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Abstract: The deformation behavior of GH4169 superalloy under room-temperature uniaxial tension was investigated through
synchronized mesoscopic digital image correlation (DIC) and electron backscatter diffraction (EBSD) in-situ characterization
techniques. Results show that in the field of grain deflection dynamics, through quantitative analysis using the independently
developed M-DIC software, during uniaxial tension with significant bidirectional rotation along the tensile axis and the stress level of
1100 MPa, oscillatory rotation of £0.6° can be obtained, and microvoids are generated at the grain boundaries with 45° to the stress
axis. EBSD crystallographic analysis demonstrates the load-dependent slip system evolution: in the initial stage, the soft-oriented
systems with high Schmid factor (>0.4) is activated and then transformed into hard-oriented systems during cross-slip, generating
parallel slip bands and dislocation pile-ups at grain boundaries. During the uniaxial tensile process, the characteristic of strain energy
accumulation is observed, which follows a two-stage accumulation pattern: initial grain boundary localization (Stage 1) and
intragranular propagation (Stage II). Ultimately, the intergranular cracks are initiated at triple junctions, and the twin boundaries
exhibit superior mechanical stability compared with the large-angle grain boundaries. Deformation texture characteristics indicate the
copper-type components, including C{112} <111>, S{123} <634>, and B{110} <110>. The complete deformation sequence is as
follows: cross-slip of soft-oriented slip systems—initiation of dislocation slip—strain partitioning through grain rotation—
intergranular stress concentration—damage dominated by boundary cracking. The cross-scale deformation mechanism revealed in this
study provides critical guidance for the crystal boundary engineering to optimize nickel-based superalloys.
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1 Introduction

Nickel-based superalloys have become critical materials
across multiple fields under extreme environments, owing to
their exceptional high-temperature strength, creep resistance,
and corrosion resistance. Because of its exceptional
mechanical properties, GH4169 superalloy is commonly used
in nuclear reactors, turbocharger rotors, land-based gas turbine
engines, and aeronautical gas turbine engines!'?. The
deformation behavior of this advanced material has garnered
significant research attention, particularly the microscopic
damage initiation under mechanical loading. It has been
demonstrated that localized slip band formation within
individual grains (precursors to crack nucleation) occurs under

both monotonic and cyclic straining states” . Deng et al
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conducted a study on the microstructure of GH4169
superalloy under temperature/stress coupling conditions. Post-
aging, coarsening, and reducing content of " phase in GH4169
superalloy lead to inferior tensile strength and yield strength.
Besides, the stress required for microcrack formation is
decreased with the increase in J phase size. Sliding
dislocations readily bypass the coarse y" precipitates or
traverse the y"-deficient regions, propagating toward newly
formed microcracks and accelerating their growth.
Concurrently, coordinated grain group movements through
rotational accommodation mechanisms significantly influence
the macroscopic mechanical responses”’. These phenomena
underscore  the  fundamental = connection  between
microstructural evolution and material performance.

Contemporary research approaches predominantly consider
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two distinct scales. One is microscale analysis, which focuses
on intracrystalline phenomena (dislocation dynamics and
precipitate interactions) but often yields localized conclusions
with restricted macroscopic relevance™. The other is
macroscale investigations, which emphasize processing-
property relationships (thermomechanical treatments and
defect engineering) while neglecting intrinsic microstructural
interactions”. Those researches create a critical knowledge
gap to understand mesoscale mechanisms that govern the
grain group behavior during plastic deformation. Zhu et al"”
proposed a rotational vortex model, suggesting that material
failure is initiated when the translational-rotational
equilibrium within grain assemblies becomes disrupted. This
theory posits that the macroscopic mechanical properties
inherently derive from collective grain group resistance to
deformation vortices. Nevertheless, experimental validation
requires synchronous quantification of grain rotation
kinematics and intragranular slip activities across multiple
scales. Shen et al™! investigated the effects of variable-
amplitude loading on the very-high-cycle-fatigue behavior of
IN718 superalloy under high-temperature conditions. It
provides a comprehensive exploration encompassing both
macroscale mechanical characterization and microscale
analysis of microcrack initiation and propagation. Zhao et al™”
integrated multiscale characterization data with mechanistic
analysis, demonstrating a comprehensive approach to
correlate material behavior with underlying principles.

