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In this study, the fatigue-induced
microstructure produced in a nickel-
based polycrystalline superalloy that
was subjected to cyclic loading was
characterized by polychromatic x-ray
microdiffraction (PXM) together with
in-situ neutron diffraction and trans-
mission-electron microscopy (TEM).
In-situ neutron-diffraction measure-
ments reveal two distinct stages of
the fatigue damage: cyclic hardening
followed by cyclic softening. Three-
dimensional spatially resolved PXM
micro-Laue measurements find an in-
crease in the density of geometrically
necessary dislocations near the grain
boundaries, which is accompanied by
lattice rotations and grain subdivi-
sions. The PXM results are in agree-
ment with the in-situ neutron-diffrac-
tion and TEM results.

INTRODUCTION

Superalloys are a group of nickel-
and cobalt-based materials that show
exceptional strengths for high-tem-
perature applications. These materials
are optimized for use in aircraft en-
gines, turbine blades, and other high-
temperature applications.! Typically,
precipitate-strengthened nickel-based
superalloys have higher strength than
cobalt-based superalloys.? The precip-
itate-strengthened nickel-based super-
alloys are widely used in the chemi-
cal and aircraft industry, especially
in cyclic-loading environments, such
as in pistons, turbines, and engines.

Because of the continuous nature
of cyclic loading, metal fatigue is
one of the most important damage
mechanisms that promotes premature
failure. Research on fatigue damage
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How would you...

...describe the overall significance
of this paper?

Metal fatigue is one of the most
important damage mechanisms
which promotes premature failure.
This paper provides new insight
into the microstructure, subjected to
fatigue damage, by combining the
ensemble-average neutron and the
spatially resolved synchrotron x-ray
microbeam results. Understanding
microplastic deformation
mechanisms during cyclic loading
allows for the development of new
nickel-based superalloys.

...describe this work to a
materials science and engineering
professional with no experience in
your technical specialty?

Research on fatigue damage is of
great interest to both the industrial
and the fundamental research
communities because it underpins
the structural evolution of many
mechanical materials. This paper
examines the effects of the cyclic
deformation on a nano-precipitate
strengthened alloy. In-situ diffraction
experiments reveal that cyclic
hardening/softening phenomena take
place during fatigue of the nickel-
based superalloy. The synchrotron
x-ray microbeam results expose the
spatially resolved grain-subdivision
structure and cumulative local
texture induced by cyclic loading at
the micro-scale.

...describe this work to a
layperson?

Superalloys, which are widely
applied in the aircraft, chemical,
and transportation industry, require
better understanding of their fatigue
properties. This work is intended

to study the fatigue damage on the
superalloys. This work has identified
several deformation mechanisms
evolving in the superalloy during
fatigue at different structural levels.

is of great interest to both the indus-
trial and the fundamental research
communities because of its practical
importance and because it underpins
the structural evolution of many me-
chanical materials.* A critical first
step toward understanding fatigue
mechanisms is to characterize how
different microstructures respond to
cyclic deformation.

Recently, Gopinath et al.* reported
on the low-cycle-fatigue behavior of a
precipitate-strengthened nickel-based
superalloy. Their transmission-elec-
tron microscopy (TEM) studies re-
vealed that, in addition to precipitate
shearing, dislocation activity of the
matrix plays an important role in fa-
tigue damage. During fatigue, poly-
crystalline grains may deteriorate into
deformation structures with differ-
ent crystallographic orientations on
a micrometer scale.> As mentioned
in Mughrabi’s latest review article,’
“. .. Today, it is clear that mechanisms
of cyclic microplasticity, based on the
glide of dislocations, are responsible
for the fatigue phenomena . . . ”.

In this study, we investigate cy-
clic-loading-induced microplasticity
in a nickel-based superalloy, result-
ing in fatigue failure. Our focus is
on the accumulation of geometri-
cally necessary dislocations (GNDs)
near the deformation-induced grain
boundaries. The current approach
benefits from the recent development
of three-dimensional (3-D) polychro-
matic x-ray microdiffraction (PXM).
Polychromatic x-ray microdiffraction
has the unique ability to nondestruc-
tively characterize near and sub-sur-
face crystal structures of defects with
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submicrometer three-dimensional (3-
D) resolution. More specifically, the
depth-resolved technique allows for
investigation of the depth-dependent
strain and dislocation gradients on the
micro-scale.5"

In addition to local strain and dislo-
cation mapping with PXM at the mi-

croscale, neutron-diffraction experi-
ments were performed to obtain the
ensemble-averaged structural infor-
mation during fatigue experiments.'!~
13 The in-situ neutron-diffraction mea-
surements at the ISIS spallation source
in the Rutherford Appleton Laborato-
ry, United Kingdom, make it possible

EXPERIMENTAL PROCEDURES

to monitor microstructural-parameter
evolution of both the matrix and the
precipitates, and connect with the bulk
properties and the lattice-strain evolu-
tion during cyclic loading.

