marked reduction in
the fraction of triple junctions that are coordinated with three
crystallographically random boundaries (Jo),** accompanied 

**Jn refers to the fraction of triple points that have n special bound-
aries, where n 
 0, 1, 2, or 3.

by an increase in the fraction of J3 junctions, where three
special boundaries are coordinated. Indeed, the listed ratio,
J2/(1 � J3), has been related to the probability of crack
arrest for fracture mechanisms involving intergranular crack
propagation.[30,32]

Another important effect of grain-boundary engineering
was seen in the cluster mass distribution* in the manner of 

*A cluster is described as a microstructural entity composed entirely of
contiguous special or random boundaries, and its scalar dimension can be
quantified from the EBSD data.

References 32 and 33. Over 95 pct of the random bound-
aries in the as-received microstructures were in clusters larger
than 500 grain diameters, which implies that the network
of random boundaries was infinite in extent. This percent-
age was reduced to zero in the grain-boundary-engineered
microstructures, indicating that an infinitely percolating net-
work of random boundaries did not exist in the engineered
microstructures, even with only a modest enhancement in
the fraction of special boundaries.

All microstructures (except the as-received fine-grained
alloy with dg � 1.3 �m) revealed no change in hardness
(Rockwell C � 44) after the grain-boundary engineering
processing. Additionally, they displayed very low texture,
i.e., �1.5 to 1.7 times random; this can be categorized as
weak to no texture, but is indicative of an fcc alloy with
low stacking-fault energy. Specifically, only a minimal
�111� component was apparent in all as-received and
grain-boundary-engineered structures (Figure 1).

Grain coarsening by annealing at 1175 °C (for 3.5 hours)
of the (initially) fine-grained alloy resulted in an increase
in grain size from 1.3 to 17 �m, although the special grain-
boundary fraction remained essentially the same as the
as-received microstructure; the texture (or lack thereof) was
also unchanged. It is interesting to note, however, that the
length fraction of special boundaries was �0.15 higher in
the grain-coarsened structure, due to the comparatively
longer twin boundaries (�3) in the coarser microstructure
after grain growth.
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Fig. 1—GBCD and texture pole figures, derived using EBSD for the ME3 alloy in the (a) as-received fine-grained (GE) condition, (b) as-received coarse-
grained (NASA) condition, (c) grain-boundary-engineered (fine-grained) condition, and (d) grain-boundary-engineered (coarse-grained) condition (for the
plane perpendicular to the rolling direction). Random boundaries are shown as black lines and special boundaries are in color (red � �3 (twin) and yellow �
�3n special boundaries). The {001}, {011}, and {111} pole figures, showing the rolling (RD), transverse (TD), and normal (ND) directions, were also gen-
erated from the EBSD data.

B. Fatigue-Crack-Propagation Behavior

1. Ambient temperatures
The variation in the fatigue-crack-propagation rates

of large (�8 to 20 mm), through-thickness cracks in the as-
received, grain-boundary-engineered, and grain-coarsened
microstructures in ME3 at 25 °C (with R 
 0.1) are shown
in Figure 2 as a function of the stress-intensity range. The

most striking feature of these results is the marked influ-
ence of grain size; values of the �KTH fatigue thresholds,
listed in Table III, increase linearly from 5.6 MPa
for a 1.3 �m grain size (as-received, fine-grained alloy) to
11.5 MPa for a 17 �m grain size (grain-coarsened
alloy), as shown in Figure 3. However, when compared at
comparable grain sizes (�13 to 15 �m), it is clear that there

1m

1m
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Table II. Microstructural Parameters for ME3 Alloy Microstructures in the As-Received, Grain-Boundary-Engineered,
and Grain-Coarsened Conditions

GB GB 
As-Received As-Received Engineered Engineered Grain-

Characteristics (Fine-Grained) (Coarse-Grained) (Fine-Grained) (Coarse-Grained) Coarsened

