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Abstract

The high-temperature tensile deformation and damage mechanisms of selective laser melting (SLM)-fabricated
Inconel 718 were investigated by combining macroscopic uniaxial tensile testing with in-situ SEM/EBSD char-
acterization at 500°C. Specimens extracted along horizontal and vertical build orientations exhibited compa-
rable yield strengths, while the horizontal specimen showed a slightly higher ultimate tensile strength of 1330
MPa than the vertical specimen of 1280 MPa. The elongation ranged from 6% to 8.5%, and pronounced ser-
rated flow behavior was observed during tensile deformation. The vertical specimen exhibited more frequent
B-type serrations, indicating a stronger tendency toward plastic instability. Fractographic observations revealed
orientation-dependent fracture characteristics: the horizontal specimen mainly exhibited ductile dimple fracture
with limited cleavage facets, whereas the vertical specimen showed river-like patterns, flat fracture regions,
and inclusion-associated crack initiation. In-situ tensile observations further revealed the progressive evolu-
tion of surface slip traces, lattice rotation, KAM distribution, and GND accumulation. Grain boundaries and
twin boundaries affected local slip transmission and deformation compatibility, while second-phase particles
and triple junctions promoted local stress concentration, dislocation pile-up, additional slip-system activation,
and particle cracking. Local IPF-X analysis further indicated pronounced crystallographic orientation evolution
near crack tips and second-phase particles, which was associated with deformation-induced lattice rotation
and orientation rearrangement. These results provide direct experimental evidence for understanding grain-
scale deformation, strain localization, and damage initiation in additively manufactured Ni-based superalloys
under high-temperature tensile loading.

Keywords: Superalloys, Additive Manufacturing, High-temperature Tensile Behavior, Grain Boundary Dam-
age, In-situ Tensile Testing

1. Introduction

Nickel-based superalloys have been widely used in aero-engine and gas-turbine components be-
cause of their excellent combination of high-temperature strength, corrosion resistance, oxidation
resistance, and microstructural stability. Among them, Inconel 718 (IN718) is one of the most ex-
tensively applied precipitation-strengthened Ni-based superalloys, deriving its mechanical strength
mainly from the precipitation of ¥’ and y phases within the face-centered cubic y matrix. With the
increasing demand for geometrically complex and lightweight aerospace components, additive man-
ufacturing (AM), especially selective laser melting (SLM) or laser powder bed fusion (LPBF), has
attracted considerable attention for fabricating IN718 components with near-net-shape capability and
high material utilization [}, 2].
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However, the rapid melting and solidification characteristics inherent to SLM result in microstruc-
tures that differ substantially from those produced by conventional wrought or cast processing. Typ-
ical SLM-fabricated IN718 exhibits cellular/dendritic substructures, crystallographic texture, resid-
ual stress, chemical microsegregation, and processing-induced defects. In particular, Nb segre-
gation during solidification promotes the formation of interdendritic Nb-rich Laves phases and car-
bides, which can strongly influence the subsequent heat-treatment response and mechanical per-
formance [3-5]. The anisotropic thermal history associated with layer-wise fabrication also leads
to orientation-dependent grain structures and mechanical properties, making it necessary to clarify
the relationship between build orientation, local microstructure, and high-temperature deformation
behavior [5].

For high-temperature applications, the deformation and damage behavior of AM IN718 cannot be
fully understood from macroscopic stress—strain curves alone. At intermediate and elevated temper-
atures, IN718 is prone to serrated flow associated with dynamic strain aging, which originates from
interactions between mobile dislocations and diffusing solute atoms [6]. Such plastic instability may
enhance strain localization and promote heterogeneous deformation at the grain scale. Meanwhile,
microstructural features such as grain boundaries, annealing twin boundaries, pores, inclusions, car-
bides, and Laves phases can act either as barriers to slip transmission or as preferential sites for strain
concentration and crack initiation. In particular, Laves phases have been reported to reduce ductility
and toughness and to serve as preferential crack initiation and propagation sites when present in
continuous or coarse forms [7].