The combination of these two novel
techniques, together with TEM analy-
sis, provides for unique information

Material

An aged nickel-based superalloy (Ni-21Cr-17Mo in weight
percentage) was used with an average grain size =70 um. The
alloy contains about a 25% volume of nano-precipitates. These
Ni,(Cr,Mo)-phase nano-precipitates are embedded in the face-
centered-cubic (f.c.c.) matrix. Transmission electron microscopy
(TEM)'* and small-angle neutron scattering (SANS)" experiments
found the ellipsoidal precipitates to be about 12 nm in diameter.
The aged alloy was machined into a dog-bone shape for in-situ
neutron-diffraction measurements, as shown in Figure Aa.

Low-cycle-fatigue Experiments and
in-situ Neutron-diffraction

A gauge volume of =60 mm?® near the center of the specimen
was used through the low-cycle-fatigue experiments. The tests
were carried out with the stress-rig at ENGIN-X, the ISIS spall-
ation source in the Rutherford Appleton Laboratory, U.K.'® Time-
of-flight diffraction patterns were acquired with data collection
times of 40 minutes, during straining for statistically sufficient
diffracted intensity. The Rietveld method was applied to fit the
diffraction patterns. The neutron-diffraction profiles were refined
by the General Structure Analysis System (GSAS).!”'® The low-
cycle-fatigue (LCF) experiments were conducted under fully re-
versed (R = —1) loading conditions with a strain range +1%. The
cyclic frequency was 0.5 Hz. The neutron-diffraction data were
collected after different numbers of cycles during the fatigue ex-
periments: N = 1, 4, 8, 30, 100, 250, 500, and 1,000.

Transmission-electron Microscopy

Specimens for LCF experiments had a dog-bone shape. For
TEM studies thin slices with a diameter of 3 mm and thick-
ness of approximately 0.3 mm were cut from the center of the
specimens before and after cyclic loadings, as shown in Figure
Aa. These slices were further ground to a thickness of about
0.1 mm. Electron-transparent thin foils were prepared by the
twin-jet electropolishing technique (temperature = 15°C, voltage
=25V, and current = 0.6 A), employing a solution containing 640
mL orthophosphoric acid, 150 mL concentrated sulfuric acid, 35
mL concentrated hydrochloric acid, and 210 mL distilled water.
The foils were examined by TEM at an operating voltage of 200
kV, utilizing the bright-field (BF) mode.

Synchrotron X-ray Microbeam Experiments

In addition to the ensemble-average neutron experiments,
we employed polychromatic three-dimensional (3-D) x-ray
microdiffraction (PXM) to study local structural evolution. An
incident beam with the energy range of 5-25 keV was used to

produce Laue patterns from the subgrain volumes probed by
the incident beam. Experiments were made on station 34-ID-E
at the Argonne National Laboratory Advanced Photon Source,
which is the world’s first 3-D polychromatic x-ray microprobe.
This station has point-to-point sub-micrometer spatial resolution
using the differential-aperture depth profiling and the depth-
resolved analysis technique.®'* The primary advantage of PXM
is the ability to determine crystalline structure without sample
rotations. Polychromatic x-ray microprobe using high-energy x-
rays facilitates the investigation of the individual grains embedded
in a polycrystal with sub-micrometer spatial resolution below the
surface of bulk samples. With the advantages of the PXM, the
local phase of crystalline materials, the local orientation and,
therefore, the grain and phase boundary structures, the local
defect distributions, including elastic and plastic strains, were
studied for the nickel-based superalloy after cyclic loading.
Two samples were prepared. Sample 1 was the reference sample
(before cyclic loading) and Sample 2 was after N = 250, which
was within the cyclic-softening stage. The PXM geometry and
relative orientation of the sample to the beam are shown in Figure
Ab.

