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Abstract
Nickel-based alloys are extensively used in a wide range of extreme environments
because of their exceptional mechanical properties. The excellent strength of these alloys
is derived from the addition of long-range ordered precipitates, introduced by thermal
aging. The interaction between the dislocations and LRO precipitates dictate the
deformation modes and plastic response in these alloys. While the majority of studies
have focused on L12-structured precipitate-strengthened Ni-based alloys, less work has
considered the Ni-based alloys containing Pt2Mo-structured, Niz(Cr,Mo)-typed
precipitates. In these alloys, Pt2Mo-structured precipitates enable room-temperature
deformation twinning in addition to slip, which increases strain hardenability measured
from bulk mechanical testing. Although previous geometric-based model suggested that
deformation twinning is favored over slip, the factors that influence the activation between
twinning versus slip have not been thoroughly explored in this class of Ni-based alloys.
In this work, molecular dynamics examined the possible types of dislocation and Pt2Mo-
structured precipitate interaction at low temperature. Combined with in situ

micromechanical testing, the role of resolved shear stresses on dislocation partials were
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shown to directly influence the activation of slip versus twinning. Additionally, using an
energy-based approach, molecular dynamics results demonstrated a novel twin formation

process, caused by the dislocation interaction with the Pt2Mo-structured precipitates.
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1. Introduction



Nickel-based alloys are known to offer an exceptional combination of high temperature
strength, toughness, creep resistance, and corrosion resistance in highly corrosive
environments [1-3]. These alloys are widely used for high temperature applications such
as in jet engines [4], electrical power-generation turbines [5,6], and nuclear power plants
[7,8]. Their complex chemical compositions provide precipitate strengthening through the
addition of Ti, Cr, Al; corrosion resistance, through the addition of Al, Cr; and creep
resistance through the addition of Re, W, Mo [3]. For strength improvement, thermal aging
is used to introduce both long-range ordered (LRO) and short-range ordered (SRO)
precipitates into the materials to increase dislocation pinning [9]. Ordered precipitates
increase dislocation resistance via two well-understood phenomena: Orowan
strengthening and anti-phase boundary strengthening [10-12]. Orowan strengthening
can be described by a range of strength hardening laws such as dispersed barrier
hardening (DBH) [13] and Bacon-Kocks-Scattergood (BKS) model [14]. Anti-phase
boundary (APB) strengthening results from the additional energy required by a dislocation
crossing the boundary to disrupt the order of the precipitates [10]. The mechanism of APB
strengthening depends on the structure of the ordered precipitate. For example, for
shearable L12 precipitates (e.g. NisAl), dislocations travel in pairs to shear the ordered
precipitates. The first dislocation creates an APB while the second dislocation restores
the order [12,15-18]. The repetitive APB creation due to the dislocation pair shearing
increases the strength of nickel-based alloys containing L12-structured precipitates such
as NisAl [17]. Although ordered precipitates play a crucial role in increasing the alloy’s
strength, ordered precipitates can exacerbate plastic instability via slip localization
[17,19-24], which can reduce the materials’ ductility. This can result from the glide plane
softening mechanism whereby the ordered precipitates become locally disordered and/or
dissolved after successive dislocation shearing events [17,19-24]; this local behavior can
lead to high strain localization.

Another important aspect of the dislocation and LRO-precipitate interaction is the
precipitate-induced deformation twinning, which has been observed to take place in
different nickel-based alloys. Most notably, thermally-activated microtwinning in widely-
used nickel-based alloys containing NisAl-based, L12-structured precipitates, have been

