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Abstract
The micromechanical behaviors and dislocation evolution in a polycrystalline Ni-Co-based superalloy were 
systematically investigated by in situ neutron diffraction tensile testing combined with line profile analysis. The 
results reveal the sequential activation of γ′ shearing and Orowan looping mechanisms, with interphase load 
partitioning governed by strain-dependent interactions of dislocation and precipitate. During the initial plastic 
deformation, the γ and γ′ phases undergo co-deformation through dislocation shearing without load transfer, while 
the Orowan looping facilitates the load transfer from γ to γ′ phase at a higher strain level. Furthermore, the low 
stacking fault energy leads to a rising fraction of screw dislocations by suppressing cross-slip. Crucially, the pinning 
effect of γ′ precipitates hinders the rearrangement of these dislocations into low-energy structures, resulting in the 
formation of high-energy, weakly screened dislocation configurations. These findings provide new evidence for the 
planar slip dominance in Ni-Co-based superalloys, enabling quantitative assessment of microstructural evolution 
and micromechanical responses.
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INTRODUCTION
Ni-based superalloys are extensively utilized in aerospace engines, gas turbines, and nuclear energy 
applications owing to their excellent comprehensive high-temperature properties[1,2]. Modern aeroengine 
turbine disks primarily utilize wrought superalloys, with their main strengthening mechanisms being γ′ or γ′′ 
precipitation strengthening[3,4]. Through continuous optimization of the high-temperature stability of γ′/γ′′ 
precipitates and the incorporation of additional strengthening and deformation mechanisms, the service 
temperature of wrought superalloys for turbine disks has been progressively elevated to approximately 
700 °C[5]. In recent years, novel Ni-Co-based superalloys have gradually emerged due to their exceptional 
high-temperature mechanical properties, demonstrating potential as next-generation wrought superalloys 
for service temperatures exceeding 750 °C[6-8]. In the Ni-Co-based alloys, the traditional Ni3Al γ′ phases 
become (Ni, Co)3(Al, Ti), which enhances both thermal stability and hot workability. Meanwhile, the 
addition of Co significantly reduces the stacking fault energy (SFE) of the alloy, promoting the formation of 
numerous low-energy interfaces (e.g., stacking faults and twins) that synergistically strengthen the alloy’s 
overall performance[6,9-11]. Unfortunately, the addition of the cobalt element introduces the complexity of the 
deformation mechanisms[3,12,13]; it is critical to reveal the macro-/micro-mechanical behaviors of these 
Ni-Co-based superalloys during deformation. While the tensile deformation mechanisms of Ni-Co-based 
superalloys at various temperatures have been well understood[8,14,15], the deformation coordination behavior 
of γ and γ′ phases and the evolution of dislocation configurations have not been fully studied.

