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Abstract: In this paper, a supercell modeling of secondary orientation was established using 90 cubic
mosaic units made up of v’ phase embedded in y matrix, in accordance with an actual structure
of Ni-based single crystal superalloys (NSCS). The effects of secondary orientation on the defor-
mation behavior and microstructure evolution of NSCS under uniaxial tensile were studied by a
three-dimensional molecular dynamics (MD) simulation. Simulation results showed that secondary
orientation had a significant effect on mechanical properties of NSCS, that is, a big fluctuation was
found in tensile strength which dropped down almost 50% from a peak (corresponding to the sec-
ondary orientations of 18° and 45°) to a trough (those of 34° and 63°). Mechanisms of secondary
orientation affecting the deformation behavior were further discussed systematically. The deforma-
tion of NSCS under uniaxial tensile was a process tending towards amorphization of microstructure,
together with the dislocation formation, merging and break-up. On a micro viewpoint, this work for
us will be useful to apprehend the tensile deformation conduct of NSCS.

Keywords: Ni-based single crystal superalloys; secondary orientation; dislocations; tensile properties;
molecular dynamics (MD)

1. Introduction

NSCS is the most commonly used material for turbine blades of advanced aero-engines
today [1-6], and most single crystal turbine blades are produced by casting that entails
controlling the growth direction of the principal stress axis [7]. Generally, the direction
of the main stress axis is called primary orientation, which has a significant impact on
the arm spacing of primary dendrites, creep properties or stress fracture life, etc. [8-11].
However, in most single crystal blades, the [100] orientation perpendicular to the [001]
direction is neither specified nor controlled during the manufacturing process and can
only be determined by measurement. Therefore, the [100] orientation of a single crystal
blade becomes a random variable, which we call secondary orientation [7]. Each single
crystal blade has a different secondary orientation [12-14]. It is important to strictly control
these growth directions for NSCS, however, such complex factors as deviation of chemical
composition in the micro scale, instability of the solidification process and so on lead to
a departure from the original growth direction, causing poor performance of NSCS in
service. The prediction and optimization of secondary orientation may be a potential
way to further improve the mechanical properties of single crystal blades. However,
most previous research only concentrated on the primary orientation, regardless of the
influence of secondary orientation. Recent studies have shown that secondary orientation
plays an important role on mechanism behavior. Zienkiewicz et al. [15] investigated the
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fatigue failure of NSCS turbine blades and concluded that the control of secondary and
primary crystallographic orientations improves the fatigue resistance of turbine blades.
Hou et al. [16] reported that the secondary orientation had a limited influence on the
distributions of Mises stress and the maximum resolved shear stress. Arakere [17] and
Getsov [18] observed that the secondary orientation had a pronounced effect on high
cycle fatigue life and thermal mechanical properties. Wang et al. [19] further studied the
effects of secondary orientations on thermal fatigue behavior of an NSCS turbine blade
and found that fatigue cracks initiate from stress concentration regions which are affected
by the secondary orientation. Yang et al. [20] studied tensile properties of three secondary
orientations of [100], [120] and [110] for DD9 NSCS in the temperature range of 760-1100 °C,
and showed that the effect of secondary orientation on tensile strength was remarkable.
Zhai et al. [21] used the finite element method to study the maximum stress of the material
with the change of secondary orientation. It was found that the secondary orientation of
45° has the lowest resolved shear stress, which may lead to higher strength of single crystal
turbine blades. But, nowadays the effect of secondary orientation on the deformation
behavior has not been clarified because it is not as easy to detect and control as the primary
orientation.

Using a simulation instead of an experiment can greatly improve the efficiency of
research [22-26]. Molecular dynamics (MD) simulation has the advantage of capturing
dynamic deformation in real time and studying the microscopic deformation mechanisms
at atomic scale, such as obtaining the micro-scale crack configurations and visualizing the
corresponding producing process [25]. Zhu et al. [26] and Xiong et al. [27] have studied
the interaction between matrix dislocation and interface mismatch dislocation network
in NSCS by MD. While Shang et al. [28] used an embedded atom method (EAM) in MD
simulation to study the plastic deformation mechanism at the interface of Ni/Niz Al alloy
with a pre-existing void under tensile loading. Bin et al. [29] further studied fatigue
properties and the deformation mechanism of superalloys under a cyclic tension-and-
compression load by MD simulations which provided some important information for
understanding the fatigue mechanism of superalloys from the atomic point of view. Most
above research has all shown that MD was an effective way to simulate the damage process.
However, those MD models developed with NSCS were mainly based on a two-layer or a
sandwich structure simulation [30,31], without considering the actual structure (y’ phase
embedded in y matrix) characteristic of NSCS, leading to inaccurate mechanical properties
and difficulty predicting the real deformation behavior.