Aged HASTELLQY C-22 for Low-cycle-fatigue Experiments
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Figure A. (a) Specimen geometry for the low-cycle-fatigue
experiments. (b) PXM specimen prepared in the middle of the
specimen. (c) Geometry of the PXM measurements: a white x-
ray microbeam collimated by K-B mirrors illuminates a deformed
specimen on a sample holder. The holder can move along three
axes to collect the three-dimensional information. The diffraction
from the sample is registered on a CCD area detector. A Pt wire
profiler is controlled with a submicrometer step to resolve the origin
of the diffraction along the incident beam.
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Aged HASTELLOY, Low-cycle-fatigue Experiment
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Figure 1. Low-cycle-fatigue data measured at 1% tensile strain: (a) the stress-evolution shows the cyclic hardening and softening. (b) The
lattice-strain evolution as a function of fatigue cycles along the following local crystallographic directions in the matrix: [022] (diamonds), [111]
(triangles), and [002] (open circles). The lattice strain of the nano-precipitate along [011] direction (filled red circles). The inset in (a) illustrates
a stress-strain loop during one complete fatigue cycle. The red square is marked to indicate that for each cycle the stress was measured at

1% tensile strain.

about the fatigue-induced microstruc-
ture evolution at the microscopic and
macroscopic scales. See the sidebar
for experimental procedures.

RESULTS AND DISCUSSION

Volume-averaged Anisotropic
Lattice Strains

A statistical understanding of the
microstructure evolution during fa-
tigue loading was advanced by in-
situ neutron-diffraction experiments,
which eliminate the differences due to
sample preparations. In-situ neutron-
diffraction measurements during the
LCF experiments study the bulk-aver-
age-property and the lattice-stain evo-
lution as a function of the fatigue cy-
cles. The macroscopic tensile stresses
at 1% strain are presented in Figure la
as a function of N. The neutron experi-
ments conducted at 1% strain of the fa-
tigue cycles are present in terms of the
lattice-strain (d-spacing) development
along several crystallographic direc-
tions in the matrix and nano-precipi-
tates (Figure 1b). Ateach fatigue cycle,
the measurements were performed at
1% tensile strain. The location of this
point at the stress-strain loop, during
one complete fatigue cycle, is marked
with a red square in the inset of Figure
la. The lattice strain and stress values
in Figure 1 correspond to the macro-
scopic 1% tensile strain, which is why
lattice strain along all crystallographic

directions demonstrates the extension.
The lattice parameter a, of the alloys
before the cyclic loading was deter-
mined by neutron diffraction to equal
0.3605 nm, which is further used to in-
dex the PXM results. The peak-stress
(o,,) values during these experiments
were below 815 MPa, which is greater
than the 0.2% yield stress of the alloy.
The bulk-averaged strain-stress evolu-

tion (Figure la) shows that there are
two stages along the cyclic loading in
the alloy: cyclic hardening in the first
30 cycles and then cyclic softening.
Similar cyclic hardening/softening
phenomenon was also observed in the
other precipitate-strengthened nickel-
based alloys at room temperature.*
Anisotropic and non-monotonic lat-
tice-strain evolution is revealed (Fig-
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Figure 2. Laue patterns (a) before and (b) after cyclic deformation; (c) and (d) are TEM

images.
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ure 1b) by neutron-diffraction-pro-
file analysis. Lattice strains of both
the matrix and the precipitates grow
along all crystallographic directions
during the cyclic hardening up to N=
30. The onset of cyclic softening typi-
cally occurs after N=30, after which
the volume-averaged lattice strain in
the matrix saturates and slightly de-
creases. Moreover, the lattice strain
of the nanoparticles along the [011]
direction also decreases. The cyclic
hardening and softening behavior has
been revealed from the microstructure
evolution.*>!"12 The generation of the
dislocations is responsible for the cy-
clic hardening. The annihilation and
the rearrangement of the dislocations
contribute to the cyclic softening.>!!1?

With these results, the question
now becomes ‘“how can we quan-
tify the local spatially varying micro-
structure after cyclic loading at the
microscale?” During deformation of
the multicomponent systems, local
stresses change significantly since the
deformation is markedly inhomoge-
neous. However, force balancing re-
quires that the volume averaged stress
within the sample must equal the ex-
ternal applied stress.

Thus, while some components
may exhibit significant compressive
stresses, others must exhibit compet-
ing tensile stresses. This may cause
the formation of large strain gradients
at the microscale. To understand the
anisotropic evolution of the inhomo-
geneous internal-strain fields and their
correlations with the development of
the cumulative dislocation sub-struc-
ture at the micro-scale, and to study
the detailed spatially-resolved micro-
structure and the local texture, the ma-
terials are further explored via PXM
in the beginning of LCF and within
the cyclic-softening stage.