Digital image correlation (DIC) technique enables precise
of full-field with 0.0l  pixel
resolution!* . Combining DIC with in-situ electron
backscattered diffraction (EBSD) technique™?" that is
capable of resolving real-time microstructural evolution under

load, this approach provides novel insights into deformation
22-23]

measurement strain

mechanisms™ >, The room-temperature tensile behavior of
GH4169 superalloy was investigated through this DIC+in-situ
EBSD method. Synchronized analyses were conducted,
including mesoscopic grain rotation via custom M-DIC
software, crystallographic slip system evolution through
EBSD, and micromechanical strain-partitioning patterns. A
multiscale framework correlating grain boundary kinematics
with intragranular dislocation dynamics was established. This
theoretical advanced

research  provides guidance for

superalloy development.
2 Experiment

This research used solid-solution-aged GH4169 superalloy
extracted from hot-rolled plates. Two dog-bone shaped tensile
specimens with continuous transitional geometry were
fabricated via wire electrical discharge machining along the
rolling direction with dimensional accuracy of +5 um. Fig. 1
shows the schematic diagram of tensile specimen for in-situ
DIC test. The double-hinged sheet tensile specimen design
ensured the precise coaxial alignment between clamping
zones and gauge section.

The specimen plane (transverse direction-loading direction)
was polished with 120#, 500#, 1200#, and 2400# SiC paper in
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Fig.1 Schematic diagram of tensile specimen for in-situ DIC

test

sequence, and the final mirror finish was operated with
colloidal silica suspension of 0.05 um in size. The final
specimen thickness was 0.99+0.03 mm.

DIC specimens were then treated with metallographic etching
by immersing in modified Marble reagent (20 mL HCI+20 mL
C,H,OH+1.5 g CuSO,-5H,0) for 60 s. Specimens for EBSD
analysis underwent electrolytic polishing treatment: immersing
in chilled (=30 °C) 10vol% HCIO,+90vol% CH,CH,OH
solution. The treatment parameters were direct current of 30
V, duration of 10 s, cathode of stainless steel.

Uniaxial bidirectional in-situ tensile tests were performed at
room temperature (25+2 °C ) using a custom-developed
mesoscopic mechanical test system (Fig.2) with a constant
crosshead speed of 0.2 mm/min. The experimental protocol
employed a stepwise manual loading approach coupled with
real-time microscopic observation. Before testing, the DIC
system was calibrated by the inherent microstructural features
of GH4169 superalloy as natural speckle patterns for strain

field calculation™.

High-resolution images of surface
morphology were captured at incremental loading stages using
a CCD camera (2048 pixel*x2048 pixel). Grain rotation angles
within the mesoscale region of 50— 100 pm were quantified
custom-developed M-DIC

Complementary surface topography measurements were

through software  analysis.
obtained using the New View 6200 white-light interferometric
profilometer (Zygo) with 0.1 nm vertical resolution.

In-situ EBSD-tensile experiments were conducted on a
JSM-7900F field emission scanning electron microscope
(JEOL) integrated with Oxford Instruments Symmetry EBSD
detector, Aztec Crystal automated orientation mapping system
(v6.0), and Deben MT10578 micro-tensile stage. The
experiment parameters are as follows: accelerating voltage of
20 kV, probe current of 18 nA, scan area of 1500 pmx
1600 pum, step size of 5 um, and strain rate of 0.05 mm/min.