In this paper, influences of secondary orientation on the tensile deformation behavior
of NSCS were studied using MD simulations. A mosaic structure supercell model was
developed consisting of 90 basic v /y units with 152,010 atoms totally. Tensile properties,
microstructure and dislocation evolution were then investigated systematically based on
the model, and mechanisms of deformation and fracture were further analyzed at atomic
scale. This work will be meaningful to understand the secondary orientation effection and
deformation mechanism in NSCS.

2. Models and Methods

NSCS is a kind of material usually composed of two basic phases, namely the matrix
(v) and strengthening (y’) phases. The main component of the y phase is Ni, which is a Face-
Centered Cubic (FCC) structure, and the lattice constant is 0.352 nm; the v phase is a stable
and ordered intermetallic compound (NizAl) precipitated from the vy matrix [32-35], which
also has an FCC structure with a similar lattice constant of 0.3567 nm. It is well known
that NSCS has only one grain with the cubic v’ phase uniformly coherent in the y matrix.
Three kinds of MD structure models have been proposed to describe the construction of
NSCS to date: (I) a double-layer structure with an upper layer of Ni and a lower layer
of NizAl [30]; (II) a sandwich structure with two (upper- and lower-) layers of Ni and a
middle layer of NizAl [31]; (III) a unit structure [36] with a particle (v’ supercell) embedded
in the center of the y matrix. It is obvious that the methods of I and II are too simple to
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present the real structure of NSCS. Method III using the representative unit could mimic
the embedding scenery between the y” and v, however, the basic unit cell model could not
consider the relation between the particle and particle. With the above point of view in
mind, a novel mosaic structure model was developed in this paper to imitate the structure
of NSCS, which consists of 90 basic units, with each unit made up of ay’ (6 x 6 x 6 lattices)
embedded iny (7 x 7 x 7 lattices) supercells. As shown in Figure 1a, a basic unit contains
1698 atoms with a 65% volume fraction of v’ phase embedded in y phase, in line with the
actual situation of NSCS. Then the stacking of 90 units followed a size ratio which was
similar to the working area of a real tensile sample. The different secondary orientations of
0°,5°,11°,18°, 26°, 34°, 45°, 56°, 63°, 72°,79°, 85° and 90° were obtained by rotating the
above angles in (001) plane as presented in Figure 1b. The blue line showed a final contour
of the MD model.
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Figure 1. Model construction: (a) geometry of tensile samples and establishment of MD supercell
model for NSCS; (b) creation method of different secondary orientations in the MD model; (c) loading
of the supercell model.

MD simulations were carried out with the Large-scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS) software (Version 21 Jul 2020) using an EAM potential
function which concludes the coefficient of correction. In X and Y direction, the boundary
conditions were periodic while in Z direction they were non-periodic (namely tensile
direction), as shown in Figure 1c. Input parameters of material and simulation calculation
are shown in Table 1. Before the external loading, the system needs relaxation till the energy
of models fluctuates slightly. The temperature was maintained at 300 K and then increased
to 1030 K; the tensile process was loaded by an elevated strain. The uniaxial stretching
process was carried out in NPT (constant-pressure, constant-temperature) ensemble. The
data processing of microstructure and dislocation was completed by the Ovito software
(Version 2.9.0).
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Table 1. Input parameters of material and simulation calculation.

