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ABSTRACT
Inconel 718 is a Ni-base superalloy widely used in turbine disk components due to its excellent strength derived from the high

volume fractions of γ 00 precipitates. However, a transformation of γ 00 to δ phase at elevated temperatures (700°C–900°C) restricts

its use. To address this, a polycrystalline Ni–Cr–Al–Nb alloy was developed by optimizing Al:Nb ratio to increase the precipitate

volume fraction. In this study, a bimodal microstructure was developed through controlled annealing, in which γ 00 precipitates
heterogeneously nucleated on γ 0 precipitates, forming composite precipitate assemblies with coarse and fine distributions, as

revealed by atom probe tomography (APT). In situ scanning electron microscope (SEM) micropillar compression tests exhibited

a remarkable room-temperature strength of 1370MPa and retained a strength of 1150MPa at 773 K, indicating that the bimodal

distribution effectively impedes dislocation motion. Precipitate shearing was found to be the dominant strengthening mechanism,

irrespective of precipitate size, as identified by postmortem transmission electron microscope (TEM) analysis. The deformation

pathway, determined using atomic-resolution high-angle annular dark-field (HAADF)–scanning transmission electron micros-

copy (STEM), was an intrinsic stacking fault (ISF) in γ 00 coupled with a superlattice ISF (SISF) in the γ 0 phase.

1 | Introduction

Inconel 718 (IN718) is a Ni-based superalloy used in the
aerospace industry for jet engine turbine disks [1]. These
nickel–chrome-based alloys were primarily designed to enhance
oxidation resistance, but they are well known for their excellent
creep resistance. The addition of elements like Al, Nb, Ti, etc.,
enhances strength because of the formation of the L12 ordered
γ 0-Ni3Al and γ 00-Ni3Nb (Strukturbericht notation: DO22) precipi-
tates in the γ matrix during controlled annealing processes
[2, 3]. Depending on the composition of the alloys and heat treat-
ment, variations in precipitate size, distribution, and morphology
can be achieved, which influence the yield strength and creep prop-
erties of the alloy. As modern gas turbines operate at progressively
higher temperatures to achieve greater thermal efficiency and

lower CO2 emissions, there is an increasing demand for Ni-based
superalloys with enhanced creep resistance and microstructural
stability at elevated temperatures. However, IN718 alloys are
restricted to service temperatures of below approximately 650°C
[1] owing to the transformation of γ 00 phase to its stable δ phase,
which degrades the mechanical properties of the alloy.

Therefore, significant efforts have been made to improve the
strength of these alloys by variations in heat-treatment routes
[4–7] or by compositional changes [2, 3, 8]. Using temperature–
time–transformation (TTT) diagrams, tailored heat treatment
can be designed to modify precipitate distributions and morphol-
ogy, improving mechanical response. For instance, the two-step
annealing treatment [4–7] forms compact coprecipitates, where
all six {100} facets of γ 0 precipitates are covered by γ 00 phase,
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thereby, enhancing coarsening resistance compared to their
monolithic forms. A dual-lobed or hamburger morphology,
where a cuboidal γ 0 phase is sandwiched between γ 00 phase,
was also reported [9], with improved creep resistance. Owing
to their arrangement, we referred to them as composite precipi-
tate assemblies (CPA) in this article.

Extensive research has been conducted to understand the defor-
mation mechanisms of γ 0 and γ 00 precipitates. The γ 0 precipitates
are sheared by pairs of a

2 110h i superpartial dislocations, where
the first dislocation creates an antiphase boundary (APB), and
the second restores the L12 structure [10]. For γ 00, shearing
involves a group of dislocations—either doublets or quadruplets
a
2 110h i—dislocations to restore order in all three variants of the
BCT structure [11, 12]. When acting together, this forces the dis-
location through high-energy pathways and creates stacking fault
configurations after shearing, which require high stresses. From
the offset at the atomically flat interface between γ 0 and γ 00

phases, the shearing can be identified [13]. For γ 00 sizes below
10 nm (whether monolithic or CPA), deformation primarily
occurred on the (111) plane by partial dislocations, which shear
the CPA, leaving planar faults behind [14, 15]. Recent studies
provided detailed mechanistic insight into the deformation
behavior of CPA in IN718 alloys [7, 13, 15]. Atomic-resolution
high-angle annular dark-field–scanning transmission electron
microscopy (HAADF–STEM) observations revealed that the
most common configurations of the planar faults are ISFγ 00/
APBγ 0/ISFγ 00 and ISFγ 00/SISFγ 0/ISFγ 00, which were further sup-
ported by phase-field modeling [13]. Though precipitate shearing
emerged as the dominant deformation mechanism, the disloca-
tion type, fault structures, and coupling behavior vary with alloy
composition, heat treatment, and deformation conditions. For
instance, increasing Nb enhances coherency strengthening via
γ 00 precipitates [16] and stabilizes the DO22 structure, yielding a
higher APB energy than γ 0. This leads to APB-like faults during
shearing, which transform into stable ISFs that drive the formation
of loops at the γ 0/γ 00 precipitate interface [17]. The addition of Ti
[2, 8] retards the coarsening of γ 00 precipitates, thereby delaying
the transformation to the δ phase and improving thermal stability.

