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A B S T R A C T

Irreversible deformation in relation to the microstructure was investigated for a polycrystalline Ni-based
superalloy (Alloy 718) from room temperature to 650 ◦C using high-resolution digital image correlation
(HR-DIC) techniques. Interrupted tensile tests were performed under a protective atmosphere to ensure the
stability of the speckle pattern to track kinematics fields from surface analyses. In-plane strain localization was
captured using HR-DIC on scanning electron microscopy (SEM) images. A statistical analysis of different strain
localization events in relation to the microstructural features was conducted, i.e., intragranular slip localization,
slip localization parallel to and near 𝛴3-twin boundaries (𝛴3-TB), and grain boundary sliding (GBS). Alloy 718
exhibited slip localization at room temperature and 350 ◦C. Intense strain localization develops parallel and in
the vicinity of 𝛴3-TB from the onset of the microplasticity. Few intense slip stimulated-grain boundary sliding
events were found due to slip localization on both grains adjacent to the grain boundary. At 650 ◦C, Alloy 718
experienced grain boundary sliding at the onset of the yield without particular slip localization in adjacent
grains. At lower temperatures, strain localization parallel to and near 𝛴3-TB was intense, and intragranular
slip localization intensified with increasing macroscopic deformation. Particular microstructural configurations
were found at 650 ◦C leading to premature damage: (i) sub-surface cavitation at grain boundaries, and (ii) grain
boundary cracking due to intense shearing near a 𝛴3-TB.
1. Introduction

Nickel-based superalloys are commonly used at intermediate and
even high temperatures for structural applications in severe atmo-
spheres due to excellent mechanical strength and corrosion/oxidation
performance. Alloy 718, also known as Inconel 718, is the most
widely used polycrystalline nickel-based superalloy for applications up
to 650 ◦C, such as retention systems on fuel assembly structures in
pressurized water nuclear reactors, components for liquid-propellant
rocket motors, turbine disks for aeroengines. Some of these applications
are critical and require an appropriate description of their mechanical
behavior over a large temperature range at the macroscopic scale
and their mechanical response at the microstructural scale to better
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understand the transition from strain localization to early damage
development. Alloy 718 is known to be sensitive to Portevin-Le Chate-
lier (PLC) effects due to dynamic strain aging (DSA) at intermediate
(350-500 ◦C) and high temperatures (≥ 600 ◦C) depending on the
deformation rate under tensile loading. PLC is more prone to occur at
lower temperatures and high strain-rates [1–3] and drastically alters
the fracture mode of Alloy 718 from intragranular fracture in the
PLC domain to intergranular fracture in the absence of PLC events
at intermediate and high temperatures [1–3]. This change in fracture
mechanisms as a function of PLC occurrence questions the role of strain
localization at the microstructure scale and, more particularly, the
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partitioning between intergranular and intragranular strain localization
as a function of the temperature and strain rate.

Developments in high-resolution digital image correlation (HR-DIC)
under optical microscopy (OM) [4–6], scanning electron microscopy
(SEM) [7–21] or Laser Scanning Confocal Microscopy (LSCM) [22–24]
offer the possibility to quantitatively evaluate elementary intragranular
deformation mechanisms at room temperature. Strain localization into
individual slip bands can be identified on the surface of samples and
correlated with EBSD analysis to identify the active slip plane, or even
the active slip system by analysis of the projected cumulative Burgers
vector [20,23,25,26]. Alloy 718 and other polycrystalline Ni-based
superalloys have been studied under tensile loading using HR-DIC at
room temperature to categorize different strain localization events as
a function of microstructural features, 𝑖.𝑒., slip activity in the vicinity
of twin boundaries (TB) or grain boundaries (GB) or intragranular slip
far from these features [16,20,21,23,27–29]. Particular crystallographic
configurations, 𝑖.𝑒. twins and parent grains oriented in such a way as to
exhibit a significant difference in elastic behavior in the main direction
of mechanical loading, were identified to concentrate elastic defor-
mation [16]. These microstructural configurations lead to early slip
activity at higher deformation levels, without a high Schmid factor (slip
system {111} ⟨110⟩), where the Schmid factor is calculated according
to the macroscopic loading direction. Slip activity, therefore, develops
close to and parallel to the twin boundaries and is generally referred
to as parallel slip configuration. Statistical analysis of numerous twin
boundaries has revealed configurations that are more or less prone to
crack initiation under cyclic loading, depending on the deformation
amplitude of the specimens [30]. Stinville et al. [30] defined a crack
initiation density function based on a representation of the elastic
modulus difference between the parent grain and the twin as a function
of the macroscopic Schmid factor. Two evidenced two hotspots of
high population density, corresponding to a grain configuration with
a high elastic difference but a low Schmid factor and, conversely,
a low elastic difference and a high Schmid factor. Slip localization
occurs predominantly parallel to and near specific twin boundaries, and
the slip intensity is maximal at low levels of deformation, 𝑖.𝑒. below
the yield strength [23]. As plastic loading progresses, intragranular
planar slip density increases, but slip intensity remains highest in the
vicinity of microstructural singularities such as twin boundaries [23].
Sub-surface characterization of the microstructure beneath the region
of interest investigated using HR-DIC aimed to demonstrate that the
genesis of intense slip bands is particularly propitious in the vicinity of
triple junction in the volume [28].

The application of digital image correlation at small scales has been
extended to high temperature, both 𝑖𝑛 − 𝑠𝑖𝑡𝑢 and 𝑒𝑥 − 𝑠𝑖𝑡𝑢 with the
scanning electron microscope [10,11,31–37]. Generally, these experi-
ments were carried out in environments that limit the evolution of the
surface reactivity of the speckle pattern, as required for digital image
correlation. Some tests were performed in air, either for relatively short
high-temperature exposure times [31,38], or at temperatures limiting
external oxide growth [34]. In the latter study, a 𝛾-𝛾 ’ polycrystalline
nickel-based superalloy was subjected to fatigue and tensile loading
at 650 ◦C. It highlighted intense slip activity in the vicinity of and
parallel to the twin boundaries in the early stage of deformation. At
this temperature, intragranular planar slip was still dominant for this
material, and slip system analyses show the possible contribution of
cross-slip. Grain boundary slip has not been demonstrated for this
superalloy at this temperature. The performance of microgrid or HR-
DIC 𝑖𝑛 − 𝑠𝑖𝑡𝑢 under SEM was demonstrated on similar materials up
to 750 ◦C, but in protective atmosphere [10,11,35,39,40]. Beyond
the technical prowess of these tests, these studies highlighted plas-
tic deformation localizations different from those observed at room
temperature, such as plastic activity near grain boundaries or grain
boundary sliding [11,36,39].

The present paper focuses on capturing and understanding strain
localization events at the microstructure scale in Alloy 718 at temper-
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atures ranging from room temperature to 650 C using high-resolution m
digital image correlation techniques. Strain partitioning, corresponding
to the proportion of in-plane strain intensity for classified microplas-
ticity events, i.e., intragranular slip, slip localization in parallel slip
configuration, and grain boundary sliding, over the whole strain local-
ization events, was quantified at different temperatures via correlative
data between strain maps and EBSD maps.