observed and extensively studied at the intermediate temperatures (650-800° C



depending on the Ni-based alloys) [25,26]. However, a much less-understood
deformation twinning mechanism is reported in Ni-Cr and Ni-Cr-Mo type alloys containing
Pt2Mo-structured precipitates (such as Ni2Cr, NizMo precipitates). Room temperature bulk
mechanical testing of these alloys have shown strong hardening response as a function
of aging time and temperature without substantial loss of ductility [27—-32]. Transmission
Electron Microscopy (TEM) studies reveal that deformation occurs predominantly via slip
in the unaged alloys, while mechanical twinning is active and more dominant in the aged
alloys, containing Pt2Mo-structured precipitates [28-32]. From these works, it was
proposed that the Pt2Mo-structured precipitates promote mechanical twinning; thus,
enhancing the ductility of the Ni-based alloys. In general, the role of mechanical twinning
in increasing ductility, fracture toughness, and strength has been shown in many different
classes of alloys [33,34], so it is not surprising to see similar strengthening mechanisms
are activated in these Ni-based alloys. What remain unclear are the various factors
influencing the activation of deformation twinning versus slip and the Pt2Mo—structured
precipitate-induced deformation twinning mechanism. In this study, we discussed the
roles of the orientation relationship (OR) between the Pt2Mo-structured precipitates and
the matrix, OR variants, grain orientations as well as Schmid factors of dislocation partials
on influencing the competition of twinning versus slip in this class of Ni-based alloys.

To isolate the effect of LRO precipitates on deformation mechanisms, we utilized small
scale mechanical testing (SSMT) via in situ SEM microcompression. With the rise of
miniaturization of devices [35], small scale mechanical testing has been developed for
the quantification of the mechanical responses for microscale and nanoscale material
volumes [36—44]. It has proven to be an effective technique to study various fundamental
deformation mechanisms such as material size effects [37,40,41,45-52], plastic
instabilities (strain burst) [45,53-57], grain size effects [51,58,59], and others. In our
study, microcompression testing coupled with transmission electron microscopy (TEM)
were used to obtain direct observation of the activation of different deformation modes
(slip versus twinning) as the orientations are varied. Additionally, molecular dynamics
simulations were performed to examine the different types of interactions between the
dislocations and Pt2Mo-structured precipitates as well as the twin formation process from

an energy-based perspective. Given the technological importance of the Ni-Cr and Ni-Cr-



Mo type alloys in the nuclear power industry and other applications [60,61], our work
provides useful insights into the physical mechanisms behind the activation of different
deformation modes for the nickel-based alloys containing Pt2Mo-structured precipitates.
2. Theory

The Pt2Mo-structured precipitates exist in NiCr- and NiCrMo-based alloys as long-range
ordered (LRO) Ni2Cr-type and Niz2(Cr,Mo)-type precipitates, respectively [27,30,31,62]. In
this study, we specifically examined the LRO Ni2Cr-type precipitates in a model NiCr alloy
with the compositional Ni:Cr ratio of 2:1. The Pt2Mo structure is body-centered
orthorhombic with Immm symmetry. The OR relationship between the LRO Pt2Mo-
structured, Ni2Cr-type precipitates and the disordered FCC matrix is shown in Figure 1.
The OR relationship consists of six different variants. Multiple variants are shown to
coexist with homogenous distribution [62-64]. Table 1 outlines the OR for all the six

variants with respect to the disordered FCC matrix.
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Figure 1. The OR relationship between the disordered FCC matrix and the Pt.Mo-
structured, Ni>Cr type. x-, y-, z-axes corresponding to the [100], [010], and [001] of the
FCC matrix. A-, B-, C-axes correspond to the orientations of the precipitate structure. For
variant 1, the A-, B-, C-axes are [110], [110], and [001], respectively.

Table 1. The variants of the OR between the Pt.Mo-structured phase and the disordered
FCC matrix [62]. The A, B, C-axes correspond to the orientations of the precipitate
structure shown in Figure 1.



Orientation of axes of Pt2Mo-structured phase with
Variant Number | respect to the disordered FCC matrix

A-axis B-axis C-axis
1 [110] [110] [001]
2 [110] [110] [001]
3 [101] [101] [010]
4 [101] [101] [010]
5 [011] [011] [100]
6 [011] [011] [100]

The crystallographic relationship between the FCC slip systems and the LRO Pt2Mo-
structured precipitates is shown in Figure 2 for variant 1. For each OR variants, we found
that 10 out of 12 slip systems cause formation of ABP as the dislocation shearing disrupts
the precipitate’s order. For example, in variant 1, slip system (111)[110] (n1ls in Figure.
2A) and slip system (111) [110] (n2l2 in Figure. 2B) maintain the precipitate’s order while
the remaining ten slip systems disrupt the order. In this study, we refer the slip systems
that maintain the ordering as type 1 configuration/interaction and slip system that cause
disordering as type 2 configuration/interaction. From the geometric-based perspective,
the corresponding twinning systems of type 2 slip systems are preferred to be active as
the formation of the dislocation stacking fault maintains the precipitates’ order. This
explanation was used to rationalize the observation of deformation twinning in bulk scale
mechanical tests [27,30,31].
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Figure 2. Crystalgraphic relationship between the 12 FCC slip systems and the PtoMo-
structured precipitate for variant 1. The slip planes and the slip directions are represented
as dashed green triangles and black-outlined white arrows, respectively. Slip systems
with slip planes (111), (111), (111), (111) are shown in (A)-(D), respectively.

