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A B S T R A C T

The hetero-deformation mechanisms were systematically investigated using in-situ SEM and 
EBSD, combined with crystal plasticity finite element (CPFE) modeling. The results reveal that the 
softer single-crystal domain yields first due to the lower slip strength, accompanying by the lattice 
rotation and geometrically necessary dislocation (GND) accumulation near the single/polycrystal 
hetero-boundary (HB), which induces pronounced local hardening, thereby driving the sites of 
plastic strain accumulation shifting from HB to the interior of the single-crystal domain during the 
following cyclic loading. This GND density field is primarily controlled by the ΔExx (the difference 
of the elastic modulus along the loading direction), the minimum crystallographic misorientation 
(θ') between the <001> of the polycrystalline grain and the loading direction (nearly parallel to 
[010] of single-crystal grain), and the intrinsic slip strength on the both sides of HB. Low <001>
misorientation (θ′ ≤ 15◦) or small ΔExx (≤ 30 GPa), in combination with high geometric 
compatibility factor (m′ ≥ 0.8) decrease the demand for GND-associated compatibility near the 
HB. These results provide mechanistic insights for designing interfaces that enhance fatigue 
resistance and damage tolerance in the single/polycrystal nickel-based superalloys.

1. Introduction

Turbine disks and blades are critical components in aero engines and gas turbines (Peng et al., 2022). Nickel-based single-crystal 
superalloys, such as DD5, are commonly used for turbine blades due to their superior creep and fatigue resistance at high temperature 
(Li et al., 2021, Ren et al., 2022, Sato et al., 2011). These blades are typically coupled with polycrystalline superalloy disks (e.g., 
FGH96), which offer high strength and toughness. Compared to traditional blade-disk connection methods, such as mortise-and-tenon 
joints (Zou et al., 2024), integrally bladed disks (blisks) reduce weight by 20–30% and enhance both reliability and service life 
(Šajbanová et al., 2021, González-Barrio et al., 2020). Additionally, the integral design improves aerodynamic efficiency by mini
mizing heat transfer resistance and interfacial thermal barriers (Aschenbruck et al., 2014). However, the diffusion bonding of 
single-crystal blades to polycrystalline disks creates a hetero-boundary (HB) marked by mechanical and crystallographic disconti
nuities. This interface usually becomes a preferential site for strain localization and fatigue crack initiation (Liu and Nambu, 2024), 
posing challenges to structural integrity during service.
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Extensive efforts have been made to improve blisk fabrication processes, including diffusion bonding (Shi et al., 2023, Wu et al., 
2023), additive manufacturing (Wang et al., 2024), and transient liquid-phase bonding (Li et al., 2022). However, the fundamental of 
deformation mechanisms near the single/polycrystal HBs remains elusive. These HBs are heterostructures with significant mechanical 
incompatibility between the domains (Zhu and Wu, 2023), which results in strain partitioning and accumulation of GNDs at the HB 
(Griesbach et al., 2024, Ma et al., 2023, Liu et al., 2025, Li et al., 2025). Such hetero-deformation phenomena are commonly observed 
at crystalline–amorphous boundaries (Fu et al., 2025), ceramic-metal phases (Peterson et al., 2024), phase boundaries in alloys (Nie 
et al., 2025) and the interface between coarse-grained and ultrafine-grained regions of the same material (Sun et al., 2022, Wang et al., 
2020, Liu et al., 2020). These studies show that the carefully designed hetero-zones can leverage this effect to enhance strength and 
ductility through hetero-deformation induced (HDI) hardening (Xu et al., 2024, Najmabad et al., 2024, Zhang et al., 2024, Ran et al., 
2024). In grain-scale, the micromechanical behaviors near these HBs are strongly associated with the crystallography and elastic 
modulus. The grain orientation of the nickel-based polycrystalline substrate determines the growth direction of the columnar grains 
(Wang et al., 2024), while deviations in single-crystal alloys affect mechanical behavior (Li et al., 2021, Qu et al., 2024, Wang et al., 
2023). Crystal orientation also determines the elastic modulus along the loading direction (Zou et al., 2024), introducing the elastic 
mismatch that governs local deformation and damage (Zhang et al., 2021). The aforementioned factors result in a complex stress state 
that activates slip systems near the HBs, affecting the Luster–Morris factor mʹ (Li et al., 2025, Zhou et al., 2019, Chen et al., 2025), 
which is typically used to assess strain compatibility between adjacent grains (Chen et al., 2025, Escobar-Moreno et al., 2025, Chen 
et al., 2023). However, how these factors interact to control the GND distribution near the HB within the single-crystal domain, 
particularly the effect of the mismatch between the single-crystal loading direction and the polycrystal grain orientations, is yet to be 
systematically investigated and fully understood.

Despite considerable experimental efforts (Zhou et al., 2025, Zan et al., 2025), the spatial and temporal limitations of in-situ 
characterization hinder the quantification of local strain partitioning and GND density evolution. As a result, crystal plasticity 
finite element (CPFE) has been increasingly utilized to elucidate the underlying micromechanics in heterogeneous materials. The CPFE 
models have successfully captured size-dependent strengthening in heterostructures (Zhao et al., 2025, Zhang et al., 2024), the role of 
GNDs in gradient-grained materials (Zhang et al., 2023) and clarify how the strength disparities govern the strain partitioning by CPFE 
(Li et al., 2024). Recent work by Liu and Nambu (Liu and Nambu, 2024) employed CPFE to decouple the effects of interfacial hardening 
and DRX microstructure in Fe/Ni interface, demonstrating the critical importance of isolating competing factors. These models 
effectively describe mesoscale strain gradients on different materials and grain size gradient interfaces in polycrystalline metals. 
However, the modeling of heterogeneous interfaces between single crystal and polycrystalline materials within the same matrix 
(nickel-based alloys) represents a unique and unexplored scenario.

