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Abstract: To elucidate the deformation mechanisms of y-TiAl, the nanoindentation experiments and crystal plasticity finite element
(CPFE) simulation were employed to investigate the effects of crystal orientations and GBs on the mechanical properties of y-TiAl
alloys. A crystal plasticity constitutive model was developed, and load-displacement curves, hardness, and Young’s modulus were
obtained for both single grains and GBs in y-TiAl alloys. Based on the aforementioned model, this study investigated the distribution

patterns of surface morphology around the indentation sites of individual grain and GBs. It also analyzed the cumulative shear strain
distribution, slip system activation, and the interaction between GBs and dislocation slip for various crystal orientations. The results
indicate that the mechanical response and pileup behavior exhibit significant anisotropy due to the interplay among the indenter

geometry, material slip systems, and cumulative shear strain distribution. Moreover, the interaction between GBs and dislocation slip
substantially alters dislocation distribution, thereby influencing material flow and playing a critical role in the mechanical response

and plastic deformation of the material.
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1 Introduction

Advanced materials, including high-performance titanium
alloys superalloys,
propelled the development of the aerospace industry' . The
application level of titanium-aluminum alloys is closely tied

and nickel-based have significantly

to advancements in aero-engine technology. As a typical high-
temperature material, y -TiAl alloys exhibit exceptional pro-
perties, such as low density, high specific strength, high
specific stiffness, excellent high-temperature oxidation re-
sistance, and creep resistance. Consequently, these alloys are
extensively used in the aerospace and automotive industries
and are regarded as one of the most promising high-
temperature lightweight structural materials for low-pressure
turbine blades” ™
engine by 20%—30%'". However, y-TiAl alloys exhibit poor

, potentially reducing the mass of an aero-
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room-temperature plasticity, with elongation restricted to only
2%—4%, making them susceptible to brittle fracture”®. This
characteristic can lead to high manufacturing costs, reduced
productivity, and suboptimal machining quality”'". Therefore,
the inherent brittleness of y-TiAl alloys has become a signif-
icant bottleneck hindering their broader engineering
applications.

To enhance the machinability of y-TiAl alloys, researchers
have explored various aspects of their mechanical properties.
Presently, the deformation mechanisms of y-TiAl alloys are
primarily investigated through molecular dynamics (MD)
simulations”, mechanical characterization”!, and micro-
structure observation!. The typical microstructure of TiAl
alloys is lamellar, consisting of two phases. The y-phase with
an L1, structure serves as one of its main constituent phases.
This microstructure contains numerous complex oriented
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interfaces that significantly influence its mechanical pro-
perties. These interfaces consist of multiple grains and phases
separated by GBs (GBs) and phase boundaries'*'". Zhang et
al'” used a three-dimensional (3D) phase field simulation
method to investigate the nucleation, growth, and coarsening
processes of multiple variants in the y phase of TiAl alloys,
elucidating the formation and evolution mechanism of
multiphase y lamellae and revealing the constitutive
relationship between morphology and mechanical properties
of TiAl alloy. Xiang et al'” demonstrated that twinning and
phase boundaries synergistically improve the strength and
ductility of TiAl lamellar single crystals more effectively than
phase boundaries alone. Additionally, increasing the twin/
phase boundary ratio can significantly enhance the synergistic
effect on the strength and plasticity of TiAl single crystals,
enhancing their mechanical properties for specific
applications. Monchoux et al'"” examined the microstructure,
properties,
mechanisms of y-TiAl alloys. The samples were fabricated via

room-temperature  tensile and deformation
spark plasma sintering, and the activated deformation systems
were characterized using transmission electron microscope
(TEM). TEM analysis revealed that twins are propagated
across GBs due to internal stresses induced by the
accumulation of Shockley dislocations. Ordinary dislocations,
owing to their strong cross-sliding ability, cannot form pileup
faults. Zhao et al®” used MD simulations to investigate the
tensile deformation behavior of polycrystalline y-TiAl with
simple and random grain orientations. Their findings indicated
severe deformation at GBs, significant GB sliding, and the
nucleation and diffusion of dislocations from GBs into the
grain interiors. These observations suggest that dislocation
motion plays a crucial role in coordinating the mechanical
behavior at GBs, while increasing dislocation density near
GBs leads to microcrack formation, ultimately contributing to
material failure. Zhou et al® explored the effect of interfacial
spacing 4 on the deformation mechanisms of layered y-TiAl
alloys through MD simulations. Results showed that Shockley
dislocations tend to nucleate between neighboring interfaces,
subsequently moving across the y/y interface, leading to
interface disruption, crack formation, and structural damage.

Cao et al™

employed MD simulations to investigate the
supersonic particle bombardment of a duplex TiAl alloy and
analyzed the influence of the p/a, phase interface on the
deformation mechanisms and mechanical properties of the
TiAl alloy during bombardment. Their findings indicated
that the impact deformation mechanisms vary among y/a,
models with different thickness ratios, with the deformation
predominantly occurring in the y phase and at the interface.
Cao et al®

polycrystalline y -TiAl alloy at the atomic scale using MD

investigated the scratch mechanism of
simulations and analyzed the scratch morphology during the
scratching process. Their results indicated that variations in
the number of GBs and the randomness of crystal orientation
result in diverse stacking patterns on the scratch surface. In
summary, current research on the mechanical properties of
y-TiAl alloys primarily relies on atomic-scale theoretical anal-

yses and macroscopic large-deformation tensile tests, which
restricts the ability to precisely determine the mechanical
properties of individual grain and interface.