As one approach to overcome the limitations of IN718 proto-
types, Ni–Cr–Al–Nb (NiCrAlNb) alloys have been systematically
developed to achieve comparable volume fractions of both
phases, resulting in excellent strength and thermal stability
[18]. Al:Nb ratio governs the volume fractions of γ 0

–γ 00 precipi-
tates, for instance Al:Nb ratio of 0.67 dramatically increased the
γ 0 volume fraction to approximately 25% after ageing at 700°C for
1000 h [19]. Furthermore, the γ 00→δ transformation was substan-
tially delayed in these alloys—the δ phase appeared only after
500 h of annealing at 800°C, whereas it typically forms within
1 h in commercial IN718 alloys. The high volume fraction of
γ 0 phase kinetically suppresses the transformation of γ 00 to δ
[18, 20]. Although the transformation is unavoidable over
extended periods at elevated temperatures, these alloys exhibit
superior stability compared to commercial IN718 alloys.

Building on these findings, the present study aims to further
enhance the mechanical properties and thermal stability of
NiCrAlNb alloys. Through an optimized heat treatment process,
a bimodal microstructure of γ 0/γ 0

’ was developed, which consists
of both coarse and fine CPA. Using advanced electron micros-
copy along with atom probe tomography (APT), the distribution

and composition of these precipitates in the microstructure were
studied. Furthermore, using high-temperature in situ scanning
electron microscope (SEM) micropillar compression tests, the
yield strength at 300 and 773 K was evaluated. Owing to its
unique bimodal microstructure, the alloy exhibited promising
strength exceeding previously reported values, which highlights
the critical role of the bimodal CPAs. The correlation between
microstructure and mechanical performance indicates that the
dominant strengthening mechanism is precipitate strengthening.

2 | Experiments

NiCrAlNballoywithnominal composition ofNi–15Cr–4Al–6Nb (in
at.%) was arc melted on a water-cooled copper hearth under a high-
purity argon atmosphere. The elements were procured from Sigma
Aldrich with 99.99% purity. The melted button was remelted 3–4
times to obtain a homogeneous composition. The NiCrAlNb alloy
was homogenized at 1200°C for 4 h, followed by water quenching
to minimize element segregation. After homogenization, ageing at
800°C for 100 h followed by furnace cooling to obtain γ 0

–γ 00 CPA
in γ matrix. The selection of a heat treatment at 800°C for 100 h is
basedon theprecipitationkineticsofγ 0

–γ 00 phases, and themechani-
cal responsereported inanearlierstudy[21].Accordingto theT–T–T
diagram for NiCrAlNb alloy, at 800°C, γ 00 precipitates nucleate and
growefficiently, and thehardness value reported after 100 hwas 440
HV.The reportedhardness after peak-ageing (10h) at 800°Cwas450
HV, therefore, in thepresent case, it ismarginallyoveraged.Since the
γ 00 precipitates are metastable and eventually transform to the δ
phase, this transformation requires a duration of�500 h (400
HV). The melted button was sectioned using a low-speed cutting
machine (Isomet, Buehler). The sectioned samples were polished
usingSiCabrasivepapersupto4000grit, followedbyelectropolishing
(StruersLectroPol 5).A2 electrolyte at 20 V for 25 s, anda flowrate of
20 was used. The microstructure examination of electro-polished
samples was conducted using a focused ion beam (FIB) –SEM
dual-beammicroscope(Crossbeam550L,Zeiss).Forcrystallographic
orientation analysis, an electron backscatter diffraction (EBSD) sys-
tem (Symmetry S2, Oxford Instruments) attached to the FIB
(Crossbeam 550L, Zeiss) was used at an acceleration voltage of
20 kV and a current of 2 nA. The number density and size of the
precipitates were measured from a {100} oriented grain using
ImageJ software. Around 250 precipitates were considered to
determine the size of the precipitates. The composition of differ-
ent precipitates was determined from APT using a LEAP 4000X
HR (Cameca). The needles were run in laser mode at 40 K, with a
pulse repetition rate of 125 kHz, a laserpulse energyof 60pJ, anda
target detection rate of 1.0%. IVASTM 3.8.4 software was used for
reconstruction.

For micromechanical testing, the micropillars of diameter 1 μm,
keeping an aspect ratio of 2–3, were fabricated using Ga+ FIB
(Crossbeam 550L, Zeiss) in a h324i oriented grain to promote sin-
gle slip deformation. The milling was carried out in three sequen-
tial stages, all at 30 kV, using currents of 7 nA, 1.5 nA, and finally
700 pA. The taper angle was measured to be 3–4°.