This study aims to clarify the deformation mechanisms near the single/polycrystal HB formed by diffusion bonding between single- 
crystal nickel-based superalloy DD5 and polycrystal nickel-based superalloy FGH96. We focus on the evolution of microstructure, 
plastic strain partitioning across the HB, and GND accumulation near the HB within the single-crystal domain. By integrating in-situ 
SEM/EBSD observations with the CPFE results, we decouple the effects of elastic mismatch along the loading direction (LD) and the 
minimum crystallographic misorientation between the loading direction (nearly parallel to the [010] of the single-crystal domain) and 
the <001> direction of the polycrystalline grains (θ'), associated with the geometric compatibility factor mʹ. Our findings reveal that 
low θ' combined with high mʹ results in minimal GND demand, indicating good interfacial compatibility, whereas high θ' with low mʹ 

promotes GND accumulation and plastic strain localization.

2. Methodology

2.1. Materials and experiment methods

In this study, polycrystal nickel-based superalloy FGH96 and single-crystal nickel-based superalloy DD5 were fabricated using the 
powder metallurgy process and directional solidification method, respectively. The nominal composition of the DD5 and the FGH96 
are listed in Table 1. Before bonding, the faying surfaces were ground using SiC papers (400 to 2000 grit), followed by polishing with 
SiO2 to achieve a surface roughness (Ra) of less than 0.85 μm (Liu and Nambu, 2024). Additionally, the materials were held at 1130◦C 
under a compressive pressure of 12 MPa in a vacuum for 60 minutes, with heating and cooling rates of 4◦C/s and 5◦C/s, as shown in 
Fig. 1(a). The dimensions of the diffusion bonding sample are shown in Fig. 1(b), accompanied by a heated sleeve to modify the stress 
state near the joint interface, thereby reducing interfacial porosity and suppressing thermal crack initiation. Both superalloys are 
composed of a Ni-based solid solution (γ phase) and Ni3Al precipitates (γ'), and their microstructures are shown in Fig. 1(c, d). Both 
DD5 and FGH96 possess a face-centered cubic (FCC) crystal structure, and the primary active slip system for plastic deformation is the 
{111}<110> system, which has been explicitly stated in the Appendix A. The inverse pole figure (IPF) and pole figure maps for FGH96 
and DD5 are shown in Fig. 1(e-g). The polycrystal sample exhibits a nearly random crystal orientation, while the single-crystal domain 
displays a pronounced <001> texture, aligned with the loading direction (LD), corresponding to the directional solidification of DD5. 

Table 1 
Nominal composition (wt%) of the DD5 and FGH96.

Alloy Cr Co Mo W Ta Re Al Ti Ni

DD5 7 8 2 5 6.5 3 6.2 – Bal.
FGH96 16 13 4 4 – – 2.2 3.7 Bal.
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During test bar production, the specimen axis was aligned with the nominal [010] crystallographic orientation with a small deviation 
angle, This deviation angle is an inherent characteristic of the casting process and is difficult to eliminate completely, thus, a deviation 
of up to 10◦ is generally considered acceptable for practical applications (Raza et al., 2019). The deviation angle between the specimen 
axis and the <001> orientation of the single-crystal is approximately 3.5◦ in this study.

The free surface of the DB sample was initially ground with SiC papers of increasing fineness and then polished with a SiC sus
pension for 2 hours to remove the deformation layers. This preparation ensured a high-quality surface suitable for EBSD character
ization. Electron backscatter diffraction (EBSD) measurements were performed at a 70◦ tilt, using a step size of 1 μm, square grid 
collection, an accelerating voltage of 20 kV before deformation on the region of interest (ROI). Dog-bone-shaped tensile specimens 
were machined from the center of the DB samples using electrical discharge machining (EDM), as shown in Fig. 2(a), with the ROI 
highlighted. The gauge section measured ~22 mm in length, 2 mm in width, and 1 mm in thickness, with the tensile loading axis 
aligned parallel to the specimen axis (global X-direction in Fig. 2(a)). Microstructural-sensitive finite element model was faithfully 
reconstructed based on the crystallographic orientation and morphological information obtained from the EBSD scan as shown in 
Fig. 2(b, c). Local deformation was monitored using a built-in extensometer mounted on the gauge section. The constant loading rate of 
1 mm/min with an 810 MPa peak stress is cyclically conducted in TESCAN in-situ testing system, and the loading boundary condition 
of finite element model is same as the experiment, as shown in Fig. 2(d, e).

Fig. 1. Sample preparation and DB test: (a) temperature history of DB (b)dimensions of DB sample, (c) SEM microstructure of DD5 (d) SEM 
microstructure of FGH96 (e, f) IPF-X of FGH96 and DD5 (g) corresponding pole figure.