Fig.3a shows the test points of specimen. The test protocol
involved cyclic loading with intermittent holding: after each
0.5% strain increment, the load was stabilized for 15 min to
acquire high-quality EBSD patterns. This process generated
23 discrete data points along the stress-strain curve (Fig.3b),
and orientation data processing was then performed using
Aztec HKL Analysis Suite. Post-processing included noise
reduction via neighbor pattern averaging and confidence index
thresholding (>0.1).
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Fig.3 Schematic diagram of test points of specimen (a); strain-stress curve of in-situ EBSD-tensile test (b)

3 Results and Discussion

3.1 Grain rotation during tensile process

Fig. 4 shows the evolution of mesoscale microstructures
under different stresses. The in-situ observation reveals three
distinct deformation stages: elastic stage (Fig.4a—4c), plastic
deformation stage (Fig.4d—4h), and fracture stage (Fig.4i—4l).
In the elastic stage, when the stress remains below 800 MPa,
the polycrystalline structure maintains geometric stability with
negligible grain shape variation, demonstrating typical
Hookean behavior. In plastic deformation stage, beyond the
yield point (>900 MPa), parallel slip bands emerge on grain
surfaces. With the further increase in stress, slip band density
exhibits positive correlation with stress magnitude, grains
experience pronounced plastic distortion (>5%),
crystallographic rotation is initiated (#<5°) through dislocation
glide. In fracture stage, critical deformation occurs, including
micropore nucleation at triple junctions, void coalescence
forming microcrack nuclei, and crack propagation along high-
angle grain boundaries.

The deformation
characteristic ~ scales:

and

heterogeneity manifests at two
intragranular intergranular

Intragranular non-uniformity arises from

and
heterogeneities.

activated slip systems (121) [111] and lattice rotation
(AG=2°—8°). Intergranular non-uniformity arises from strain
incompatibility (Ae=15%—20%) and grain boundary sliding
(0=0.2-0.5 um).

This study quantifies rotation kinematics using DIC-based
displacement field analysis (error<0.1 pixel) .

The initial image (stress=0 MPa) is taken as the reference
image and the rectangular area marked in Fig.4a was selected
as the region of interest (ROI). DIC analysis was performed
on each collected deformation map, and the results of
calculation points in the selected ROI were analyzed. If the
correlation coefficient is greater than 0.90, the calculation
result of this point is credible and can be used for post-
processing calculations. Then, the calculation results
(displacement field and strain field) for all points within ROI
were acquired. Thus, the characteristic boundary points of the
grains within circle marked in Fig. 4a can be identified.
Displacement parameters corresponding to points can be
extracted to calculate the rotation angle of the grains of
interest under different stresses or loads. The algorithm for
calculating the rotation angle need to assume that the internal
deformation of grain is minimal (£<0.2%), or the intragranular
deformation should be neglected. The circle area in Fig.4a is
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Fig.4 Evolution of mesoscale microstructures under different stresses: (a) 0 MPa, (b) 500 MPa, (c) 800 MPa, (d) 900 MPa, (e) 960 MPa,
(f) 980 MPa, (g) 1000 MPa, (h) 1050 MPa, (i) 1080 MPa, (j) 1100 MPa, (k) 1150 MPa, and (1) 1200 MPa

selected for further analysis, and Fig.5 shows its evolution
under different stresses.

Assuming that the deformation field is a first-order
deformation, the matrix can be constructed by the following
steps. The computational framework employed polar
decomposition to decouple rotational and deformational
components through the following matrix operations.

My =(X,Y,1),M,, = (U V) (M
u=uytuxtuy 2)
V=Vt vax vy 3)

where M indicates the matrix; X and Y represent the spatial
positions of grain boundary points; U and V denote the
displacement vector components along the x-axis and y-axis,
respectively; the subscripts XY and UV indicate the
characteristics of matrix; x, y, u, and v are the specific values
for coordinates X, ¥, U, and ¥, respectively; the subscripts 0,
x, and y indicate the initial state, along x-axis, and along y-
axis, respectively.