However, this explanation alone does not account for the observation of both slip and
deformation twinning observed from bulk mechanical tests [64] when the existence of
multiple OR variants are considered. From crystallographic analysis, it was found that
each slip system cause disordering in the Pt2Mo-structured precipitate in five out of six
OR variants. As an example, Figure 3 shows the crystallographic relationship between
the slip system (111)[101] and the six OR variants. In variant 4 (Figure 3D), the slip
system (111)[101] maintains the precipitate’s order while it causes disordering in all other
variants. Since it has been shown that multiple variants can coexist with homogenous
distribution [62—64], type 2 configuration would always take place when the dislocations
on any slip system interact with the Pt2Mo precipitate distribution. In other words, it would
be always preferable for the twinning systems to be active over slip according to the
geometric-based approach. Due to the occurence of slip in experiments, type 2 interaction
does not always induce deformation twinning; and there must be other factors that
influence that activation of different deformation modes in Ni-based alloys containing

Pt2Mo-structured precipitates. In other FCC deformation twinning literature, grain



orientations and resolved-shear stresses on partial dislocations have been observed to
influence deformation twinning in low/medium stacking-fault-energy FCC metals (e.g. Cu
[65]) and FCC nanocrystalline metals [66]. To explore the different factors on the
activation of slip versus twinning, our study first examines the influence of type 1 and type
2 interactions on stacking fault formation. Secondly, the grain orientation effect (i.e. effect
of resolved shear stresses on dislocation partials) is considered for type 2 interaction.
Lastly, the mechanism for deformation twinning induced by Pt2Mo-structured precipitates

is proposed using molecular dynamics energy-based approach.
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Figure 3. Schematic representations of (111)[101] slip system for six variant orientation
relationships of Ni2Cr-type, PtoMo-structure precipitate and FCC matrix. (A)-(F)
correspond to variants 1-6, respectively. x-, y-, z-axes corresponding to the [100], [010],
and [001] of the FCC Ni matrix. A-, B-, C-axes correspond to the PtMo-structured
orientations of each variant in Table 1.

3. Methods

3.1. Materials preparation

A Ni2Cr binary alloy was produced by small batch arc-melting, followed by hot-rolling, and
homogenized for 24 h at 1093 °C. One batch of the Ni2Cr alloy was aged inside the
furnace at 475°C for 10,000 h. To accurately monitor the temperature, three
thermocouples were placed around the samples and monitored throughout the aging
process. The full detail of the material fabrication and aging process is reported in [67].
The aging process was performed to induce precipitation of Ni2Cr LRO precipitates.

3.2. Molecular dynamics simulations

Using LAMMPS [68], the molecular dynamics (MD) simulation work consists of two parts.
The first part examines the interaction between a single dislocation and a Pt2Mo-
structured precipitate for the type 1 and type 2 interactions. In particular, the influence of
type 2 interaction and the role of dislocation partials’ resolved shear stresses on the
formation of stacking fault are investigated. The angular-dependent potential (ADP) for
Ni-Cr system developed by Howells and Mishin is utilized since it can capture the elastic
constants, lattice spacing and defect energies (stacking fault energies) of both individual
elements and binary alloys [69]. OVITO is used to visualize all of the MD results [70]. As
shown in Figure. 4, a spherical LRO Ni2Cr precipitate is placed at the center of the
simulation cell and surrounded by disordered FCC Ni2Cr matrix atoms. The LRO Ni2Cr
precipitate is generated by rotating atoms within a defined spherical region to the Pt2Mo-
type crystal structure according to the OR variant 2. The matrix atoms are randomly
generated using the FCC lattice while maintaining the stoichiometry of 2:1 for Ni and Cr
atoms. An edge dislocation dipole is introduced with use of the displacement field of a
dislocation shear loop [71-73]. Since the initial displacement field does not describe
properly the dislocation core structure, energy minimization via a nonlinear conjugate
gradient method is performed to relax the core structure after inserting the dislocation.