Fig. 2. (a) The dimensional drawing of the machined shape of the bonding sample and region of interest (ROI). (b) EBSD map of ROI (c) Finite 
element sub-model reconstructed from EBSD scans of ROI (d) Schematic diagram of loading profile in the in-situ tensile test (e) micro tensile 
stage system.
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2.2. Computational methodology

Twenty-node 3D elements with reduced integration (C3D20R) were employed. In this study, the experimentally characterized 2D 
grain morphology on the observed surface from EBSD (shown in Fig. 2(b)) was extruded along the out-of-plane (Z) direction to 
construct a 3D geometry with a small thickness (3 μm ≤ 1/8 of the average grain size). This thickness was justified because the number 
of elements through the thickness has a negligible effects on the stress and strain response at the observed surface (Hardie et al., 2022, 
Wang et al., 2023). This “quasi-3D” approach is physically reasonable because the critical stress components governing plastic 
deformation are primarily in-plane on the observed free surface, while the out-of-plane stress components play a secondary role in the 
diffusion-bonded sample containing the HB. This modeling assumption is further supported by the recent work of Wang et al. (Wang 
et al., 2024), who adopted the same rationale in their diffusion-bonded joint model. In addition, the interface properties of HB have not 
been independently considered because this work focus on the mechanistic link (eg. deformation compatibility between the two 
domains) between the micro-mechanical behaviours and the single-polycrystal structure at grain-level. Hence, the interface of HB is 
processed as a crystallographic boundary dividing two domains with differing material’s properties.

The crystal plasticity slip rule is implemented in the user material subroutine (UMAT) using ABAQUS standard/explicit analysis. 
The plastic velocity gradient LP is formulated based on crystallographic slip, incorporating both the slip directions and plane normal: 

LP = ḞpFp− 1
=

∑12

α=1
γ̇ αsα ⊗ nα (1) 

Here, sα and nα represent the slip direction and the normal vector of the αth slip system, respectively. FP is the plastic deformation 
gradient. The corresponding slip rate γ̇α is governed by the slip rule (Dunne et al., 2007) 

γ̇ α
= ρssdmb2νexp

(

−
ΔF
kT

)

sinh
(

ΔV
kT

⃒
⃒τα − τα

c

⃒
⃒

)

(2) 

The model parameters are defined as follows: ρssdm is the mobile dislocation density; b the magnitude of Burgers vector; and ν the 
attempt frequency. The energy barrier is characterized by the activation energy ΔF and the activation volume ΔV. The resolved shear 
stress on the αth slip system is denoted by τα, while the slip system strength, τα

c , characterizes the current resistance to slip and evolves 
with accumulated plastic deformation through dislocation hardening by equation (3). 

τα
c = τc0 + αGb

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ρGND + ρSSD

√
(3) 

where the following parameters are defined: τc0, the initial intrinsic slip strength; G, the shear modulus; α, the Taylor hardening 
coefficient; with ρSSD and ρGND being designated as the densities of statistically stored and GNDs, respectively.

The density of sessile statistically stored dislocations, denoted as ρSSD, is empirically considered by the isotropic hardening law. 

ρ̇SSD = λ ⋅ ṗ (4) 

Where λ is a hardening coefficient, and p represents the effective plastic strain, which is defined by plastic strain εp as follows: 

ṗ =

(
2
3

εp : εp
)1

2 (5) 

The GND density, ρ GND, accommodates lattice curvature and is derived from Nye's dislocation tensor Λ (Cheng and Ghosh, 2015), 
which is updated at the end of each time increment: 

Λ = curl
(
FP) =

∑12

α=1
ρα

Gsb
α
⊗ mα + ρα

Getb
α
⊗ tα + ρα

Genbα
⊗ nα (6) 

Where ρα
Gs denotes the screw dislocation which aligns with slip direction sα, whereas ρα

Get and ρα
Gen represent the edge dislocation 

components which aligns with vector tα (normal to the plane determined by sα and nα) and slip normal nα respectively. The magnitude 
of the Burgers vector on slip system α is given by bα, and mα,nα, and tα form an orthogonal set of unit vectors. Since the 36 independent 
GND components (including 12 screw and 24 edge dislocations) must be determined from only 9 available equations, equation (7) is 
formulated in matrix form as follows: 

AρGND = Λ (7) 

Here, Λ is the Nye dislocation tensor in 9×1 column vector form, and A denotes a 9 × 36 matrix composed of basis tensors in the form 
of bα

⊗ mα, bα
⊗ tα, and bα

⊗ nα. ρGND is a 36 × 1 column vector of GND components. Hence, a minimum L₂-norm solution is employed 
to minimize the weighted sum of squares of the resulting GND densities (Arsenlis and Parks, 1999). The objective function is 
formulated as the sum of the squares of the edge (ρα

Get, ρα
Gen) and screw (ρα

Gs) dislocation density components, resulting in a scalar 
measure of the GND density on each slip system (Cheng and Ghosh, 2015), expressed as: 
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ρGND =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑12

α=1

(
ρα

Gs
)2

+
(
ρα

Get
)2

+
(
ρα

Gen
)2

√
√
√
√ (8) 

Uniaxial tensile tests were carried out on the bonding sample of the single-crystal DD5 and the polycrystal FGH96. Material properties 
were calibrated using a sub-scale finite element model of the primary domain of interest (Fig. 2(b, c)); the calibrated material 
properties are shown in Table 2 and Table 3.