In situ micropillar compression at room temperature (300 K) and
at high temperature (773 K) was performed in a SEM (Zeiss
Merlin Gemini II) using a Hysitron PI89 indenter (Bruker) in
a displacement-controlled mode at a strain rate of 10−3 s−1.
The load transducer has a maximum capacity of 500 mN and
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a noise floor of 5 μN. A 2 μm flat punchmade of diamond (Synton
MDP) was used to test the micropillars at 300 K, while a tungsten
carbide tip was used to test at high temperatures. For high-tem-
perature tests, both the flat punch and the sample were heated
independently at a rate of 10°C/min. To ensure both the sample
and the flat punch were at the same test temperature (±0.1 K)
and that there was no heat flow between them, a contact was
made before testing. At each condition, 8–10 micropillars were
tested. Engineering stress was calculated based on the top
diameter of the pillar, and the yield stress was estimated at a
2% of the offset stress.

SEM imaging after testing was conducted to analyze the activated
slip system during compression. STEM–HAADF was employed
to determine the size and morphology of γ 0

–γ 00 precipitates using
the probe corrected transmission electron microscope (TEM;
Themis 300, Thermo Fisher Scientific) operated at 300 kV. The
electron-transparent TEM lamella was fabricated using Ga+

FIB by the standard lift-out method from the deformed micropil-
lars. The interactions between dislocations and CPA in the
deformed micropillar were studied using TEM in annular
bright-field (ABF)–STEM and HAADF–STEM modes. The
STEM intensity maps were generated using custom Python
scripts that identified atomic columns via local peak detection.
The integrated column intensities were then normalized and

spatially mapped to generate a continuous field representing
relative atomic column contrast. EDS elemental maps were
acquired using a super-X detector in STEM nanoprobe mode.

3 | Results

3.1 | Microstructure Characterization

Figure 1a shows the SEM image of the γ–γ 0
–γ 00 microstructure

from the h001i oriented grain in the NiCrAlNb heat-treated alloy.
The γ 0 precipitates are cuboidal in shape, whereas γ 00 appeared as
long needles due to an edge-on view of their disc-shaped mor-
phology. The two orientations of γ 00 are identified in this viewing
direction, corresponding to their orientation relationship with γ 0

precipitates. It has been known that γ 0 precipitates formed first in
the γmatrix and act as heterogeneous nucleation sites for γ 00 pre-
cipitates [2, 22, 23]. The orientation relationship between γ 0 and
γ 00 precipitates was reported to be: {100}γ 0‖{100}γ 00; therefore, two
variants are visible in the h001i oriented grain.

To verify the bimodal distribution of precipitates, TEM analysis
was performed on the aged NiCrAlNb alloy. Figures 1b–e
and 2 show a representative analysis from a [110]-oriented grain.
The corresponding diffraction pattern (Figure 1b) exhibits

FIGURE 1 | (a) SEM image from h001i oriented grain showing γ–γ 0
–γ 00 microstructure in the aged NiCrAlNb alloy. The inset is a high-magnification

view illustrating the cuboidal γ 0 precipitates and two variants of disc-shaped γ 00 precipitates. The γ 00 precipitates viewed edge-on, resulting in their

needlelike appearance, consistent with their formation on the {100} planes of γ 0 precipitates. TEM analysis from a [110] oriented grain. (b)

Selected area diffraction pattern showing superlattice spots corresponding to γ 0 precipitates (yellow arrows) and γ 00 precipitates (white arrows). (c)

HAADF–STEM image showing coarse and fine γ 00 precipitates (appear bright in contrast due to their Nb content) alongside γ 0 precipitates. (d)
Histogram of cuboidal γ 0 precipitates measured from SEM and TEM images. The Gaussian fits to the SEM and TEM data yielded mean sizes of

91± 10 and 81± 18 nm, respectively. A hatched bar and shaded region indicate the presence of fine γ 0 precipitates (10–20 nm in size) observed in

APT measurements. (e) Length distribution histogram of γ 00 precipitates showing bimodal distribution, giving a mean length of coarse precipitates

as 208± 62 nm, and for fine precipitates as 42± 10 nm (from Gaussian fitting).
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superlattice spots consistent with γ 0 precipitates (yellow arrows)
and γ 00 precipitates (white arrows). Both γ 0 and γ 00 precipitates
were captured in the low magnification HAADF–STEM image
(Figure 1c). Quantitative analysis yielded a mean diameter of
81± 17 nm for the γ 0 precipitates in the TEM data, while
91± 10 nm from the SEM data (Figure 1d). Coarse and fine γ 00

precipitates exhibited average lengths of 208± 62 nm and
42± 10 nm, respectively (Figure 1e). STEM–EDS elemental maps
in Figure 2a further help identify the precipitates, and the mea-
sured compositions are summarized in Table 1. Fine γ 00 precipi-
tates, which were not clearly resolved in Figure 1b, were

examined by atomic resolution HAADF–STEM near the interface
ofγ 0 precipitates.As showninFigure2b, thefineγ 00 precipitateswere
evidently resolved. The highmagnification image in Figure 2c, over-
laid with a STEM intensity map, reveals the characteristic alternate
Nb-richatomiccolumnsof theγ 00 phase.Theseobservationsconfirm
a bimodal distribution of precipitates in the γ matrix.