Nanoindentation is an effective method for evaluating the
mechanical properties of materials at meso- and micro-scales,
and has gained popularity for local mechanical character-
ization of single-crystal and polycrystalline metallic materials
due to its high resolution and depth sensing capability during

[24-26]

loading However, polycrystalline materials typically
contain multiple grains separated by GBs, leading to complex
anisotropy,

especially under nanoindentation. The evolution of dislocation

mechanical behavior because of material
structures within grains significantly influences material
strengthening and failure mechanisms, which are closely tied
to crystal orientation. During nanoindentation, the anisotropy
of polycrystalline materials becomes particularly evident, with
different grains exhibiting marked variations in mechanical
behavior due to their distinct crystal orientations™”. Filippov

et al®

examined the influence of crystal orientation and
indenter direction on indentation hardness and modulus using
the Vickers indentation method. Their findings revealed that
indentation hardness and modulus exhibit periodic variation
with indenter orientation on (100) and (110) oriented surfaces,
attributed to the combined effects of indenter geometry and

#1 examined the influence of

crystal symmetry. Ernst et alf
crystal orientation on the indentation modulus, hardness, and
creep properties of high-purity f-Sn. They demonstrated that
the orientation-dependent elastic and plastic deformation
behavior is attributed to the anisotropic plastic deformation
caused by crystal orientation and the associated slip systems.
Tang et al®™ studied the anisotropic hardness, elastic modulus,
and dislocation behavior of AIN grains using Berkovich
nanoindentation and MD simulations. Their findings revealed
a strong correlation between crystal orientation and both
hardness and elastic modulus. The relationship between
crystal orientation and dislocation slip is determined by
analyzing the Schmidt factor for slip system activation in
grains with different orientations, as well as by observing
pileup and slip lines around the indentations. Li et al®
derived the deformation mechanisms and accumulation
modes from the material pileup distribution observed in
nanoindentation experiments, which can elucidate nanoscale
mechanical properties, such as strength, ductility, and
hardness. Wang et al® highlighted that crystal orientation is a
critical factor influencing pileup behavior, as different
orientations result in distinct pileup distributions. Conse-
quently, the microstructure must be considered when inter-
preting indentation results.

Nanoindentation involves a complex deformation process,
and the analysis of detailed deformation mechanisms within
the indentation region is challenging due to the intricate stress
conditions that induce heterogeneous strains””. In contrast, the
crystal plasticity finite element (CPFE) simulation provides a
powerful tool for exploring these mechanisms. Through CPFE
simulations, it is possible to obtain extensive quantitative
information that is difficult to acquire experimentally, such
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as geometrically necessary dislocations (GNDs)"" and shear
strains in various slip systems”. By integrating CPFE
simulations with nanoindentation experiments, significant
insights have been gained into plastic anisotropy””, GB

B$391  Numerous studies

effects””, and surface morphology
have demonstrated the potential of CPFE simulations in
capturing crystal anisotropy through investigations on single-
crystal and polycrystalline metals®”. For instance, Wang et

al[4l]

calibrated the constitutive parameters of single-crystal
copper by fitting load-displacement curves from CPFE
simulations and nanoindentation experiments, revealing that
both material orientation and indenter geometry significantly
influence surface pileup behavior. They introduced a surface
pileup density factor to qualitatively describe this tendency.
Han et al®” examined Ti-6A1-4V nanoindentation using CPFE
simulations and experiments, and found that crystal orien-
tation and GBs strongly affect hardness and pileup,
highlighting the varying symmetries of nanoindentation
relative to the indentation axis at different grain orientations.
Wang et al®’ used CPFE simulations and experiments to
investigate the nanoindentation behavior of two bi-crystal
copper crystals under a Berkovich indenter, revealing that the
indentation size effect exhibits crystal orientation-dependent
characteristics due to the anisotropy of statistical storage
dislocations and GNDs. Additionally, GBs significantly
influence the plastic deformation of crystals. Han et al®
examined the indentation pileup behavior of Ti-6Al-4V alloys
through a combination of experiments and CPFE simulations,
elucidating the evolution of shear strain in different slip
systems and predicting the density distribution of GNDs
around indentations. Yin et al™ employed nanoindentation
simulations and experiments to analyze the deformation
behavior of the a, phase in Ti-43.5A1-4Nb-1Mo-0.1B (at%,
TNM) samples, demonstrating that the surface Schmidt factor
(SSF) and internal Schmidt factor (ISF) can be used to
interpret nanoindentation deformation. Regions with higher
SSF are prone to slip and pileup, while a larger ISF can
promote slip and reduce shear strain accumulated on surface.
Zambaldi et al™ conducted simulations and experiments on
the y phase in Ti-45.9A1-8Nb, showing that the ease of activa-
tion of ordinary dislocation slip at room temperature in
y-TiAl is an intrinsic property, which is not primarily influ-
enced by dislocations originating from or interacting with
interfaces. In summary, CPFE simulation offers significant
advantages in exploring the detailed deformation mechan-
isms of nanoindentation. However, further research is
needed to refine the complex interactions between various
microstructures.