The three independent stiffness constants (C11, C12 and C44) were determined from experimental measurements, accounting for 
elastic anisotropy with a Zener ratio of 2.67 for the nickel-based superalloy (Li et al., 2021, Liang et al., 2023). Following Frost and 
Ashby (Frost, 1982), the activation energy ΔF was estimated as ΔF= ωGb3, where ω is a constant reflecting the strength of dislocation 
obstacles. A value of ω = 0.04 was adopted to represent a non strain-rate-sensitive response at room temperature, with Burgers vectors 
of b = 2.54 × 10⁻⁴ μm for the polycrystal (Chen et al., 2018) and b = 3.51 × 10⁻⁴ μm for the single crystal (Chen et al., 2017). The 
activation volume was defined as ΔV = ζb³, where ζ = 22.0 (Zhang et al., 2021) was selected for both materials to ensure low strain-rate 
sensitivity under the room-temperature loading conditions considered. The initial density of mobile dislocations ρssdm was estimated 
based on the previous study (Hull and Bacon, 2011).ν was the dislocation jump attempt frequency, which can be estimated as 1 × 1011 

(Sweeney et al., 2013). CPFE simulations were performed to compute the tensile stress–strain responses of the monolithic FGH96, 
monolithic DD5 alloys and DB DD5-FGH96 sample based on the calibrated materials’ properties, as shown in Fig. 3(a) and (b), in which 
the comparison between the experiments and CPFE shows a good agreement.

3. Results&discussion

3.1. Heterogeneous plastic strain and GND fields near the HB

To examine the microstructural evolution at varying stress levels, the same ROI in the diffusion-bonded sample was monitored 
under both monotonic (the 1st cycle) and the following cyclic loading (the 2nd ~5th cycle) using in-situ SEM/EBSD. Crystal orientations 
at each loading step (red circles in Fig. 2(d)) were used to calculate the grain reference orientation deviation (GROD), defined as the 
misorientation between a local orientation within a grain and the average orientation of that grain (Black et al., 2024), to quantify 
localized deformation near the HB. The GROD maps (Fig. 4(a–d)) reveal long-range orientation gradients within individual grains, 
which particularly decrease with the distance away from the HB (black narrow in Fig. 4a) in the single-crystal domain, indicating 
pronounced plastic deformation near the HB. CPFE simulation shows effective plastic strain evolution during in-situ tensile loading, 
illustrating that the single-crystal domain (right-hand side in Fig. 4) accommodates more plastic strain than the polycrystal domain 
(left-hand side in Fig. 4) during loading, as shown in Fig. 4(e-h).

During in-situ loading process (undeformed, the yield of the 1st cycle, peak loading of the 1st cycle, and peak loading of the 5th 

cycle), plastic strain localization and lattice rotation evolve progressively. In the undeformed diffusion-bonded sample (Fig. 4a), low 
GROD is observed near the HB, reflecting prior residual deformation introduced by bonding. At the yield of the 1st cycle (720 MPa), 
which beyond the yield strength of DB sample, the single-crystal domain exhibits uniform lattice rotation (dashed rectangle in Fig. 4b) 
and plastic strain localization near the HB (dashed ellipse in Fig. 4f). While in the polycrystal domain, the lattice rotation and plastic 
strain are just localized in a few grains, indicating that the single-crystal domain basically deforms first and accommodates more plastic 
strain, whereas the polycrystal domain, with higher slip strength and greater work-hardening capacity, constrains the single-crystal 
domain. Intuitively, the domain that yields first due to the lower slip strength is referred to the soft domain (single-crystal side in 
this work), while the domain that yields later is termed the hard domain (polycrystal side in this work) (Ding et al., 2022). As the 
tensile stress increasing to 810 MPa (peak loading of the 1st cycle), both single-crystal domain and polycrystal domain shows clear 
plastic deformation, while interfacial mechanical incompatibilities persist (Wang et al., 2019). To maintain plastic strain continuity, 
dislocations pile up near the HB in the single-crystal domain (the soft domain), forming GNDs that accommodate plastic in
compatibility and generate interfacial plastic strain gradients (Ding et al., 2022, Lu et al., 2019). Following the first cycle peak, 
subsequent cyclic loading led to the continuous accumulation of GNDs near the HB within the single-crystal side (this GND density field 
would be discussed with more details in the following text), manifested as a progressive increase in GROD values. As cycling progresses 
to five cycles, this accumulation of GNDs enhances local hardening in these regions (marked by dashed ellipse in Fig. 4(f-g)). Such local 
hardening area is shown in Fig. 4 (i) and (j) at the peak loading of the 1st cycle and the 5th cycle, respectively. The effective plastic strain 
along the path A–A′ (marked in Fig. 4 (i) and (j)) show that the local hardening drives the shifting of plastic strain accumulation from 
the single-crystal side’s HB (~7.4µm away from the HB) to the single-crystal interior (~27.5µm away from the HB) during the 
following cyclic loading, the concentration sites of effective plastic strain are marked by black narrows, as shown in Fig. 4(i-k).

The evolution of GND density field from the undeformed state to the 1st unloaded cycle and the 5th unloaded cycle was 

Table 2 
Material properties for polycrystal nickel-based superalloy FGH96.

C11 (GPa) C12 (GPa) C44 (GPa) τc0 (MPa) b (μm)

232 148 112 370 2.54 × 10-4

λ (μm -2) ν (s-1) ΔF (J /atom) ρssdm (μm 2) ΔV (μm3)
50 1.0 × 10-11 8.2 × 10-20 0.8 22b3
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characterized by EBSD measurements (Fig. 5(a–c), processed by ATEX software (Beausir and Fundenberger, 2017)) and calculated by 
CPFE simulations (Fig. 5(d–f)), which show good agreement. The initial GND distribution (Fig. 5(a) and (d)) show a low and relatively 
uniform GND density field. Path B–B′ was defined near the HB within the single-crystal region of interest (Fig. 6a), which will be 
discussed later. The average GND density along this path, calculated from EBSD data, increased substantially from the initial value 
approximately 6.5 × 1012 to 3.88 × 10¹³ m⁻² after the 1st cycle and further to 5.98 × 10¹³ m⁻² after the 5th cycle, as shown in Fig. 6(b), 
which clearly shows a substantial increase in GND density near the HB in single-crystal side, indicating that the GND density is 
predominantly generated during cyclic deformation to accommodate plastic strain incompatibility. This evolution also reveals a rapid 
increase during the 1st loading cycle, followed by a significantly slower increasing rate in subsequent cycles. This trend is consistent 
with previous studies on the progressive GND density evolution near HB (Chen et al., 2018, Jiang et al., 2016).