Average grain size (�m) 1.3 15 13 16 17
Grain-size range (�m) 0.5 to 6.5 4 to 77 3 to 60 5 to 100 4 to 72
Special length fraction ( fL) 0.36 0.38 0.57 0.56 0.50
Special number fraction ( fN) 0.29 0.28 0.42 0.41 0.30
Triple-junction distribution J0 
 0.32 J0 
 0.34 J0 
 0.17 J0 
 0.16 J0 
 0.27

J1 
 0.51 J1 
 0.51 J1 
 0.56 J1 
 0.56 J1 
 0.57
J2 
 0.13 J2 
 0.12 J2 
 0.12 J2 
 0.11 J2 
 0.10
J3 
 0.04 J3 
 0.03 J3 
 0.15 J3 
 0.17 J3 
 0.06

J2/(1 � J3)* 0.135 0.124 0.141 0.133 0.106
Texture (times random) 1.5 1.6 1.5 1.7 1.6 

(very weak) (very weak) (very weak) (very weak) (very weak)
Cluster mass (random 

boundary network) 90 pct � 1000 90 pct � 500 80 pct � 500 — —

*Jn refers to the fraction of triple junctions that have n special grain boundaries.

Fig. 2—Fatigue-crack propagation rates at 25 °C for large (�8 to 20 mm)
cracks in the nickel-based superalloy ME3, as a function of the stress-
intensity range, for the as-received, grain-boundary-engineered, and grain-
coarsened microstructures. Note the large effect of grain size on near-threshold
behavior.

Table III. Large-Crack Fatigue Thresholds (in MPa ),
Measured at R 
 0.1 at Ambient and Elevated Temperatures

As-Received As-Received Grain-
Temperatures (Fine- (Coarse- Boundary Grain-
(°C) Grained) Grained) Engineered Coarsened

25 5.4 9.3 9.8 11.5
700 — 8.1 9.0 —
800 — 9.3 11.2 —

1m

Fig. 3—Relationship between measured fatigue thresholds (at R 
 0.1) and
the average grain size for the ME3 superalloys at ambient temperatures.

is little independent effect of grain-boundary engineering
on fatigue-crack propagation and threshold behavior at
ambient temperatures. The �KTH thresholds are compara-
ble (within 5 pct) for the as-received coarse-grained (with
fN � 0.28) and grain-boundary-engineered (with fN � 0.42)
structures, despite an �50 pct increase in the special grain-
boundary fraction; furthermore, they are �17 pct higher
in the grain-coarsened microstructure (where fN � 0.30).

The absence of an effect of grain-boundary engineering
at 25 °C is consistent with the observed mechanisms of
crack extension at this temperature. The SEM fractography
of the fatigue surfaces in the as-received and grain-boundary-
engineered microstructures, shown in Figures 4(a) and (b) at
near-threshold levels and in Figures 4(c) and (d) at higher
growth-rate behavior, reveal a predominantly transgranular
cracking mode. Typical of many superalloys with low
stacking-fault energy,[26] such transgranular crack growth

was highly planar and often crystallographic in character,
with the facets on the fracture surfaces consistent with
slip along the {111} planes (Figure 4). Indeed, the transition
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Fig. 4—SEM fractography of ambient-temperature fatigue-crack propagation in ME3 at near-threshold stress intensities, for the (a) and (c) as-received
microstructure and (b) and (d ) grain-boundary-engineered microstructure. Crack is propagating from left to right.

to this faceted, crystallographic mode occurred in both
microstructures when the cyclic plastic-zone size (ry � 1/2�
(�K/2�y)

2) approached the average grain size, i.e., approxi-
mately when �K � 10 to 12 MPa . Consequently, as
cracks propagated transgranularly in ME3 at ambient tem-
peratures, it is unlikely that changing the character of the
grain boundaries, by increasing the special fraction, would
have a significant effect on crack-growth resistance.

