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Abstract

The crystal plasticity finite element method (CPFEM) is widely used to explore the microscopic mechanical behav-
ior of materials and understand the deformation mechanism at the grain-level. However, few CPFEM simulation
studies have been carried out to analyze the nanoindentation deformation mechanism of polycrystalline materi-

als at the microscale level. In this study, a three-dimensional CPFEM-based nanoindentation simulation is per-
formed on an Inconel 718 polycrystalline material to examine the influence of different crystallographic parameters
on nanoindentation behavior. A representative volume element model is developed to calibrate the crystal plastic
constitutive parameters by comparing the stress-strain data with the experimental results. The indentation force-
displacement curves, stress distributions, and pile-up patterns are obtained by CPFEM simulation. The results show
that the crystallographic orientation and grain boundary have little influence on the force-displacement curves

of the nanoindentation, but significantly influence the local stress distributions and shape of the pile-up patterns. As
the difference in crystallographic orientation between grains increases, changes in the pile-up patterns and stress
distributions caused by this effect become more significant. In addition, the simulation results reveal that the exist-
ence of grain boundaries affects the continuity of the stress distribution. The obstruction on the continuity of stress
distribution increases as the grain boundary angle increases. This research demonstrates that the proposed CPFEM
model can well describe the microscopic compressive deformation behaviors of Inconel 718 under nanoindentation.

Keywords Crystal plasticity, Grain boundary, Crystallographic orientation, Nanoindentation

1 Introduction

The traditional method for evaluating the mechanical
behavior of materials, which is usually time consuming
and expensive, is to conduct a large number of experi-
ments, followed by complex analysis to obtain the results.
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Furthermore, when assessing the integrity of in-service
equipment, such a sampling test method will cause addi-
tional damage to the structure. Moreover, it is difficult to
obtain sufficient material for testing mechanical prop-
erties in sampling restricted situations, such as the heat
affected zone of welded joints. Consequently, new evalua-
tion test methods have been developed that replace these
large samples with small or even no samples. Nanoinden-
tation is a non-destructive or micro-destructive method
used to measure the mechanical behaviors of materials
that has attracted wide attention due to its advantages
in terms of the small sample required, wide application
range, rich types of measurement parameters, and ability
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to be used for in-service equipment detection [1-4]. It
can be used to obtain abundant mechanical properties,
including hardness, modulus, strength, fracture tough-
ness, creep properties, etc., with simple experiments and
a small amount of finite element simulations [5-7].

The nanoindentation experiment is a complex defor-
mation process, and the information obtained using only
this method is limited. By utilizing the finite element
method (FEM), we can explain the indentation defor-
mation process more easily and acquire more informa-
tion. However, the results obtained by traditional FEM
using the elastic-plastic theory are uniform under the
assumption of isotropic mechanical behavior (as shown
in Figure 1). In addition, this method cannot capture the
anisotropic characteristics of polycrystalline materials at
the micro-nano level, which is important in nanoindenta-
tion. Research has shown that at the microscopic scale,
the local mechanical behavior of polycrystalline materials
is influenced by crystallographic parameters such as grain
boundaries, crystallographic orientation, and grain size
to a great extent [8—10]. Figure 2 shows the stress-strain
curves of a nickel-based single crystal with four different
crystallographic orientations (the Euler angles (¢, 8, ¢) of
orientations 1 to 4 are (71.3°, 70.2°, 117.7°), (191.3°, 38.4°,
23.8°%), (0°, 90°, 315°), and (120.4°, 214.8°, 324.7°), respec-
tively), which indicates that the crystallographic orien-
tations have a significant influence on the mechanical
behavior of the material. Therefore, the crystal plastic-
ity (CP) constitutive theory has been extensively used in
nanoindentation to obtain more detailed information on
the deformation mechanism of polycrystalline materials
at the microscale level.