Inhomogeneous Distributions
of Internal Strains and
Geometrically Necessary
Dislocations

Distinct inhomogeneous disloca-
tions distributions are formed dur-
ing (cyclic) plastic deformation.>!%20
The PXM method is well suited for
submicrometer analysis of such in-
homogeneous deformation-induced
structures. Laue patterns from unde-

formed crystal grains contain sharp
Laue spots. The formation of the sta-
tistically stored dislocations (SSD),
GNDs, and geometrically necessary
boundaries (GNBs) causes both local-
strain fluctuations and strongly cor-
related long-range mesoscopic rota-
tions within grains or subgrains.®?!2
Such correlated deformation spreads
the conditions for x-ray scattering in
reciprocal space near each (hkl) lat-

Thus, while some
components may
exhibit significant
compressive stresses,
others must exhibit
competing tensile

stresses.

tice-plane normal and causes streak-
ing of the Laue spot. When GNDs
form, each (hkl) Laue spot is strongly
elongated (streaked) in a specific di-
rection, depending on the mutual
orientation between the GNDs slip
system and the direction of the inci-
dent beam. The details of the streaked
Laue patterns analysis can be found
elsewhere.5*'?> When the orientation
of the lattice changes with depth, dif-
ferent layers scatter x-rays incoher-
ently, thus differential aperture x-ray
microscopy (DAXM) can be applied
to characterize depth-dependent ori-
entation changes.®’

Typical Laue patterns before and
after the cyclic loading are shown in
Figure 2a and b, respectively. Before
the cyclic loading, the relatively sharp
and round diffraction spots corre-
sponding to a perfect crystal are seen
(Figure 2a). The elongated streaks in
Figure 2b indicate the formation of
GNDs dislocation populations after
cyclic loading.

The plastic responses of the materi-
al in the grain can be described by the
formation of the patterned cell-block
dislocation structure in the material to
relax the stress field induced from the
cyclic loadings. The formation of the
patterned-dislocation cell-block struc-

ture is also seen from TEM (Figure
2d). In contrast, before deformation,
TEM shows only low-density ran-
domly distributed SSDs. On the other
hand, TEM shows that fatigue induces
a significant increase of the disloca-
tion density, causes grain subdivision,
and the formation of the patterned-dis-
location structures. Subgrain boundar-
ies are distinguished in the TEM ob-
servations. This agrees with Gopinath
et al.’s observation* that during cyclic
loading, the grains have split into
differently oriented fragments (sub-
grains) due to subdivision.*

To further study the different types
of the microstructures, PXM was ap-
plied with the 3-D depth-resolved
DAXM technique to follow the accu-
mulation of the lattice rotation, GNDs,
GNBs, and grain subdivision as a func-
tion of the depth. This allows for char-
acterization of the defect distribution
near boundaries and near the fracture
surface. The indexed Laue patterns
were analyzed at different depths to
investigate the local texture and strain
gradients distribution.

Real-space Orientation Maps
and Pole Figures

With PXM, automated indexing is
performed by comparing the pattern
of angular differences between reflec-
tions corresponding to different pos-
sible crystal orientations. Typically,
at least ten Laue spots with different
(hkl)s are compared until a match is
found.* For example, Figure 2a shows
the indexed peaks of a face-centered-
cubic (f.c.c.) structure. The local crys-
tallographic texture in the polycrystal-
line specimens is, then, determined,
based on the local orientation.

The lattice parameter used for in-
dexing, 0.3605 nm, was taken from
the neutron diffraction results. As a re-
sult of many indexations* a real-space
orientation map of the specimen is
reconstructed over a larger area (Fig-
ure 3). The reconstructed pole figure
is shown in Figure 3a. The pole figure
offers information about the sample
orientation distribution function with
high resolution on local orientations.
The locations of the (001), (100), and
(010) poles are identified (Figure 3a).
The measured orientation distributions
around these three poles are magnified
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to reveal the local-strain distribution at
higher resolution (Figure 3c, d, and e).
The orientation distributions around
these three poles are practically or-
thogonal to each other. Orientation
fluctuations around all three poles are
within the range of 0.4-0.75 degrees.

The presence of a GNB is indicated
by two groups of the diffraction spots
with an abrupt orientation change
(marked with green in Figure 3a) indi-
cating the existence of a GNB embed-
ded beneath the sample surface.