The transformation matrix f satisfies the following

relationships:
My f=M,, 4)
f=M;M, )

As an overdetermined system, its matrix inverse is
computed as the Moore-Penrose pseudo-inverse matrix
through the least square minimization. The deformation
gradient matrix F, which maps reference configuration points
to deformed configuration points, is derived from the

transformation matrix f'by:

F=f"+1 (6)
Applying singular value decomposition (SVD) to F yields:
F=UV" 7

Based on the orthogonal matrices U and V obtained via
SVD, the pure rotation component R is determined as:

R=UV" ®)
The corresponding rotation angle @ is then calculated by:
0 = arcsin| R(1,0)] ©)

Therefore, the displacement fields and rotation angles of
grain 1 and grain 2 (marked in Fig. 5a) were quantitatively
characterized, as shown in Fig.6 and Fig.7, respectively. Fig.6
shows the displacement fields of different displacement vector
components under stress of 1000 MPa, revealing biaxial
deformation components along x-axis and y-axis. The color
bar is automatically generated by computational software,
where negative value signs indicate directionality, and color
variations represent changes in the displacement vector
gradient. Superposition of the displacement vector
components U and V indicates that the gradient variation of
the displacement vector is the most significant along the 45°
to x-axis, manifesting as maximum strain accumulation. This
finding strongly aligns with the experiment result that the
fracture plane is along 45° to stress direction in tensile tests.

As demonstrated in Fig. 7, the grain rotation behavior
exhibits several characteristics: (1) progressive divergence in

rotation angles/directions between adjacent grains with the
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Fig.5 Evolution of grain 1 and grain 2 under different stresses: (a) 0 MPa, (b) 500 MPa, (c) 800 MPa, (d) 900 MPa, (¢) 960 MPa, (f) 980 MPa,
(g) 1000 MPa, (h) 1050 MPa, (i) 1080 MPa, (j) 1100 MPa, (k) 1150 MPa, and (1) 1200 MPa
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Fig.6 Displacement fields of displacement vector component U (a) and displacement vector component V' (b) at plastic deformation stage

increase in stress; (2) oscillatory rotation pattern (alternating
positive/negative rotations about the horizontal axis) rather
than monotonic rotation (the rotation angle reaches about 0.6°
under 1100 MPa). Microstructural evolution analysis shows
that this stress level corresponds to significant grain boundary
coarsening, micropore nucleation, and subsequent crack

initiation, leading to final fracture, as shown in Fig.5k (Stage

I). These results demonstrate that the plastic deformation in
polycrystalline materials involves coupled mechanisms of
intragranular tensile deformation and intergranular rotation,
which is particularly prominent in coarse-grained materials.

3.2 Surface coarsening phenomenon

Plastic deformation induces multiscale surface morphology

evolution in polycrystalline materials, ranging from
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Fig.7 Calculation error of rotation angles of grain 1 and grain 2 calculated by DIC software (a); relationships between rotation angle and stress of

grain 1 and grain 2 fitted by DIC software (b)

microscopic to macroscopic features. According to the results
in Ref. [25], surface coarsening in polycrystalline metals
manifests through three distinct scale regimes. (1) Microscale
roughness (10°~10~* m) originates from dislocation-mediated
surface steps and forms characteristic surface undulations.
(2) Mesoscale patterning (10*~10"° m) emerges from particle
aggregation and exhibits “orange peel” morphology™*".
(3) Macroscale topography (>10~ m) results from cooperative

grain  cluster ~movement ridge-valley
[28-33]

and develops
structures

Experimental verification was conducted via in-situ DIC
tensile test at 1100 MPa (Stage III). Fig.8 shows the optical
3D and 2D images of specimen after holding at 1100 MPa for
30 s. Wavy surface profile can be observed in slip zones with
maximum height differential of 40 pm and preferred
orientation at 45° to tensile axis. These observations confirm
that the fracture stage corresponds to macroscale coarsening,
the ridge-valley formation represents the final 3D
morphological state before fracture, and the anisotropic
deformation aligns with maximum shear stress theory.