The reconstructed atom map of the NiCrAlNb heat-treated alloy

obtained by APT is shown in Figure 3a. The 3D visual of the APT

tip is provided in Supporting Video 1. In addition to the coarse

cuboidal precipitates with a size of several tenths of nanometers

FIGURE 2 | TEM analysis of the aged NiCrAlNb alloy from a [110] oriented grain. (a) STEM–EDS elemental maps at high resolution showing coarse

γ 00 precipitates (rich in Nb) and γ 0 precipitates (rich in Al). (b) Atomic resolution HAADF–STEM image acquired at the interface of γ 0/γ (red outline in

(a)), revealing the presence of fine γ 00 precipitates at the interface of γ 0 precipitate. The inset shows the atomic arrangement in γ 00 phase in [110]

orientation and (c) high magnification atomic resolution HAADF–STEM image from the region marked by orange outline in (b), overlaid with cor-

responding STEM intensity maps, showing the mixed atomic columns of the γ 0, characteristic alternate Nb-rich atomic columns of the γ 00 phase, and Ni

atomic columns of γ. A low-intensity atomic plane corresponds to a localized Al-rich interfacial layer at γ 0/γ 00 interface is observed. The post-processing
to generate the STEM intensity map was performed using custom Python scripts.

TABLE 1 | Summary of the composition (at.%) of all elements in the γ matrix, cuboidal γ 0 and plate-like γ” precipitates obtained from APT and

STEM–EDS. The error represents the standard deviation obtained from the line profiles.

Method - APT

Elements Coarse cuboidal Fine cuboidal Coarse plate Fine plate Matrix

Phase γ 0 γ 0 γ 00 γ 00 γ

Ni 74.9 ± 1.2 73.3 ± 2.9 74.8 ± 0.9 74.7 72.4 ± 0.5

Cr 6.4 ± 0.6 7.3 ± 1.7 6.9 ± 0.6 7.4 23.8 ± 0.5

Al 9.5 ± 0.8 10.3 ± 2.0 1.3 ± 0.2 1.0 0.3 ± 0.1

Nb 9.2 ± 0.8 9.1 ± 2.2 17.0 ± 0.8 16.9 3.5 ± 0.2

Method - STEM–EDS

Ni 75.0 ± 1.6 — 76.0 ± 0.4 70.0 ± 2.9 73.2 ± 2.1

Cr 3.2 ± 0.7 — 7.8 ± 0.2 10.0 ± 1.2 21.6 ± 1.7

Al 15.0 ± 1.8 — 2.5 ± 0.2 2.4 ± 0.2 2.6 ± 0.8

Nb 6.9 ± 1.2 — 13.7 ± 0.4 17.6 ± 2.5 2.6 ± 1.0

4 of 13 Advanced Engineering Materials, 2026
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(or larger) as observed in the SEM images, several fine precipi-
tates were also observed in certain regions in the 3D atom map.
From the 3D atom map, disc-shaped morphology of γ 00 precipi-
tates was revealed, and due to their edge-on orientation in h001i
orientation, they appeared as needles in the SEM/TEM images.
Further, these disc-shaped precipitates were also heteroge-
neously nucleated on fine cuboidal precipitates (marked by
orange arrows in Figure 3a). Further, the 3D atom map confirms
the bimodal microstructure of γ 0 precipitates, which was not
clearly distinguishable in the HAADF–STEM image due to over-
lapping contrast in Figure 1c. Consequently, quantitative size
analysis of these fine precipitates is challenging; however, APT
reveals that they are approximately 10–20 nm in size (Figure 1d).

The composition of these precipitates was determined and is pre-
sented through 1D composition profiles in Figure 3c,d. The aver-
age compositions, calculated from multiple precipitates, were

summarized in Table 1. The solubility of Cr was higher than
Al in γ 00 plate precipitates, which was consistent with the litera-
ture [24]. The plate precipitate stoichiometry can be inferred
from its composition and could be Ni3(Nb, Al,Cr), with an
approximate Nb/(Al+Cr) atomic ratio of 2. In contrast, the γ 0

cuboidal precipitates, regardless of their size, exhibit a consistent
composition corresponding to a stoichiometry of Ni3(Al, Nb,Cr),
with an Al/(Nb+Cr) atomic ratio of approximately 0.6, where Al
content is nearly equal to Nb.

3.2 | In Situ SEM Micropillar Compression

A h324i oriented grain was selected for in situ mechanical testing,
and displayed in the EBSD inverse pole figure (IPF) map in the Z-
direction as in Figure 4a. This orientation was chosen to ensure
the activation of the single slip system with the highest Schmid

FIGURE 3 | APT analysis of the NiCrAlNb alloy after ageing at 800°C for 100 h. (a) Three-dimensional (3D) APT reconstruction showing Al (blue)

and Nb (green) atom distributions. Iso-concentration surfaces at 3 at% Al and 14 at% Nb delineate the γmatrix, Al-rich cuboidal γ 0 precipitates, and Nb-

rich disc-shaped γ 00 precipitates. The orange arrow indicates the heterogeneous nucleation of γ 00 precipitates on γ 0 precipitates. One-dimensional (1D)

proximity histograms showing compositional profiles across (b) a γ 00 plate, (c) a coarse γ 0 precipitate, and (d) a fine γ 0 precipitate. The red arrow indicates

the analysis direction for each profile.
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factor (in this case, ½011�ð111Þ andm= 0.40) under uniaxial com-
pression loading. This approach was implemented to simplify the
interpretation of the mechanical response and the deformation
behavior, particularly with respect to the dislocation–CPA inter-
action. The SEM image of the fabricated micropillar was acquired
using an in-lens secondary electron detector, which helped locate
the γ 0 and γ 00 precipitates within it (Figure 4b).