Three-dimensional depth-resolved
measurements were performed in lo-
cations containing at least two grain
subdivisions using a knife-edge-type
differential aperture. It is then pos-
sible to reconstruct the lattice rotation
along the beam as it penetrates into the
sample, and to reveal the distribution
of GNDs and GNBs within the grain
subdivisions (Figure 3b). The orienta-
tion differences at very large distances
are shown in the reconstructed real-
space maps (Figure 3b). Such orienta-
tion differences in different sub-grains
could possibly result from stress in-
compatibilities at the grain boundaries
caused by the grain-grain interactions
under cyclic loading. The existence
of these orientation differences over
large distances is in agreement with
the low-energy-dislocation-structure
(LEDS) principle. Thus, alternating
point-to-point misorientations are sup-
pressed by a gradient towards another
orientation.”

Angle Rotation as a Function of
Depth Revealing the GNBs

Using the high-spatial resolution of
the PXM (=0.5 wm), the two grain sub-
divisions were investigated in detail as
shown in Figure 4. A schematic depth-
resolved scan is shown in Figure 4a.
Indexed Laue patterns corresponding
to different depths under the sample
surface are presented in Figure 4b, c,
d. Near the surface, the lattice orienta-
tion (grain subdivision 1) is close to
a 333 normal. At a depth of 10 um,
the diffraction from both subdivisions
1 and 2 are observed simultaneously
(Figure 4c and f). The second group of
the diffraction spots corresponding to
the deeper subgrain lattice orientation
is marked in purple. The diffraction
spots resulting from the near-surface

subgrain vanish between 15 um and
30 um below the surface.

An important result from the depth-
resolved grain subdivision study was
the characterization of the orientation
distribution at and near a grain bound-
ary. The depth-dependent orientation
distribution function (Figure 5) shows
lattice rotations as a function of depth.
The change of the lattice orientation
as a function of the distance from the

A distribution of
geometrically
necessary dislocations
is strongly influenced
by the geometrical
constraints from the
surrounding grains,
distance to the free
surface and
boundaries, and by

the grain orientation.

sample surface and from the near-sur-
face boundary (highlighted by a blue
arrow) finds that the lattice-orientation
rotates gradually in the sub-grain near
the surface (subdivision 1). However,
the orientation is almost constant in
the embedded sub-grain (subdivision
2), which lies beneath the surface. The
inset pole figure depicts two groups
of indexed orientations from subdivi-
sions 1 and 2, respectively. There is
an abrupt rotation of =4° between the
subgrains.

The different character of lattice
rotations near the boundary observed
in the two subgrains probably arises
from the differences in their geometri-
cal constraints and from their slightly
different orientations. The number
of constraints increases as a function
of the depth away from the surface.
The observed depth-dependent gra-
dient results in cumulative rotations
and formation of GNDs, and occupies
regions within the length-scale about
10-30 um. Lattice rotations and grain

subdivisions are also evidence of cy-
clic-loading damage. They indicate the
evolution of a hierarchical dislocation-
based mesoscopic substructure, evolv-
ing as a result of the translational-rota-
tional movement of the grain with the
free surface during the cyclic loading
due to both shear and rotation.

CONCLUSIONS

Volume-average in-situ neutron
experiments demonstrate that cyclic
hardening/softening phenomena take
place as a function of fatigue cycles
during LCF of the nickel-based su-
peralloy. The generation of the dislo-
cations is responsible for the cyclic
hardening. The annihilation and the
rearrangement of the dislocations con-
tribute to the cyclic softening.

High-spatial resolution synchrotron
X-ray microbeam experiments were
applied to characterize the inhomoge-
neities of the cyclic-loading-induced
microstructure evolution near the grain
boundaries of the nickel-based poly-
crystalline superalloy. The spatially
resolved microstructure demonstrates
the formation of the cumulative local
texture induced by cyclic loading at
the micro-scale. Cyclic-deformation-
induced geometrically necessary dis-
locations and boundaries were found.
A distribution of geometrically nec-
essary dislocations is strongly influ-
enced by the geometrical constraints
from the surrounding grains, distance
to the free surface and boundaries, and
by the grain orientation. The PXM
findings correlate with the TEM and
neutron diffraction results.
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Figure 3. (a) A reconstructed pole figure with the (001), (010) and (100) poles; (b) the
reconstructed real space map showing the locations of the three probed grains; (c), (d),
(e) enlarged regions of the pole figure showing the orientation distribution around the 001,

100, 010 poles.
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Figure 4. (a) Reconstructed real space map showing location of the GNB corresponding
to Figure 3a. Laue patterns from (b) grain subdivision 2, (c) boundary region between
subdivisions 1 and 2, and (d) subdivision 2; enlarged regions around the centers of the
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