The origin of the crystal plasticity finite element
method (CPFEM) can be traced back to Pierce et al. [11],
where it was used to explore the mechanical behavior of
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a single crystal material. Subsequently, CPFEM was suc-
cessfully applied to the field of polycrystalline materials
by Harren et al. [12]. After several decades of develop-
ment, the microstructure-based CPFEM has been widely
used to investigate the microscopic deformation of poly-
crystals and understand the deformation mechanism at
the grain-level more deeply, for example in Refs. [13, 14].
Many studies have also applied CPFEM to nanoindenta-
tion simulations. For instance, Liu et al. [15] studied the
nanoindentation mechanical response of single crystals
of copper with (100), (011), and (111) orientations using
a combination of experiments and CPFEM simulations.
Results showed that the indentation pile-up patterns,
maximum indentation depth, shear stress distribution,
and indentation hardness depended on the crystallo-
graphic orientation to a great extent. Li et al. [16] carried
out a three-dimensional nanoindentation study using
CPFEM on an aluminum alloy, and the results confirmed
that the deformation of the region below the indenter
depended on the crystallographic orientation and grain
boundary to a considerable degree. Han et al. [17] used
CPFEM simulation to prove that the grain boundary
influenced the micromechanical behavior of nanoin-
dentation of a Ti-6Al-4V alloy, verifying that the impact
increased as the grain boundary and the indenter became
closer to each other.

Nickel-based Inconel 718 superalloy has been exten-
sively applied in aerospace industries because of its out-
standing oxidation resistance, superior corrosion and
creep resistance, and admirable structural stability at ele-
vated temperature [18, 19]. Despite many previous works
that have successfully investigated the micromechanical
behavior of Inconel 718 using the nanoindentation test-
ing method [20, 21], to the best of our knowledge, few

Figure 1 Distribution of (a) indentation stress and (b) displacement based on elastic-plastic theory



Zhu et al. Chinese Journal of Mechanical Engineering (2023) 36:95

—— Orientation|
— — Orientation2
— — Orientation3
— — Orientation4 n

0 . ! . 1 . 1 . ] . ]
0 2 4 6 8 10

Strain, & (%)

Figure 2 Comparison of stress-strain curves of a nickel-based single
crystal at four diverse crystallographic orientations

CPFEM simulation studies have been carried out to ana-
lyze the effect of various crystallographic parameters on
the indentation behavior of Inconel 718 superalloy.

In this study, a three-dimensional nanoindentation
FEM is established and applied by CPFEM to explore
the influence of different crystallographic parameters
on the indentation behavior of Inconel 718 superalloy.
The indentation force-displacement curves, stress-strain
distributions, and pile-up patterns are analyzed and
compared to verify the impact of the crystallographic
parameters.

2 Computational Method

2.1 Crystal Plasticity Constitutive Model

In this work, a crystal plasticity constitutive model is
employed to represent the inelastic deformation of a
polycrystalline material at the microscale. For the crys-
tallographic model, the total deformation gradient can
be multiplicatively decomposed into two parts based on
large deformation theory [22], as follows [23]:

F:Ferx (1)

where F, denotes the elastic part caused by lattice
stretching and rotation, and F, denotes the plastic part
representing the plastic deformation gradient of the crys-
tal lattice along the slip direction.

For the plastic deformation of the ath slip system, the
corresponding inelastic velocity gradient L, depends on
the plastic slip ratio y [24], which can be defined as:

Ly =Fp-F,' =} ym @n", 2)

where m* and n® are unit vectors used to represent the
slip direction vector and the normal vector of the slip
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plane on the ath slip system, respectively. N delegates the
gross amount of active slip systems, and the mathemati-
cal symbol ® represents a dyadic product.