The system is then brought to thermodynamic equilibrium at 10 K using a Nose-Hoover
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style thermostat and barostat [74]. This dislocation is then driven towards the precipitate

under different applied shear stresses.
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Figure 4. Simulation cell with an edge dislocation dipole and an ordered Ni>Cr precipitate
The simulation cell is oriented such that the X, Y, and Z axis are in the <101>, <121>,
and <111> directions, respectively. Periodic boundary conditions are used in all 3
directions. The simulation cell is approximately 302.0 x 12.2 x 49.2nm3in X, Y, and Z
directions and contains about 16 million atoms. The X dimension is much longer than the
other two dimensions to minimize the effects of the dislocation dipole self-interaction. Two
different slip systems [110](111) and [101](111) are studied to understand the role of
loading orientation on the interaction between dislocation and the LRO Ni2Cr precipitates.
Forthe [110](111) slip system, a 350 MPa pure shear stress is applied in the full Burgers’
vector direction. Moreover, for the [101](111) slip system, two different stress states are
considered: (1) 750 MPa pure shear stress in the direction of the full dislocation (which
results in a 650 MPa resolved shear stress on both dislocation partials ) and (2) 650 MPa
pure shear stress in the direction of the leading partial to explore the role of resolved
shear stresses acting on the Shockley’s partials on the outcome of the interaction.

To explore possible twin formation process, the second part of MD simulations focuses
on the interactions between multiple coplanar dislocations with a Pt2Mo-structured
precipitate for type 2 interactions. Specifically, the interaction between three consecutive
coplanar [101](111) dislocations with the Pt2Mo-structured precipitate under an applied
shear stress of 350 MPa in the Burgers vector direction is investigated. To rationalize the

observed mechanism, generalized SF energy (GSFE) curves of the Pt2Mo-structured,

10



Ni2Cr-typed precipitate are investigated by shifting the top six layers along the (121)
direction by the Burgers vector of the Shockley partial %(121).

3.3. Experimental methods

As discussed in section 2, due to the existence of multiple OR variants, it is not possible
to only have type 1 interaction during dislocation glide; and type 2 interaction is
significantly more dominant compared to type 1 interaction during dislocation glide.
Therefore, two sets of single-crystal micropilllars were fabricated and tested in two
different loading orientations to study the role of grain orientations, as well as Schmid
factors of partial dislocations, on activating different deformation modes for type 2
interaction. A FEI Quanta 3D dual-beam scanning electron microscope (SEM)/focused
ion beam (FIB) was utilized for the fabrication of the micropillars and the observation of
the subsequent testing. Electron backscatter diffraction (EBSD) was performed to map
out the grain orientations; and the details of crystal orientations are shown in section 4.2.
The micropillars were then fabricated with a square cross-section (~2 um x ~2 ym) and
side:length aspect ratios of 1:2.5-3. The bulk material removal was accomplished with a
FIB beam of 2 nA at 30 keV and the final polishing was with a 0.3 nA beam at 16 keV. A
detailed procedure is reported in [53]. The in situ microcompression tests were performed
in the SEM using a Hysitron PI-88 Picoindenter. The tests were conducted at a strain rate
of 2x10-%/s. Videos of the in situ tests were recorded for direct observation of the resulting
deformation behavior of the micropillars during testing. The representative videos were
shown in the Supplementary section.

A Python script was used to visualize the micropillars and the activated slip such as to
perform slip trance analysis. The procedures are detailed as followed. A representative
pillar volume is created with the sample dimensions and crystal orientation obtained from
SEM images and EBSD, respectively. The locations of the activated slip are measured in
the post-deformation SEM images, as shown in Figure 5A for instance. To visualize
dislocation slip, at the locations of the slip events, the top half of the representative pillar
volume is shifted with respect to the bottom half along the slip plane and the burger
direction of each of the 12 slip systems in FCC, like in Figure 5B. The slip system that
provides the best match as compared to the post-deformation SEM images is determined

to be the active slip system. For example, Figure 5A presents the post-deformation SEM
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image of a representative aged micropillar, showing dislocation slip. In the representative
pillar volume in Figure 5B, the slip system (111)[101] provides the best match to the
activated slip in Figure 5A; therefore, slip system (111)[101] is determined to be the
active slip system. In case of deformation twinning, for a given loading direction, the
leading partials and trailing partials can be determined for the different perfect Burger

vectors using the Thompson Tetrahedron [75]. Similarly, the procedure can be applied to
identify the active deformation twinning systems.