The representative stress–strain curve from a micropillar in h324i
oriented grain tested at 300 K under a 10−3 strain rate is shown in
Figure 4c. Loading was stopped after 10% strain. Additionally, the
load function is split into 5% and 5% strain to reduce lateral forces
and ensure uniform deformation. The stress–strain curves from
seven different micropillars tested at 300 K are shown in Figure
S1. The representative postmortem SEM image in Figure 4d
shows the multiple activation of a single slip system. The simu-
lated micropillar in the inset of Figure 4d, in the same orientation

as the SEM image, highlighted the activated slip plane ð111Þ in
red color, as expected from the Schmid factor calculation.

Next, in situ compression tests were conducted at 773 K at a
strain rate of 10−3. The stress–strain curve in Figure 4c suggests
a decrease in yield strength compared to 300 K tests. Individual
stress–strain curves for all micropillars tested under similar con-
ditions are available in Figure S2. The yield strength was

estimated by taking 2% offset stress with an unloading stiffness.
The cumulative distribution function (CDF) plot in Figure 5
shows a decrease in yield strength of 210MPa at 773 K. Based

FIGURE 4 | (a) Inverse pole figure (IPF)-Z maps showing the grain structure. The “+” sign indicates the h324i oriented grain selected for micropillars

fabrication, and (b) SEM image using an in-lens detector of a micropillar resolving the γ 0-γ 00 precipitates within it. (c) A representative stress–strain curve

from an in situ SEM deformation test at 300 and 773 K of a micropillar in h324i oriented grain in NiCrAlNb alloy, (d) a representative postmortem SEM

image of the deformed micropillar tested at 300 K, showing slip traces with simulated pillar and Thompson tetrahedron in the inset, and (e) a repre-

sentative postmortem SEM image of the deformedmicropillar tested at 773 K, with visible slip traces and surface oxidation. The inset shows the simulated

pillar and Thompson tetrahedron.

FIGURE 5 | Cumulative distribution function (CDF) with 95% confi-

dence index of yield strength (2% proof stress) of micropillars tested at

300 K and 773 K.
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on the loading direction from EBSD, the critical resolved shear
stresses (CRSS; CRSS=m × yield strength) were estimated to be
550± 28MPa at 300 K and 467± 18MPa at 773 K.

The surface oxidation occurred during high-temperature tests,
which was visible in the postmortem SEM image, in Figure 4e,
along with the slip traces of the activated slip plane. Since oxi-
dation in these alloy systems follows a parabolic growth law, the
tests were limited to 773 K to avoid the effects of oxides on the
mechanical data.

Noteworthy is that an increase in the magnitude of the load drops
was observed in the stress–strain curves at 773K. This behavior is
attributed to a synergistic interplay of thermally activated processes,
such as dislocation cross-slip [25, 26]. It suggests that the CPAs,
which are expected to be a strong barrier to dislocation motion
at low temperatures, become less effective at 773 K, providing an
easier path for dislocations to glide and for strain bursts to form.

3.3 | Postmortem TEM investigations

The ABF–STEM (collection angle 8–30 mrad) and HAADF–STEM
(collection angle 30–200 mrad) images in Figure 6 were acquired
from the deformed micropillar at 773 K (strain up to 10%), along

½1 1 0� zone-axis (CD direction in Thompson notation).

The SAED pattern, in Figure S3a, exhibits the superlattice spots
corresponding to γ 0-γ 00 precipitates. The γ 0 precipitates are
rotated by 45° about the c-axis in this zone-axis condition, as

shown in Figure S3b. The activated slip plane ð111Þ, or BCD plane
in the Thompson tetrahedron is edge-on in this orientation, as
shown in the inset of Figure 6a. Due to the presence of the dislo-

cations on the activated slip plane ð111Þ, and that being edge-on in
this zone-axis condition, the slip traces were easily identified
and indicated by white arrows. They appear dark contrast in
ABF-STEM image (Figure 6b–f ) and bright in HAADF–STEM

FIGURE 6 | TEM analysis of deformed micropillar (up to 10% strain) at 773 K along ½1― 1
―
0� zone-axis. (a) HAADF–STEM image (collection angle:

21–125 mrad), (b) corresponding ABF–STEM image (collection angle: 5–19 mrad) showing traces of activated slip planes (white arrows) and evidence of

the termination of slip traces in the γ 0 precipitates (red arrows). The inset in (a) shows the Thompson tetrahedron in this zone-axis condition. High

magnification ABF–STEM images showing (c) shearing of coarse γ 00 precipitate, (d) offset between upper and lower segments of γ 00 precipitate, and (e)

shearing of fine γ 00 precipitate. (f ) ABF–STEM image and STEM–EDS maps of all elements showing γ 0 and γ 00 precipitates in the deformed micropillar.
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(Figure 6a) due to the localized lattice distortions from the pres-
ence of dislocation on the activated slip plane. Dislocation glide
in Ni-based superalloys leads to the formation of various planar
faults, which may contribute to the contrast observed in STEM
images. These planar faults on the activated slip plane were
observed in another deformed micropillar at 773 K when viewed
along ½110� zone-axis, in Figure S4. The STEM-EDS maps of all
elements in Figure 6e clearly reveal the γ 0 precipitates (Ni enrich-
ment) and the fine γ 00 precipitates (Nb enrichment and Cr
depletion).