2. Material and experimental methods

2.1. Material

The material used in the present study was a rolled Alloy 718
Ni-based superalloy sheet of 270 μm with the nominal composition
as follows: Ni–18.5Cr–18.3Fe–5.0(Nb+Ta)–3.0Mo–1.0Ti–0.6Al–0.0.3C
(wt. %). Flat dogbone-shaped tensile specimens were machined from
the sheet in the transverse direction by a laser-cut stencil technique.
Specimens were then heat treated at 1080 ◦C for 1 minutes under
vacuum, then quenched. The standard strengthening treatment was
performed to form appropriate 𝛾 ′′-𝛾 ′-𝛾 metallurgical state : a tempera-
ture ramp of 5 ◦C.min−1; temperature dwells at 720 ◦C for 8 h then at
620 ◦C for 8 h. A cooling rate of 50 ◦C h−1 was carried out between
720 and 620 ◦C and a furnace cooling after 620 ◦C. The resulting mean
grain size was evaluated at 35 μm (excluding twins), and the corre-
sponding microstructure is depicted in Fig. 1. The material presented
a weak texture along the transverse direction and no particular grain
misorientation except 𝛴3 twin boundaries.

2.2. Tensile testing under protective atmosphere

Flat dogbone-shape specimens have a geometry illustrated in
Fig. 2(a) and a thickness of 267 ± 1 μm. Before mechanical testing,
specimen edges were ground with a P1200 SiC paper to remove the
thermally affected region due to the laser-cut stencil technique and
residual stresses. The gage section was then electro-polished with 10 %
perchloric acid in a methanol solution at 20 V for 5 s for further
electron backscattered diffraction (EBSD) characterizations. After EBSD
mapping, specimens were slightly oxidized at 650 ◦C for 15 min in
air then 15 min under vacuum (1-2 ⋅10−5 mbar) to produce a fine
speckle pattern compatible with high resolution-digital image correla-
tion techniques. The speckle pattern results from differential oxidation
of 𝛾 (medium gray background), 𝛾 ’ (dark gray dots), and 𝛾 ’’ precipitates
(white dots) and is depicted in Fig. 1(a),(c) and (d).

Tensile experiments were conducted at room temperature, 350 ◦C,
and 650 ◦C with a MTS Criterion model 43 electromechanical test
system equipped with a 5 kN load-cell and a radiative furnace (MTS-
653.04 model) under air for monotonic tests up to fracture and in an
ultra-high vacuum quartz chamber for interrupted tensile tests. The
temperature was controlled at three locations using R-type thermo-
couples. A vacuum of 2-5 ⋅10−5 mbar was reached before each high-
temperature interrupted test. Baking at 150 ◦C for 20 min was done
before the temperature ramp to reduce water and oxygen physisorption
due to chamber opening to limit oxidation further. A pre-load of
20 MPa was applied during heating, and tensile tests were performed
under constant cross-head displacement (2.5 μm s−1, i.e., a strain rate
f approx. 7-9 ⋅10−5 s−1) after the thermal stabilization of 5 min at the
esting temperature. For monotonic tests under air, contact extensome-
ry was used for direct measurement of the specimen deformation. For
nterrupted tests under vacuum, specimens were measured before and
fter each tensile interruption with a caliper and an apochromatic zoom

icroscope.
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Fig. 1. Illustration of the microstructure and speckle pattern at different scales. (a) Scanning electron micrograph showing the speckle pattern and the grain structure. (b) Inverse
pole figure (IPF) map in reference to the loading direction (LD) showing the grain structure and weak texture. (c) and (d) Speckle pattern in the grain core and the vicinity of
grain boundaries. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Table 1
DIC hardware parameters.

Camera manufacturer ThermoFischer scientific/Everhart–Thornley detector

Camera Model Helios 600i/Everhart–Thornley detector
Electronic column Elstar FEG Schottky
Image Resolution 3072 × 2048 (7 × 7 mosaic with 20 % overlap)
FOV 31.75 × 21.17 μm2

Image Scale 10.3 nm/pixel
Acceleration voltage 10 keV
Probe current 0.69 nA
Working distance 5 mm
Dwell time 20 μs
Patterning technique 15 min oxidation at 650 ◦C
Approx. pattern feature size 3.6 pixel
2.3. High resolution-digital image correlation (HR-DIC) using a scanning
electron microscope (SEM)

High resolution-digital image correlation (HR-DIC) was performed
ex-situ using a field emission gun-scanning electron microscope (FEG-
SEM). The microscope was a Helios 600i from ThermoFischer Scientific
with an Elstar high-resolution electronic column (FEG Schottky). A
mosaic of 7 × 7 micrographs with an overlap of 20 % was collected
before and after tensile interruptions in order to obtain the in-plane
kinematics field for each deformation step. Micrographs were acquired
with a resolution of 3072 × 2048 pixels with a horizontal field of view
of 31.75 μm. FEG-SEM parameters were: an acceleration voltage of
10 keV, a probe current of 0.69 nA, a working distance of 5 mm, and a
dwell time of 20 μs. Specimen alignment was done by iterative rotation
corrections for finding the horizontality of specimen edges from head
to head using the linear stage of the SEM. The acquisition parameters
are summarized in Table 1, as advised by Ref. [41].

The optical flow algorithm was first used to assess regularized
displacement fields [42,43]. The finest level of the multi-scale pyramid
on which the optical flow was computed is equal to 1, the weight of
the smoothness term is 20, the weight of the color constancy term is 5,
3

and the weight of the gradient constancy term is 10. Five iterations of
variational refinement were performed per scale with a patch size of 8
and a patch stride of 3. Kinematics fields using optical flow techniques
were only used for visual representation of the in-plane strain fields
according to the loading direction. Heaviside-DIC (H-DIC) [20,44]
was also applied on the different datasets to capture better discrete
microplasticity, i.e., slip activity, grain boundary sliding, etc. at the
microstructure scale. H-DIC is capable of measuring sub-pixel jumps;
minimal in-plane slipping/sliding amplitude clearly evidenced from H-
DIC were of 0.4 pixel (4 nm or about tens of dislocations). Discontinuity
thicknesses up to 7 pixel (70 nm) maximum were observed. In other
words, the H-DIC technique, based on the quality of this speckle pattern
for high temperature, was capable of dissociating strain localization
separated by 2 times this discontinuity width, i.e., 140 nm. This spacing
is relatively small compared to the one observed in the present study (at
least micrometers). Strain localization events were manually segmented
for each specimen (up to 914, 1014, and 1597 events at room temper-
ature, 350 ◦C and 650 ◦C). Events were then automatically classified
into three categories, i.e., intragranular slip, slip near and parallel to
twin boundary and grain boundary sliding, based on morphological
considerations and position related to the microstructure (proximity
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Table 2
DIC analysis parameters using the optical flow technique [42] and the Heaviside-DIC (H-DIC) technique.

