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A B S T R A C T

A deformation mechanism map for a Ni-based superalloy is presented during cyclic loading at low (300 °C),
intermediate (550 °C), and high (700 °C) temperatures for low (0.7%) and high (1.0%) applied strain amplitudes.
Strain mapping is performed via digital image correlation (DIC) during interrupted fatigue experiments at
elevated temperatures at 1, 10, 100 and 1000 cycles, for each specified loading and temperature condition. The
DIC measurements are performed in a scanning electron microscope, which allows high-resolution measure-
ments of heterogeneous slip events and a vacuum environment to ensure stability of the speckle pattern for DIC
at high temperatures. The cumulative fatigue experiments show that the slip bands are present in the first cycle
and intensify with number of cycles; resulting in highly localized strain accumulation. The strain mapping results
are combined with microstructure characterization via electron backscatter diffraction. The combination of
crystal orientations and high-resolution strain measurements was used to determine the active slip planes. At low
temperatures, slip bands follow the {111} octahedral planes. However, as temperature increases, both the {111}
octahedral and {100} cubic slip planes accommodate strain. The activation of cubic slip via cross-slip within the
ordered intermetallic γ’ phase has been well documented in Ni-based superalloys and is generally accepted as the
mechanism responsible for the anomalous yield phenomenon. The results in this paper represent an important
quantifiable study of cubic slip system activity at the mesoscale in polycrystalline γ-γ’ Ni-based superalloys,
which is a key advancement to calibrate the thermal activation components of polycrystalline deformation
models.

1. Introduction

Strain localization is a precursor to fatigue crack initiation. As
opposed to elastic deformation, the primary mechanism for plasticity in
polycrystalline materials is mediated by localized, inhomogeneous slip
events. As discussed by Seeger, the flow stress in crystalline materials
can be decomposed into athermal and thermal components [1]. At
absolute zero temperature, the maximum resistance to dislocation glide
is known as the mechanical threshold, while at finite temperatures, slip
proceeds below the mechanical threshold with the assistance of thermal
activation [2,3]. Thermally activated dislocation motion is governed by
an Arrhenius expression for the shear strain rate on a slip system as a
function of the activation energy [2]. The kinetics of plasticity theory is
based on a statistical description to express the thermal dependence for
an ensemble of dislocations [3]. Thus, it is necessary to capture a
statistically representative set of individual slip events to faithfully
capture the kinetics of polycrystalline deformation, which has been a
longstanding issue for the materials community. In this paper, we
present an experimental approach to capture the deformation in

polycrystalline Ni-based superalloys as a function of temperature,
during cyclic loading.

Ni-based superalloys exhibit anomolous yield behavior, such that
the material does not exhibit a significant decrease in the yield strength
between room temperature and ~700 °C. This phenomenon is atypical
of engineering alloys, and in fact the strength often increases over this
range of temperatures, which is a beneficial attribute of superalloys
[4,5]. Through detailed experiments of single crystalline material, the
anomolous yield behavior has been attributed to the role of the γ’
precipitates (ordered phase with a L12 structure) and is more pro-
nounced with increase volume fraction of γ’ [6,7]. The anomolous yield
characteristics of superalloys have garnered significant attention over
the last four decades and the most common explanation is a cross-slip
mechanism of the dislocations from the octehedral {111} planes to the
cubic {100} planes. The cross-slipped dislocation segments are immo-
bile and result in a strengthening mechanism via the formation of the
widely accepted Kear-Wilsdorf locking mechanism [8].

The activation of {100} cubic slip systems at elevated temperatures
in Ni-based superalloys has been characterized within single crystals
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and associated theories have explained this phenomenon. Through
detailed experiments performed on single crystals via slip-line trace
analysis, Staton-Bevan and Rawlings observed the thermally-activated
transition to cubic slip planes [9]. Atomic simulations by Paidar et al.
have provided the basis for the orientation dependence and tension/
compression asymmetry of the anomolous yield behavior based on
anisotropy of the antiphase boundary energy (APBE) [10]. As discussed
in a review paper by Reed and Rae [11], the APBE on the {100} plane is
less than that on the {111} plane, as observed by Dimiduk et al. which
quantified these values over a range of binary Ni3Al single crystals via
transmission electron microscopy [12]. Many of these classical studies
have been on monolithic structures, but similar cube slip phenomena
has been observed in γ-γ’ single crystalline materials [13–18].