Similar results have been obtained for the ambient-
temperature behavior of small (�10 to 900 �m) surface
fatigue cracks in the as-received and grain-boundary engi-
neering microstructures of ME3, where crack extension was
predominantly transgranular.[34] What is important to note
here is that irrespective of the size of the cracks relative to
the scale of microstructure, where the crack path is trans-
granular, there is little discernable effect of an increased
fraction of special boundaries on the ambient-temperature
crack-growth resistance of fatigue-crack growth in ME3.

2. Elevated temperatures
To evaluate the effect of grain-boundary engineering at

elevated temperatures, which are more representative of
the practical applications for this alloy, large-crack fatigue-
crack growth-rate data for the as-received and the grain-
boundary-engineered microstructures of similar average grain
sizes (13 to 15 �m) were compared at 700 °C and 800 °C
with growth-rate data at 25 °C. The results, shown in Fig-
ure 5, indicate that crack-growth rates in both microstructures
are typically faster by one to two orders of magnitude at
700 °C to 800 °C than at ambient temperature. More impor-

1m

tantly, although there is no difference in behavior above
�10�7 m/cycle, there is a definitive, albeit small, increase
in crack-growth resistance in the grain-boundary-engineered
microstructures at near-threshold levels, below �10�7 m/
cycle. Specifically, with the increase in fraction of special
boundaries, near-threshold growth rates (at a specific �K
level) are some 5 to 10 times lower, and the �KTH thres-
holds are �10 pct higher at 700 °C and over 20 pct higher
at 800 °C, as compared to values at ambient temperature
(Table III).

This beneficial effect of grain-boundary engineering at
elevated temperatures can also be traced to the mecha-
nisms of cyclic crack extension. Crack-path profiles at
700 °C, imaged in the SEM, show how the crack path at
near-threshold levels is highly faceted, as at ambient tem-
peratures, but now involves some intergranular crack prop-
agation, since the grain boundaries can act as preferential
paths for the diffusion of oxygen and for crack advance.[35]

At higher growth rates, however, crack paths cease to be
faceted and revert to a fully transgranular mode (Figure 6).
This transition again occurs when the plastic-zone size
becomes much larger than the grain size.

Quantitatively, the proportion of intergranular fracture could
be best determined from area fractions on lower-magnification
SEM fractographs. As shown in Figure 7, near-threshold fatigue-
crack growth in ME3 is characterized by an increasing pro-
portion of intergranular cracking with increase in temperature.
Measurements on the as-received material at �K � 10 MPa
revealed an area fraction of intergranular facets of �40 pct at
700 °C and as high as �75 pct at 800 °C. Most importantly,

1m
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Fig. 5—Fatigue-crack-propagation behavior at elevated temperatures for large
(�8 to 20 mm) cracks in ME3, as a function of the stress-intensity range, for
the as-received and grain-boundary-engineered microstructures. Shown are
results at (a) 700 °C and (b) 800 °C, as compared to the behavior at 25 °C.

Fig. 6—EBSD maps of the fatigue-crack paths in the grain-boundary-
engineered ME3 microstructure tested at 700 °C, showing behavior
(a) at lower growth rates (�K � 12 MPa ) and (b) at higher growth
rates (�K � 24 MPa ). Note that as these two micrographs were taken
from the same specimen, which was cycled under decreasing-�K conditions,
the crack-opening displacement was larger for the higher growth-rate pro-
file (Figure 6(b)), as this region was further away (10 mm) from the crack
tip when the image was taken. Crack is propagating from left to right.
(Image courtesy of V. Radmilovic.)

1m
1m

however, after increasing the fraction of special boundaries by
grain-boundary engineering, there was a definite reduction in
the relative proportion of intergranular crack growth, specifi-
cally by some 20 to 25 pct (Figure 8).

Accordingly, as shown in Figure 9 by the increase in �KTH

thresholds with increasing fraction of special grain bound-
aries, it does appear that, due to the presence of intergranu-
lar cracking during near-threshold crack growth in ME3 at
elevated temperatures (700 °C to 800 °C), there is a positive
effect of grain-boundary engineering, independent of any
change in grain size, in improving the resistance to fatigue-
crack growth, specifically in the critical low-growth-rate regime
which often controls the overall life of a structure.