With the advancement of neutron sources and strain scanners, in situ neutron diffraction presents 
incomparable advantages over conventional microscopy analysis, allowing for capturing the 
micromechanical dynamic responses and internal stresses of superalloys. Daymond et al.[16] discovered a 
load transfer from γ′ to γ up to 500 °C, while the reverse phenomenon occurred at higher temperatures. 
Additionally, the load transfer between γ and γ′ phases depends on the precipitate size and the deformation 
temperature, with the load transfer becoming more pronounced as precipitate size and temperature 
increase[17]. Load transfer herein refers to the redistribution of local stress resulting from differential yielding 
between microstructural constituents. In polycrystalline Ni-based superalloys, load transfer includes two 
primary modes: (i) Intergranular transfer occurs from high-stiffness grains {e.g., {110}} to low-stiffness 
grains {e.g., {001}}, governed by crystallographic anisotropy; (ii) Interphase transfer takes place from the γ 
matrix to γ′ precipitates when plastic deformation arises in the γ but not in the γ′ phase, driven by γ/γ′ 
property mismatch. Both mechanisms obey the stress equilibrium constraint                         , and exert a 
significant influence on macroscopic work hardening behavior. Grant et al.[18] also confirmed that the load 
transfer of γ and γ′ phases in RR1000 alloy with 45 vol.% γ′ takes place only in medium (130 nm) and coarse 
(230 nm) γ′ microstructure, but not in fine (90 nm) one. Furthermore, Jaladurgam et al.[19] investigated the 
effect of precipitate size on deformation mechanisms in a superalloy with low γ′ volume fraction (20 vol.%), 
revealing a significant difference in the coarse γ′ (200 nm) microstructure where load redistribution occurs 
immediately after yielding. Previous studies have demonstrated that alloy composition[20,21], volume 
fraction[19], size[17,18], distribution[22] and orientation[4] of precipitates, average grain size[23], and deformation 
temperature[16,24,25] indeed influence the load partitioning behaviors between the matrix and strengthening 
phases during plastic deformation of superalloys. However, the evolution of lattice strain and dislocation 
structures in Ni-Co-based superalloys remains poorly understood. Therefore, a systematic study is still 
required to elucidate the distinction in the microscopic mechanical behaviors of γ and γ′ phases. The 
Convolutional Multiple Whole Profile (CMWP) approach, a deconvolution analysis based on the physical 
theories of lattice defects including dislocation, crystallite size, has been programmed[26,27]. It works well on 
the diffraction profiles to quantitatively determine the dislocation density and characteristics in various 
engineering materials, involving steels[28,29], magnesium alloys[30], and high-entropy alloys[31].
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In the present study, an in situ neutron diffraction tensile test was conducted on a Ni-Co-based superalloy 
to unveil the micro-mechanical responses of the γ and γ′ phases. The evolution of dislocation structures 
throughout the entire deformation process was evaluated by the CMWP procedure combined with 
postmortem electron-microscopic analysis. These experimental findings give deep insights into the 
mechanical behaviors and dislocation arrangements, which contribute to developing accurate predictive 
models for the material properties and component performance.

MATERIALS AND METHODS
An advanced Ni-Co-based superalloy was adopted in this work, which combines superior high-temperature 
properties and excellent hot workability[10,14,32]. The nominal chemical composition of the alloy is shown in 
Table 1. The as-received alloy was a forged bar and subjected to a solution heat treatment at 1,100 °C for 1 h, 
followed by oil quenching. Subsequently, a two-step aging treatment was performed at 650 °C for 24 h and 
760 °C for 16 h, respectively. Microstructural observation and grain orientation analysis were performed 
using a ZEISS Gemini 450 field emission scanning electron microscope (SEM) equipped with an Oxford 
Symmetry Electron backscattered diffraction (EBSD) detector. Additionally, the deformation mechanisms 
of the alloy were investigated using SEM-based electron channeling contrast imaging (ECCI) combined 
with a FEI Tecnai F20 transmission electron microscope (TEM).

In situ neutron diffraction tensile measurement was performed at room temperature using the engineering 
materials neutron diffractometer, TAKUMI, at the Materials and Life Science Experimental Facility (MLF) 
of the Japan Proton Accelerator Research Complex (J-PARC). Dog-bone-shaped cylindrical specimens with 
a gauge size of φ6 × 20 mm were mounted on a loading rig, and the loading axis was oriented at 45° to the 
incident neutron beam. Diffraction patterns with scattering vectors parallel and perpendicular to the 
loading direction were simultaneously recorded by a pair of 90° detectors. The gauge volume was restricted 
to 5.0 × 5.0 × 5.0 mm3 by combining the incident slit and the radial collimators. A stepwise loading protocol 
was selected during the tensile experiment, in which load-controlled mode was carried out in the elastic 
region and switched to displacement-controlled mode approaching the yield point (~1,000 MPa). To ensure 
statistical reliability and measurement precision, the diffraction data were collected for 20 min at each step.