For single crystals of γ’ strengthened Ni-based superalloys with
loading along the [111] direction, Bettge and Österle alternating slip on
{111} planes following a zig-zag manner in the matrix channels, such
that the overall slip (across a longer length scale) was along a cubic
{100} slip system [18]. Additionally, the observed dislocation glide on
either the {111} or {100} planes in the γ’ particles [18]. Due to the
observations of cubic slip systems, many crystal plasticity models for
high temperature deformation permit slip on the octehedral and cubic
slip systems in their flow rules, please refer to the models for single
crystal [19–22] and polycrystalline Ni-based superalloys [23,24] to
name a few. For these models of polycrystalline deformation, it is
difficult to account for the kinetics of slip along the different families of
slip systems, and detailed experiments are missing at the relevant
length scales to quantify the deformation accomodated by the octehe-
dral and cubic slip systems as a function of temperature. Daymond et al.
used neutron diffraction to characterize strain in Ni-based superalloys
as a function of temperature [25]. Through a self-consistent polycrystal-
line modeling approach, they concluded that the cubic {100} slip
systems are active in the γ’ precipitates at elevated temperatures. While
this approach represents ensemble activation of the cubic slip system,
there has yet to be a full field determination at the grain level scale of
{100} slip. One such method to map the heterogeneous deformation
relative to the microstructure is digital image correlation coupled with
electron backscatter diffraction.

Digital image correlation (DIC) involves tracking features on the
material surface, in order to obtain a spatial field of the displacement
and associated strain. As demonstrated by several researchers [26–33],
since this method is scale invariant, DIC can be performed within a
scanning electron microscope (SEM) to provide high resolution strain
mapping. Further to understand the role of temperature, DIC has been
used at elevated temperatures using optical methods [34], ultraviolet
optics [35], and electron microscopy [28,36,37]. The present paper
uses high resolution DIC to understand the kinetics of plastic deforma-
tion during cyclic loading of a polycrystalline Ni-based superalloy.
Specifically, a deformation map of the slip systems activity and
accommodation of strain during cyclic loading are examined as a
means to understand strain localization and the associated fatigue crack
initiation, as a function of temperature.

2. Materials and experimental procedures

2.1. Sample preparation

The material analyzed in the present work is a powder processed Ni-
based superalloy, RR1000, supplied by Rolls-Royce plc. The material is
a supersolvus heat-treated, coarse grain variant of RR1000 and hence it
contains no primary γ’. Details of the heat treatment can be found in ref
[38]. The cooling rate of the material from the solution temperature
was controlled, in order to optimize the secondary γ’ size. The mean
maximum feret diameter of the secondary γ’ was measured as ~300 nm
via high resolution SEM imaging after a Kalling's etch. The coarse grain
RR1000 has a target average grain size of 30 µm [38]. The material was
machined by electro-discharge machining to obtain the final sample

geometry. The samples have a dog bone shape, with 10 mm gauge
length, cross sectional area 3 mm wide and 1.25 mm thick. All samples
were polished on 1200 grit sand paper for about five minutes on both
sides and then left in a vibro-polisher with colloidal silica 0.05 µm for
24 h for a mirror like surface on one of the sides. An area of interest
(AOI) is delimited in the center of the best polished side of each
specimen. Fiducial marks are placed using a LECO Microhardness
Tester LM247AT. The areas are identified in the specimen as shown
in Fig. 1.

For grain identification and proper lattice orientation of each grain,
we mapped each AOI with electron backscatter diffraction (EBSD) scans
in a FEI Philips XL-40 SEM, with the following acquisition settings:
25 kV accelerating voltage, spot size 5, 100 µm aperture, 18 mm
working distance, 70-degree tilt. For the EBSD setup in the EDAX
system, we used gain of 12.85, black level 5.4, 60-millisecond exposure
time, and a step size of 0.90 µm. A typical result for the EBSD scan is
shown in Fig. 2(a), by means of the AOI inverse pole figure (IPF)
representation with the associated color map (Fig. 2(c)).