Briefly, DIC analysis reveals significant bidirectional grain
rotation during tensile deformation with rotation angles of
+0.6° under stress of 1100 MPa. The maximum displacement
gradient is at 45° to the loading axis, which demonstrates
strong coupling phenomena of grain boundary coarsening and

Z/ym
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20-
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micropore nucleation, confirming the shear-dominated
deformation in local zones.

3.3 In-situ EBSD analysis of microstructural evolution

To investigate the microstructure evolution during tensile
deformation, 6 characteristic points (points A—F in Fig. 3a)
EBSD analysis. Fig. 9 presents a
comprehensive characterization, including inverse pole figure
(IPF), kernel average misorientation (KAM) maps, Schmid
factor distributions, and (111) pole figures at different strain
levels.

At the initial state (¢=0%), as shown in Fig. 9a, the
microstructure consists of equiaxed grains with abundant
annealing twins, and KAM analysis reveals the initial stress
concentration at grain boundaries. At early deformation stage
(e=7%—14%), as shown in Fig.9b—9c, IPF shows negligible
grain morphology changes, and no visible slip lines can be
observed. KAM that
concentration occurs at grain boundaries, and Schmid factor

were selected for

results indicate enhanced stress
analysis suggests that the activation of slip systems and
dislocation accumulation initiates micropore formation at
grain boundaries. At intermediate stage (¢=17.5%) as shown
in Fig. 9d, clear grain deformation can be observed.
Dislocations, restricted at the grain boundaries after gliding

along grain interior slip systems, change the stress distribution

N

.
\ 4 R\ .
,"\ 4 o ;.- 8 :
) s 200 pm
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Fig.8 Optical 3D image (a) and 2D image (b) of specimen after holding at 1100 MPa for 30 s
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Fig.9 EBSD results of GH4169 superalloy under strain of 0% (a,—a,), 7% (b,~b,), 14% (c,—c,), 17.5% (d,—d,), 20% (e,~e,), and 22% (f —f,):
(a,—f)) IPFs; (a,—f,) KAM maps; (a,—f,) Schmid factor distributions; (a,—f,) (111) pole figures
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pattern from concentration at the grain boundary to
concentration within grains. This
coalescence at the grain boundary, resulting in microcrack

leads to microvoid
formation and increasing intragranular damage. At final stage
(6=20%—-22%), as shown in Fig.9e—9f, distinct deformation
occurs, presenting grain protrusions, torsional deformation,
and well-developed slip bands. Maximum KAM values are
detected at grain boundaries. Intragranular micropores are
formed, indicating the imminent fracture. This progressive
evolution demonstrates the transition from initial dislocation
activity to final fracture through well-defined deformation
stages.

With the increase in strain, a progressive development of
parallel slip markings becomes evident on grain surfaces,
exhibiting a strong correlation with the Schmid factor
distribution. Crystallographic analysis reveals that the grains
possessing higher Schmid factor (typically>0.4) demonstrate
softer orientations. In accordance with Schmid law, these
favorably oriented grains preferentially initiate slip
deformation during the initial plastic stage, manifesting as
distinct slip within grains.

The deformation process exhibits three key characteristics.

(1) Slip system activation includes progressive activation of
{111} <110> slip systems in soft-oriented grains, thereby
increasing  the slip trace density  with  strain.
(2) Crystallographic rotation includes continuous lattice
rotation from soft to hard orientations and dynamic evolution
of Schmid factor distributions. (3) Texture development
includes the formation of copper-type texture: C{112} <I11>
texture in hard-oriented grains, and S{123} <634> as well as
B {110} <110> components in soft-oriented grains. The contents
of C{112}<111>, S{123}<634>, and B{110} <110> textures
are 32vol%, 28vol%, and 19vol%, respectively. The {111}
pole figure analysis provides quantitative evidence of spatial
distribution of soft/hard orientations, progressive texture
evolution, and slip-induced rotation mechanisms.