The diffraction patterns of the undeformed sample were subjected to Rietveld refinement using the 
Z-Rietveld[33] to obtain the initial γ and γ′ lattice parameters and the γ′ volume fraction, as illustrated in 
Figure 1A. Pseudo-Voigt functions were fitted to {hkl} specific peak via a customized MATLAB code. The 
{hkl} peaks with all odd or all even indices were overlapping composite peaks scattered by the γ and γ′ 
phases. The small lattice misfit and large intrinsic width prevented direct deconvolution of these 
overlapping reflections. The face-centered cubic (FCC) reflections were well fitted as single peaks to 
calculate the average lattice strain (intergranular) that accumulated in the oriented grains parallel to the 
diffraction vector. To obtain the local phase strain (intragranular) corresponding to the individual γ and γ′ 
phases, the {200} and {220} composite doublets were deconvolved using the method described in Ref 34.[34]. 
Figure 1B and C shows the fitting results of the γ + γ′ (200) doublet peak and the γ′ (100) superlattice 
reflection, respectively. The modified Williamson-Hall (mWH) method was initially employed to assess 
dislocation density evolution during loading. However, this method is fundamentally limited in its ability to 
effectively deconvolve instrumental broadening and size effects, as it depends on simplified strain/size 
models that introduce significant uncertainty. Consequently, the CMWP procedure was applied to derive 
quantitatively reliable dislocation density and other characteristic information through its physically 
rigorous whole pattern fitting[35,36]. The instrumental contribution was obtained using a standard reference 
sample (NIST LaB6 powder) at the same experiment configuration. The instrumental profile was calculated 
from the measured diffraction peaks via Fourier deconvolution.
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Table 1. Chemical composition of Ni-Co-based superalloy in wt.%

Alloy Ni Co Cr Mo+W Al Ti Nb+Ta C B

wt.% Bal. 23~27 10~15 3~5 2~3 3~5 1~3 0.01~0.05 0.01~0.05

Figure 1. (A) Rietveld refinement of the diffraction spectrum of the Ni-Co-based superalloy before deformation; (B) Deconvolution of 
the overlapping (200) doublet peak; and (C) single-peak fitting of the (100) reflection.

RESULTS AND DISCUSSION
Figure 2 illustrates the bimodal size distribution of γ′ phases in the heat-treated (HT) alloy, characterized by 
the presence of primary γ′ phases with an average size of 1-3 μm, which are unevenly distributed near grain 
boundaries, and secondary γ′ phases with an average size of 44 nm that are uniformly dispersed throughout 
the matrix. The size of γ′ phases was quantified by measuring the equivalent circular diameter using Image 
Pro Plus software. Furthermore, the total volume fraction of γ′ phases was approximately 41%, as 
determined by Rietveld refinement of neutron diffraction patterns from the undeformed sample. The 
volume fraction of primary γ′ phases was calculated to be 3% based on the stereological principle of areal 
fraction equivalence, indicating that secondary γ′ phases contribute approximately 38%. The average grain 
size of the alloy is around 18 μm and no distinct preferred orientation was detected.
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Figure 2. Microstructures of the HT specimen. (A) and (B) show the morphologies of primary and secondary γ′ phases, respectively; 
(C) The EBSD inverse pole figure (IPF) of the HT alloy; (D) The frequency distribution of secondary γ′ phases. HT: Heat-treated; EBSD: 
electron backscattered diffraction.

Intergranular strain response
Figure 3A represents the true stress-strain curve and its corresponding work hardening rate profile obtained
from in situ neutron tensile test. The alloy exhibits a proportional limit σp of approximately 1,038 MPa, a
0.2% offset yield strength (σ0.2) of 1,211 MPa, and an ultimate tensile strength of 1,860 MPa. The work
hardening rate demonstrates a three-stage trend characterized by an initial decline, a slight increase, and a
subsequent reduction. The peak value is observed at approximately 7% strain, which will be elaborated upon
in subsequent sections. Note that the “jagged” line with stress relaxation during the plastic stage is just
experimental-related rather than physical, which was caused by the temporary dwells in the displacement
mode of the tensile test for acquiring the diffraction spectrum.