The presence of multiple slip traces passing through the γ 0 and γ 00

precipitates, regardless of their size, indicates that the precipi-
tates are sheared (Figure 6c). At the slip traces, the precipitate
shows a measurable offset between its upper and lower segments
(yellow arrows in Figure 6c–e), indicating a shearing event.
Further, in coarse γ 00 precipitates, multiple shearing was evident
(Figure 6c–d) and a maximum offset of �8 nm was measured. To
understand the shearing mechanism, atomic-resolution STEM
imaging was performed. Atomic resolution HAADF–STEM
image in ½1 1 0� zone axis with ð111Þ activated slip plane oriented
edge-on, enabling direct visualization of the fault plane
(Figure 7). The fault in the γ 00 precipitates was characterized
by alternating Nb-rich atomic columns in the γ 00 phase in this
orientation. The projected shift of 0.14 nm was measured along
the ½112� direction. The theoretical magnitude of a Shockley par-
tial dislocation vector corresponding to an intrinsic stacking fault
(ISF, a6 112h i) is 0.148 nm (a= 0.362 nm for γ 00-Ni3Nb phase). Our
experimentally measured displacement is in close agreement
with the ISF. In contrast, a superlattice ISF (SISF; a3 112h i) would
require a displacement of 0.296 nm, comparatively larger than
the measured value. Lv et al. reported the first-principles gener-
alized stacking fault (GSF) energy calculations for γ 00-Ni3Nb
phase (DO22) [17]. Based on these energetics, ISFs (2.3 mJ/m2)

were energetically more favorable than SISFs (613mJ/m2), sup-
porting our experimental observations.

The shearing of γ 0 precipitates was also by the stacking faults,
which were resolved from the atomic-resolution HAADF–
STEM image (Figure 8). Since the atomic Z contrast is not as clear
as in γ 00 precipitates (Figure 7), the superlattice spots in the FFT
(inset of Figure 8a) confirmed it to be γ 0 precipitates. The stack-
ing faults were found to be intrinsic in type (magnified image
near the fault complemented with the STEM intensity map).
However, it is difficult to determine if it is a complex (CISF)
or a SISF in this orientation (refer to Figure 1 in [27]).
Following the energy criterion, SISF is much lower than CISF
[10]; therefore, it is reasonable to assume that the fault is
SISF. Further, high-magnification images reveal that most slip
traces terminate at γ 0 precipitates (marked by red arrows in
Figure 6b). It indicates the dislocations were arrested in this
phase, suggesting it to be the dominant strengthening phase,
compared to the γ 00 precipitates. Using the atomic resolution
HAADF–STEM image near the γ 00/γ 0 interface and the corre-

sponding Bragg-filtered image constructed from ð111Þ reflection,
in Figure 8b, identifies the terminating end of an intrinsic fault

within γ 0 precipitates on the ð111Þ plane.
To observe the dislocations, the specimen was tilted away from
the edge-on condition to view the activated slip plane and
dislocation–precipitate interactions within the slip plane, from
½1 1 0� zone axis to ½1 3 0� zone axis (Figure 9a). ABF–STEM image
(collection angle: 5–19 mrad) reveals the dislocations on the acti-
vated slip plane (Figure 9b). A high magnification image from the
region where the slip was terminated, in Figure 9c, reveals the
dislocation-precipitate interactions. It can be inferred that the
dislocation is interacting with both γ 00 and γ 0 precipitates.
From the atomic-resolution HAADF–STEM images (Figure 8),

FIGURE 7 | (a) Atomic resolution HAADF–STEM image along ½1 1 0� zone axis showing the shearing of γ 00 precipitate (identified using alternate Nb-
rich atomic columns in γ 00), (b) FFT confirming the superlattice spots corresponding to the γ 00 precipitate, and (c) magnified view of the marked region in

(a) showing the distortion (polygon unit) indicative of the ISF.
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it is clear that the precipitates undergo stacking fault shearing.
The dislocation observed in the ABF–STEM image (Figure 9c)
corresponds to the partial dislocations (Leading: L, and
Trailing: T), and the shaded region between them corresponds
to the stacking fault. Since the precipitate is not yet completely
sheared by the dislocations, the bowing of the dislocation line can
be observed.