Optical flow H-DIC

Subset Size 8 pixels 41 pixels
Step Size 3 pixels 3 pixels
Subset Shape Function Rigid First gradient - Heaviside
Interpolant Bilinear Bicubic
Matching criterion Zero-normalized sum of square differences (ZNSSD) –
Number of pyramidal scales 5 –
Variational refinement 𝜎=20, 𝛾=10, 𝛼=5 –
Strain step 7 pixels 3 pixels
Fig. 2. (a) Geometry of the tensile specimens (dimensions in mm). (b) Stress–strain
curve of Alloy 718 at room temperature, 350 ◦C and 650 ◦C.

to twin boundaries or grain boundaries. The maximal distance from
the twin boundary or grain boundary was considered of 1 μm (100
pixels)). H-DIC measurements allow the statistical analysis of in-plane
slip amplitude for each category of slip events [45]. DIC analysis
parameters using either the optical flow algorithm or H-DIC techniques
are reported in Table 2.

2.4. Additional characterization techniques

EBSD characterizations were performed before speckle pattern ap-
plication using a JEOL JSM 7100F scanning electron microscope
equipped with a CMOS Symmetry S1 EBSD detector (Oxford Instru-
ments). EBSD maps of 500 × 250 μm were acquired with a square
grid of 0.5 μm in order to obtain the average orientation per grain.
This characterization is important to correlate microplasticity to local
microstructure and crystallographic features. Kernel average misori-
entation (KAM) representations were also calculated using a circular
pattern with a radius of 5 pixels to evidence crystallographic lattice
curvatures.
4

Height maps were acquired using laser scanning confocal microscopy
(LSCM) on the different tensile specimens after the last DIC loading to
capture out-of-plane information from height map measurements. The
microscope was a LEXT Olympus OLS5100 equipped with a 405 nm
wavelength laser. High-resolution topographic measurements were per-
formed using a MPLAPON100XLEXT lens and image resolutions of
4096 × 4096 pixels. The step size of 120 nm allows a resolution of
12 nm. Height difference calculations detailed in Ref. [23,46] were
applied to further combine out-of-plane and in-plane discontinuity
events and relate them to the microstructure. These results are shown
in supplementary material due to insufficient initial topography using
electrochemical polishing.

Small focused-ion-beam (FIB) cross-sections were performed using
a Helios 600i dual-beam microscope from ThermoFischer Scientific
with a Tomahawk ionic column. Large FIB cross-sections were per-
formed using a Lyra3 dual-beam microscope from TESCAN to document
grain morphology, deformation, and damage features in the sub-surface
region.

3. Results

3.1. Macroscopic tensile behavior at the different temperatures

Monotonic tensile tests were performed at room temperature,
350 ◦C and 650 ◦C under air to assess the macroscopic tensile behavior
of the Alloy 718 as a function of the temperature. Stress–strain curves
are shown in Fig. 2(b). Alloy 718 exhibits a gradual drop of mechanical
strength with temperature increase. While the stress–strain response
in the plastic domain is relatively smooth at room temperature and
650 ◦C, the occurrence of Portevin-Le Chatelier (PLC) events, mate-
rialized as jerky flow and stress drops, was found at 350 ◦C. The
0.2% yield strength of Alloy 718 was of 1282, 1143, and 1056 MPa
at room temperature, 350 ◦C and 650 ◦C, respectively. The material
has a moderate strain hardening behavior in this temperature range.
Interrupted tensile tests were then conducted with HR-DIC to document
microplasticity events at different deformation stages for the three
temperatures.

3.2. Surface observation of the microplasticity and texture pattern evolution

Tensile specimens were observed using a FEG-SEM after each inter-
ruption in order to observe microplasticity development at the surface,
early damage development, and surface texture evolution. Some re-
current microplasticity events are shown in Fig. 3 for the different
temperatures. At room temperature and 350 ◦C, slip localization is the
prominent deformation mechanism observed at the specimen surface.
Most intense and out-of-plane slip events appear as white bands across
grains, with potential effects on the algorithm convergence for further
HR-DIC calculations. Slip event density evaluated using slip trace analy-
sis is relatively low compared to prior HR-DIC measurements performed
on similar materials [23,28]. At 650 ◦C, intragranular slip was less
pronounced but still present. Some modification of the surface texture
in the vicinity of grain boundaries seems to highlight strain localization
near grain boundary or even grain boundary sliding. Furthermore, the
texture pattern, i.e., the gray-level contrast, and features, are conserved
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Fig. 3. SEM micrographs in secondary electron mode of specific regions of interests (a), (c), (e) before and (b), (d), (f) after the fourth interrupted tensile step for each temperature:
Observation of microplasticity events and texture pattern evolution.
up to 350 ◦C due to minor oxidation during mechanical testing. How-
ever, tests at 650 ◦C lead to slight surface reactivity due to oxidation
(interference color change between two successive tensile interrup-
tions). This optical surface modification also generates modifications
of the texture pattern, especially in the vicinity of grain boundaries or
the global gray level of given grains. Nevertheless, texture contrast was
sufficiently pronounced and stable to allow for HR-DIC calculations.

3.3. Microplasticity events at room temperature using HR-DIC

HR-DIC was performed using ex-situ FEG-SEM micrographs to eval-
uate the in-plane kinematic fields of the specimen after different defor-
mation steps at room temperature. Fig. 4(a) depicts the grain structure
and orientation of the region of interest. All the tensile interruptions
were performed in the macroscopic plastic regime, the first step being
at 0.1% plastic strain. At such a low deformation level, the most intense
microplasticity events were associated with slip localization parallel
to and near twin boundaries, as depicted by black and green arrows
in Fig. 4(a) and (b), respectively. Intragranular slip events and strain
localization events in the vicinity of grain boundaries (GB) were also
observed. For microplasticity near GB, no particular intragranular ac-
tivity was found in grains adjacent to these GB events (white and green
ellipses in Fig. 4(a) and (b) respectively). Slip activity parallel to and
near TB was found to interact with microplasticity near GB (one event),
5

but a larger region of interest would be necessary to confirm such a
stochastic interaction. At higher plastic strain, intense intragranular
slip activity develops and, in some cases, induces strain localization
in the vicinity of grain boundaries (as indicated by white and red
ellipses in Fig. 4(a) and (d)). This is referred to as slip-stimulated grain
boundary sliding (SSGBS), and shows the importance of intragranular
slip activity adjacent to a grain boundary to have stress accumulation
and grain boundary sliding, as referred in Ref. [47]. This mechanism
mainly developed at 1.9% macroscopic plastic strain. Slip localization
parallel to and near TB appeared particularly intense regardless of the
macroscopic strain level.