The crystallographic slip rate of the ath slip system y®
is expressed as being correlated with the resolved shear
stress 7% the back stress B%, and the slip resistance S*, fol-
lowing the activation flow criterion [25]:

F |.L,a_Bot|_SOl p\ 9
YY = Yo exp (kT<17<7:70> sgn(t — BY),

3)
where yy, F, and 7, are components representing the
reference strain rate, total free energy to overcome the
lattice resistance, and lattice friction stress at 0 K, respec-
tively; k donates the Boltzmann constant, T is the abso-
lute temperature, and p and g are material parameters
associated with the material properties. The mathemati-
cal symbol <-> is the MaCauley bracket, which represents
the relationship that when x>0 then < x > = x, and when
x<0then<x>=0.

The resolved shear stress of the ath slip system, follow-
ing the works of Li et al. [26, 27], can be written as:

= (F)'F.T* : (m* @ n"). (4)

The second Piola-Kirchoff stress, T*, is given by:
*=C:E (5)

where C is the fourth-order stiffness tensor, which is a
function of three elastic stiffness constants for FCC crys-
tals, and E° is the elastic Green tensor [28].

The slip resistance S* is described according to Ref. [29]:

S
SO‘ _ haﬁ sat
Z (Ssat - SO

where S, is the initial slip resistance, S” is the slip resist-
ance on the fSth slip system, S, is the saturated slip

S
resistance, and 4% is the hardening matrix, given by:

(6)

haﬁ = hs [W + (1 - W)‘Saﬂ]r (7)

where ki and J, are the hardening constant and Kro-
necker delta, respectively, and w refers to the latent hard-
ening behavior of the material. The value of w in this
work is assumed to be 1 [30].

The above-mentioned CPFEM model is written in
a user-defined subroutine (UMAT) and integrated
within the ABAQUS standard solver for finite element
simulation.

2.2 Parameter Calibration of CPFEM Model
In microscale simulation research, a representative vol-
ume element (RVE) model consisting of only a few grains
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Figure 3 Tensile simulation RVE model of Inconel 718 superalloy

to replace the mechanical behavior of large sized samples
is typically used to greatly reduce the simulation time
[31, 32]. In this work, a RVE model has been developed
using the Voronoi tessellation (VT) method to calibrate
the crystal plastic constitutive parameters of Inconel 718
superalloy. The RVE model is composed of 150 grains,
which was proven to be enough to represent the mechan-
ical behavior of large sized specimens [33]. All grains in
the RVE model are randomly given different crystallo-
graphic orientations, as shown in Figure 3. The bound-
ary conditions of the simulated model are as follows: the
degrees of freedom in the x-direction of the left bound-
ary are fully constrained but those of the y-direction are
not constrained; the upper and top boundaries keep the
same displacement in the y-direction by adopting multi-
point constraints; and the target displacement load is
applied on the right boundary.

The CPFEM results are compared with those of the
macro-scale standard experiment [34], and the param-
eters of CPFEM model are calibrated using a trial-and-
error technique. Figure 4 shows the comparison curves
between the final stress-strain data obtained by CPFEM
and the macro-scale standard experiment, indicating
that after parameter calibration, the simulation results
by CPFEM agree well with the experimental data. The
CPFEM parameters of Inconel 718 are presented in
Table 1. It should be noted that once the calibration of
CPFEM parameters was successfully completed, the
same set of CPFEM parameters was used in all subse-
quent nanoindentation simulations.

3 Numerical Simulation Procedure

3.1 Establishment of Indentation Model and Simulation
Process

The nanoindentation model established in this study

is illustrated in Figure 5. To simplify the finite element
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Figure 4 Comparison of stress-strain data of Inconel 718
between experimental [34] and CPFEM simulation results

Table 1 CPFEM parameters used for Inconel 718 superalloy

Parameters Values Units
(@ 24218 GPa
(@5 138.85 GPa
Cia 104.20 GPa
Y 450 57!
1.0 -
q 19 -
Fo 286 kJ/mol
T 515 MPa
So 150 MPa
Seat 178 MPa
h, 250 MPa