After mapping the AOI texture, the specimen was speckled with Ti
nano-powder for digital image correlation (DIC). The procedure for
applying Ti speckles was the same described by Tracy et al. [37]. A
colloidal solution was created with Ti nano-powder (60 nm), Bicine and
distilled water. The Bicine plays an important role in this solution for
changing the pH, facilitating the fragmentation of Ti nano-powder
agglomerates. The solution was roll milled for 24 h prior use. To help
the agglomerate breaking process, small G5 SiC bearing balls were
placed inside the vial with the solution during the 24-h roll mill. After
2 h of resting, the solution was applied on the specimen surface by drop
casting. Upon drying, the specimen was heated to 300 °C for 10 min to
burn off all the Bicine. The Ti speckling has shown to provide good
adherence to the substrate, resistance to high temperature, and no
interaction with the Ni matrix for temperatures below 900 °C, allowing
the proposed fatigue tests, keeping the monitored pattern intact.
Fig. 2(b) shows an example of Ti speckled pattern on a specimen image
at 3,500x. To cover the entire AOI, 9 images were taken in sequence
(3×3) to form the field of view (FOV) and subsequently stitched
together.

2.2. Equipment and loading parameters

All experiments were performed inside a vacuum chamber using a
modified MTI load frame with a heater fixed in the bottom of the frame.
The heater was connected to a control box that could maintain the
targeted temperature within± 15 °C. The control thermocouple was
connected to the center of the heater element. Four extra thermo-
couples were used to monitor the following points: (a) top of the
specimen gauge section, (b) load cell, (c) displacement sensor, and (d)
actuator motor. Fig. 3 displays the frame and its components inside the
vacuum chamber.

The sample was heated to the desired temperature while the load
was kept at a slightly positive value. It is important to notice that during
the heating period the load control must be active to avoid compressive

Fig. 1. Delimited area for EBSD and DIC analysis and pertinent coordinate system.
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load in the specimen due to thermal expansion. The same has to be
done during the cooling process to avoid excessive tension. After the
desired temperature is reached and stabilized, the cycles were applied
at 0.15 Hz. Fig. 4 depicts the sequence adopted for the experiments. All
experiments were performed at a pressure of 7×10−4 Pa
(5×10−6 Torr).

Each sample was loaded to an assigned initial total strain (0.7% or
1.0%) and then unloaded for DIC verification of the first cycle. The
subsequent cyclic loading was then applied under stress control according
to the stress value achieved after the initial loading cycle with a stress ratio,
R=0.1. The modified cyclic loading profile cannot accommodate cyclic
hardening and is susceptible to ratcheting. The average applied strain rate
for this experiment is 3×10−3 1/s. Six samples were tested under fatigue
loading at different temperatures. Table 1 shows the summary of the tests
performed based on the initial strain and temperature for each experiment.
For the 300 °C and 550 °C experiments, all the specimens were cycled up to
1000 cycles and analyzed at 1, 10, 100 and 1000 cycles. For 700 °C, the
0.7% specimen failed prior to reaching 1000 cycles. For the 1.0% specimen,
the experiment was interrupted at 100 cycles for the final DIC analysis.

2.3. DIC bias correction

Scanning electron microscopy can provide high magnification
images that potentially allows for high resolution DIC analysis neces-
sary to capture individual slip bands. However, researches have shown

Fig. 2. (a) Inverse pole figure of a CG RR1000 sample, and (b) SEM image of the speckled sample with Ti nano-powder overlaid on the EBSD image, to compose the AOI 9 images are
acquired and stitched together. (c) IPF color code.

Fig. 3. Load frame assembled inside the vacuum chamber.

Fig. 4. Overview of the high temperature fatigue experiment.

Table 1
Low cycle fatigue test parameters - temperatures and initial strains. The values in the
table represent the interrupted fatigue cycles at which strain maps were acquired.