Intergranular strains of grains with different orientations are shown in Figure 3B. It is generally agreed that
intergranular strains in polycrystals originate from the elastic and plastic anisotropy of differently oriented
grains[34]. During the elastic deformation stage, different specific {hkl} grains along the loading direction
(LD) exhibit various elastic strains, but all of which vary linearly with applied stress. The {111} grains exhibit
the greatest stiffness and thus the highest elastic modulus, whereas the {200} grains are the most compliant
and display the largest elastic lattice strain under equivalent stress. The stiffness of other {hkl} grains is
intermediate between these two extremes. This orientation-dependent elastic strain can be predicted by the
cubic elastic anisotropic factor Ahkl

[37]. Moreover, the lattice strains along the transverse direction (TD)
decrease with stress due to Poisson’s effect. A distinct transition point is observed when the applied stress
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Figure 3. (A) True stress-strain curve and its corresponding work hardening rate curve of in situ neutron diffraction tensile test; (B) The 
intergranular lattice strains of alloy for the composite γ + γ′ overlapping FCC peaks; (C) The deconvoluted intragranular (interphase) 
lattice strains of individual phase in the {200} and {220} reflections. FCC: Face-centered cubic.

exceeds 1,097 MPa, where the lattice strains of the {200}, {111}, and {220} grains begin to show a linear
deviation, indicating the onset of micro-yielding anisotropy. As the applied stress further increases to
1,211 MPa (σ0.2), the increased slope in the lattice strains of the {220} grains suggests that these planes could
no longer accommodate additional loading and enter plastic deformation. In contrast, the decreased slope
of the elastic strain in {200} grains indicates its continuous elastic deformation. This phenomenon implies
that the load is transferred from the {220} grains to the {200} grains as additional plastic strain develops.
Subsequently, the lattice strains of all {hkl} grains increase owing to strain hardening effects. The results
along TD do not enable a reliable analysis attributable to the few diffraction grains and the extra degree of
grain orientation freedom[19,38], although the lattice strain of {200} grains does decrease due to Poisson
effects.

Grains with orientations exhibiting a lower strength-to-stiffness ratio are expected to yield earlier than those
with a higher ratio. The lattice strains and load transfer that depend on orientation among various {hkl}
grains can be accounted for by the elastic anisotropic factor Ahkl and the Schmid factor m. According to the
Voigt model, a greater value of Ahkl corresponds to increased stiffness. In FCC structures, the anisotropic
factors for different {hkl} grains are ranked as follows: A111 > A220 > A311 > A200 (A111 = 0.33, A220 = 0.25, A220 =
0.16, A200 = 0.00), indicating that E111 > E220 > E311 > E200. Furthermore, a higher Schmid factor associated with
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“soft” orientations suggests a greater maximum resolved shear stress ( τ = mσ = cosλ cosϕ σ) under loading,
where λ represents the angle between the tensile direction and the normal to the slip plane, and ϕ denotes
the angle between the tensile direction and the slip direction. The maximum Schmid factors of differently
oriented grains for the FCC {111} < 110 > slip system are approximately m111 = 0.272 (6), m200 = 0.408 (8),
m220 = 0.408 (4), and m311 = 0.445 (2). The numbers in parentheses represent the number of slip systems that
reach the maximum Schmid factor. At the same strain level, the local stress of {111} grains with the highest
modulus is the greatest, resulting in the earliest occurrence of maximum resolved shear stress as a
consequence of strain compatibility. In contrast, the {200} direction, with its lower stiffness, exhibits a lower
resolved shear stress than the {220} orientation, despite both orientations having the identical maximum
Schmid factor. As a result, {220} grains yield first, while {200} grains yield last, resulting in load transfer
from {220} to {200} grains.

Interphase strain response
Figure 3C illustrates the evolution of the interphase strain in γ and γ′ phases within the {220} and {200}
grains. During elastic deformation, the lattice strains of these two phases nearly coincide in both oriented
grains. In the initial stage of plastic deformation, referred to as Stage I, the local phase strains of two phases
in {220} and {200} grains still exhibit similar responses, indicating that the γ and γ′ phases are simultaneously
sheared by dislocations and no interphase load transfer occurs. When the applied stress exceeds 1,351 MPa
(~3% strain), denoted as Stage II, lattice strain separation first appears in the {220} oriented grains,
accompanied by load transfer from γ to γ′. A similar load redistribution in the {200} grains is observed at the
stress level of 1505 MPa (~6% strain). This asynchronism in interphase load transfer can be ascribed to
plastic anisotropy, as shown in Figure 3B, which indicates that {220} grains yield prior to {200} grains. The
sequential deformation mechanism is characterized by initial γ/γ′ co-deformation without load transfer
during the early plastic stages, followed by deformation that concentrates in the γ phase and is accompanied
by load transfer from γ to γ′ at higher strains. TEM analysis of dislocation configurations provides
conclusive evidence for identifying γ′ phase deformation behavior.