Material Lattice

Constant (A) Force Field Parameters Operating Parameters
Ni NizAl Potential function Ensemble Time step (fs) Run steps
3.524 3.567 NiAlH_jea.eam.alloy NVINPT 1 50,000

3. Results and Discussion
3.1. Effect of Secondary Orientation on Tensile Mechanical Properties

Figure 2 displays the results of tensile mechanical properties. Specifically, Figure 2a
shows stress-strain curves of NSCS with different secondary orientations. Approximately,
both have a bilinear characteristic before and after yielding, and it is found that secondary
orientation has a significant influence on the deformation behavior of NSCS not only in the
elastic stage, but also the plastic stage. In the simulation, the yield strength is defined as
the strength at the end of elastic deformation, while the tensile strength is defined as the
strength at break. As shown in Figure 2b, both the yield and tensile strengths [37] have a
similar trend of change with secondary orientation, that is, both of them fluctuate up and
down in the range of 0°~90°, reaching a peak at secondary orientations of 18°, 45°, 85° but
a trough of wave at 5°, 34° and 63°. The value of the peak is as 1.5~2 times big as that of
the trough on average. Moreover, when the secondary orientation is 90°, both the yield and
tensile strengths are close to those of 0° due to the symmetrical characteristic of the model.
Similarly, the fluctuation characteristic around these secondary orientation angles above
are also found in the elongation and elastic modulus, as shown in Figure 2c,d. A possible
explanation comes from the influence of secondary orientation on the activation of slip
systems including the octahedral, hexahedral and dodecahedral slip systems. Therefore,
these typical secondary orientation angles of 0°, 18°, 34°, 45° and 63° are selected in the
subsequent microstructure studies.
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Figure 2. Effects of different secondary orientations on tensile properties of NSCS. (a) stress-strain
curves; (b) yield and tensile strength; (c) elongation curves; (d) elastic modulus curves.
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3.2. Evolution of Microstructure during Stretching

Figure 3 reveals the microstructure evolution of NSCS, in which the FCC, Hexagonal
Close-Packed (HCP) and amorphous structure is green, red, and white, respectively. The
damage of metal materials originally comes from the activation of the slip system. It
can be seen that when ¢ = 0.2%, the ordered FCC structure begins to transform into a
small part of HCP or amorphous structure together with the appearance of some slip
bands; when ¢ = 5%, there is no significant change in microstructure; when & = 10%, the
change of deformation starts to accelerate; when ¢ = 12%, the material undergoes massive
deformation and slip bands increases rapidly. The proportion of amorphous crystals in
and around the yellow circle increased significantly, which is regarded as a precursor to
large-scale amorphization [38]. At this time, the material structure is greatly changed by

[011] and [011] slip directions in the octahedral slip system [39], while in the slip zone,
it is composed of mixed HCP and amorphous structure; when ¢ = 13.5%, some initial
microvoids start to form and it can be observed slightly. Then, voids will spread around
and expand rapidly, resulting in the final fracture of the material.

Figure 3. Structural evolutions of NSCS with two typical secondary orientations of (a) 18° and (b)
34° during the tensile process. The green (dark and light), red and white are the FCC, HCP and
amorphous regions, respectively. The yellow lines show the slip lines.

In Figure 4, during the tensile process, the orderly FCC structure was transformed
to HCP and amorphous structures. Firstly, with the increase of strain, the content of the
main FCC structure decreases gradually while those of the HCP and amorphous structures
increase steadily. When the strain is more than 10%, the change tendency of each phase
content is accelerated. When the material has just passed the critical damage point (¢ ~ 13-
14%), the proportion of the HCP and amorphous structures rise sharply. In addition, under
an in-situ observation [40], the formation of a large number of voids has been found, which
causes the damage and failure of materials; it was also similar to the MD simulations.
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Figure 4. Content variations of the FCC, HCP and amorphous phases for two typical secondary
orientations of 18° and 34° during the tensile process.

Figure 5 presents comparisons of microstructural evolutions among different sec-
ondary orientations of 0°, 18°, 34°, 45° and 63°. It is obviously found that when the stress
reaches 1 GPa, these models with the secondary orientations of 34° and 63° have more
HCP and amorphous phases, together with quite a few slip bands produced, which have a
negative impact on the tensile strength of the material. In contrast, fewer slip bands are
corresponding to those with the secondary orientations of 0°, 18°, and 45°. When the stress
reaches 3.3 GPa, the secondary orientation of 0° is about to be damaged and fractured;
however, the models with the secondary orientations of 34° and 63° have already shown
huge voids, inducing damage due to the octahedral slip system, as reported [38]. In other
words, the models with secondary orientations of 34° and 63° activate the slip system
easier, leading to premature failure and a decrease in tensile strength, as plotted in Figure 2.