Therefore, this study employed a combination method of
CPFE simulations and nanoindentation experiments to
investigate the deformation behavior of the y -phase in
TNM alloys and to calibrate the constitutive parameters of
y -TiAl alloys. Additionally, it studied the surface mor-
phology and slip behavior of nanoindentations at both
single crystals and GBs to elucidate the microscale
differences in plastic deformation among various single

crystals. The study also explored how the interaction
between indenter geometry and crystal orientation influences
surface pileup, as well as the impact of different GBs on
plastic deformation. Ultimately, this research established a
quantitative correlation between the microscopic deformation
mechanisms and macroscopic mechanical behavior of y-TiAl
alloys, providing theoretical support for achieving high-
quality surface processing of y-TiAl alloys and other brittle
materials.

2 Experiment

The experimental material used in this study was an
extruded bar manufactured by the Institute of Metal Research,
Chinese Academy of Sciences, with a nominal chemical
composition of Ti-43.5A1-4Nb-1Mo-0.1B (at%, TNM). A bulk
sample measuring 16 mmx16 mmx5 mm was extracted from
the midsection of the bar via wire electrical discharge
machining. The sample surfaces were prepared through a
multi-step process. Initially, The sample surfaces were
sequentially abraded using progressively finer SiC sand-
papers; subsequently, they were polished with colloidal silica
suspension containing particles with the diameter of 0.06 pm;
finally, electrolytic polishing was performed using a titanium
electrolyte solution (comprising 5% perchloric acid, 35%
n-butanol, and 60% methanol) at —15-0 °C and 25 V for 30 s
to prepare the surface for electron backscatter diffractometer
(EBSD) analysis.

Nanoindentation experiments were conducted using an
Anton Paar MCT-3 nanoindenter in visual matrix mode,
enabling multiple consecutive indentations. Samples were
selected and indented at both y-phase single crystals and GBs.
A diamond Vickers indenter was employed to penetrate the
samples at a constant rate of 2 um/min until a maximum depth
of 500 nm was achieved, followed by retraction to the initial
position at the same rate.

Microstructure images of TNM alloys with a spatial
resolution of 1 um were acquired via EBSD. Fig.1 illustrates
the distribution of constituent phases and crystal orientations
of TNM alloy. EBSD measurements at seven specific
indentation points, as shown in Fig. 1, were conducted to
accurately determine the crystal orientation of each grain.
Surface morphology surrounding these seven indentation
points was characterized using atomic force microscope
(AFM, Bruker Dimension Icon) in smart mode. The crystal
orientation of grains near these points can be described by
distinct Euler angles (¢, ¢, ¢,). Specifically, the Euler angles
for y-phase single crystals 1, 2, 3, and 4 are (19.1°, 142.6°,
14.8°), (104.9°, 47.2°, 7.8°), (39.6°, 89.2°, 55.1°), and
(168.9°, 68.2°, 49.4°), respectively. For GBs, the Euler angles
are as follows: for GB 1 between Grain 1 and Grain 2, (19.1°,
142.6°, 14.8°) and (104.9°, 47.2°, 7.8°); for GB 2 between
Grains 3 and Grains 4, (39.6°, 89.2°, 55.1°) and (168.9°,
68.2°, 49.4°); for GB 3, (118.1°, 47.4°, 42.0°) and (109.1°,
36.1°, 11.6°). Grains with Euler angles of (39.6°, 89.2°, 55.1°)
exhibit the lowest hardness.
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Fig.1 Phase maps (a—c) and inverse polar figures (IPFs) (d—f) of TNM alloy indentation surface; IPFs of seven selected nanoindentation points in

Fig.1la-1f (g-m)

3 Crystal Plasticity Theory and Finite Element
Modeling

3.1 Crystal plasticity constitutive equation

Based on the works of Asaro et al®™*

developed CPFE framework and methodology. The defor-
mation gradient F can be decomposed into elastic F° and

, this study

plastic F® components, as illustrated in the following
equation:

F=F°F"* )
where F° represents the elastic stretching and rigid body
rotation within the lattice, and F® denotes the plastic
deformation gradient.

The velocity gradient L” can be expressed as the sum
of the plastic shear strain rate components y* in the slip
directions of the twelve slip systems of the y -TiAl alloy,
multiplied by the normal vectors of the respective slip
planes. This relationship is illustrated in the following
equation:

12
LP=Fr(Fry' = "8 x m* )
a=1

where S“ represents the slip direction in global coordi-
nates and m“ denotes the slip surface normal in global
coordinates.

The shear strain rates of the slip system y¢ and the twinning
system 72 can be described by a simple power-law

relationship, as shown in the following equations™”":

cw us | TS
7s = yosgn () %
S

” (3)
. . 77
= Posgn () |
8r

where ¢ and 7% are the reference strain rates of the « -slip
system and the S-twin system, respectively; z¢ and 7% are the
critical shear stresses of the a -slip system and the S -twin
system, respectively; g¢ and g are the slip deformation
resistances or shear resistances of the a-slip system and the
f -twin system, respectively; m is the strain rate sensitivity
index.

The evolution of yield strength (g”) during strain
strengthening can be described by the following equation™":

8= D hy 4
B

where £, represents the hardening model, and ¥ is the plastic
shear strain rate of the f-twin system. The number of twin
crystal integrals in the S-twin system () is given by:

r=2 5)

Vtwin

where y,.;, represents the twin shear strain (it has a fixed value
of 0.707 for y-TiAl*").