Figure 4 compares the microstructural characteristics between undeformed and 10%-strained samples
through ECCI and TEM imaging. The undeformed specimen in Figure 4A displays uniformly distributed
secondary γ′ phases and only a few dislocations. Numerous parallel slip bands in Figure 4B and C indicate
planar slip as the predominant mode of dislocation motion. Furthermore, Figure 4C illustrates the presence
of dislocation pairs that shear secondary γ′ phases, with dislocation spacing and precipitate size confirming
strongly coupled interactions. These findings are consistent with the γ/γ′ co-deformation behavior identified
by neutron diffraction. In addition, pronounced dislocation bowing around γ′ phases in Figure 4C implies
the concurrent operation of Orowan looping. The linear features in Figure 4D were carefully examined
through selected area electron diffraction (SAED) and high-resolution TEM (HR-TEM) imaging. The
SAED pattern in Figure 4E exhibits no stacking fault streaking, although stacking faults with characteristic
V-type Lomer-Cottrell locks[15] are observed in Figure 4F. This finding indicates limited stacking fault
density throughout the deformed microstructure. These linear features therefore correspond to short slip
traces rather than stacking fault ribbons, as established in previous studies[18,22], and they are frequently
interrupted or deflected near non-shearable γ′ phases, confirming Orowan mechanism dominance during
high-strain deformation. The microstructural observations lead to two critical findings: First, planar slip
dominates dislocation motion in the Ni-Co-based superalloy, as a consequence of the decreased stacking
fault energy induced by substantial Co additions (> 20%). Second, γ′ phases undergo both shearing and
Orowan looping deformation throughout plastic deformation. When considered together with the
evolution of lattice strain, these results highlight the mechanism transition from shearing dominance to
Orowan bypassing dominance as deformation proceeds.
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Figure 4. Substructures of undeformed and 10%-strained alloys. (A) BF-TEM image of undeformed specimen; (B) ECCI, (C and D) 
BF-TEM, (E) SAED pattern, and (F) HR-TEM micrographs showing the deformed microstructure of the alloy after 10% strain. HR-TEM: 
High-resolution transmission electron microscope; ECCI: electron channeling contrast imaging; SAED: selected area electron diffraction; 
BF-TEM: bright-field transmission electron microscope.

Several studies have demonstrated that the bimodal size distribution of γ′ could be used to explain the 
combination of shearing and looping mechanisms[39,40]. However, such combined behavior is not typically 
observed in alloys containing excessively coarse, low-volume-fraction primary phases when coupled with a 
homogeneous distribution of secondary phases. Additionally, Jaladurgam et al.[19] argued that this behavior 
depends on the critical stress for looping, which is related to the particle size (γ′ volume fraction) in the 
alloy. Moreover, extra work hardening during co-deformation is required to achieve a higher critical 
looping stress when a high volume fraction of the γ′ phase is present[18,25]. During initial deformation, some γ′ 
precipitates deform by the shearing mechanism, whereas larger particles undergo deformation via Orowan 
looping. Notably, synchronous lattice strain evolution in both phases, along with established relationships 
reported in prior studies, demonstrates that dislocation pair shearing acts as the primary deformation mode 
for secondary γ′ precipitates during the early stages. As deformation progresses, shearing of the γ′ phase 
becomes unfavorable and is gradually replaced by Orowan looping as the predominant mechanism. Two 
possible factors contribute to this transition: (a) According to Zhang et al.[4] and McAllister et al.[41], residual 
dislocations generated from initial looping or shearing accumulate around precipitates, impeding 
subsequent dislocations from shearing into the γ′ phase and thereby promoting the Orowan mechanism; (b) 
The γ′ phase exhibits distinct hardening behavior compared to the matrix, often attributed to dislocations 
being locked within the γ′ phase due to cross-slip on the {100} slip plane, which inhibits further shearing and 
activates Orowan looping[17]. Nevertheless, the combination of low stacking fault energy and deformation at 
room temperature makes cross-slip in the current alloy difficult. Consequently, pile-up around the γ′ phase 
is the primary cause for the mechanism transition from shearing to Orowan looping. As a result, the load 