The precise reason why the presence of a higher fraction
of special boundaries leads to a reduction in the incidence
of intergranular crack growth is not known, but it seems rea-
sonable to presume that the effect is primarily associated
with their enhanced fracture resistance, especially in the
presence of a high-temperature oxidizing environment, which
results in a higher proportion of transgranular cracking.

Indeed, studies of environmentally assisted intergranular
cracking[13–20] and high-temperature creep[21–24] have all
demonstrated the superior fracture resistance of these bound-
aries. However, their presence may also modify dislocation
behavior, for example, by acting as a source or sink of incom-
ing mobile dislocations. This could indirectly result in more
aggregation of dislocations near the boundary, particularly
as there is less free volume in special (as compared to ran-
dom) boundaries, thereby strengthening the boundary region.
This effect has been observed locally near individual bound-
aries by Alexandreanu et al.,[36] and the effect of an increased
special fraction on the constitutive response has been
documented by Kumar et al.[37]

IV. CONCLUSIONS

Based on an investigation into the feasibility of using
grain-boundary engineering by strain/anneal cycling to pro-
mote the high-cycle fatigue-crack-propagation resistance of
the powder-metallurgy polycrystalline nickel-based superalloy
ME3 in ambient- to elevated- (700 °C to 800 °C) tempera-
ture air environments, the following conclusions can be made.

1. Using grain-boundary engineering techniques involving sev-
eral cycles of strain (10 pct cold rolling) and high-temperature
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Fig. 8—Relationship between the fraction of special grain boundaries and
the proportion of intergranular fracture during near-threshold fatigue-crack
growth at elevated temperatures in the as-received and grain-boundary-
engineered microstructures in ME3.

Fig. 9—Relationships between the elevated-temperature �KTH fatigue thres-
hold in ME3 tested at 700 °C and 800 °C and fraction of special grain bound-
aries for the as-received and grain-boundary-engineered microstructures.

Fig. 7—SEM fractography of near-threshold fatigue-crack growth at elevated temperatures in ME3, showing a comparison between (a) the as-received
microstructure at 700 °C, (b) the grain-boundary-engineered microstructure at 700 °C, (c) the as-received microstructure at 800 °C, and (d) the grain-
boundary-engineered microstructure at 800 °C. Note the lower proportion of intergranular fracture in the grain-boundary-engineered microstructures. Crack
is propagating from left to right.

annealing (1150 °C for 30 minutes), the number fraction
of special grain boundaries in the ME3 microstructure could
be increased from 28 to 29 pct to 41 to 42 pct, with little
change in crystallographic texture.

2. At a constant grain size, the effect of such an increase
in fraction of special boundaries, however, was found to
have little influence on the fatigue-crack propagation and
�KTH threshold behavior of large (�8 to 20 mm) through-
thickness at ambient temperatures, primarily because
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crack advance in this regime is predominantly trans-
granular. Fatigue thresholds and near-threshold growth
rates, however, were markedly affected by grain size (�1
to 17 �m), with the coarser microstructures displaying
significantly better fatigue-crack-growth resistance.

3. At elevated temperatures (700 °C to 800 °C), where near-
threshold fatigue-crack propagation comprises �30 to 75 pct
intergranular fracture, the grain-boundary-engineered
microstructures were found to show definitively better
(large-crack) crack-growth resistance. Specifically, com-
pared to ambient-temperature behavior, the �KTH thresh-
olds were �10 to 20 pct higher, and near-threshold
growth rates (at a specific �K level) were some 5 to 10
times lower in microstructures with an enhanced fraction
of special grain boundaries. Such a beneficial effect on
near-threshold crack-growth resistance was attributed to
a �20 to 25 pct reduction in the proportion of inter-
granular cracking in the grain-boundary-engineered
microstructures.
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