3.4. Microplasticity events at 350 ◦C using HR-DIC

Similar analyses were performed at 350 ◦C to depict microplasticity
events at the microstructure scale (Fig. 5). Despite the occurrence of
PLC, microplasticity was found very comparable to the one at room
temperature, i.e., (i) intense slip localization parallel to and near TB re-
gardless of the macroscopic strain level, (ii) an increase in intragranular
slip events with the macroscopic plasticity, (iii) development of SSGBS
with the macroscopic plasticity. Statistical analyses of the slip activity
will aim at a quantitative distinction in microplasticity partitioning at
the grain level between room temperature and 350 ◦C.
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Fig. 4. Region of interest and strain maps at different macroscopic plastic strain levels at room temperature. (a) IPF map in reference to the loading direction (LD). In-plane
deformation along the principal loading direction at (b) 0.1% plastic strain, (b) 0.4% plastic strain, and (b) 1.9% plastic strain. Arrows and ellipses aim at highlighting particular
microplasticity events. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Region of interest and strain maps at different macroscopic plastic strain levels at 350 ◦C. (a) IPF map in reference to the loading direction (LD). In-plane deformation
along the principal loading direction at (b) 0.2% plastic strain, (b) 0.9% plastic strain, and (b) 2.2% plastic strain. Arrows and ellipses aim at highlighting particular microplasticity
events. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Region of interest and strain maps at different macroscopic plastic strain levels at 650 ◦C. (a) IPF map in reference to the loading direction (LD). In-plane deformation
along the principal loading direction at (b) 0.1% plastic strain, (b) 0.5% plastic strain, and (b) 2.1% plastic strain. Arrows and ellipses aim at highlighting particular microplasticity
events. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
3.5. Microplasticity events at 650 ◦C using HR-DIC

HR-DIC measurements were also performed at 650 ◦C (Fig. 6).
Interestingly, strain partitioning at the microstructure scale was found
to be different from tests performed at low and intermediate temper-
atures, even at the onset of microplasticity. Strain localization in the
vicinity of grain boundaries was found at 0.1% plastic strain without
particular interaction with slip activity in adjacent grains (white and
red ellipses in Fig. 6(a) and (b)). Strain localization parallel to and
near TB was also particularly intense. Grain boundary sliding (GBS) and
intragranular slip events multiply and grow in intensity as deformation
increases. Most intense in-plane strain localization events are found at
grain boundaries and twin boundaries, regardless of the loading step.

HR-DIC using an SEM inform on the in-plane components of the
kinematic fields. Post-mortem topographic measurements were per-
formed on the final deformation step using a laser scanning confocal
microscope to evaluate height steps on the surface. The readers should
refer to supplementary material for additional details.

3.6. Early damage development at 650 ◦C from surface observations and
HR-DIC

While the region of interest (ROI) for each HR-DIC measurement
corresponds to a small region of the specimen gage, the whole gage
region was inspected under SEM for each tensile interruption. No
particular crack was observed at RT and 350 ◦C up to 2 % plastic
strain. However, few cracks at grain boundaries or evidence of grain
boundary sliding were observed for tests at 650 ◦C out of the HR-
DIC ROI only at the 4th loading step (Fig. 7). Few FIB notches were
machined at grain boundaries in order to document grain boundary
sliding. Shearing of such features highlighted the concomitant action of
twin boundary sliding and grain boundary sliding at a high temperature
7

(Fig. 7(b)). Gray-level contrast in the vicinity of GB, resulting from
edge effects, also demonstrates the necessity to acquire out-of-plane
kinematics fields to predict better grain boundary sliding.

Twin boundary/grain boundary interactions were also found to
occur in the sampled ROI. The evolution of strain localization from the
3rd to the 4th step of a particular region is illustrated in Fig. 8 along
with the corresponding SEM micrographs. Slip localization parallel to
and near the twin boundary develops first following the [101](111)
active slip system (see e.g. Fig. 6 for previous deformation steps). This
slip localization imposes an intense shearing along the twin plane
with an initial in-plane slip direction nearly 15◦ off the slip trace.
This angle decreased to 10◦ once grain boundary sliding occurred at
the extremity of the twin boundary. For information, the out-of-plane
component of the identified Burgers vector is 45◦ off compared to the
sample surface. This intense slip localization subsequently activated
grain boundary sliding (Fig. 8(a) and (b)) then cracking for larger
deformation (Fig. 8(c) and (d)). This configuration clearly demonstrates
the concomitant action of particularly intense slip localization along TB
leading to early damage in adjacent grain boundaries.

3.7. Early damage development at 650 ◦C in the sub-surface

Cross-sectional observations were conducted to document the sub-
surface microstructure and potential damage development in the vol-
ume. A large FIB-machined cross-section was performed on the HR-DIC
ROI after 2.1 % plastic strain. The dashed lines in Fig. 9(a) and (b)
correspond to the location of the FIB cross-section. EBSD analyses on
the cross-section evidenced high lattice curvature at some grain bound-
ary locations, i.e., near the surface and in the volume. A particular
location near the specimen surface was highlighted in Fig. 9 by a white
arrow based on the occurrence of high lattice curvature and pores
located at the grain boundary (Fig. 9(e-f)). Grains adjacent to this grain
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Fig. 7. Early damage development at 650 ◦C, i.e., grain boundary sliding and GB cracking. (a) Region showing mainly GB cracking, (b) Interaction of slip at TB and GB sliding
highlighted by shearing of FIB notches machined before deformation.
boundary have the following characteristic: loading direction being
mainly aligned with ⟨001⟩ in one grain, and with ⟨011⟩ in the other
one (see e.g. Fig. 9(c)). SEM micrographs in backscattered electron
(BSE) mode depict the presence of pores located at the grain boundary,
corresponding to cavitation and height steps relative to the out-of-plane
sliding at the grain boundary. Such damage was not connected to and
visible from the surface. H-DIC measurements are aimed at measuring
the angle between the displacement jump direction associated with this
grain boundary sliding as a function of the grain boundary trace at the
surface. Interestingly, the displacement jump is nearly perpendicular
to the grain boundary (82.5◦ and 85.5◦). When closely looking at
the microstructure leading to cavitation, some interesting features are
observed, such as (i) high elastic difference due to crystal orientation,
(ii) grain boundary nearly orthogonal to the loading direction both at
the surface and in the cross-section, (iii) sub-surface strain localization
evidenced by high KAM values, (iv) intense slip localization at a TB in
the neighborhood, (v) several slip bands in adjacent grains. It is worth
mentioning that the in large FIB-machined cross-section, cavitation is
sparsely distributed and corresponds to 1 event for 15 grain boundaries
emerging at the surface. No cavitation was found below 3 μm beneath
the surface. The angle between the displacement jump and the grain
boundary trace at the surface ranged from 1.2◦ to 45.5◦ for grain
boundaries having no cavitation. Additional analyses on larger volume
would be necessary to better document the origin of cavitation and
microstructural configurations avoiding it.

Another region of interest was investigated with an inclined cross-
section orientation compared to the loading direction for two grain
boundaries presenting similar inclination traces and strain localization
from surface observation (Fig. 10). A Pt layer was deposited onto the
region of interest using electron then Ga source to avoid curtaining
effects and rounded edges during the cross-section FIB machining (gray
rectangle in Fig. 10(d)). The FIB-machined cross-section revealed the
sub-surface microstructure, and more particularly pores, i.e., cavitation
along the grain boundary on the right-side grain boundary, but not on
the left one (Fig. 10(e) and (f)). Alignment of distinct pores decorated
the grain boundary down to 2 μm beneath the external surface and
did not emerge at the surface. As aforementioned, the grain boundary
experiencing cavitation is nearly vertical in the volume, compared to
the second grain boundary. The angle between the displacement jump
8

and the grain boundary trace at the surface is 82.6◦ for the grain
experiencing cavitation and 52◦ for the grain boundary having no
cavitation. Therefore, morphological considerations of grains have to
be considered for damage development along grain boundary as well as
the orientation of the sliding direction compared to the grain boundary
surface.