Figure 5 Indentation finite element model and local refinement
mesh of the indentation area

simulations, the indenter used in nanoindentation simu-
lation can be assumed to be rigid because the indenter
is usually made of hard materials such as diamond
whose elastic modulus is much larger than that of the
tested material. The diameter of the indenter’s spheri-
cal end is 1.5 pm, and the dimensions of the model are
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Table 2 Crystallographic orientations (Euler angles)
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Case OR1 OR2 OR3 OR4 OR5 OR6
@) 0 244 66.0 60.0 90.0 335
6 0 206 499 55.0 35.0 266
() 0 442 -64.1 450 40.0 84.2

10 pm X 10 pm X 5 um (x X y X z). The finite element
model is meshed with 3D hexahedric linear integration
elements (C3D8). Because nanoindentation is a typical
contact problem and the main focus area is underneath
the indenter, for the purpose of improving the astrin-
gency and astringent rate of the simulation, the mesh in
the contact area is refined while a lager grid structure is
applied to the remaining area. The friction coefficients
between the indenter and the tested sample of all simu-
lations in this work are set to be zero, meaning that the
contact conditions are assumed to be frictionless. The
bottom surface is fixed in three normal directions and
the four surrounding surfaces are constrained along the
x or y direction for the entire numerical simulation pro-
cess. The indenter can move freely only along the z direc-
tion, and the degrees of freedom in other directions are
fully constrained. The displacement control method is
adopted in this simulation, and the indenter moves along
the z-axis at a fixed displacement rate. The thickness of
the sample should be more than ten times the impressed
depth to minimize the effect of external factors such as
the specimen dimensions and boundaries on the simula-
tion results. The maximum indentation depth of all the
simulations performed in this work are set to be 500 nm,
which meets the requirements mentioned above. Fig-
ure 6 shows the force-displacement curves under three
different impressed depths (500 nm, 800 nm, and 1000
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Figure 6 Force-displacement curves at different impressed depths

nm). It is apparent that the initial unloading stage under
the three impressed depths have almost the same slope.
Therefore, the plastic zone is reached at an indentation
depth of 500 nm, which means the selected indentation
depth of 500 nm meets the simulation requirements.

The total simulation process can be divided into 3 steps:
(i) Preloading stage: A small displacement load (such as
1 nm) is performed to establish a stable contact relation-
ship between the indenter tip and the impressed speci-
men to prevent drastic changes in the contact state. (ii)
Loading stage: After the establishment of a stable contact
relationship, the target displacement load is applied to the
FEM. Then, the indenter is moved along the g-axis down
to the maximum indentation displacement of 500 nm. (iii)
Unloading stage: When the maximum indentation dis-
placement is reached, the indenter is gradually removed
from the contact surface at a certain rate. The entire sim-
ulation process is carried out in the standard solver of
ABAQUS through the user-defined material subroutine.

3.2 Mesh Independency Analysis

The finite element mesh control plays a crucial role in
the simulation results. A mesh-sensitivity study of the
nanoindentation model is necessary to avoid the mesh
effect on nanoindentation simulation analysis and to
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Figure 7 Comparisons of simulated force-displacement curves
with different mesh sizes
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determine the best mesh scheme based on simula-
tion time and accuracy. Four different mesh sizes were
selected for analysis, and the minimum mesh sizes
of the model were set to be 0.1, 0.2, 0.3, and 0.4 pm,
respectively. From the macroscopic simulation results,
a relatively large gap between the indentation force-dis-
placement curves obtained by the coarsest mesh and the
finest mesh can be observed, as shown in Figure 7, while
the force-displacement curves obtained with mesh sizes
values of 0.3 and 0.4 um coincide quite well. Considering
that the simulation time with the finest mesh value of 0.4
um is over 10 times that with a mesh value of 0.3 um and
that the convergence of the indentation contact analysis
will deteriorate when the mesh refinement is excessive, a
mesh size value of 0.3 um can be considered as the best
meshing scheme for this simulation work.