The CP-computed GND density along path B-B′ shows good agreement with the in-situ EBSD measurements after the fifth cycle 
(Fig. 6c). Both experimental and simulation results demonstrate a heterogeneous increase in GND density with progressive cyclic 
loading near the HB, highlighting the pronounced plastic deformation localization near the HB. After the first cycle, pronounced 
dislocation pileups can be observed near the HB. With continued cyclic loading up to the fifth cycle, a markedly higher GND density is 
produced near the HB. The elevated GND density leads to steep plastic strain gradients and pronounced lattice curvatures. Notably, the 
single-crystal domain adjacent to the HB accumulates a markedly higher GND density after five cycles, while the density decreases 
gradually with increasing distance from the HB. This pronounced gradient demonstrates that GND accumulation is far more intense in 
the interfacial region than in the surrounding domains, highlighting its role as the dominant site for cyclic plastic strain localization.

The GND accumulation across the HB and the interfacial plastic strain partitioning after the 5th loading cycle were quantitatively 
studied using SEM and CPFE results (Fig. 7). Comparative micrographs before and after deformation (Fig. 7a, b) shows a distinct 
stepped morphology in the single-crystal domain. Macroscopically, this is evidenced by a progressive reduction in cross-sectional area 
from the interface toward the interior of the single-crystal domain (right-hand side in Fig. 7(b)). The GND density and effective plastic 
strain fields are shown in Fig. 7(c) and (d). The profiles along path C–C′ (marked in Fig. 7(c) and (d)) show that the single-crystal side 
can be subdivided into a transition zone (yellow) and a steady zone (pink) with gradually varying plastic strain and GND density, 
which eventually stabilize at distances farther from the HB, as shown in Fig. 7(e). It reveals a distinct contrast in mechanical field 
distributions across the HB is that the effective plastic strain is minimized at the HB and increases gradually into the single-crystal 
interior, while GND density peaks adjacent to the HB and declines with distance into the single-crystal domain, as shown in Fig. 7
(e). On the single-crystal region near the HB (yellow zone), deformation is strongly constrained by the adjacent harder polycrystal 
domain, leading to a reduced plastic strain compared with the interior of the single-crystal domain. In contrast, the single-crystal 
region far away from the HB (pink zone) experiences a rapid reduction (Fig. 7(b)), allowing the region to undergo strong plastic 
deformation due to the higher stress (smaller cross-sectional area), thus leading to the higher plastic strain. The sharp transition from 
the lower effective plastic strain within the polycrystal domain (blue zone) to the higher plastic strain within the single crystal domain 
(yellow zone) generates a significant plastic strain gradient, as shown in the up-side of Fig. 7(e), refers to the GND density peak near the 
HB (black narrow in Fig. 7(e)). Moreover, this GND density peak results in a local hardening and furtherly force the plastic strain 
accumulation shifting from the single-crystal side’s HB to the single-crystal interior (reflected by the Fig. 4(f-h)).

Table 3 
Material properties for single-crystal nickel-based superalloy DD5.

C11 (GPa) C12 (GPa) C44 (GPa) τc0 (MPa) b (μm)

208 130 89 275 3.51 × 10-4

λ (μm-2) ν (s-1) ΔF (J /atom) ρssdm (μm2) ΔV (μm3)
200 1.0 × 10-11 9.8 × 10-20 0.15 22b3

Fig. 3. Comparison of experimental and CPFE-simulated engineering stress-strain responses. (a) monolithic DD5 single-crystal and monolithic 
FGH96 polycrystal (b) the diffusion-bonded DD5-FGH96 heterostructure.
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3.2. GND density field, elastic mismatch and crystal misorientation

In this study, the GND density field near the HB is heterogeneous (Figs. 5, 6, 7), which affects the plastic strain accumulation by 
dislocation hardening during the cyclic loading. Hence, investigating the mechanistic link between the microstructure and GND 
density field is significant in understanding the hetero-deformation in such single/polycrystal nickel-based superalloy. In this section, 
all of the HBs in ROI (matching 15 polycrystal grains and their common single-crystal) are extracted and marked, which refer to clear 
high or low GND density on the single-crystal side after the 1st cycle, as shown in Fig. 8(a-f). Dashed ellipses mark regions of low GND 
density in the single-crystal domain near the corresponding HB, while the other HBs indicate clear high GND density within the single- 
crystal side. In Fig. 8(a), high GND density regions can be observed in the single-crystal domain near the HB1 and HB2. By contrast, 
three low GND density regions marked by the dashed white ellipse are observed at the HB3 and HB5 within twin grain (Fig. 8b) and 
HB6 shown in Fig. 8(c), which demonstrates that plastic deformation compatibility can be achieved through favorable crystal ori
entations with low demand of GND. The rest of the HBs (HB4 shown in Fig. 8(b) and HB7-HB15 shown in Fig. 8(d-f) have a similar 
results as the HB1 and HB2, which are higher than the HB3, HB5 and HB6. Hence, investigating the role of crystallography on both 
sides of HBs is critical to the mechanistic understanding the GND density field near the HBs.