In addition, curved dislocations were also observed located
between the slip traces. Under this imaging condition, the dislo-
cations, since they are confined to the activated slip plane, were
not visible (Figure 10a). However, we observed the dislocation
segments (curved) located between adjacent slip traces, and in
most cases, connecting them (Figure 10b). The dislocations on

ð111Þ and ð111Þ slip planes can be visible under this imaging con-
dition, as these planes are inclined with respect to the beam con-

dition, whereas the other two slip planes (ð111Þ and ð111Þ) are

edge-on and therefore, dislocations cannot be resolved on them.
Since the dislocations were resolved in ABF-STEM images, it is
unlikely to be confined to the activated slip plane. This
indicates that the dislocations were cross-slipped onto other

slip-planes (ð111Þ and ð111Þ). Further, since the Burger vector
of dislocation is of type a

6 011h i, the screw component enables

cross-slip onto ð111Þ plane, crystallographically more favorable
than ð111Þ plane (see Figure 9a).

4 | Discussion

The presence of γ 0/γ 00 CPA (hamburger or sandwich structures
[13, 15, 28]) in IN718 or similar alloys is frequently observed
because it reduces the total elastic energy compared to its mono-
lithic forms. Their deformation is governed by the synergistic

FIGURE 8 | Atomic resolution HAADF–STEM images along ½1 1 0� zone axis. (a) SISF within the γ 0 precipitate. The inset shows a magnified view of

the fault plane along with the STEM intensity map. The FFT (inset) confirmed the ordered γ 0 phase. (b) Termination of the fault within the γ 0 phase. The

inset shows a Bragg-filtered image constructed using ð111Þ reflection, highlighted the faulted and perfect lattice regions. The stem intensity map from the

shaded region further helps in visualizing the fault termination within the γ’ precipitate.

FIGURE 9 | (a) Stereographic projection along direction and schematic of the activated slip plane (inclined) inside a γ 0 precipitate aligned in ½1 3 0�
zone axis. ABF–STEM images (5–19 mrad) along ½1 3 0� zone axis: (b) dislocations on the activated slip plane and (c) high magnification image showing

the dislocation interaction with γ 00 and γ 0 precipitates (L: leading dislocation, T is trailing dislocation, and SISF: superlattice intrinsic stacking fault).
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interplay between L12 and DO22 symmetries, creating a unique
pathway depending upon the Burger vector direction; for
instance, a single a

2 110h i dislocation may create a stable APB

in γ 0 [10], but an unstable APB-like fault in γ 00 [13, 17]. These
unstable faults often transform to the low-energy stable ISF
within γ 00 [17]. The development of a bimodal distribution of
CPA in the matrix is an effective strategy for further enhancing
the yield strength of advanced alloys by activating multiple, syn-
ergistic strengthening mechanisms. The yield strength is approx-
imately 15% higher compared to NiCrAlNb heat-treated alloys
(700°C for 1000 h) with unimodal distribution of γ 0 and γ 00 pre-
cipitates, tested at 300 K from the same oriented grain at 10−3

strain rate (refer to Figure S5 of Supporting file). This provides
direct evidence for the superior strengthening effect of the
bimodal distribution of γ 0 and γ 00 precipitates in the γ matrix.
In Ni-based superalloys, a bimodal distribution of γ 0

precipitates—comprising fine secondary/tertiary L12-ordered
precipitates with the coarse primary ones— often leads to an
increase in strength, exceeding 1 GPa at room temperature.
For instance, Zhang et al. achieved a remarkable strength of
1520MPa in a peak-aged GH4720Li superalloy with a
bimodal/trimodal distribution of the γ 0 precipitates [29]. This
is also reported in the work of Kumari et al. on ATI 718Plus alloy,
which demonstrated a yield strength of �930MPa [30]. The
effect of bimodal distribution of precipitates is not limited to
Ni-based superalloys but has been successfully applied in other
systems, including CoCrNi medium entropy alloys (MEA) [31],
Al-based alloys [32–34], Mg-based alloys [35], and Co-based
superalloys [36, 37]. In CoCrNi MEA [31], a yield strength of
1.1 GPa has been attributed to the bimodal distribution of L12
order precipitates, while in Co-based superalloys, the pres-
ence of primary and secondary γ 0 precipitates enhances the
strength. In these reported cases, strengthening occurs pri-
marily through APB shearing or stacking fault shearing, with
a negligible contribution from the Orowan looping mecha-
nism. Similarly, in the present study, direct evidence of pre-
cipitate shearing is observed (Figure 6). From the TEM
analysis after in situ deformation at 773 K, the observed defor-

mation pathways were: the low-energy ISF in γ 00 couples with
SISF in γ 0.