4 Results and Discussion

4.1 Crystallographic Orientation Effect

To investigate the influence of crystallographic orien-
tation on the nanoindentation mechanical behavior of
Inconel 718, six sets of different crystallographic orien-
tations (Euler angles) are selected and assigned to the
same grain in the model (grain 1 in Figure 8(a)), while
the crystallographic orientations of the remaining grains
remain unchanged, as shown in Table 2. The indentation
positions are selected at the center of the indented grain
(grain 1) to reduce the impact of grain boundaries on the
simulation results.

Figure 9 shows the force-displacement curves under
different crystallographic orientation and demonstrates
that the maximum variation of the peak load when the
indentation depth reaches 500 nm is 3.55%. All six simu-
lations with different crystallographic orientations have
similar slopes during the unloading period. This indi-
cates that the influence of crystallographic orientation
on the force-displacement curve of nanoindentation is
limited. Local deformation occurs when the indenter is
applied to the grain, and this deformation is constrained

Grain 3

Grain4d

Figure 8 Schematic of (a) grain positions and (b) three indentation
positions
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by the indentation depth and surrounding materials.
The indentation area shows a complex multi-directional
stress state. The loading-unloading process of the inden-
tation reflects the comprehensive mechanical response
of the material in different directions. Although different
crystallographic mechanical properties are set for each
grain in the finite element simulation, the final reflection
includes comprehensive material properties in all direc-
tions due to the action characteristics of the indentation
test. Thus, there are no obvious differences in the force-
displacement curves. However, the change of crystal-
lographic orientation has a great influence on the stress
distribution and pile-up patterns around the indentation.
The stress distributions of different crystallographic ori-
entations at the maximum indentation depth are shown
in Figure 10. This demonstrates that the state of stress
distribution depends on the crystallographic orientation
to a certain degree. The stress is symmetrically distrib-
uted, and the axis of symmetry changes as the crystallo-
graphic orientation changes.

The evolution of the pile-up patterns in different crys-
tallographic orientations is illustrated in Figure 11. The
pile-up patterns are symmetrically distributed in differ-
ent crystallographic orientations, which is consistent
with the results of monocrystalline copper under dif-
ferent crystallographic orientations observed by Wang
et al. [35]. Besides, the differences in indentation pile-up
patterns are connected to the crystallographic misorien-
tation. The cases OR1 and OR2 have the smallest misori-
entation, and the pile-up patterns of the two are the most
similar, with four protrusions. The cases OR1 and OR4
have the largest misorientation, which leads to the obvi-
ous differences between their pile-up patterns. In other
words, differences in the pile-up patterns increase as
misorientation between the crystal grains increases. The

0 100 200 300 400 500

Displacement (nm)

Figure 9 Force-displacement curves of nanoindentation in different
crystallographic orientations
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Figure 10 Comparison of stress distributions between different crystallographic orientations
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Figure 11 Comparison of pile-up patterns between different crystallographic orientations

The comparison of the maximum Schmid factor of
the grain (grain 1 in Figure 8) and the maximum plas-
tic strain along different crystallographic orientations

crystallographic orientation dependence of the pile-up
patterns is mainly caused by anisotropic crystallographic
plastic deformation [17].
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Figure 13 Force-displacement curves at different indentation
positions

is shown in Figure 12. The Schmid factor is a typical
parameter that can be used to describe the influence of
crystallographic orientation [36]. A larger Schmid factor
results in a greater degree of plastic slip [37]. It can be
seen in Figure 12 that the variation tendency of the maxi-
mum local plastic strain under the indenter along differ-
ent crystallographic orientations is consistent with the
change of Schmid factor of the indented grain. The grain
(grain 1) in case OR4 has the smallest Schmid factor, and
its corresponding maximum plastic strain value is also
the smallest.