Page 9 of Liu et al. Microstructures 2025, 5, 2025096 https://dx.doi.org/10.20517/microstructures.2025.28 15

transfer from the γ matrix to the γ′ phase becomes increasingly significant with the predominance of the
looping mechanism. One has to bear in mind that even when Orowan looping is dominant, stress
concentrations from dislocation accumulation can intermittently force shearing of some γ′ particles, as
dislocation pile-ups may overcome back stresses under localized high-stress conditions[18,42].

Dislocation structures from CMWP analysis
The evolution of the full width at half maximum (FWHM) of the reflection peak can be utilized to
demonstrate the crystallite size and the inhomogeneous stress field caused by crystal defects such as
dislocations during deformation. As depicted in Figure 5A, the normalized FWHM relative to the
undeformed state for both γ and γ′ reflections along the loading direction exhibits a continuous increase
with tensile strain, indicating active dislocation multiplication. The conventional Williamson-Hall (cWH)
plot presented in Figure 5B shows significant scatter attributed to the pronounced anisotropy of peak
broadening, which decreases the accuracy of the dislocation density derived from the slope. After
introducing the average contrast factor, the modified Williamson-Hall (mWH) diagram in Figure 5C
exhibits markedly improved linearity; the larger slope at 12% strain relative to 4% strain qualitatively
confirms a higher dislocation density as deformation proceeds. The similar trend observed for the γ/γ′
reflections indicates that the precipitates also experience substantial plastic deformation, consistent with
previous results. Nevertheless, it is important to note that mWH still relies on simplified strain/size models
and provides only semi-quantitative estimates, and the CMWP fitting routine was subsequently performed
to derive quantitatively reliable dislocation densities, as well as insights into dislocation character and spatial
arrangement. As depicted in Figure 6A, the γ + γ′ total average dislocation density increased uniformly from
8.0 × 1014 m-2 to 4.5 × 1015 m-2 in response to varying strain levels. Furthermore, the increment in flow stress
(σ - σy) demonstrated a linear correlation with ρ1/2, as shown in Figure 6B, which aligns with the Taylor
relationship (Δσ = αμMρ1/2). Consequently, the enhancement in flow stress of the alloy can be predominantly
ascribed to work hardening resulting from dislocation multiplication.

The parameter q reflects the dislocation character and the elastic anisotropy of materials. The q values of
approximately 1.3 and 2.3 were estimated for the pure edge- and pure screw-type dislocations in
superalloys, respectively[43]. Figure 6C demonstrates that the q value gradually rises with increasing strain,
showing the increased proportion of screw dislocations in the Ni-Co-based superalloy during plastic
deformation. Actually, the distortion energy generated by screw dislocations of the same length is only 1/3
of that of edge dislocations. As the dislocation density increases, the proportion of low-energy screw
dislocations inevitably increases to reduce the system energy and enhance dislocation mobility. In high-SFE
metals with wavy slip characteristics, screw dislocations with opposite Burgers vectors will annihilate
through cross slip, thereby reducing the proportion of screw dislocations and the q value. This phenomenon
has also been confirmed in the lath martensitic  steel[28]. In contrast, the low stacking fault energy
characteristics of the Ni-Co-based superalloy studied significantly suppress the cross slip and dislocation
motion is restricted within the two-dimensional slip plane, ultimately manifesting as an increase in q value.
The evolution of dislocation types above provides new evidence that the dislocation motion in the
Ni-Co-based superalloy is governed by planar slip mechanisms.