Grain-scale deformation in polycrystalline superalloys is strongly affected by the compatibility of slip
systems across interfaces. Grain boundaries and twin boundaries may either transmit slip or induce
dislocation pile-up, depending on the local crystallographic orientation relationship and the active
slip systems. These local interactions can produce geometrically necessary dislocation (GND) ac-
cumulation, lattice rotation, and strain localization, which eventually contribute to damage initiation.
Therefore, direct observation of deformation evolution under load is essential for identifying the mi-
crostructural origins of fracture in AM Ni-based superalloys. In-situ tensile testing combined with
scanning electron microscopy (SEM) and electron backscatter diffraction (EBSD) provides an effec-
tive route to correlate surface slip traces, crystallographic orientation, local misorientation, and GND
density during progressive deformation [8].

Although extensive studies have investigated the processing, microstructure, heat treatment, and
mechanical properties of SLM-fabricated IN718, the deformation compatibility among grain bound-
aries, twin boundaries, and second-phase particles under high-temperature tensile loading remains
insufficiently understood. In particular, direct evidence linking local slip transfer, GND accumulation,
second-phase particle cracking, and final fracture behavior is still limited. Such information is impor-
tant not only for understanding the failure mechanism of AM IN718, but also for providing experimental
support for physics-based constitutive and damage models.

In this study, SLM-fabricated IN718 specimens with different build orientations were investigated
under high-temperature tensile loading. Macroscopic uniaxial tensile tests were first conducted to
evaluate the orientation-dependent mechanical response and fracture characteristics. Subsequently,
in-situ tensile testing at 500 °C was performed in combination with SEM and EBSD characterization to
track the evolution of surface slip traces, crystallographic orientation, grain orientation spread (GOS),
kernel average misorientation (KAM), and GND density. Special attention was paid to the roles of
grain boundaries, annealing twin boundaries, and second-phase particles in deformation compatibil-
ity, local strain localization, and damage initiation. The results provide insight into the grain-scale frac-
ture and grain-boundary damage mechanisms of AM Ni-based superalloys under high-temperature
tensile loading.

2. Materials and experimental methodology

2.1 Material processing and Specimen fabrication

This study employed the Selective Laser Melting (SLM) process to fabricate the materials. Figure ]
illustrates the preparation workflow of the material blanks: Figure[fla shows the microscopic morphol-
ogy of the metal powder used in additive manufacturing, Figure [Tb presents a schematic illustration
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of the SLM process, Figure [Tk outlines the printing and specimen sampling strategy, and Figure [1d
depicts the heat treatment regime applied to the as-fabricated blanks. Following the extraction of
uniaxial tensile round bar specimens, the residual material was utilized to prepare in-situ tensile test
specimens. The sampling orientations are illustrated in Figure [2] including the vertical and horizontal
directions.
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Figure 1 — Schematic illustration of the sample preparation process: (a) metal powder; (b) schematic
illustration of the SLM process; (¢) printing and sampling strategy; (d) heat treatment regime.
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Figure 2 — Schematic illustration of in-situ tensile specimen sampling.
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2.2 High-temperature monotonic tensile testing and in-situ tensile testing

Uniaxial tensile tests were performed on a hydraulic servo-controlled testing machine (as shown
in Figure [3p). The displacement speed of the crosshead was controlled and maintained at a low
loading rate to minimize the influence of strain rate sensitivity. In-situ tensile tests were conducted
using an in-situ tensile stage, with specimens securely mounted inside the sample chamber of a
scanning electron microscope (SEM) equipped with an EBSD detector via a custom-designed fixture
(as shown in Figure [3p).

] TénsileTm)du]e 3

Figure 3 — Schematic illustrations of the test setup for (a) uniaxial tensile testing and (b) in-situ
tensile testing.