In this study, the hardening model proposed by Peirce et

al’s

was used. The hardening modulus #,, can be determined
using the following equation:

h,=qh(y) (6)
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where ¢ is the hardening coefficient. When a=p, it represents
the self-hardening coefficient, that is, the coefficient of
hardening effect of the a-slip system on itself, which takes a
value of 1. When o#f, g denotes the latent hardening
coefficient, that is, the coefficient of hardening effect of the
o-slip system on other slip systems, which takes a value of
1.4. h(y) is a function of y, as shown in the following equation:
ot )

s To

h(y) = h,sech?

where &, 7, and 7, represent the initial hardening modulus,
the initial critical shear stress, and the breakthrough stress at
the onset of the macroplastic flow, respectively. y denotes the
Taylor cumulative shear strain over all active slip systems, as
presented in the following equation:

r=3 |7l ®)

3.2 Finite element modeling

}')a

The crystal plasticity constitutive model was implemented
into the explicit finite element code Abaqus/Explicit through
the VUMAT user subroutine to develop a 3D CPFE model for
nanoindentation testing. Fig.2a illustrates the 3D CPFE model
for the y-TiAl single crystal nanoindentation test, containing a
square TiAl sample and a rigid diamond indenter. The square
sample measures 15 pmx15 umx7 pm and is discretized into
63 840 reduced-integration eight-node linear hexahedral ele-
ments (C3D8R). The rigid Vickers indenter is meshed with
1872 C3D8R. The indentation simulation employs depth
control with a loading rate of 33.33 nm/s, a maximum
indentation depth of 500 nm, and an unloading rate of 33.33
nm/s. To enhance computational efficiency, a transition mesh
refines the contact region between the indenter and the
sample. The bottom surface of the sample is fully constrained,
and the contact interface between the indenter and the sample
is assumed to be frictionless.

Vickers indenter

R
W

R
AR N
N
SN \\\

“““.
—__
S
3
N
N

N

25577

7572

N

.y

Fig.2 Schematic diagrams of 3D CPFE model with nanoindentation:
(a) single crystal square sample and standard Vickers indenter;
(b) top view of single crystal square sample; (c) top view of bi-

crystal square sample

To investigate the influence of GBs on nanoindentation
results, a bi-crystal nanoindentation 3D CPFE model was
developed, as illustrated in Fig. 2c. This model contains a
square TiAl alloy sample and a rigid diamond Vickers
indenter. The substrate consists of two grains with distinct
crystallographic orientations (as shown in Fig.1k—1m), where
different different  crystallographic
orientations. The dimensions of the square sample are 15 umx

colors indicate
15 pumx7 pum, and the meshing type, constraints, contact
settings, and loading/unloading settings are consistent with
those used for the single-crystal sample.

4 Results and Discussion

4.1 Calibration of constitutive parameters

In this study, nanoindentation mechanical response analysis
was employed to determine the constitutive parameters of
y-TiAl in the TNM alloy. The constitutive parameters encom-
pass the reference strain rate, strain rate sensitivity index,
initial hardening modulus, initial critical shear stress, and
breakthrough stress at large plastic deformation. Based on

previous studies!***"

, the initial parameters were set as
follows: the reference strain rate for the ordinary slip system,
super slip system, and twinning system was 0.001 s™'; the
strain rate sensitivity index was 20; the initial hardening
modulus was 300 MPa; for ordinary slip system, super slip
system, and twinning system, the initial critical shear stresses
were 55, 165, and 110 MPa, and the breakthrough stresses
were 400, 1200, and 800 MPa, respectively. Nanoindentation
experiments were conducted on different grains, and CPFE
simulations were used to model the mechanical response.
CPFE simulation results were then fitted to the experimental
nanoindentation data to calibrate the constitutive parameters
of y-TiAl in TNM alloy. Additionally, y-TiAl has six inde-
pendent elastic constants: C,,, C,,, C,;, C,;, C,,, and C,, which
are presented in Table 1.

The y-TiAl alloy exhibits an L1, lattice structure. Its plastic
deformation mechanisms include four ordinary slip systems of
{111}{110), eight super slip systems of {111}{101), and four
twinning systems of {111}{112). The specific details of these
slip and twinning systems are summarized in Table 2, while
the calibrated constitutive parameters for y-TiAl are presented
in Table 3. The calibrated critical resolved shear stress (CRSS)
values for ordinary slip systems, twinning systems, and super
slip systems are 400, 500, and 600 MPa, respectively.

Fig.3a—3d illustrate the load-displacement curves for four
distinct crystal orientations derived from CPFE simulations
and nanoindentation experiments. The crystal orientation data
were obtained from EBSD results presented in Fig. 1g—1j,
which show that there is a strong correlation between the
simulated and experimental curves.