The parameter M, which is the product of the effective cut-off radius of dislocation (Re) and the square root
of dislocation density (ρ), i.e., M = Re × ρ1/2, provides a quantitative evaluation of the dislocation
arrangement characteristics. A small M value (M < 1) indicates a strong interaction between dislocations,
where their long-range stress fields are effectively screened, leading to the formation of low-energy
dislocation structures such as dipoles, multipoles, dislocation walls and cells. Conversely, a large M value
(M > 1) signifies a random or weakly correlated arrangement, such as dislocation tangles and high-energy
pile-up[44,45]. As depicted in Figure 6D, the M value in the examined Ni-Co-based superalloy exhibits a
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Figure 5. The neutron diffraction peak profile analysis. (A) The evolution of normalized FWHM as a function of true strain; (B) The cWH 
plots at true strains of 4% and 12%, respectively; (C) The mWH plots at true strains of 4% and 12%, respectively. The parameter K 
(1/d) is the diffraction vector, and C is the average contrast factor. FWHM: Full width at half maximum; cWH: conventional 
Williamson-Hall; mWH: modified Williamson-Hall.

continuous increase with tensile strain. This observation markedly diverges from the behavior generally 
observed in a variety of metallic materials subjected to plastic deformation. According to the foundational 
theory of Low-Energy Dislocation Structures (LEDS) proposed by Kuhlmann-Wilsdorf[46,47], systems 
undergoing plastic deformation have a strong thermodynamic driving force to self-organize into 
configurations that minimize their stored energy. In materials characterized by wavy slip, where cross-slip is 
readily activated, this principle facilitates the development of three-dimensional dislocation cells. For 
example, research on martensitic steels by Akama et al.[29] and Harjo et al.[28] revealed a significant reduction 
in the M value with increasing plastic strain, which they explicitly attributed to the rearrangement of 
initially random dislocations into stable, low-energy tangled or cellular structures. Similarly, even in 
materials favoring planar slip, such as the coarse-grained 316L stainless steel investigated by Kumagai 
et al.[48], cyclic deformation was found to promote the reorganization of dislocations from a random state 
(high M) into ordered cell wall structures, leading to a notable decrease in the M value. These results 
consistently indicate that, regardless of the specific slip mode, there is a tendency to form LEDS during 
deformation, driven by thermodynamic factors, which corresponds to a reduction in the M parameter.
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Figure 6. The CMWP fitting results of the Ni-Co-based superalloy. (A) The evolution of total average dislocation density (ρ) with true 
strain; (B) The flow stress increase (σ - σy) with strain as a function of ρ1/2; (C) The dislocation character factor q with true strain; (D) 
The dislocation configuration parameter M with true strain.

The rising M value observed in the current alloy thus suggests a fundamental deviation from the expected 
energy-minimizing behavior. It is proposed that the presence of γ′ precipitates, which are characteristic of 
superalloy systems, fundamentally alters the pathway of dislocation structure evolution. 
Kuhlmann-Wilsdorf’s theory supports the influence of strong, localized obstacles, such as precipitates. 
When dislocations encounter these obstacles, their capacity to self-organize into extended, low-energy 
configurations, such as cell walls or Taylor lattices, is markedly impeded. Instead of forming stress-screened 
configurations, dislocations are forced to gather in proximity to these precipitates. This accumulation 
results in the formation of inherently high-energy dislocation structures characterized by unscreened, 
long-range stress fields, corresponding to a significant and increasing M value. This interpretation is 
strongly corroborated by the recent research conducted by Gubicza et al.[30] on Mg-Zn-Y-Al alloys 
containing hard, plate-like long period stacking ordered (LPSO) phases. An increasing M parameter with 
strain is also observed in their study, which is attributed to the formation of clusters where the strain field of 
dislocations is less shielded because the LPSO plates act as formidable obstacles to dislocation 
rearrangement. A similar mechanism is evident in the present alloy: secondary γ′ precipitates inhibit the 
formation of LEDS and instead facilitate the accumulation of high-energy, unscreened dislocations, 
resulting in the observed increase in the M value.