3.3. Evolution of Dislocations during Stretching

The evolution of dislocations in NSCS under a typical secondary orientation of 34° is
presented in Figure 6. The result shows that dislocations produced in the tensile process
are mainly Shockley partial dislocations (marked by green lines) as well as a few stair-rod
dislocations (purple lines), perfect dislocations (blue lines) and other dislocations. Com-
bined with Figures 4 and 6, when deformation begins, the Shockley partial dislocations are
emitted from the slip bands, which usually originate from a common dislocation source
(namely dislocation junctions). With the strain increasing, more Shockley partial disloca-
tions will be generated and a small number of perfect dislocations, stair-rod dislocations,
Hirth dislocations and Frank dislocations are also generated. A large number of entangled
dislocations are prone to occur in the slip bands and the region around the voids, which is
especially obvious when ¢ = 5%. The squeezing of the atomic layer near these dislocations
may lead to the activation of the octahedral slip system, an important reason for crack
propagation and void expansion.
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Figure 5. Comparison of structural evolutions among different secondary orientations when the
stress reaches (a) 1 GPa and (b) 3.3 GPa. The dashed lines in (b) show the contour of voids.

B 1/6<11-255hockley partial dislocation 1/3<001>Hirth dislocation @ 1/3<111>Frank dislocation
. 1/6<110>Stair-rod dislocation . 1/2<110>Perfect dislocation - Other dislocation

Figure 6. Dislocation dynamic evolution in NSCS with a secondary orientation of 34° during the
tensile process. The dashed lines show the contour of voids.

Figure 7 shows the evolution of dislocations in the region around location A in Figure 6.
It can be seen that at the initial stage of tension, for example, ¢ = 0.2%, dislocations
begin to germinate and most of them are the Shockley partial dislocations. When ¢ = 1%,
some dislocations begin to gather together and a few new dislocations appear. When
€ = 5%, the dislocation line density increases, and the distribution of dislocations changes
remarkably, with some island-shaped dislocation cells produced as compared to the case
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of ¢ = 0.2%. Then with the increase of strain to ¢ = 10~14%, the density of dislocation
lines reversely decreases, but the average length of dislocation lines increases. That is
because some dislocations merge and expand. The merging mechanism between two
different dislocations is found as follows: (i) Shockley + Hirth = Stair-rod: 1/6<11-2> +
1/3<001> = 1/6<110> (the yellow arrows); (ii) Shockley + Frank = Perfect: 1/6<11-2> +
1/3<111> = 1/2<110> (the orange arrows). Also, it is noted that some dislocation junctions
are observed at the strain of 14%, and with the strain increased over 14.5%, these junctions
break, leading to the fast fracture of materials with some big voids observed, as shown in
Figure 5.

T

MO>

P /
. 1/6<11-2>Shockley partial dislocation B 1/3<001>Hirth dislocation
B 1/5<1105Stair-rod dislocation () 1/3<111>Frank dislocation
. 1/2<110>Perfect dislocation - Other dislocation

Figure 7. Tracing the dislocation evolution near the area of “A” marked in Figure 6.

To compare the discrepancy of dislocation formation under different secondary ori-
entations, the dislocation line lengths of the Shockley partial dislocations (1/6<11-2>),
stair-rod dislocations (1/6<110>) and perfect dislocations (1/2<110>) are counted respec-
tively, and the results are plotted in Figure 8. When the strain is 0.2%, the models with the
secondary orientations of 34° and 63° have fewer stair-rod dislocations than those of 0°,
18° and 45°. Since the stair-rod dislocation generally causes the material hardening [41]
(Figure 8a), low tensile properties are therefore obtained for the structures with the sec-
ondary orientations of 34° and 63°. But when the strain reaches 15%, the number of the
Shockley partial dislocations is decreased with the occurrence of cracks caused by the
generation of voids in the secondary orientations of 34° and 63°, as shown in Figure 8b.
Due to fewer voids produced, the number of the Shockley partial dislocations still in-
creases in the cases of the 18° and 45° secondary orientation models, relative to high tensile
properties. Hence, fewer stair-rod dislocations make the octahedral slip system easier to
activate; what’s more, the reduction of Shockley partial dislocations is mainly attributed
to the formation of voids and dislocations merging, resulting in the reduction of material
plasticity and causing the earlier fracture.
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Figure 8. Statistics of the dislocation line length at different secondary orientations under the strains
of (a) 0.2% and (b) 15%.