Cross-sectional observations aimed at evidencing cavitation at high
temperature occurring for some grain boundaries, but surface strain
localization does not necessarily lead to pores formation in the volume
(Fig. 11). FIB-machined cross-section combined with EBSD measure-
ments aimed at depicting grain boundaries with relatively high lattice
rotation in the volume developing in their vicinity but no cavitation
in the volume. For information, the angles between the displacement
jump and the grain boundary trace at the surface are 46◦ and 54◦.
Small surface cracks were yet observed (approx. 250 nm-long cracks).
Furthermore, slip at TB in the volume also favored large lattice rotation
in adjacent grains due to strain incompatibility from grain to grain
(black arrows in Fig. 11(c) and (d) for instance), generally called
‘‘micro-volumes’’ in the literature [48,49]. KAM maps also highlighted
maximal lattice rotation in the vicinity of grain boundaries for several
grains in the volume.

3.8. Classification and statistical analyses of strain localization events

Data registration then merging using deformation maps (strain
maps, in-plane displacement jump, in-plane slipping/sliding direction)
and EBSD maps, aimed at classifying the different strain localization
events as a function of the microstructure, similarly to Refs. [23,28].
For information, up to 914, 1014, and 1597 events were identified for
the last deformation steps at room temperature, 350 ◦C and 650 ◦C,
respectively. Strain localization was categorized into events occurring
in the vicinity of grain boundary (grain boundary sliding), in the vicin-
ity of twin boundaries, or in a intragranular manner. This classification
aimed at calculating strain partitioning at the microstructure scale, i.e.,
the proportion of in-plane strain intensity for intragranular slip, slip
localization in parallel slip configuration, and grain boundary sliding
over the whole strain localization events. At room temperature, the
fraction of intragranular slip is particularly important and increases

with the plastic strain at the expense of twin boundary events and
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Fig. 8. Interaction between intense slip activity parallel to and near twin boundaries at 650 ◦C leading to (a), (b) grain boundary sliding at 1.1 % plastic strain, then (c), (d) grain
boundary opening at 2.1 % plastic strain. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
grain boundary events (Fig. 12(a)). Such a deformation mechanism
significantly contributes to strain partitioning in the overall deforma-
tion (Fig. 12(d)). Even if the number of strain localization events at
grain boundaries increased at a larger deformation level due to the
occurrence of slip-stimulated grain boundary sliding, the development
of intragranular slip makes the fraction of grain boundary events
decrease with the plastic strain. Interestingly, strain partitioning at
TBs is greater compared to its physical occurrence, confirming that
slip events parallel to and near twin boundaries bear intense in-plane
shearing in the overall deformation. A similar deformation behavior is
observed at 350 ◦C (Figs. 12(b) and (e)). At 650 ◦C, strain partitioning
at the microstructure scale is very different due to the occurrence of
intense strain localization at grain boundaries from the early stage of
plastic deformation. The fraction of intragranular slip is much lower
at similar plastic strain compared to similar events at RT and 350 ◦C
(Figs. 12(c) and (f)). While intragranular slip events increased in num-
ber (Figs. 12(c)), strain partitioning depicts that grain boundary sliding
remains particularly intense and occupies a large proportion of the
overall deformation (Figs. 12(d). Strain localization at twin boundaries
is also greater in strain intensity compared to the occurrence of events,
demonstrating relatively high in-plane shearing parallel to and near
twin boundaries.
9

This statistical approach was applied to the 100 most intense strain
localization events. Interestingly, stacked bar charts in Figs. 12 and
13 show some different trends. As mentioned, strain localization oc-
currence and partitioning are similar at RT and 350 ◦C. Interestingly,
strain localization parallel to and near twin boundaries increased in
number as well as strain partitioning at the expense of intragranular
slip. At 650 ◦C, most intense events are mainly located in the vicinity
of grain boundaries due to the activation of grain boundary sliding.
Despite a lower representation of strain localization at twin boundaries
compared to grain boundaries (in numbers), greater strain partitioning
at twin boundaries highlights that shearing intensity at twin bound-
aries is particularly intense at this temperature. Additional analyses
are also presented in supplementary material to highlight the strain
distribution for each category.

3.9. Crystallographic and morphological aspects on grain boundary sliding

Grain boundary sliding was found to have a significant contribution
to the overall deformation process of Alloy 718 at 650 ◦C. There-
fore, particular attention was paid to grain boundary morphological
and crystallographic aspects to document the onset and intensity of
grain boundary sliding at different temperatures. The grain boundary
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Fig. 9. Sub-surface damage development at 650 ◦C and 2.1 % plastic strain: cavitation at the grain boundary. (a) EBSD map of the specimen surface. The dashed line corresponds
to the FIB cross-section. Gray arrows correspond to the cross-section observation direction. The white arrow highlights the location of a cavitation event. (b) Strain map along
the macroscopic loading direction. (c) EBSD map on the cross-section represented as IPF along the loading direction. (d) Kernel average misorientation (KAM) map. (e), (f) SEM
image in BSE mode depicting pores after two consecutive FIB slicing, i.e., cavitation. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)
morphological orientation corresponds to the 2D angle between the
loading direction and the grain boundary segment between two triple
junctions, as schematically illustrated in Fig. 14(a). Fig. 14(a) to (c)
depicts the influence of the grain boundary morphological orientation
on the occurrence and intensity of grain boundary sliding at the 4th
strain level at RT, 350 ◦C, 650 ◦C. The color code corresponds to
the deformation step at which the strain localization event at grain
boundaries occurs. At room temperature, grain boundary sliding can
be activated at low deformation level for morphological inclination
ranging from 15◦ to 82◦ (dark blue events in Fig. 14(a) and also from
98◦ to 165◦ by symmetry), both extreme angles showing maximal in-
plane shearing (approx. 400 nm). At the onset of plasticity, strain
localization at grain boundary was not necessarily interacting with
intense intragranular slip activity on adjacent grains but can interact
with intense shearing at twin boundaries (Fig. 4). Events occurring
at early deformation levels are generally more intense at the last
deformation step than others. However, few events can be relatively
intense at the last deformation step due to the development of slip-
stimulated grain boundary sliding. The material experienced a similar
behavior at 350 ◦C (Fig. 14(b)). At 650 ◦C, several strain localization
10
events at grain boundaries appear from the first deformation levels with
sometimes morphological inclination ranging from 1◦ to 85◦ (and also
95◦ to 179◦ by symmetry). As for RT and 350 ◦C, the orientation of the
grain boundary trace at the surface seems not to be a particular factor
influencing grain boundary sliding since its 3D orientation/inclination
might be a better morphological parameter. When grain boundaries are
inclined according to the loading direction 15 to 75 ◦ (modulo 90 ◦),
grain boundary sliding is expected. From a morphological standpoint,
90 ◦ would favor opening while 0 or 180 ◦ should inhibit sliding. These
surface considerations related to a macroscopic loading directions are
a first approach but does not consider the three-dimension nature of
the grain boundary and kinematics field. 90 ◦ is not necessarily an
‘‘opening’’ condition since out-of-plane displacement can be observed
for such morphological cases. Such considerations refer to a macro-
scopic loading while strain/stress field at the microscale is highly
heterogeneous in nature, making the analysis not so trivial. In addition,
slip activity in adjacent grains plays a role and can activate grain
boundary sliding regardless of morphological orientation of the grain
boundary. For the 0 or 180 ◦ configuration, the intense grain boundary
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Fig. 10. Sub-surface damage development at 650 ◦C and 2.1 % plastic strain: cavitation at the grain boundary. (a) EBSD map of the specimen surface. The dashed line corresponds
to the FIB cross-section. Gray arrows correspond to the cross-section observation direction. The white arrow highlights the location of a cavitation event. (b) Strain map along
the macroscopic loading direction. (c), (d) Surface observation under SEM in SE mode showing no particular cracking/damage at both grain boundaries. (e), (f) Cross-section
observations showing pores, i.e., cavitation, at a grain boundary. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
sliding was activated due to slip activity in adjacent grains. For the 90 ◦