The region of low GND density near the HB within the single-crystal domain after the 1st cycle can be observed in the corresponding 

Fig. 4. Evolution of the local lattice rotation and the results of the effective plastic strain field along the HB for the polycrystal /single of the nickel- 
based superalloy during in-situ tensile: (a-d) EBSD images reflect local deformation details of the GROD; (e-h) Effective plastic strain field derived 
from CPFE simulations; (i, j) effective plastic strain at peak loading of the 1st loading cycle and the 5th loading cycles; (k) Quantitative profiles along 
the A–A′ path.
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IPF map of the heterostructure which is marked by white ellipse shown in Fig. 9(a). Nickel’s elasticity is intrinsically anisotropy, which 
means the elastic mismatch near the HB would be caused by the differing crystal orientations of polycrystal grains (single domain’s 
crystal orientation is fixed). In addition, the plastic deformation near the HB is dominated by slip, which is strongly determined by the 
crystal orientation. Hence, the difference of the single-crystal and polycrystal grain’s crystal orientation is also significant. The 
following text of this section discusses the above two key factors, namely the difference of elastic modulus along the loading direction 
(LD) ΔExx and the <001> misorientation θ′, which will be defined and calculated as follow.

The elastic modulus along the LD, denoted as Exx, can be calculated based on each grain’s crystallographic orientation relative to 
the LD. For FCC material, the Young's modulus along a specific direction Ehkl is given by: 

1
Ehkl

= S11 − 2
(

S11 − S12 −
1
2
S44

)(
l2xl2y + l2y l2z + l2xl2z

)
(9) 

Fig. 5. Evolution of GND density distributions from experimental measurements and CPFE predictions under unloaded conditions. (a-c) Experi
mental results: (a) Undeformed, (b) After the 1st loading cycle, and (c) After the 5th loading cycle. (d-f) CPFE predictions: (d) initial state, (e) after 
the 1st loading cycle and (f) after the 5th loading cycle.

Fig. 6. (a) microstructure with corresponding paths B-B′ along which GND density is compared from CP model and EBSD;(b) the comparison of GND 
density along path B-B′by experiment between the end of initiation cycle and 5 cycles;(c) the comparison of GND density along path B-B′ by CPFE at 
the end of the 5 cycles.
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where lx, ly and lz are the direction cosines for crystal directions <hkl> with respect to global xyz axis. S11, S12 and S44 are the three 
independent compliance constants which are obtained from the inverse of stiffness matrix. Fig. 9(b) is the Exx map generated by the eq. 
(9), which clearly illustrates how the stiffness component along the loading direction results in a heterogeneous distribution of the 
local stiffness across the heterostructure, which governs the initial strain partitioning and the subsequent GND distribution (Latypov 
et al., 2021).

In this study, the <001> misorientation θ′ is defined by the minimum angle between the <001> crystal axis (including its crys
tallographic equivalent directions [100], [010], and [001] in the FCC system) and the LD (X-axis direction in Fig. 2(a)). In the 
polycrystal domain, the misorientation θ′ is calculated by the <001> most closing to the LD, while in the single-crystal domain, the 
<001> is chosen as the [010] because the single-crystal’s [010] is almost (~3.5◦) aligned with the LD. In Fig. 9(c), this misorientation 
θ′ is visualized for single-crystal domain (right-hand side) and each grain of polycrystal domain (left-hand side).

Fig. 7. Macroscopic deformation in the (a) undeformed state and (b) after five loading cycles. Local distributions of (c) GND density and (d) 
effective plastic strain after five loading cycles illustrate the strain gradient and GND accumulation near the HB. (e) Quantitative profiles along the 
C–C′ path demonstrate the partitioning of both plastic strain and GND density across the boundary.

Fig. 8. Representative cases demonstrating varied GND density distributions along HB between the single crystal and polycrystalline grains after 
first cycle loading. (a) HB1 and HB2. (b) HB3-HB5 (c) HB6. (d) HB7 (e) HB8-HB10 (f) HB11-HB15.
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Fig. 9 (d) shows the relationship between GND density and the difference of elastic modulus along the LD (ΔExx ) for the 15 HBs 
studied in the last section. The GND density is affected by the elastic modulus mismatch across the HB, in which a large ΔExx between 
the single crystal grain and its neighboring polycrystal grain correlates with high GND density. Fig. 9(e) shows the relationship be
tween GND density and the <001> misorientation θ′, in which similar correlation can be observed as the GND density compared to the 
ΔExx. It shows that small <001> misorientation θ′ refers to the nearly aligned lattices between the single-crystal and polycrystal 
domains, providing high continuity of mechanical properties. Such crystal orientation pairs (low θ′) promotes coordinated deformation 
across the HBs under external stress, suppressing the plastic strain gradients near the HBs. As a result, the associated GND density near 
the HB remains low (eg. HB3, HB5 and HB7 marked by the blue ellipse). In summary, the GND density field near the HBs are jointly 
governed by the combined effects of elastic mismatch (ΔExx) and the crystallographic misorientation (θ′) across the HB.

3.3. Slip activation and deformation compatibility near the HB

In FCC material, there are four equivalent {111} slip planes, producing four distinctive trace directions on the free surface. Based on 
the crystal orientations collected from EBSD scanning, the {111} slip traces of the interest of grains are shown in Fig. 10. In details, the 
dominant activated slip system was identified by comparing the SEM-observed slip traces with theoretical predictions and analyzing 
the Schmid factor (SF), in which the slip systems with the same trace and the highest SF values were considered the most likely to be 
activated. The dominant activated slip system is highlighted by a colored line, while the other three theoretical traces are indicated by 
black dashed lines. Twin boundaries are marked by blue dashed lines, and HBs are denoted by purple dashed lines.