In addition, to reduce the consumption of time and computing power, it is worth
mentioning that the width of " precipitate phase in this model is much smaller than the
actual size. However, for the cubic structure model, the volume fraction of y* phase in
this model is 65.3%, which ensures that the ratio of vy’ phase to y phase size is consistent
with the actual material. In this study, the simulation of the exposed surface with different
secondary orientations can find that there is dislocation network embedded in the v’
precipitate phase, which is closely resembled with the experimental observations [42,43],
so the change of model size did not change the morphology of dislocation [44,45]. Besides,
because of the small time scale of MD simulation, the strain rate was also much faster than
the experimental test situation [46—48]. Instead of the quantitative research of absolute
value, many studies have conducted qualitative research on the deformation mechanism
and mechanical behavior of materials from the atomic scale. Therefore, when the size
ratio of the v’ phase to vy phase is fixed, the MD model can describe the basic physical
phenomena such as the morphology of dislocation structure and the characteristics of
dislocation evolution. All of the above indicate the MD simulation results obtained in this
work can reasonably reflect the damage behavior and deformation mechanism of NSCS
during the tensile process on the atomic scale.

3.4. Comprehensive Mechanisms of Deformation and Fracture

As discussed above, the tensile strength, elongation and elastic modulus of NSCS are
significantly affected by secondary orientations, especially at the secondary orientations of
34° and 63° with a relatively lower tensile strength, which is related to the easier activation
of the slip system caused by the lower number of stair-rod dislocations. Generally, there are
three kinds of slip systems in NSCS, namely the octahedral, hexahedral and dodecahedral
slip systems [49-52]. As reported in Ref. [52], the most easily activated slip system is
the octahedral slip system, where the angle of slip direction in each slip plane is 60°
(Figure 9a) and the four slip planes constitute the octahedral slip system (Figure 9b). So, it
is easier to fracture at about 30° or 60°, agreeing well with the predictions of the secondary
orientations of 34° or 64° in this paper. In addition, dislocation characteristics including
density, shape and distribution, etc. also affect the mechanical property and deformation
mechanism. According to the previous report [41], the lower percentage of stair-rod
dislocations (¢ = 0.2%) generated in the models with the secondary orientations of 34°
and 63°, cause the easy activation of the octahedral slip system, leading to low tensile
properties. In contrast, high tensile properties in the cases with the secondary orientations
of 0°, 18° and 45° are caused not only by the considerable stair-rod dislocations, but also
the Shockley partial dislocation, which can improve the plasticity of a material. In sum,
the superposition of some complex factors above results in a big fluctuation in mechanical
properties with the varied secondary orientation.
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Figure 9. Relationship of the slip plane and slip direction for the octahedral slip system. (a) Four
different kinds of slip planes with the red lines showing the slip directions. (b) The octahedral slip
system made up of four slip planes shown in (a).

4. Conclusions

A mosaic structure MD model was developed to study the effect of secondary ori-
entation on mechanical properties and microstructure evolution of NSCS under uniaxial
tensile. The effect of secondary orientation on the mechanical behavior of NSCS showed
a fluctuation mode for such properties like yield strength, tensile strength, elongation,
etc. in the range of 0~90°. The cases with the secondary orientations of 34° and 63° were
more prone to deformation due to the activation of the octahedral slip system. In contrast,
those cases with the secondary orientations of 18° and 45° were not easy to deform or
damage, getting better mechanical properties. During the tensile process, the ordered FCC
structure in NSCS was found to transform into the HCP structure or disordered amorphous
structure, and the deformation characteristic of NSCS was tending towards amorphization
of microstructure, together with the formation, merging and break-up of some disloca-
tions. The main dislocation merging of “Shockley + Hirth = Stair-rod” and “Shockley +
Frank = Perfect” were also observed. The present study enriches the understanding of the
effect of secondary orientation on the deformation behavior of NSCS at atomic scale.
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