The indentation experiments and simulations reveal distinct

Table 1 Elastic constants of y-TiAl in TNM alloy (GPa)

Cll C Cl3 C33 C44 C(:()
190 105 90 185 120 50

12




904

Niu Wenshuai et al. / Rare Metal Materials and Engineering, 2026, 55(4):899-913

Table 2 Slip and twinning systems for y-TiAl"™”

System Mechanism Classification Index
(111)[110] Ordinary Transversal 1
(11 o11] Super Transversal 2
(111)[101] Super Mixed 3
(T1D)[110] Ordinary Mixed 4
(11D[o11] Super Transversal 5
(T1D[101] Super Transversal 6
(1T1)[110] Ordinary Longitudinal 7
(111)[011] Super Transversal 8
(11D)[101] Super Longitudinal 9
(11D)[110] Ordinary Mixed 10
(111)[011] Super Transversal 11
(11D)[101] Super Transversal 12
(11D)[112] Twining Transversal 13
(T1D[112] Twining Transversal 14
(11DH[112] Twining Longitudinal 15
(111)[112] Twining Transversal 16

Table 3 Calibrated p-TiAl constitutive parameters for y-TiAl

Mechanism ’ Yo | m hy/MPa  t/MPa 7,/MPa
Ordinary 0.001 20 400 440 400
Super 0.001 20 500 660 600
Twin 0.001 20 400 550 500

differences in the mechanical properties of y -TiAl with
varying crystal orientations. The hardness values for each

grain were derived from the unloading segment of the load-
displacement curves in Fig.3, using the standard Oliver-Pharr
indentation test method””. Table 4 and Table 5 present the
experimental and simulated hardness and Young’s modulus
for each grain. The experimental hardness of the material,
across different crystal orientations, varies from 4.760 GPa to
5.117 GPa, demonstrating a clear orientation dependence.
This variation is attributed to the slip systems activated
by different crystal orientations. The maximum discrepancy
between experimental and simulated hardness and Young’s
modulus is less than 5%, validating the accuracy of the
calibrated constitutive parameters through the consistency of
the load-displacement curves, hardness, and Young’s modulus
data.

4.2 Effect of crystal orientation on plastic deformation

Fig.4 illustrates the surface morphology and corresponding
AFM images of the four selected grain nanoindentation
simulations. It is evident that pileups consistently form around
the perimeters of the indentations. However, significant
variations are observed in the precise location, height, and
shape of these pileups across different crystal orientations.
Specifically, Grain 1 and Grain 4 exhibit similar two-fold
symmetric pileup topographies side of the
indentations, while Grain 2 displays three-fold symmetry, and
Grain 3 shows four-fold symmetry. The surface morphology

on either

observed in the experimental AFM images closely resembles
that observed in CPFE simulation results, thereby validating
the reliability of the simulations. Notably, the depth in AFM
appears the
outcome. This discrepancy can be attributed to restrictions in
the vibration frequency and tip size of AFM probe, which

images shallower compared to simulation

30 30
Grain 1 a Grain 2 b
rain ! jrain ]
25r — Simulation 251 — Simulation
----- Experiment ----- Experiment
Z 20 20+
g
3 15¢ 15¢
<
Q
=10} 1ol
5t 5t
0 L L L d L 0 ) L L L
0 100 200 300 400 500 0 100 200 300 400 500
30 30
Grain 3 ¢ d
rain | Grain 4
25r — Simulation 25 —Sirt?lll?lation
. ol T Experiment ol T Experiment
g
g 15} 15+
<
Q
~ 10} 10t
S5t 5t
0 =7 L 1 - L 0 L L L s )
0 100 200 300 400 500 0 100 200 300 400 500

Displacement/nm

Displacement/nm

Fig.3 Load-displacement curves for different crystal orientations derived from CPFE simulations and nanoindentation experiments: (a) Grain 1;

(b) Grain 2; (c) Grain 3; (d) Grain 4
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Table 4 Hardness of each grain obtained by nanoindentation

experiments and CPFE simulations

Hardness/GPa
Grain Euler angle/(°) - - -
Experiment Simulation
1 (19.1, 142.6, 14.8) 4.806 4.875
2 (104.9,47.2,7.8) 4.768 4.802
3 (39.6,89.2,55.1) 4.760 4.856
4 (168.9, 68.2, 49.4) 5.117 4.894

Table 5 Young’s modulus of each grain obtained by nanoinden-

tation experiments and CPFE simulations

) Young’s modulus/GPa
Grain Euler angle/(°) - - -
Experiment Simulation
1 (19.1, 142.6, 14.8) 178.56 182.43
2 (104.9,47.2,7.8) 171.66 173.15
3 (39.6, 89.2, 55.1) 171.46 170.68
4 (168.9, 68.2, 49.4) 153.25 156.57

prevent full scanning of the indentation bottom region,
particularly when the scan area is convex and the indentation
pit is small.

The simulated pileup height curves for different crystal
orientations in the AB and CD sections are illustrated in Fig.5.
In conjunction with the findings presented in Fig. 4, it is
evident that the maximum pileup heights vary significantly
among different crystal orientations, ranging from 45 nm to 80
nm. The experimentally measured pileup heights exceed the
simulated values, potentially due to
accumulation resulting from electron beam bombardment
during SEM and EBSD observations. Additionally, although
electropolishing roughness  of
experimental samples, residual peaks and valleys remain,
whereas the surfaces of simulated samples are perfectly

thermal carbon

reduces the surface

smooth. This discrepancy in surface conditions further
contributes to the differences observed between experimental
and simulated pileup heights. Overall, the pileup morphology

U, U3/nm

U, U3/nm
59 57

-396

Height/nm
78.9

Height sensor Height sensor

of y-TiAl alloy under nanoindentation exhibits a pronounced
orientation dependence, which is closely associated with slip
behavior around the indented region.