configuration, grain boundary sliding was found to occur regardless of
the development of plasticity in adjacent grains.

Concerning the influence of the grain misorientation, i.e., the crys-
tallographic configuration, on the onset and intensity of grain boundary
sliding, high angle grain boundaries (HAGB) are particularly prone to
strain localization at grain boundaries at room temperature (Fig. 14(a))
with misorientation leading to maximal strain intensity around 42 ±8 ◦.
Lower angle grain boundary (LAGB) can also activate strain localization
but to a smaller extent in terms of strain intensity. At 350 ◦C, similar
observations are found, but misorientation angles showing the most
intense slip activity are in a broader range. This tendency with the
temperature increase is also observed at 650 ◦C. HAGB is not a neces-
sary condition for grain boundary sliding regardless of the investigated
temperature, but most intense strain localization events are observed
for misorientation angles between 20◦ and 50◦.
11
4. Discussion

4.1. Temperature dependence of deformation mechanisms

In the present study, interrupted tensile tests paired with high-
resolution digital image correlation were conducted from room tem-
perature up to 650 ◦C on a polycrystalline Ni-based superalloy: the
Alloy 718. The material experienced different deformation mechanisms
at the microstructure scale as a function of the temperature. Intragran-
ular slip, slip parallel to and near twin boundaries, and grain boundary
sliding are not present in the same proportion and do not contribute
similarly to the overall deformation depending on the temperature but
also on the macroscopic plastic strain.

At room temperature, the micromechanical response of Ni-based su-
peralloys has been widely investigated using HR-DIC [16,18,20,23,28,
29,50–52]. The classification of the slip localization events with regard



Acta Materialia 268 (2024) 119759D. Texier et al.
Fig. 11. Sub-surface damage development at 650 ◦C and 2.1 % plastic strain: grain boundary cracking at the external surface. (a) EBSD map of the specimen surface. The dashed
line corresponds to the FIB cross-section. Gray arrows correspond to the cross-section observation direction. The white arrows highlight the location of grain boundaries of interest.
(b) Strain map along the macroscopic loading direction. (c) EBSD map on the cross-section represented as IPF along the loading direction. (d) Kernel average misorientation (KAM)
map. (e), (f), and (g) SEM images showing no cavitation but surface grain boundary cracking. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
to microstructural features has been reported in the literature for a
similar Alloy 718 from surface observations [23] but also from volume
characterizations using laser-based destructive 3D reconstruction tech-
niques [28]. The present results agree well with the existing literature
in terms of slip events classification as a function of the deformation
level and the strain partition. Intense strain localization in the vicinity
of twin boundaries is observed at the onset of plasticity but also at
higher deformation levels (Figs. 12 and 13). This elementary deforma-
tion mechanism has been largely investigated by Stinville et al. [27,30,
12
53] and can find an explanation both in a large difference in elastic re-
sponse between the twin and parent grain and a relatively high Schmid
factor. Such microplasticity was demonstrated to be deleterious in
terms of damage development under cyclic stresses up to intermediate
temperature [27,53,54]. Furthermore, high density of intragranular slip
events are intensively developing above the macroscopic yielding [23]
and studied in previous HR-DIC studies [16,18,20,23,28,29,50–52].
The ‘‘highest’’ Schmid factor criterion is in average respected to de-
scribe intragranular slip activity for Ni-based superalloys. Despite the
high propensity of intragranular slip events compared to slip parallel
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Fig. 12. Classification of strain localization and strain partitioning at the microstructure scale for different deformation levels and temperatures for all the strain localization events.
Fraction of event occurrence as a function of the macroscopic plastic strain at (a) RT, (b) 350 ◦C, and (c) 650 ◦C. Strain partitioning as a function of the macroscopic plastic
strain at (d) RT, (e) 350 ◦C, and (f) 650 ◦C. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 13. Classification of strain localization and strain partitioning at the microstructure scale for different deformation levels and temperatures for the 100 most intense strain
localization events. Fraction of event occurrence as a function of the macroscopic plastic strain at (a) RT, (b) 350 ◦C, and (c) 650 ◦C. Strain partitioning as a function of the
macroscopic plastic strain at (d) RT, (e) 350 ◦C, and (f) 650 ◦C. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)



Acta Materialia 268 (2024) 119759D. Texier et al.
Fig. 14. Influence of the grain boundary morphological orientation on the onset and intensity of grain boundary sliding at (a) RT, (b) 350 ◦C, (c) 650 ◦C. Influence of the grain
misorientation, i.e., the crystallographic configuration, on the onset and intensity of grain boundary sliding at (a) RT, (b) 350 ◦C, (c) 650 ◦C. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
to and near twin boundaries, this latter elementary mechanism con-
tributes to a high fraction of the overall deformation (Fig. 13). As grain
boundary sliding/strain accumulation at grain boundaries is concerned,
slip localization at twin boundaries was found to participate in the acti-
vation of microplasticity at grain boundaries at the onset of the plastic
deformation. Higher deformation levels favor the occurrence of slip-
stimulated grain boundary sliding, as reported in the literature [29].
Mechanisms at 350 ◦C were found similar despite the presence of PLC
events during tensile testing, leading to jerky flow on the macroscopic
stress–strain curve but also intense deformation bands at the mesoscale
related to stress drop events. Strain partitioning at the microstructure
scale inside and outside a PLC band is of high interest but was not
considered here based on the small region of interest for HR-DIC. Mello
et al. performed fatigue experiments paired with HR-DIC at 300 ◦C
on a polycrystalline Ni-based superalloy (RR1000). Using slip trace
analysis on strain field maps, they evidenced that the octahedral slip
activity is solely represented at this temperature [40], as found in the
present paper. Zhao et al. [52] found similar deformation mechanisms
at 450 ◦C on an LSHR powder metallurgy alloy under fatigue testing
using SEM-DIC and electron channeling contrast imaging (ECCI).