The observations of stacking faults at atomic resolution indicate
that the active deformation mechanism shifts from a traditional
APB shearing governed by a unit a

2 110h i superpartial pairs to
Shockley pairs of dislocations. In dual-phase precipitates, the
transition from APB to SISF in the γ 0 phase is driven by an
incoming SISF dislocation of ultralow energy (�2.3 mJ/m2

[17]) in the γ 00 phase propagating into the γ 0 phase. A strength-
ening model for multimodal distribution of γ 0 precipitates [38],
based on weak-pair and strong-pair coupling of dislocations,
indicates that the strengthening is governed by precipitate size,
maximizing at the critical radius, which is intrinsically linked to
the APB energy. Below the critical radius, weak-pair coupling
dominates, allowing dislocations to fully shear the precipitates,
whereas above it, strong-pair coupling prevails, where disloca-
tions only partially penetrate the precipitates. The observation
of slip traces terminating in the γ 0 precipitates provides direct
evidence that the dislocations are unable to shear the γ 0 precip-
itates, indicating that γ 0 precipitate deformation is governed by a
strong-pair coupling mechanism. While in the present case, it
deviates from the classical strengthening models based on
APB formation, however, by utilizing SISF energy as the primary
resistance rather than APB energy [13], the model can be adapted
to rationalize the CRSS behavior. Qualitatively, our observation
confirms that the γ 0 precipitates are acting as strong, effective
barriers to slip. Beyond the shearing of γ 0 precipitates, the shear-
ing was observed for γ 00 precipitates across their diameter. The
frequent shearing was noticed for the coarser ones. This aligns
with findings by He et al. [39], who reported that a bimodal dis-
tribution of γ 0 and γ 00 precipitates in modified 955 Ni-based
superalloy, particularly γ 0

–γ 00 duplets and triplets, enhanced
yield strength by �11%, compared to a unimodal distribution,
with shearing being an active mechanism irrespective of the pre-
cipitate size.

To model the cumulative strengthening effect (σt) from these
morphologically distinct precipitates (for instance: cuboidal γ 0

and disc-shaped γ 00 in Ni-based superalloys), a superposition

FIGURE 10 | (a) Schematic of the Thompson tetrahedron inside a γ 0 precipitate aligned in ½1 1 0� zone axis. ABF-STEM images (5–19 mrad) along

½1 1 0� zone axis: (b) curved dislocations between the slip-traces of the activated slip plane, indicating cross-slip events during deformation and (c) same

image as in (b) with the curved dislocation marked by yellow arrows and the activated slip plane by red dashed line for clarity.
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law was applied using a weighted root–mean square approach

(σαt =
P

i f
β
i σ

α
i , where f is the volume fraction of precipitate, β

and α are constants [40]). This model accounts for the pinning
effects of precipitates (β) and their projections on the dislocation
slip plane (α) and has been validated in systems like Al-based
alloys [41, 42], containing spherical and disc-shaped precipitates.
However, the quantitative prediction of strength in the present
system is limited by several factors. The measured volume of
coarse γ 0 precipitates is �18%, consistent with the 19%–24%
range reported for similar NiCrAlNb alloys aged at 700°C–
800°C [18, 19]. In contrast, the volume fractions measured for
fine and coarse γ 00 precipitates (�4% and 6%, respectively) are
lower than the reported range of 20%–25% [18, 19]. The discrep-
ancy in the present work is likely due to two experimental lim-
itations: (i) the TEM analysis was conducted along the h110i
zone-axis, may not accurately represent the true thickness of
disc-shaped γ 00 precipitates and (ii) random sectioning of γ 00 discs
by the foil plane, resulting in the observed diameter to be less
than its true length. Additionally, the accurate strength predic-
tion requires APB energy for both γ 0 and γ 00 precipitates at the
experimental conditions. Nevertheless, following the superposi-

tion law (
P

i f
β
i σ

α
i ), the strength can potentially be pushed further

by synergistically increasing the volume fraction of strengthening
γ 0 phase, and maintaining its size near the critical range, where
the transition from weak-pair coupling to strong-pair coupling
occurs.

Next, the decrease in strength observed at 773 K (in Figure 4)
can be attributed to the dislocation cross-slip process, evident
in STEM images of the deformed micropillar at 773 K, enhances
dislocation mobility and reduces the effectiveness of the barrier.
While solid solution strengthening from the solutes in the
matrix also contributes to the overall strength, its contribution
is expected to remain unaffected at 773 K. Alterations in matrix
composition, driven by either precipitate growth or dissolution,
are unlikely under these experimental conditions. The test
temperature of 773 K is low for diffusion-driven processes, as
the growth of these γ 00 precipitates is reported above 923 K
(650°C), and the transformation of γ 00 to the δ phase occurs
during long-term ageing at 1073 K or above [18, 19, 43].
Furthermore, considering the test time spans only a few
minutes, there was insufficient time for solute diffusion to alter
the matrix composition.

5 | Conclusion

This study highlights that a bimodal distribution of γ 0 and γ 00

precipitates in the γ matrix is highly effective in enhancing
the yield strength of NiCrAlNb alloy. The microstructure, devel-
oped through annealing treatment at 800°C for 100 h followed by
furnace cooling, was characterized using electron microscopy
and APT studies, which reveal the existence of γ 0

–γ 00 CPA in
a bimodal distribution. From the in situ micropillar compression
test of micron-sized pillars, the average yield strength at 300 K
was 1370MPa, which decreases to 1150MPa at 773 K.
Postdeformation STEM images confirm that precipitate shearing
is the primary strengthening mechanism, with terminated slip
traces within γ 0 precipitates providing direct evidence of disloca-
tions being effectively blocked. The deformation pathway
involves the formation of a low-energy ISF in γ 00 coupled with

SISF in γ 0. The reduction in yield strength at 773 K is attributed
to dislocation cross-slip.
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