During nanoindentation loading, the material at the indenter
tip flows towards the surface, accompanied by elastic-plastic
deformation. Upon unloading, the elastic component of this
deformation gradually recovers. The pileup on the material
surface is closely associated with plastic deformation resulting
from dislocation slip. To understand the cause of plastic
deformation anisotropy, the simulated local deformation field
was analyzed. Fig.6a—6d illustrate the total accumulated shear
strain (stored in VUMAT state variable) at the maximum
indentation depth for all active slip systems obtained from
CPFE simulations of four grains. The shear strain peaks at the
deepest point of indentation and diminishes toward the outer
regions. This finding aligns with classical theories of plastic
deformation under indentation™, which posits that maximum
stress concentration occurs at the indentation center. The
stress distribution is significantly influenced by the crystal
orientation of individual grain, leading to varying maximum
values of the total cumulative shear strain among the four
grains. This indicates that dislocation slip behavior differs
markedly between grains, and grain anisotropy plays a critical
role in determining the stress distribution and deformation
behavior under indentation.

To gain a deeper understanding of slip behavior across
various regions, Fig.7 illustrates the cumulative shear strains
in different grains within both slip systems and twinning
systems (including ordinary slip and twinning) from the
simulation. The critical shear strain for the y-TiAl super slip
system is notably high, making it difficult to activate;
consequently, its cumulative shear strain is minimal. Due to
the selective activation of different slip systems, individual
grain exhibits significant variations in plastic deformation
under indentation. Specifically, Grains 1—-3 experience severe
plastic deformation in ordinary slip systems, while Grain 4
shows pronounced deformation in twinning systems. These
differences are primarily attributed to the crystal orientation
and the direction of the applied load. In conjunction with
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Fig.4 Simulated surface morphologies (a—d) and corresponding AFM images (e—h) of Grain 1 (a), Grain 2 (b), Grain 3 (c), and Grain 4 (d)
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Fig.6 Total cumulative shear strain y at the maximum indentation depth of different grains: (a) Grain 1; (b) Grain 2; (c¢) Grain 3; (d) Grain 4
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Fig.7 Simulation of cumulative shear strains of different grains within slip systems and twinning systems: (a) Grain 1; (b) Grain 2; (¢) Grain 3;

(d) Grain 4
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Fig.4, it is evident that material pileup is more pronounced in
regions experiencing severe plastic deformation. As illustrated
in the slip systems presented in Table 2, the double pileup
of Grain 1 is dominated by two groups of ordinary slip
systems: (111) [110] and (111) [110]. The triple pileup of
Grain 2 is dominated by three groups of ordinary slip systems:
(111)[110], (111)[110], and (111)[110]. The quadruple pileup
of Grain 3 is dominated by four groups of ordinary slip
systems: (111)[110], (111)[110], (111)[110], and (111)[110].
And the double pileup of Grain 4 is dominated by two groups
of twinning systems: (111)[112] and (111)[112].

To investigate the effect of crystal anisotropy on slip system
activation, Fig.8 presents top views of the spatial structure of
slip systems in different grains with varying crystal
orientations under nanoindentation. Each figure includes a
stereo view of the crystal orientation from EBSD data in the
lower right corner. The results demonstrate that slip system
activation is strongly influenced by crystal orientation,
resulting in significant differences in plastic deformation and
surface pileup morphology. This finding underscores the
importance of the interaction between crystal orientation and
slip behavior during nanoindentation, highlighting the
complexity of the underlying mechanisms. The observed
asymmetry in pileup distribution can be attributed to the
interplay between the symmetry of crystal slip system and the
geometry of indenter. Moreover, the specific geometry of
indenter may favor plastic slip in certain directions. For
instance, when the indenter is loaded in the direction indicated
by the blue arrow, it activates the slip system shown by the red
arrow, leading to material pileup along the indenter boundary,
as illustrated in Fig. 4. This phenomenon elucidates the
intricate relationship between crystal slip system symmetry
and indenter geometry, suggesting a potential mechanism for
controlling plastic deformation during nanoindentation.

The complex interaction between the symmetry of crystal
slip system and the indenter geometry significantly influences
the plastic deformation behavior of materials. Therefore, it is
indenter geometry affects

crucial to examine how

Fig.8 Top views of spatial structure of slip systems in different
grains with varying crystal orientations under nanoindentation:
(a) Grain 1; (b) Grain 2; (c) Grain 3; (d) Grain 4

nanoindentation behavior. The symmetry of the Vickers
indenter around the indentation axis is different from the
isotropy of conical and spherical indenters. Consequently, the
orientation of the Vickers indenter can influence
nanoindentation results. In addition to the indenter orientation
illustrated in Fig.2, this study also simulated and investigated,
under other two distinct crystal orientations, as shown in
Fig.9b and 9d. Specifically, the crystal orientation for Fig.9a—
9b corresponds to that depicted in Fig. 1g, while the
orientation for Fig.9c—9d matches that of Fig.1f. Observations
reveal that at identical crystal orientations, different indenter
orientations yield varying pileup morphologies, indicating a
significant effect of indenter orientation on nanoindentation
outcomes. Despite differences in indenter orientation, the
pileup positions remain largely consistent, suggesting that
material flow during nanoindentation tends to follow specific
directions in crystalline materials.

To illustrate this phenomenon, Fig. 10 presents the
cumulative shear strains of two grains in different slip and
twinning systems under varying indenter orientations. Grain 1
is shown in Fig. 10a and 10b, while Grain 2 is depicted in
Fig.10c and 10d. It can be observed that the cumulative shear
strain distributions in the slip systems are consistent between
Fig.10a and 10b, as well as between Fig.10c and 10d. Severe
plastic deformation occurs in the ordinary slip systems,
indicating that the activation of slip systems remains
unchanged regardless of indenter orientation. This consistency
persists despite different crystal orientations of the two grains,
suggesting that crystalline materials tend to deform along
specific directions during nanoindentation.