3. Results

3.1 Initial microstructure characterization

Figure 4| presents the initial microstructure of two samples with different build orientations. As shown
in Figure [p, the printing strategy leads to distinct crystallographic textures in each orientation, and
annealing twins are extensively observed. The KAM maps reveal no significant initial dislocation
density on the sample surfaces, indicating low residual strain. The GOS maps show that the material
consists predominantly of recrystallized grains, although regions of partially recovered microstructure
are still present locally. Figures [4p and [t display the grain size distribution and misorientation dis-
tribution for the two orientations, respectively. Approximately 62% of grain boundaries exhibit a 60°
misorientation, consistent with the characteristics of coherent twin boundaries.
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Figure 4 — Initial microstructure morphology of the sample: (a) IPF, KAM, and GOS maps for two
orientations, (b) grain size distribution, and (¢) grain boundary misorientation distribution.
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3.2 Uniaxial tensile test results and fracture surface

Figure [9| presents the uniaxial tensile test results for specimens built along two different orienta-
tions. Figure |[5b shows a magnified view of the region enclosed by the red box in Figure 1a. The
ultimate strength of the Horizontal-direction specimen (1330 MPa) is slightly higher than that of the
Vertical-direction specimen (1280 MPa), whereas their yield strengths are comparable. Elongation
values exhibit moderate scatter, falling within the range of 6% to 8.5%. Furthermore, as illustrated
in Figure [Bp, the alloy displays typical serrated flow behavior under the temperature and strain rate
conditions employed in this study. Such behavior has been widely reported in additively manufac-
tured nickel-based superalloys [9, [10]. In this work, a combination of B-type and C-type serrations
was observed, with B-type serrations occurring more frequently during the tensile deformation of the
Vertical-direction specimen, indicating a greater tendency toward plastic instability in this orientation.
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Figure 5 — (a) Stress-strain curve of uniaxial tensile specimens; (b) Local magnification of the region
within the red box in (a).

Figure [6] presents SEM observations of the fracture surfaces from the two orientations, where sub-
scripts 1 to 4 denote images at increasing magnifications. As shown in Figure [a,, the fracture mode
of the Horizontal-direction specimen is predominantly ductile, characterized by well-developed dim-
ples (see Figure [Bu), along with a small number of cleavage facets. Clear cleavage planes are ob-
servable in Figures [, and [Bgs. In contrast, the Vertical-direction specimen exhibits distinct fracture
features: river-like patterns are distributed around the nearly parallel fracture surface (Figure [6p;),
and inclusion particles are visible on the flat fracture surface (Figure [6b,). A higher-magnification
image (Figure [Bps) reveals these morphological details more clearly. Moreover, inclusions of similar
size are observed at the root of the dimples, strongly suggesting that these inclusions act as the
primary sites for crack initiation.
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Figure 6 — SEM observation of fracture surfaces in (a) horizontal orientation and (b) vertical
orientation; subscripts 1-4 indicate magnified images at different magnification levels.
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3.3 In-situ tensile test results

Figure[7|presents the results of the in situ tensile test of the Horizontal specimen at 500,° C. In Fig.[7a,
six representative moments during the tensile process, denoted as |-VI, were selected for SEM/EBSD
characterization. From top to bottom, the images correspond to the surface morphology, inverse
pole figure (IPF) orientation map, and kernel average misorientation (KAM) distribution, respectively.
Figure [7pb shows the corresponding load—displacement curve, in which the six moments marked in
Fig. are indicated. These stages are defined as follows: |, initial state; Il, yielding point; 1I/1V,
continued loading stages; V, maximum load point; and VI, fracture point.

It can be seen that, with increasing load, the specimen surface gradually evolved from an initially
smooth polished state to a distinctly uneven morphology. In the SEM image of the initial state, a
small number of circular pores can be observed, as indicated by the white arrows. At the initial
state (l), the KAM map shows only a low level of residual strain inside the material, which can be
mainly attributed to the release of residual strain by the post-processing annealing treatment. As the
load increased and the specimen reached the yielding stage (ll), obvious slip traces appeared on
the surface, accompanied by pronounced local surface undulations caused by lattice rotation. At this
stage, no significant dislocation accumulation was observed inside the relatively large grains. Instead,
dislocations were mainly concentrated in small grains between larger grains, near grain boundaries,
and around twin boundaries.

With further loading (Il and 1V), the surface roughening became more pronounced, and the disloca-
tion accumulation reflected by the KAM distribution increased significantly. When the load reached
stage 1V, slip had occurred in almost all grains except for a few isolated ones. In addition, obvious
intragranular orientation changes were observed in some grains, such as the region marked by the
black arrow in Fig.[7a-1V. At the maximum load point (V), the dislocation density reached its peak and
was mainly concentrated in regions containing fine grains. At the final fracture stage (VI), the orienta-
tions of most grains had changed considerably, and pronounced dislocation concentration near grain
boundaries could be clearly observed, as indicated by the dark red arrows.