ΔExx and <001>misorientation θ′ have been demonstrated as the key microstructural features affecting the GND density field near 

Fig. 9. Representative cases demonstrating GND density distributions after first cycle loading in an unloaded state versus the elastic modulus 
difference along the LD and the misorientation to <001> along HB between the single crystal and polycrystalline grains (a) Inverse pole figure (IPF- 
X) map of the heterostructure. (b) Distribution of elastic modulus along the LD across the heterostructure. (c) Angle between the <001> crystal
lographic direction of each polycrystal grain near the HB and the loading axis. (d) Correlation between elastic modulus difference and GND density 
along the interface. (e) Correlation between misorientation with respect to <001> and GND density along the interface.
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the HB within single crystal domain. In this section, the m′ parameter (m′ = cos(ψ)⋅cos(κ), κ denotes the angle between slip directions of 
the two systems, while ψ is the angle between their slip-plane normal), proposed by Luster and Morris (Luster and Morris, 1995), 
quantifying slip-system coplanarity and serving as a predictive criterion for slip transmission (Escobar-Moreno et al., 2025, You et al., 
2023, Liu et al., 2025), is calculated and plotted with the ΔExx and <001>misorientation θ′ for all HBs in ROI to discuss their roles in 
GND density near the HBs within single-crystal domain after the 1st cycle, as shown in Fig. 11. The slip direction and the slip plane is 
determined by the highest SF on the slip plane which is validated in SEM observation as shown in Fig. 10. In Fig. 11(a), the grain pairs 
with low GND density (red circles, ≤ 0.25 × 10¹⁴ m⁻²) cluster in the lower-left corner, confirming that m′ (where m′ = cos(ψ)⋅cos(κ)) 
provides a reliable criterion for GND distribution near the HB within the single-crystal. In Fig. 11(b) and (c), a threshold of m′ ≥ 0.8 also 
reliably identifies the low GND density, which is consistent with previous reports on slip transfer (high m′) across general grain 
boundaries (Chen et al., 2023).

In addition, Fig. 11(b) also shows the correlation between GND density and <001> misorientation (θ'). A clear threshold 
misorientation of 15◦ can be observed, below which GND density remains low. This suggests that when the polycrystal grain is well- 
aligned with the [010] axis of the single-crystal domain (nearly parallel to the LD), the interface maintains good crystallographic 
continuity, which corresponds to a weak plastic strain gradient and low GND density. Fig. 11(c) shows the correlation between GND 
density and ΔExx. A threshold value of ΔExx is observed, below which the GND density remains low, which shows a similar trend in 
Fig. (b), reflecting their common crystallographic determination. Fig. 11(d) further shows the relation between ΔExx and θ' to visualize 
the role of crystallography, demonstrating the strong dependence between the ΔExx and <001> misorientation θ′ due to the FCC 
crystallography.

3.4. Plastic strain partitioning and deformation compatibility across the HB

Strain localization and partitioning across the HB are governed by the interaction of several factors, including crystal orientation 
(can be reflected by Schmid factor) (Oh et al., 2021), elastic modulus mismatch (Latypov et al., 2021), and plastic strain hardening 
capabilities (Wagner and Laplanche, 2023). To separate their individual influences on strain partitioning across the HB, we conducted 
the following three CPFE simulations.

Specifically, three cases of simulations were conducted in this part at the peak loading of the 1st cycle as shown in Fig. 12. In Case 1, 
both polycrystal domain (left-hand side) and the single-crystal domain (right-hand side) were assigned identical material properties of 
the single-crystal DD5, while their original crystal orientations were retained. Fig. 12(a) shows the polycrystal domain (left-hand-side) 

Fig. 10. The theoretical traces with SEM can confirm the {111} slip plane on the grain of interest (GOIs) with the major initiated slip system. The 
theoretical traces combined with the SEM can confirm the slip plane in the activated slip system.
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with differing crystal orientation, is statistically contain a fraction of soft grains with high Schmid factors relative to the LD. In contrast, 
the single-crystal domain (right-hand-side) refers to a hard single grain with relative low Schmid factors relative to the LD. In Fig. 12
(b), it is clear that the effective plastic strain is higher in the polycrystal domain (left-hand-side), which illustrates that the distribution 
of soft grains (the grains closing to red in Fig. 12(a)) within polycrystal domain accommodates a higher magnitude of effective plastic 
strain due to the higher RSS on the activated slip system. However, the single-crystal domain constrained by unfavorable crystal 
orientation (slip activation is not strong compared with the soft grains (red grains in Fig. 12(a)) in polycrystal), exhibits lower effective 
plastic strain compared to the polycrystal domain, as shown in Fig. 12(b), which demonstrates that crystal orientation is an inde
pendent driver of the plastic strain partitioning across the HB.

In Case 2, the polycrystal domain (left-hand-side) and the single-crystal domain (right-hand-side) retained their own elastic 
modulus and crystal orientations, but both polycrystal domain and the single-crystal domain were assigned identical plastic param
eters of the single-crystal DD5. The strain partitioning result (Fig. 12(c)) with only minor attenuation compared with Case 1 (Fig. 12
(a)), suggesting that the elastic modulus mismatch slightly affects the strain field driven by crystal orientation (Fig. 12(b)). Luster, J 

Fig. 11. Analysis of parameters influencing deformation incompatibility across the HB. (a) Angles between slip directions (κ) and slip plane normal 
(ψ) for calculating the geometric compatibility factor m′. (b) m′ as a function of crystallographic misorientation of the polycrystal grains near the HB 
relative to the <001> direction. (c) Variation of m′ with the difference in elastic modulus across the HB. (d) Relationship between elastic modulus 
difference and misorientation to <001>.