Fig. 11 illustrates the load-displacement curves of two
grains under varying indenter orientations, revealing distinct
differences. Specifically, Grain 2 exhibits minimal variation in
its load-displacement curves with a maximum load difference
of 0.22, whereas Grain 1 shows significant differences with a
maximum load difference of 0.66. This observation suggests
that the sensitivity of nanoindentation to indenter orientation
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396 —413
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386 —405

Fig.9 Simulation of surface morphologies under different indenter
orientations: (a—b) Grain 1; (c—d) Grain 2



908 Niu Wenshuai et al. / Rare Metal Materials and Engineering, 2026, 55(4):899-913

(11D)[170] 11)[110]

(1T1)[110]

(11T)[110]

b Shear strain

Fig.10 Cumulative shear strain of Grain 1 (a—b) and Grain 2 (c—d) in different slip and twinning systems under different indenter orientations
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Fig.11 Load-displacement curves of different grains under different indenter orientations: (a) Grain 1; (b) Grain 2

attributable to different
symmetries of crystal orientations relative to the indentation

varies with crystal orientation,

axis. This phenomenon underscores the intricate interaction
between the symmetry of crystal slip system and the geometry
of the indenter.
4.3 Effect of GBs on mechanical properties

When plastic deformation during indentation interacts with
GBs, these boundaries significantly influence outcomes such
as hardness and dislocation motion™”. To investigate the
impact of GBs on nanoindentation results, a bi-crystal
nanoindentation model was developed, as illustrated in Fig.2c,
where two distinct crystal orientations were assigned to the bi-

crystal structure. Fig.12 presents the load-displacement curves
for the three GBs obtained from both CPFE simulations and
nanoindentation experiments, using orientation data provided
by EBSD (Fig. 1k — 1m). The results indicate that CPFE
simulation used in this study accurately predicts the load-
displacement curves of nanoindentation at GBs. Table 6
compares the experimental and simulated values of hardness
and Young’s modulus at the three GBs, showing a maximum
error within 5%, which further validates the accuracy of the
calibrated model parameters.

Fig. 13 illustrates the surface morphologies and correspond-
ing AFM images of nanoindentation simulations at three GBs.
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Fig.12 Load-displacement curves at different GBs: (a) GB 1; (b) GB 2; (c) GB 3

Table 6 Hardness and Young’s modulus of each GB obtained by

nanoindentation experiments and CPFE simulations

GB Hardness/GPa Young’s modulus/GPa
Experimental ~ Simulated  Experiment  Simulation

1 4.600 4.583 160.56 166.49

2 4.756 4.848 170.56 175.88

3 4.518 4.431 159.78 163.58

In conjunction with Fig. 4, it is evident that GBs induce
significant variations in pileup behavior. The pileup distribu-
tion characteristics of grains adjacent to the GBs closely
resemble those observed in single crystals, yet distinct
changes occur specifically within the GB regions. The surface
morphologies depicted in the experimental AFM images
aligns well with CPFE simulation results, thereby validating
the reliability of these simulations. Moreover, the pileup
distributions around indentations at the three GBs exhibit
notable differences: GB 1 and GB 2 exhibit quadruple pileup,
whereas GB 3 exhibits triple pileup. Although the pileup
distributions of GB 1, GB 2, and GB 3 are all bisected by the
GBs, there are substantial differences in the height and the
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Fig.13 Simulated surface morphologies and corresponding AFM images of each GB in Fig.1: (a) GB 1; (b) GB 2; (c) GB 3

respective distribution areas. Fig.14 further presents the pileup
height curves for nanoindentation AB and CD sections at
different GBs obtained from CPFE simulations. Combined
with Fig.5, it is clear that the maximum pileup heights on both
side of each GB are lower than those observed in single
grains. These findings underscore the significant influence of
GBs on the plastic deformation during nanoindentation of the
material.

Fig. 15 illustrates the comparison of total cumulative shear
strain at the maximum indentation depth for single grain and
GBs. Specifically, Fig. 15a and 15b depict Grain 1 and Grain
2, while Fig.15c¢ focuses on GB 1. Similarly, Fig.15d and 15¢
present Grain 3 and Grain 4, with Fig. 15f highlighting their
GB. The interaction between crystal orientation and GB
significantly alters the distribution of plastic deformation
under indentation. Different crystal orientations activate
distinct slip systems, leading to varied dislocation slips that
couple with GB, thereby influencing stress distribution and
deformation behavior during indentation. In conjunction
with Fig. 4 and Fig. 13, it is evident that the GBs exhibit
characteristics similar to single grains, with more pronounced
pileup in regions with high cumulative shear strain. Moreover,
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Fig.14 Top view of simulated bi-crystal model (a); simulated vertical distance profiles of different GBs in AB (b) and CD (c) sections

the GB absorbs the accumulated shear strain from the
indented area, resulting in lower cumulative shear strain on
both side of GB compared to single grain, thus reducing the
pileup on both sides.