To further quantitatively analyze the evolution of local strain at different loading stages, the KAM
count distributions of each stage were extracted and plotted in Fig. [7c. Theoretically, since each
image contains the same number of pixels, the area under each KAM count curve should remain
identical. Both the peak intensity and peak position changed significantly with increasing load. In the
initial state (1), the KAM count distribution was relatively concentrated, and the peak corresponded to
a low KAM value, indicating that the material was in a relatively uniform low-residual-strain state. As
the load continued to increase, the peak of the KAM count distribution gradually decreased, while the
peak position shifted toward higher KAM values. This indicates that the overall strain level increased,
while the internal strain distribution gradually evolved from a uniform state to a more heterogeneous
and localized state.
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Figure 7 — In-situ tensile test results for the horizontal specimen at 500°C: (a) SEM/EBSD images at
different stages of the tensile process (I-VI); (b) load-displacement curve with corresponding stages
marked; (c) KAM count distribution at each stage.
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4. Discussion

Figure [8| presents enlarged observations of selected regions at different loading stages. Specifically,
Figure [Ba—d correspond to loading stages II-V in Figure [7] respectively, while the subscripts 1-
4 denote the SEM surface morphology, IPF map, GOS map, and GND density map, respectively.
The GND density was estimated based on the method proposed by Kubin and Mortensen [11], as

expressed by
ab
PGND = b (1)

where « is a constant related to the boundary type. For a pure tilt boundary, o = 2, whereas for a
pure twist boundary, o =4 [12]. 6 is the local misorientation angle, which is commonly characterized
by KAM; d is the EBSD step size; and b is the magnitude of the Burgers vector. In this study, o
was taken as 3, b was taken as the magnitude of the 0.5(110)-type Burgers vector, and the EBSD
step size d was 0.12 um. It should be noted that the legends or color scales for all types of images
in Figure [8| are only shown in Figure [8a, and the subsequent images, namely Figure [8pb—d, use the
same legend and color-scale settings.

At the yield-point load, pronounced slip traces were observed on the specimen surface. Over most
regions of this grain boundary, no significant barrier effect against slip transmission was observed.
As a result, the slip traces formed in G1 could continuously extend into G2, thereby promoting co-
ordinated deformation between the two grains, as indicated by the black arrows in Figure [8a1. This
phenomenon is also supported by the GOS distribution in Figure [8as;, where no pronounced strain
localization can be observed within the corresponding grains at this stage. The GND distribution
further indicates that the dislocation distribution inside the grains remains relatively uniform.
However, it is worth noting that a distinct region of dislocation accumulation appears at the boundary
between G1 and G2, as marked by the red circle in Figure [8pas. Combined with the surface morphol-
ogy shown in Figure[8a,, it can be inferred that the dislocation pile-up in this region may be associated
with a small second-phase particle. This particle induces local deformation incompatibility and stress
concentration, thereby activating another slip system in G2, as indicated by the yellow arrow. Mean-
while, a slip band composed of dense slip traces can be observed near the circled region, further
suggesting locally intensified plastic deformation at this site.

As the load further increased, similar deformation mechanisms were also observed in other regions.
As shown in Figure |8b;, G3 and G3' form a twin pair, with G3’ being a typical annealing twin. Based
on the orientations of the surface slip traces, the possible intersections between the active slip planes
and the specimen surface were drawn in Figure [8b;. Slip traces with similar inclination angles were
marked using the same color. In addition, two red circles were used to mark a suspected Nb-rich
second-phase particle located at the grain boundary and a triple-junction region, respectively.

The suspected second-phase particle is located near the junction of G3, G3’, and G4, and exhibits
obvious cracking. The orientation of its fracture surface is close to that of the major slip traces in
G4, as indicated by the cyan arrow, suggesting that the cracking of this particle may originate from
local deformation incompatibility induced when dislocation slip within the matrix is transmitted to the
surface. Due to the difference in plastic deformability between the second-phase particle and the
matrix, stress concentration is prone to develop around the particle, eventually leading to cracking of
the brittle second-phase particle.