This multiscale analysis demonstrates the fundamental
relationship among crystallographic orientation, slip system
activation, and
deformation. EBSD characterization analysis indicates a six-
stage damage progression: (1) initiation of soft-oriented slip
systems; (2) formation of intragranular parallel slip bands;
(3) slip obstruction triggering dislocation multiplication;

(4) strain energy accumulation at grain boundaries; (5) pore

texture  development during plastic
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Fig.10 Evolution of misorientation of grain G marked in Fig.9a, under different strains: (a) 0%, (b) 7%, (c) 14%, (d) 17.5%, (e) 20%, and (f) 22%
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nucleation at high-angle grain boundaries; (6) final crack
initiation at stress-concentrated regions. Notably, coherent X3
twin boundaries exhibit 40% higher damage resistance than
random high-angle grain boundaries.
The intragranular deformation exhibits significant
heterogeneity during plastic deformation, which is primarily
attributed to the non-uniform distribution of slip bands and
crystallographic plane rotation within grains. In GH4169
superalloy,
boundaries have low coincidence-site-lattice value (XCSL).
Normally, grain boundaries with low XCSL value play a
crucial role in the plastic deformation behavior of alloy.

To investigate the deformation inhomogeneity and twin

abundant annealing twins exist, and their

boundary orientation evolution, grain G marked in Fig. 9a,
containing prominent twins (indicated by arrows in Fig. 10)
was selected for misorientation analysis under different
strains. Twin boundaries are identified by misorientation
angles exceeding 40°. During the initial deformation stages
(Fig. 10a — 10c), the misorientation angles exhibit minimal
variation (<2°). When the strain reaches 17.5% (Fig. 10d),
intragranular slip and grain rotation become pronounced.
Incipient damage is initiated along twin boundaries, but
microcracks have already developed at high-angle grain
boundaries. Notably, the misorientation angle at twin
boundary-adjacent regions increases to 15° at &=20%
(Fig. 10e), and it further exceeds 20° at ¢=22% (Fig. 10f),
demonstrating a progressive engulfment tendency of twin
interfaces. These results reveal that the parallel slip bands
sharing identical slip directions exhibit
activation and velocity disparities under stress. Besides, twin

asynchronous

boundaries possess superior mechanical strength, compared
with high-angle grain boundaries. These characteristics enable
twin boundaries to effectively impede dislocation motion,
consequently reducing creep rates and enhancing the
mechanical performance of alloys.

4 Conclusions

1) The multiscale deformation mechanisms of GH4169
superalloy can be obtained by the in-situ tensile tests with
DIC+EBSD method.

2) DIC analysis reveals significant bidirectional grain
rotation during tensile deformation with rotation angles of
+0.6° under stress of 1100 MPa. The maximum displacement
gradient is at 45° to the loading axis, which demonstrates
strong coupling phenomena of grain boundary coarsening and
micropore nucleation, confirming the shear-dominated
deformation in local zones.

3) EBSD characterization analysis indicates a six-stage
damage progression: (1) initiation of soft-oriented slip
systems; (2) formation of intragranular parallel slip bands;
(3) slip obstruction triggering dislocation multiplication;
(4) strain energy accumulation at grain boundaries; (5) pore
nucleation at high-angle grain boundaries; (6) final crack
initiation at stress-concentrated regions. Notably, coherent X3
twin boundaries exhibit 40% higher damage resistance than
random high-angle boundaries.

4) Texture analysis reveals that the room-temperature
deformation produces copper-type textures: C{112} <l11>
(32vol% ), S{123} <634> (28vol% ), and B{110} <I10>
(19vol%).
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(EFr bR I EARA R, Jb5d 101400)

HOE: BEFESANHETEGHER (DIC 57 EURITHE (EBSD) FEAMRIEEA, BT GHA169 @ik & & 75 = b -
MASTAT . G5 RRM: (ERKME ) 127710, 2T B B0 M-DIC B AL AL, 72 SRRy, S Rn (K77 1) 20 )
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S {123} <634>F1B {110} <110>, SERATEEEUIT : BITIEFE R FE AL ETEFL I8 Bh— SR e 1 S N3 43 Fic— i 7] W 7 B rh—f
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