Temperature 300 °C 550 °C 700 °C
Initial Strain (Δε) (Cycles) (Cycles) (Cycles)

0.7% (1, 10, 100, 1000) (1, 10, 100, 1000) (1, 10, 100)
1.0% (1, 10, 100, 1000) (1, 10, 100, 1000) (1, 10, 100)

Fig. 5. Magnified region of a DIC strain map after bias correction, with well-defined detail
of individual slip bands (on the order of 0.9 µm in width) interacting with a twin
boundary. The representative subset size, 0.65 µm, is depicted.
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that digital image correlation performed from SEM images can lead to
problems not seen in optical images [39–42], specifically biases and
aliasing from the electromagnetic distortion. It has been reported that
occurrences of drift, spatial distortions and magnification uncertainties
can affect the resolution and accuracy of the mapped strains. All the
DIC strain maps were corrected according to the protocol presented by
Mello et al. [43]. The objective of performing the corrections is to
minimize any erroneous result coming from spatial distortions and
uncertainty in the magnification. The spatial distortion was corrected

based on the image of a certified grid taken side by side with the
specimen, for every image acquisition. The same grid was used to verify
and correct for discrepancies in the reported magnification values by
the SEM, which occur in ex-situ experiments during the acquisition
measured days or weeks apart [43]. Finally, optimizing the SEM
acquisition parameters and properly grounding the samples reduced
the drift effect.

The spatial distortion and magnification corrections increased the
resolution of the DIC measurement by further reducing the subset size

Fig. 6. Strain evolution for CG RR1000 specimens at 300 °C, 550 °C and 700 °C mapped at 1, 10, 100 and 1000 cycles, loaded to 0.7% initial strain.
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for the analysis, thereby improving the precision of the localized
measurements. After the proposed correction, we could resolve the
strain field using a subset size of 0.65 µm, with 0.05 µm step size,
keeping the strain uncertainty below 0.1% for all the cases presented in
this work. This was sufficient to track and quantify the strain in
individual slip bands, as shown in Fig. 5.

3. Results and discussion

3.1. Strain evolution

As described in Section 2.2, 6 specimens were tested under fatigue
loadings for different applied strain levels and temperatures. The strain
evolutions for 0.7% and 1.0% initial strain are shown in Figs. 6 and 7,
respectively. For all images, the contour plots of the local strain had a

Fig. 7. Strain evolution for CG RR1000 specimens at 300 °C, 550 °C and 700 °C mapped at 1, 10, 100 and 1000 cycles, loaded to 1.0% initial strain.
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maximum strain value depicted as 6%, but higher strain levels were
measured in distinct regions. Similarly, the minimum strain plotted is
0%, although local regions of compression were characterized. The
lines representing values of high strain capture slip bands following an
active slip plane. As can be visualized in Figs. 6 and 7, the slip bands are
present in the first cycles and intensify with respect to the value of
strain with number of cycles. It should be noted that the slip bands do
not increase in thickness during cyclic loading. Additional slip lines are
not observed during the fatigue progression, thus additional slip
activity was not initiated within the grains, the distance between slip
bands within a given grain remains relatively consistent with respect to
loading cycles. These phenomena can be explained as follows. The
initial loading cycle (either to 0.7% or 1.0% initial strain) is past the
macroscopic elastic to plastic transition of the material. Thus, during
the onset of plasticity, dislocations cut through the tertiary γ’ pre-
cipitates in the material, thus effectively weakening the precipitate as
an obstacle for subsequent dislocation motion. The weakened path is a
consequence of the sheared γ’ particle exhibiting a reduced effective
size and ordering of the L12 intermetallic structure. Therefore, during
the subsequent loading steps, the microplasticity events include addi-

tional dislocations traveling along the same paths, which exhibit a
reduced energy barrier for slip. The results lead to dislocation confine-
ment to well define glide planes and planar slip features.

For initial strains of 0.7% at 300 °C, the activity on the slip planes
was still increasing at 1000 cycles. At 550 °C, the strain saturation
seems to occur between 100 and 1000 cycles, while at 700 °C,
saturation occurs between 1 and 10 cycles. For 1% initial strain, it
was observed at 300 °C, high strain localization was already present in
the first cycle, yet the strain activity increased through 1000 cycles. At
550 °C, the saturation happens between 1 and 10 cycles, much faster
than for 0.7% applied strain at the same temperature. The main
difference in the strain evolution was observed for 1% initial strain at
700 °C, where the strain maps appear qualitatively similar from 1 to
100 cycles, with slight increase in the quantitative average macroscopic
strain experienced in the AOI. It should be noted that the area of
interest is rather small 150 by 200 µm, compared to the dimensions of
the specimen. Thus, the DIC measured strain is not necessarily
indicative of the macroscopic strain of the sample in each case.