GB interacts with dislocation slip of varying crystal
orientations, significantly altering the distribution of plastic
deformation. The interaction between dislocations and GBs
exerts a profound influence on plastic deformation. Depend-
ing on the crystal orientation of neighboring grains, the nature
of GB, and the characteristics of dislocations, multiple
dislocation-GB interactions can occur simultaneously. Specifi-
cally, near the GB, the variation in indentation response is
strongly influenced by the competition between strengthening
and softening mechanisms, leading to GB-dependent indenta-
tion resistance®**. Strengthening mechanisms involve the
accumulation of dislocations at GBs, while softening mechan-
isms encompass dislocation absorption, slip along GBs,
reemission from GBs, and transfer through GBs. The
misorientation angle in TiAl alloys is predominantly
characterized by high-angle GBs (HAGBs, >15°), with a rela-

tively rare occurrence of low-angle GBs (<15°). For GB 1 and
GB 2 presented in this study, the misorientation angles are
122° and 129°, respectively, classifying them as HAGB:s.
HAGBs enhance material toughness and fatigue resistance but
may reduce material strength if present in excess. This affects
the balance between strengthening and softening mechanisms,
significantly impacting mechanical properties. Dislocation-
GB interactions, wherein dislocation absorption at GBs
becomes predominant, result in a softening mechanism that
significantly reduces hardness, as evidenced by the data in
Table 4 and Table 6.

To further of GBs on
nanoindentation, a bi-crystal nanoindentation model with two

investigate the influence
distinct crystal orientations was employed (Grain 1 and Grain
2, as shown in Fig.1). The indenter tip was positioned on the
side of Grain 2. The simulations for various distances between
the indenter tip and the GB were conducted, specifically at
600, 900, 1200, 1500, 1800, 2100, 2400, 2700, and 3000 nm.
As illustrated in Fig. 16, the load-displacement curves exhibit
the greatest deviation from single-crystal simulation curves

Shear strain

0.1

Fig.15 Total cumulative shear strain at maximum indentation depth for different single grains and GBs: (a) Grain 1; (b) Grain 2; (c) GB 1;

(d) Grain 3; (e) Grain 4; (f) GB 2
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Fig.17 Simulated pileup patterns on indented surfaces with indenter tip located at different distances from GB: (a) 600 nm, (b) 900 nm, (c) 1200
nm, (d) 1500 nm, (e) 1800 nm, (f) 2100 nm, (g) 2400 nm, (h) 2700 nm, and (i) 3000 nm

when the indenter tip is 600 nm away from GB. Conversely,
when the indenter tip is 3000 nm away from GB, the load-
displacement curve of bi-crystal simulation closely resembles
that of a single-crystal simulation. Fig.17 illustrates the pileup
patterns on the indentation surface at different distances from
the indenter tip to the GB. Due to the presence of GBs, these
pileup patterns differ significantly from those observed in
single crystals (as shown in Fig.4). Notably, the differences in
pileup morphology are most pronounced when the indenter tip
is closer to GB, which underscores the significant impact of
GBs on nanoindentation behavior.

In summary, the interaction between crystal orientation
and GBs significantly influences the mechanical properties of
the material. GBs absorb a portion of dislocations and alter the

distribution characteristics of plastic deformation under
indentation, leading to notable differences in material pileup
When the indentation is

GBs, their

and a reduction in hardness.
sufficiently distant from the

nanoindentation diminishes.

influence on

5 Conclusions

1) The crystal plasticity constitutive parameters of y-TiAl
alloys were calibrated by fitting the simulated and
experimental mechanical responses. The calibrated CRSS
values for ordinary slip systems, twinning systems, and super
slip systems are 400, 500, and 600 MPa, respectively.
According to the developed crystal plasticity constitutive
model, the simulated load-displacement curves, hardness, and
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Young’s modulus at single grains and GBs exhibit excellent
agreement with the experimental results, thereby validating
the accuracy of the calibrated parameters.

2) The hardness of y-TiAl varies between 4.760 GPa and
5.117 GPa across different crystal orientations, demonstrating
a significant dependence on crystal orientation. Specifically,
grains with Euler angles of (39.6°, 89.2°, 55.1°) exhibit the
lowest hardness. During nanoindentation, crystal orientation
influences the activation of slip systems in p -TiAl. The
coupling effect of the symmetry of slip system and the
indenter geometry affects plastic deformation and indentation
surface morphology, leading to slip and pileup in regions with
high cumulative shear strain on the surface. CPFE simulation
results align well with the pileup patterns observed in AFM
images, validating the reliability of the simulation.

3) The symmetry of Vickers indenter around the indentation
axis is different from the isotropy of conical and spherical
indenters, and its orientation significantly influences nanoin-
dentation results. Even under identical crystal orientations,
varying
morphologies, demonstrating that indenter orientation affects

indenter orientations lead to distinct pileup
nanoindentation outcomes. Despite differences in indenter
orientation, the pileup locations remain largely consistent,
suggesting that material flow during nanoindentation of
crystalline materials tends to follow a specific direction. The
varying sensitivity of nanoindentation results to indenter
orientation across different crystal orientations can be
attributed to different symmetries relative to the indentation
axis.

4) The interaction between GBs and crystal orientation
significantly influences nanoindentation results. As the
indentation tip approaches closer to the GBs, this influence
intensifies. During nanoindentation, GBs absorb dislocations
and alter the distribution of plastic deformation beneath the
indenter. Consequently, this leads to a reduction in hardness,
changes in material pileup morphology, and diminishes pileup.
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