At 650 ◦C, microplasticity was found different for Alloy 718, grain
boundary sliding being particularly intense regardless of the macro-
scopic deformation level. Grain boundary sliding occurred without the
mediation of slip activity in adjacent grains, demonstrating the differ-
ent nature of this elementary mechanism compared to slip-stimulated
grain boundary sliding. Based on the cavitation process and rounded
morphology of the pores, this deformation mechanism at grain bound-
aries seems to be a diffusion creep phenomenon, also denoted ‘‘Coble
creep’’ in the literature [55]. While the kinematics order is different,
the deformation mechanism at grain boundaries, assisted/enhanced
or not by slip activity in adjacent grains, can be similar in nature.
Grain boundary sliding is thus thermally activated, considering the
concentration gradient of vacancies participating in the diffusion pro-
cess along grain boundaries. Vacancy participation is also confirmed
by the presence of pores at grain boundaries (see e.g. Figs. 9 and
10). This aspect will be further discussed in the section dedicated
to grain boundary sliding and cavitation. Additional characterization
14
are yet necessary to clearly attribute such grain boundary sliding as
Coble creep mechanisms. Dislocation glide can also be considered or
also participate. Strain accumulation at grain boundaries and grain
boundary sliding was also found for other Ni-based superalloys up
to 850 ◦C using micro-grids techniques [10,11,32,39,56]. The spa-
tial resolution of the microgrid [39,56] or microgrid plus sparsely
distributed dots [10,11,32] was not sufficient to differentiate strain
accumulation at grain boundaries from grain boundary sliding on strain
maps. However, discrete shearing of microgrid clearly evidenced grain
boundary sliding of superalloy at high temperature. Grain boundary
sliding was observed more pronounced compared to intragranular slip
under creep testing due to diffusive consideration under a steady
loading condition, thus favoring the visco-plastic deformation at the
microstructure scale [36,39]. In addition, Mello et al. evidenced the
development of cubic slip activity in addition to the octahedral slip
activity when increasing temperature up to 700 ◦C [40]. The authors
reported the occurrence of cubic slip events for 1 % macroscopic strain
at 550 ◦C and at lower deformation levels at 700 ◦C. However, they
did not observe evidence of grain boundary sliding in this temperature
range. This observation can be explained by the phase constitution of
the studied material, i.e., the RR1000 with 𝛾 ’ strengthening precipitates
and the Alloy 718 with 𝛾 ’’-𝛾 ’ strengthening precipitates. 𝛾 ’’, being less
stable at 650 ◦C compared to the 𝛾 ’ phase, can be subject to diffusion
processes favoring diffusion creep mechanisms and subsequently, grain
boundary sliding. Stinville et al. also reported octahedral slip activity at
650 ◦C on a René88DT 𝛾 ’-strengthened Ni-based superalloy without the
occurrence of cubic slip systems and grain boundary sliding up to 1 %
plastic strain [34]. These findings support improved mechanical prop-
erties at high temperature of 𝛾 ’ strengthening precipitates compared
to 𝛾 ’’ strengthening precipitates Ni-based superalloys above 650 ◦C.
However, they yet evidenced the importance of slip localization parallel
to and near twin boundaries at 650 ◦C, leading to early oxidation-
assisted cracking at twin boundaries under cyclic testing. In the present
study, intense slip localization was also found at twin boundaries and
only octahedral slip activity based on statistical slip trace and slip
system analyses using H-DIC information merged with EBSD maps. Slip
parallel to and near twin boundaries was found particularly intense
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and interacted with grain boundaries leading to early grain bound-
ary cracking/opening (Fig. 8). EBSD analyses in the sub-surface also
evidenced a high degree of micro-rotations in grains adjacent to slip
activity near a twin boundary demonstrating the particular role of
twin boundaries in terms of microplasticity (Fig. 9). Intragranular slip
was generally not intense enough to induce such plasticity transfer in
adjacent grains. Carter et al. also reported a particularly intense strain
localization/accumulation at high temperatures on a Rene-104 Ni-
based superalloy [32]. They evidenced very little intragranular strain
accumulation at high temperatures, and annealing twin boundaries
played an important role in strain localization sites. However, they
also demonstrated the role of grain boundary structure using SEM-
DIC techniques on serrated grain boundary structure, showing a lower
contribution of grain boundary sliding to the overall strain accommo-
dation. Therefore, the three-dimensional grain morphology and grain
size play a key role in the grain boundary sliding intensity. Further
three-dimensional characterizations similar to Charpagne et al. using
Tribeam techniques [28] or Ludwig and Proudhon et al. using diffrac-
tion contrast tomography (DCT) and topotomography [53] would be
beneficial to identify the grain morphology as well as crystal lattice
rotation thanks to diffraction techniques.

4.2. Cavitation associated with grain boundary sliding/cracking

Grain boundary sliding was evidenced at 650 ◦C for Alloy 718
sing HR-DIC (Fig. 6). While oxidation-assisted intergranular crack-
ng has been widely investigated for the Alloy 718 due to potential
xygen diffusion and/or vacancy injection at grain boundaries under
ir and dynamic diffusion/deformation processes [57–60], intergran-
lar cracking of Alloy 718 still remains valid under vacuum for low
train rate conditions. Different damage mechanisms at grain bound-
ries were found (i) faceted cracks at grain boundaries (Figs. 7 and
) and (ii) voided-grain boundary sliding (Figs. 9 and 10). Voided-
rain boundary sliding, i.e., cavitation, was only observed for two
xamples and required more sub-surface observations to confirm the
epresentativeness of the event.

For faceted cracks at grain boundaries, grain boundary sliding can
e at the origin of such granular fractures due to intense strain localiza-
ion events at grain boundaries, even in the absence of slip activity in
djacent grains. However, larger deformation levels impose intragran-
lar slip to populate grains, leading to additional strain accumulation
t grain boundaries due to single slip/multiple slip events. Stinville
t al. [61] investigated creep-deformation in a DS200 superalloy using
esoscale DIC and reported that intergranular cracks form at high

ngle grain boundaries separating grains with a relatively low rotation
e.g. ⟨001⟩ oriented grains) and a grain favorably oriented for single
lip activity with a relatively high Schmid factor. HAGB was found
o be a condition favoring grain boundary sliding, especially at early
eformation levels (Fig. 14). In addition, grain morphology at the
urface and also in the volume play a significant role in the sliding
ctivity, as well as the displacement jump direction in regard to the
rain boundary orientation. Inclined grain boundaries in reference to
he loading direction might favor mode II grain boundary sliding.
owever, this surface and subsurface morphological consideration is
ot sufficient to fully dissociate grain boundary sliding, that is a mode
I-dominated deformation process, compared to grain opening, that is
mode I-dominated deformation process. Therefore, three-dimensional
inematics are necessary to state on these deformation modes since
ut-of-plane height steps at the surface would be informative of grain
oundary sliding. In addition, local stress concentration in the vicinity
f triple junctions, in combination with other grain boundary defor-
ation, might lead to local grain boundary weakening, cavitation and