More importantly, the strain maps elucidate the kinetics of plastic
deformation at the grain scale. From the slip events, including both the

Fig. 8. Highlights of some phenomena observed during the experiments. (a) Strain map for 300 °C, 1.0% strain, after 100 cycles. (b) Multiple slip system active in a single grain,
demonstrating planar features. (c) Strain map for 550 °C, 1.0% strain, after 1 cycle. (d) Slip impedance at a grain boundary. (e) Strain map for 700 °C, 0.7% strain, after 1 cycle. (f) Strain
accommodated at the grain boundary and possible signs of grain boundary sliding. (g) Slip transmission across a grain boundary.
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magnitude of slip accommodated by each band and the distance
between slip bands, we can infer the thermally activated components
of slip for an ensemble of dislocations [2,3]. This information is critical
to validate polycrystalline deformation models, where it is difficult to
capture the kinetics of the incipient slip events. Moreover, during cyclic
evolution, the strain accommodated within the bands saturate as a
function of temperature, applied strain, and number of cycles provides
important information for the self-hardening of dislocation glide
occurring within the slip bands.

The high-resolution strain maps allow us to observe individual slip
field characteristics and interactions, as shown in Fig. 8. Fig. 8a,b
displays two slip systems activated within a large grain, both displaying
planar slip features. In Fig. 8d, slip is obstructed by the grain boundary,
leading to dislocation pile-up at the grain boundary and strain
localization. Alternatively, in Fig. 8g, the slip is transmitted through
the grain boundary. Therefore, the DIC images provide sufficient
resolution to study slip-GB interactions at the mesoscale. As shown in
Fig. 8e,f, at 700 °C and 0.7% applied strain, a significant portion of
strain is accommodated by the grain boundary, which could depict
grain boundary sliding, albeit more analysis is needed to identify this
potential mechanism.

3.2. Slip system activity

The high-resolution DIC images allow for analysis of the slip activity
during loading at the mesoscale. From the EBSD scan, the orientation of
each grain (Euler angles) in the scan was obtained. From the Euler
angles, (φ1, Φ, φ2), the rotation matrix, g, of each grain is determined
according the Bunge definition.

⎡

⎣
⎢⎢⎢

⎤

⎦
⎥⎥⎥

g
φ φ φ φ Φ φ φ φ φ Φ φ Φ
φ φ φ φ Φ φ φ φ φ Φ φ Φ

φ Φ φ Φ Φ
=

cos cos − sin sin cos sin cos + cos sin cos sin sin
− cos sin − sin cos cos − sin sin + cos cos cos cos sin

sin sin − cos sin cos

1 2 1 2 1 2 1 2 2

1 2 1 2 1 2 1 2 2

1 1

(1)

Afterwards, a family of planes, ni, can be transformed from the
crystal frame to the sample frame.

n g n= *i
sample T

i
crystal (2)

In this notation, ni, is a vector representing the family of planes,
such that i: 1–4 to represent the {111} octahedral planes in the FCC
configuration, specifically (111),(111),(111),(111). As shown in Fig. 9, the

strain maps after 1 cycle are displayed and the family of octahedral slip
planes are superimposed on each grain for the cases of (a) 300 °C, 0.7%,
(b) 300 °C, 1.0%, and (c) 550 °C, 0.7%. It is observed that all slip bands
follow the well-defined {111} slip planes. It is noted that throughout
this section, slip plane activation refers to the mesoscale activity and
does not consider individual dislocation mechanics that may cross-slip,
glide, or dissociate at lower length scales.

As shown in Fig. 10, a distinct shift in slip system activity is
observed at elevated temperatures. For Eq. (2), the cubic slip planes are
represented as a vector for the family of {100} planes, ni, such that i:
1–3, specifically (001), (010), and (100). At 700 °C and 0.7% strain, we
observed some grains with slip bands following the {111} planes
(Fig. 10b) and other grains following the {100} planes (Fig. 10e).
However, at 700 °C and 1.0% stain, we see both octahedral and cubic
slip planes being activated within the same grain (Fig. 10c,f). Higher
applied strains results in increased resolved shear stresses on the slip
systems, which were able to overcome the activation barrier for
dislocation glide to accommodate the increased level of applied strain.
A similar phenomenon is observed at 550 °C, when strained to 1%, the
majority of the slip activity follows the {111} planes, but some grains
show slip bands following {100} planes. Cubic slip plane activity was
not observed at 550 °C and 0.7% strain. We can infer that at this
intermediate temperature, if strain is increased, the activation energy
for slip is surpassed on the cubic planes in certain grains.