4.2 Influence of Grain Boundary and Grain Boundary
Angle

The effect of grain boundary on the indentation behav-

jor at the microscale is studied by changing the indenta-

tion position. As shown in Figure 8(b), it is indented at
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the grain center (center), boundary of two grains (GB2),
and trigeminal grain boundary (GB3). Figure 13 shows
the force-displacement curves obtained by nanoinden-
tation simulation. It can be clearly seen that the maxi-
mum variation of the indentation peak load is only 2.94%,
indicating that the existence of the grain boundary has
little effect on the force-displacement curve of indenta-
tion. However, the grain boundary plays a critical part in
changing the pile-up patterns and stress distributions.
When the indentation position changes, the stress dis-
tribution and pile-up patterns exhibit significant differ-
ences, as illustrated in Figure 14.

For the sake of further revealing how the grain bound-
ary affects the indentation behavior, the grains (grain
1 and grain 2) in Figure 8(a) on both sides of the grain
boundary (GB2) are given different crystallographic ori-
entations, as indicated in Table 3. Figure 15 shows the
indentation force-displacement curves for different grain
boundary angles. As shown in the figure, the influence on
indentation force-displacement curves is still extremely
limited, and the maximum peak load error is only 2.78%.
Figure 16 shows the stress distribution at different grain
boundary angles. This means that the resistance effect
of grain boundaries on the continuity of the stress dis-
tribution becomes greater as the grain boundary angle
increases (from case OM4 to case OM1).

With respect to the pile-up patterns, as shown in Fig-
ure 17, changes in the shape of the pile-up patterns are
more obvious with an upward trend in grain boundary
angle. The grain boundary angles of case OM3 and OM4
are low angle (13.2° and 2.2°, respectively), and the stress
distribution and pile-up patterns of the two are almost
the same as those of case OR1. On the contrary, the grain
boundary angles of case OM1 and OM2 are large angle
(53.6° and 38.2°, respectively), and the stress distribution
at the grain boundary is obviously discontinuous with a
significant change in the shape of the pile-up patterns.

5 Conclusions

A series of three dimensional nanoindentation finite
element simulations that incorporate crystal plastic-
ity theory have been successfully conducted to explore
the influence of crystallographic orientation and grain
boundaries on the indentation behavior of a polycrystal-
line Inconel 718 superalloy. The main conclusions of this
work are as follows:

(1) These simulation results suggest that differences in
crystallographic orientation and the existence of
grain boundaries have no significant effect on the
indentation force-displacement curves. The maxi-
mum variation of peak load caused by different
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Figure 14 Stress distributions and pile-up patterns at different indentation positions

Table 3 Grain boundary angle (Euler angle)

Case OoM1 OoM2 OM3 om4

Grain number 1 2 1 2 1 2 1 2

() 266.8 0 335 0 171.2 0 87.8 0

0() 525 0 266 0 12.1 0 90.5

¢ () 399 0 84.2 0 14.1 0 89.9 0

Misorientation (°) 536 382 132 22
crystallographic orientations is only 3.55%, and the

0 100 200 300 400 500

Displacement (nm)

Figure 15 Indentation force-displacement curves at different grain
boundary angles

variations caused by different grain boundaries and
grain boundary angles are only 2.94% and 2.78%,
respectively. Furthermore, the unloading slopes of
these simulations under different conditions are all
similar.

The stress distribution under indentation area and
pile-up patterns of Inconel 718 have a high depend-
ence on crystallographic orientation. When the
crystallographic orientation changes, both the
stress distribution and the shape of the pile-up pat-
terns will change, and the changes will be larger as
the misorientations between grains increase.

The existence of grain boundaries affects the stress
distribution and pile-up patterns significantly, and
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Figure 16 Stress distributions at different grain boundary angles

Figure 17 Pile-up patterns at different grain boundary angles
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resistance to stress continuity becomes more obvi-
ous with an upward trend in grain boundary angle.
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