It is well established that precipitate size determines the deformation mechanism, with a transition from 
shearing for small particles to Orowan looping for larger ones. This transition can be anticipated to not only 
impact the microscopic mechanical behavior but also significantly influence the organization of 
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dislocations; however, a comprehensive understanding of this phenomenon has yet to be achieved. Further 
systematic investigations that correlate precipitate characteristics such as size and spacing with the evolution 
of the dislocation configuration are essential for developing a comprehensive and predictive model for work 
hardening in advanced precipitation-strengthened superalloys.

Evolution of work hardening rate
The work hardening rate, illustrated in Figure 3A, demonstrates a distinctive three-stage behavior that had 
also been reported by Grant et al.[18]. In Stage I, where strain is less than 2%, the initial sharp decline in the 
hardening rate is governed by the shearing of γ′ precipitates through dislocation pairs. The γ′ shearing 
promotes strain localization, and the dislocation density in the alloy remains low at this stage. 
Consequently, the alloy exhibits weak work hardening. In Stage II, as strain increases from 2% to 7%, the 
hardening rate exhibits a significant increase. This rise is attributed to a gradual transition from the 
shearing-dominated mechanism to Orowan bypassing dominance, a shift corroborated by in situ neutron 
diffraction data. The onset of lattice strain separation between the γ and γ′ phases in the most compliant 
{200} grain family at approximately 6% strain, as shown in Figure 3C, indicates global activation of Orowan 
looping. This is accompanied by a significant increase in the q value from CMWP analysis, a direct result of 
the accumulation of Orowan loops. Orowan looping acts as a potent hardening mechanism, as the remnant 
loops create a dense, tangled substructure that severely impedes dislocation motion and thus causes 
stronger work hardening. In Stage III, when strain exceeds 7%, the observed decline in the hardening rate is 
attributed to localized dislocation reorganization rather than to extensive dynamic recovery. The 
accumulation of Orowan loops surrounding γ′ phases leads to pronounced local stress concentrations, 
compelling screw dislocation segments to undertake stress-assisted yet limited cross-slip. As a result, these 
screw dislocations experience only localized rearrangement and are extensively annihilated or reorganized 
into lower-energy structures, as evidenced by the continual rise in dislocation density and the M value. 
Importantly, this localized cross-slip allows screw dislocations to bypass high-density obstacle regions such 
as Orowan loop clusters by transferring to adjacent slip planes, thereby reducing local slip resistance and 
ultimately manifesting as a decrease in the work hardening rate. Throughout the entire deformation, 
concurrent grain rotation occurs to accommodate plastic strain. Although such rotation induces a 
“geometrical softening” effect by aligning grains to enable easier slip, it simultaneously generates a high 
density of geometrically necessary dislocations, leading to a dominant hardening contribution. However, 
this hardening cannot fully explain the three-stage fluctuation observed in the work hardening rate, which is 
fundamentally governed by the interaction between dislocations and γ′ precipitates.

CONCLUSIONS
In this work, in situ neutron diffraction measurements were adopted to quantitatively examine the 
micromechanical behavior and the evolution of dislocation structures of a Ni-Co-based superalloy during 
tensile deformation. The primary conclusions are as follows:

(1) The γ and γ′ phases undergo co-deformation via dislocation shearing in the initial plastic stage, followed 
by the activation of the Orowan mechanism at higher strain levels, which accounts for the load transfer 
from the γ to γ′ phase.

(2) The low stacking fault energy suppresses cross-slip, leading to a rising fraction of screw-type 
dislocations. Critically, the pinning effect of γ′ precipitates impedes the self-organization of these 
dislocations into low-energy configurations, promoting the formation of high-energy, weakly screened 
structures.
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(3) The evolution of work hardening is closely linked to these mechanisms. The late-stage decrease in the 
work hardening rate is attributed to the activation of localized, restricted cross-slip, which allows 
dislocations to bypass the high-density obstacle regions created by Orowan loops and accumulated 
dislocations around precipitates.
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