These results have an important implication in the fatigue life of
Ni-based superalloys. When submitted to high temperature and
high strain (700 °C & 1%), both cubic and octahedral slip systems
are activated in grains, allowing a well-distributed strain accom-
modation within favorably oriented grains and resulting in strain
localization within distinct regions of the microstructure. If the
temperature is reduced to intermediate values or macroscopic
strain is reduced to a value below the nominal yield strain, the
material will exhibit a more homogeneous strain distribution and
less strain localization, leading to an increase in fatigue life. Fig. 11
shows a schematic summary of the slip plane activation previously
discussed and shown in Figs. 9 and 10; therefore representing a
deformation mechanism map for Ni-based superalloys.

The findings reported in this paper represent the first quantifiable
study of cubic slip system activity at the mesoscale in polycrystalline γ-
γ’ Ni-based superalloys. Many studies have demonstrated the activation

Fig. 9. Slip bands for specimens at 300 °C after 0.7% and 1.0% strain and at 550 °C after 0.7% strain. All slip bands identified follow the octahedral {111} slip planes after 1 cycle.
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Fig. 10. Left column strain maps showing orientations where slip bands follow the octahedral {111} slip planes, and right column showing orientations where slip bands follow the cubic
{100} slip planes after 1 cycle.
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of cubic slip with increasing temperatures either via transmission
electron microscopy (TEM) or atomistic simulations in ordered inter-
metalic γ’material. Yet the quantifiable results in this study represents a
key advancement to calibrate the thermal activation components of
polycrystalline deformation models and properly capture the kinetics of
plasticity. It should be noted that TEM is needed to identify if the
mesoscale cubic slip plane activity follows the zig-zag mechanism
presented by Bettge and Österle [18] or if any signs of dislocation
climb is present at elevated temperatures. As shown by Phillips et al.
[44,45] via TEM investigation, dislocations cross-slip between {111}
planes in the γ matrix and shear the γ’ precipiates about the {100}
planes in a polycrystalline Ni-based superalloy, R104, under fatigue
loading at 427 °C and 704 °C. It is inferred that given the similarities in
the microstructure of both superalloys, the dislocation mechanisms in
the present study follow a similar trend, as shown in Fig. 12. Thus, the γ
matrix has alternating slip along the {111} planes, yet from a higher
length scale, it appears slip follows the {100} planes. Then the γ’
precipitate is sheared about the {100} planes. By conducting this
experiment via SEM-DIC, we can thereby quantify the strain accom-
modated by both sets of slip planes, {111} and {100}, at the mesoscale
as a function of temperature.

4. Conclusion

This work has outlined considerable progress in quantifying poly-
crystalline deformation at the mesoscale within Ni-based superalloys.

High resolution DIC is used to conduct strain mapping relative to the
microstructural features during interrupted fatigue experiments at
various applied strain ranges and temperatures. Significant contribu-
tions of this study are summarized as follows:

1. The deformation in the strain maps is observed to be planar in
characteristic and discrete slip bands are evident. Most of the slip
bands are observed after the first cycle. While the quantity of strain
accommodated within the slip bands increases during cyclic load-
ing, new slip bands are not formed and the distances between slip
bands are constant after the first loading cycle.

2. The strain maps elucidate the kinetics of plastic deformation at the
grain scale, which include the thermally activated components of
slip for an ensemble of dislocations. At increasing temperature, the
strain accommodated within the bands increase and saturate at a
lower number of applied loading cycles.

3. A deformation mechanism map is presented as a distinct shift in slip
characteristic is observed with temperature and applied strain
ranges. At lower temperatures (300 °C), deformation is accommo-
dated entirely by the octahedral slip planes {111}; while at elevated
temperature (700 °C), the cubic slip systems {100} are also active.
At the intermediate temperatures (550 °C), the introduction of
higher applied strains activates deformation on the cubic slip planes.
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