Fig. 12. Interfacial plastic strain partitioning on three cases at the peak loading of the 1st cycle: (a) Schmid factor map of the present single/ 
polycrystal heterostructure (b) case 1: identical materials properties of single crystal DD5 (c) case 2: different elastic properties (d) case 3: different 
plastic hardening parameters.
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(Latypov et al., 2021) proposed that the regions of concentrated elastic strain always serve as initiation sites for slip bands during the 
plastic stage, influencing the spatial distribution of subsequent plastic deformation. In Case 3, the single-crystal domain and polycrystal 
domain were assigned identical elastic properties of the single-crystal DD5, but retained their intrinsic plastic parameters and crystal 
orientations. The distribution of the effective plastic strain is reversed that the single-crystal domain (right-hand side) accommodates 
more plastic strain due to the lower slip strength, while the polycrystal domain shows only minor plastic strain localization in 
slip-favorable grains, as shown in Fig. 12(d).

The above three cases discuss the potential drivers in plastic strain partitioning (one-hand side’s strain is higher), this plastic strain 
partitioning results in a strong plastic strain gradient near the HB, leading to local hardening by the GND accumulation. This un
derstanding aligns with the widely accepted soft–hard domain model, explained through the principles of HDI work-hardening (Zhu 
and Wu, 2023, Yang et al., 2024). Fig. 13(a) schematically illustrates the GND caused by plastic strain gradient accompanying by serve 
lattice rotation near the HB in the single/polycrystal heterostructure. The size of the plastic strain gradient zone (marked by the yellow 
zone in Fig. 13(a)) which governs the magnitude of the HDI effect is influenced by the intrinsic material properties such as the stacking 
fault energy (SFE), strength difference between the soft and hard zones across the HB (Zhou et al., 2026). As shown in Fig. 13(b), 
dislocations emitted from Frank–Read sources in the soft domain and then pile up ahead of the HB, generating the local hardening near 
the HB (Fig. 4) that suppresses further dislocation emission in the soft region. The efficiency of GND accumulation near the HB depends 
on material-specific properties such as SFE. A low SFE domain is expected to produce a wider plastic strain gradient zone as it favors 
planar slip (Zhou et al., 2026), furtherly enhancing the local hardening near the HB (Liu et al., 2025, Wagner and Laplanche, 2023). It 
is noteworthy that the expansion of the plastic strain gradient zone after the 5th loading cycle (Fig. 5). However, the reported ob
servations in the heterostructures under monotonic loading indicate that the width of the plastic strain gradient zone is often observed 
to be remained largely constant with a magnitude of a few micrometers with increasing applied strain (Zhu and Wu, 2023, Zhou et al., 
2026, Huang et al., 2018). It supports that cyclic loading can expand the size of this critical zone by the GND accumulations near the 
HB, which also illustrates that these accumulations refer to the resulting GND near the HB, the furtherly hardening and the shifting the 
plastic strain accumulation from HB to the interior of single-crystal domain (Fig. 4g).

5. Conclusion

This study investigated the hetero-deformation behavior near the HB in a single-crystal/polycrystal structure fabricated by 
diffusion bonding. The microstructural evolution and plastic strain partitioning mechanisms at the diffusion-bonded interface were 
systematically examined using a combined approach of in-situ experiments and CPFE modeling. The main conclusions are as follows: 

1. The GND accumulation near the HB within the single-crystal domain accommodates plastic incompatibility, accompanied by se
vere lattice rotation, which induces local hardening near the HB, thereby driving the sites of plastic strain accumulation shifting 
from HB to the interior of the single-crystal domain during the following cyclic loading.

2. Plastic strain partitioning across the HB is associated with the crystal orientation (eg. <001> misorientation θ′), elastic mismatch 
ΔExx and the intrinsic slip strength on the both sides of HB, which leads to sharp plastic strain gradient (GND density) near the HB 
within the single-crystal domain before the shifting of plastic strain accumulation.

3. Under low incompatibility conditions (the θ′ ≤ 15◦ or the ΔExx ≤ 30 GPa, in combination with a m′ ≥ 0.8), the GND density near the 
HB within the single-crystal domain is lower than that under high incompatibility conditions which increase the demand for GND- 
associated compatibility near the HB and promote a higher GND density near the HB within single-crystal domain.

Fig. 13. (a) Application of the interfacial gradient plastic strain distribution model to the deformation mechanism of the single/polycrystal HB. (b) 
Schematic illustration of the strain gradient induced by GND accumulation near the HB.
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Appendix A

Slip systems in FCC. 

Fig. A. Identified and numbered 12 slip systems in FCC Ni that utilized in this study.

Appendix B

To valid the GND density field calculated by CPFE in this work, we plotted three parallel lines within the ROI which is line A1-A1′ 1 
µm away, line B1-B1′ 5 µm away, and line C1-C1′ 10 µm away from the HB. A quantities comparison of the experimental and CPFE 
results along the three paths is provided in Appendix B, which demonstrates good agreement across the board.(Fig. B).  
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Fig. B. The distributions of GND density from EBSD measurements and CP simulations, along with line graphs comparing experimental and 
simulated results along three marked paths (vertical to the loading direction) after the fifth cycle (unloaded state).

Data availability

Data will be made available on request.
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