hen cracking. In addition, intense slip activity parallel to and near
win boundaries was also found to interact and weaken adjacent grain
oundaries at their extremities, leading to particular grain bound-
ry opening/cracking (Fig. 8). Such microstructural configurations are
15

resent due to annealing twins in the material. y
For voided-grain boundary sliding, vacancy aggregation under the
influence of stress and vacancy supersaturation could induce void
growth at grain boundary under diffusive creep [55,62–67]. Vacancies
are maintained near equilibrium as a result of applied stress, leading to
void formation at grain boundaries. Even if such damage mechanisms
are generally reported for creep testing, tensile tests were performed
at a relatively low strain rate, enabling viscoplastic contribution at the
microscale during monotonic loading. Additional details on both the
nucleation and growth of voids at grain boundaries, in the presence
or not of slip activity, are well described in Ref. [67]. In the present
study, voids are present at grain boundaries at hundreds of nanometers
beneath the external surface but not in the bulk material. The surface is
a particular boundary condition due to deformation capabilities in the
presence of a ‘‘free-surface’’ but also due to potential surface reactivity.
Larger deformation can occur at a free-surface due to dislocation escape
and surface roughening capabilities that neighboring grains cannot
offer (grain confinement in the volume). Even if high vacuum limits oxi-
dation, chromia-forming alloys are still reactive at 650 ◦C, and dynamic
embrittlement remains possible due to vacancy injection under cationic
oxidation mechanisms. The color of the specimens slightly changed
after each deformation step but resulted in an increase of 20 to 50 nm
of the external oxide scale owing to the change in color. Therefore,
cavitation near the surface and not in the volume can also originate
from the slight oxidation, greater for interrupted tests compared to
monotonic tests due to transient heating phases leading to increased
thermal exposure. In addition, void formation can also result from cool-
ing for SEM observation, leading to potential vacancy condensation.
Such intense microplasticity can thus interact with grain boundary and
lead to slip-induced void nucleation or grain boundary sliding. In the
present study, morphological as well as crystallographic considerations
aimed at describing parameters leading to grain boundary cavitation.
Kinematics fields at the specimen surface aimed at highlighting that
displacement jump related to grain boundary sliding nearly normal to
the grain boundary trace (mode I stress condition) at the surface favors
sub-surface grain cavitation if the grain boundary is nearly vertical in
the volume and has a misorientation angle higher than 20◦. Van der
Giessen et al. [66] numerically investigated grain boundary cavitation
and sliding at grain facets normal, inclined, and transverse to the max-
imum principal tensile stress and found the importance of orthogonal
grain boundaries to the maximum principal loading direction to form
cavitation and micro-crack.

4.3. Crystallographic slip and morphological sliding: a necessity to assess
3D kinematics field at the microscale

Previous discussions on microplasticity and damage development
at the microstructure scale were done using in-plane strain field mea-
surements. However, assessment of the out-of-plane component is of
prime importance at elevated temperature due to the morphological
sliding or opening of grain boundaries under stresses. In the present
investigation, only post-mortem topographic analyses were performed
using laser scanning confocal microscopy for informative and qual-
itative observations, as illustrated in supplementary material. The
uality of the surface preparation prior to deformation was not enough
o combine height step for each strain localization events for statistical
D characterization of the microplasticity. The 3D kinematics field at
he microscalebe will be further investigated in future work considering
he initial topography of the sample, similarly to Ref. [23].

At room temperature and 350 ◦C, octahedral slip activity was
ostly distributed intragranularly, and parallel to and near twin bound-

ries. Such slip activity is crystallographic and can be identified using
n-plane kinematics fields to measure the cumulated Burgers vector pro-
ected onto the observation surface and EBSD measurements. In-plane
eformation analysis may be sufficient for crystallographic slip. Still,
ocalized slip mechanisms can be complex, and three-dimensional anal-

sis of these surface displacement discontinuities is essential to quantify
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the actual slip amplitude due to the activation and interaction of several
active systems or morphological slip (slip at grain boundaries, inter-
faces, interphases, etc.). Necessity of three-dimensional measurements
was demonstrated by Liu et al. for multiple slip activity in the same
slipping plane parallel to and near a twin boundary [23]. Although the
resolution and spatial repeatability of optical observation methods are
inferior to those of scanning electron microscopy, laser scanning confo-
cal microscopy (LSCM) at short wavelengths offers a decisive advantage
in the three-dimensional identification of local relative displacements
of a few tens of nanometers [23,24]. For smaller displacements, atomic
force microscopy remains the most effective tool but is limited in the
region to be investigated [29,68–74]. Such out-of-plane component
identifications are essential for three-dimensional deformation that
cannot be easily estimated from in-plane measurement, such as mor-
phological sliding related to grain boundary sliding. For grain boundary
sliding and damage development, topographic measurements in con-
junction with three-dimensional subsurface microstructure knowledge
are most crucial. This measurement of three-dimensional kinematics at
high temperature will be the subject of further examination using either
combinational SEM plus LSCM imaging or solely LSCM.

5. Conclusions

High-resolution digital image correlation (HR-DIC) measurements
were conducted on an Alloy 718 from room temperature up to 650 ◦C
o document strain localization development in the early plastic defor-
ation domain at the microstructure scale. Data registration and merg-

ng techniques using EBSD information and kinematics fields aimed at
dentifying and classifying strain localization events as a function of
he interaction with the microstructural features, i.e., intragranular slip,
lip localization parallel to and near twin boundaries and grain bound-
ry sliding. While Alloy 718 has been intensively investigated at room
emperature, the deformation and early damage mechanisms identified
nd their statistical analysis at intermediate and high temperatures
onstitute the originality of the present work. It aimed to inform on the
ntergranular fracture occurring at high temperature and relatively low
train rates for this material. Alloy 718 experienced similar microplas-
icity at room temperature and 350 ◦C, strain partitioning being mainly
istributed near twin boundaries and intragranularly. Grain boundary
liding up to intermediate temperature is relatively insignificant but
ncreases due to the apparition of slip-stimulated grain boundary slid-
ng above 1 % plastic strain. At 650 ◦C, strain localization at grain
oundaries is particularly intense and not necessarily assisted by slip in
djacent grains. Different damage mechanisms were identified: (i) grain
oundary cracking/opening due to intense slip activity at an adjacent
win boundary, (ii) diffusive cavitation at grain boundaries, (iii) grain
oundary cracking. Kinematics fields and cross-sectional information
n the microstructure helped to identify deformation modes favor-
ng the occurrence of cavitation at grain boundaries, i.e., orthogonal
rain boundary relative to the loading direction, a sliding direction
early perpendicular to the grain boundary trace at the surface, a rela-
ively high grain misorientation. Laser scanning confocal microscopy
LSCM) aimed to evaluate the out-of-plane deformation component,
articularly necessary for evaluating grain boundary sliding due to its
orphological sliding character.
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