Similar to the phenomenon observed in Figure [8a;, another slip system was activated near the
second-phase particle in addition to the primary slip system in G4, as indicated by the yellow ar-
row, whereas the primary slip traces are marked by the cyan arrow. Considering the crystallographic
orientations of G2 and G4, together with the consistency of the observed phenomena in these two
regions, it is reasonable to conclude that such second-phase particles play an important role in trig-
gering the activation of additional slip systems. Further evidence for this interpretation will be provided
by another observation discussed below.

In addition, because the second-phase particles and the triple-junction region impose strong con-
straints on local plastic deformation, pronounced GND accumulation appears at these locations, as
marked by the three red circles in Figure [8cs. However, the dislocation pile-up caused solely by the
grain boundary does not activate an additional slip system, indicating that the second-phase patrticle

10
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is more likely to be the key factor responsible for this phenomenon than an ordinary grain boundary.
The low-magnification image in Figure [8c; provides further evidence supporting this mechanism. In
Figure 8k, four relatively large second-phase particles are marked by red circles. These particles
induce additional slip activity in both G4 and G7, which have similar crystallographic orientations, fur-
ther demonstrating that second-phase particles play an important role in local slip-system activation
and strain localization.

1

Figure 8 — Local deformation and crystallographic orientation evolution associated with grain
boundaries, twin boundaries, and second-phase particles during in-situ tensile loading. (a-d)
Enlarged SEM/EBSD observations at loading stages I1-V in Figure[7] respectively. The subscripts
1—4 denote SEM surface morphology, IPF map, GOS map, and GND density map, respectively.
(e-g) Local IPF-X orientation distributions extracted from the representative regions marked in (d2),
where X denotes the tensile direction.

Another phenomenon worthy of attention is the local crystallographic orientation evolution during
tensile deformation. To further analyze this phenomenon, three representative regions within grain
G4 were selected, as marked by the red rectangles in Fig. 8d2. The IPF-X orientation features of
these regions were then extracted, where X denotes the tensile direction, and the corresponding
local IPF-X distributions at different loading stages are presented in Figs. 8e—g.

11
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As shown in Fig. 8b2, the initial orientation of G4 is likely close to the (—230) direction, as indicated
by the blue scatter points in Fig. 8e. During tensile deformation, under the combined influence of the
second-phase particle located at the junction of G3, G3’, and G4, the G3/G4/G5 triple junction, and
the G4/G6 twin boundary, the orientation distribution in this region gradually evolves toward the (102)
and (212) directions.

For the region shown in Fig. 8f, the grain boundary between G4 and G5 has cracked to a certain extent
during deformation. Therefore, the region indicated by the red arrow in Fig. 8c2 can be approximately
regarded as a crack tip, which acts as a dislocation emission source, as shown in Figs. 8c4 and 8d4.
Consequently, a considerable fraction of the orientation distribution in Fig. 8f is already concentrated
near the (102) direction at an earlier stage, as indicated by the green scatter points in Fig. 8f. With
further tensile deformation, under the combined effects of the crack tip and the second-phase particle,
the local orientation further evolves toward the (001) direction, as shown by the red scatter points in
Fig. 8f.

For the region shown in Fig. 8g, the orientation evolution is not significantly affected by any spe-
cific microstructural feature. Instead, the orientation distribution gradually spreads outward from the
(102) direction. This indicates that, in regions without strong local constraints or pronounced stress
concentration sources, the crystallographic orientation evolves in a relatively gradual manner.

In summary, second-phase particles, grain boundaries, and twin boundaries play important roles in
local deformation compatibility, stress concentration, dislocation accumulation, and slip-system ac-
tivation, eventually leading to local strain concentration and damage initiation. In addition, under
the combined influence of these microstructural features, pronounced local crystallographic orien-
tation evolution occurs during tensile deformation. This phenomenon is more likely associated with
deformation-induced lattice rotation and orientation rearrangement, and its underlying mechanism
requires further investigation through phase identification and higher-resolution characterization in
future studies.
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