2.5

uonewsuo-Z

-0

uOl_lmua'-Jo_}‘
f=]
wn

(111)[101]

Figure 5. (A) The SEM image of a deformed micropillar with Euler angles (141.6°, 35.5°,
-142.9°). (B) The representative pillar volume of the tested micropillar shows that the
activated slip system is determined to be (111)[101]

The post-deformation microstructure was characterized by TEM. TEM lamellae of several
deformed micropillars were lifted out and prepared with the FIB. The microstructures
presenting within the lamella were characterized using selected area electron diffraction
(SAED), bright-field (BF), and dark-field (DF) TEM. An FEI Tecnai F30 and an image-

corrected FEI Titan 80-300, both operated at accelerating voltage of 300 kV, were
employed to record the deformed microstructures.

4. Results and analysis

In this section, the results and analysis are arranged as followed. Section 4.1 presents

the first part of the MD results in which isolated interaction between an edge dislocation
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with a Pt2Mo precipitate is examined. The influence of type 1 and type 2 as well as the
role of resolved shear stresses on dislocation partials on the formation of stacking fault is
examined. Section 4.2 then provides experimental evidence via micropillar compressions
and TEM characterization to investigate the grain orientation effect (directly related to
resolved shear stresses on dislocation partials) on the two deformation modes (slip
versus twinning). To connect the experimental observation of deformation twinning with
the stacking fault formation showed via MD (section 4.1) in type 2 interaction, section 4.3
presents the second part of the MD results examining the twin formation process from an
intrinsic stacking fault (ISF) using an energy-based approach.

4.1. Isolated interaction between an edge dislocation with the Pt2Mo-structured

precipitate via MD simulations

Four different configurations for the interaction between dislocation and the LRO Ni2Cr
precipitate with OR variant 2 are shown in Figure 6. Specifically, Figure 6A shows the
interaction between an [110](111) (type 1 for OR variant 2) edge dislocation with the
precipitate under 350 MPa pure shear stress in the [110] direction. Figures 6B and 6C
show the interaction between an [101](111) (type 2 interaction for all variants except OR
variant 3) edge dislocation with the precipitate in the [101] direction under 350 and 750
MPa pure shear stress, respectively. In the last configuration, Figure 6D shows the type
2 interaction between an [101](111) edge dislocation with the precipitate under a 650
MPa shear stress in the leading partial to explore the effects of applied shear stress on
the Shockley’s partials to the outcome of the reaction. For FCC systems, it is energetically
favored for the perfect dislocation to dissociate into two Shockley partials connected by
an intrinsic stacking fault [75,76]. The leading and trailing partials of the [110](111) edge
dislocation are [121](111) and [211](111), respectively; and the leading and trailing
patials of the [101](111) edge dislocation are [211](111) and [112](111), respectively.
For slip systems with the [110] Burgers’ vector (type 1) shown in Figure 6A, the dislocation
easily glides through the precipitate since it does not cause the anti-phase boundary
inside the precipitate. In fact, for other slip systems under the same 350 MPa applied
shear stress, only the leading partial glides through the precipitate (as shown in Figure
6B for the [101] Burgers’ vector). In these cases (i.e. type 2), the trailing partial is pinned

by the precipitate due to the extra energy barrier caused by the APB which would form
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when the trailing partial sweep through the precipitate. This indicates that the resolved
shear stress of 350cos 30° = 303 MPa on the trailing partial is insufficient to push the
trailing partial through the precipitate and create the APB in the process. When the shear
stress is increased up to 750 MPa which results in a 650 MPa resolved shear stress on
both partials, the trailing partial can glide through and disorder the Pt2Mo-structured
precipitates, as shown in Figure 6C for the [101](111) edge dislocation. Importantly, the
resolved shear stress on the trailing partial is essential to the outcome of the interaction.
This is shown in Figure 6D for the same slip system but under different stress state of
650 MPa shear stress in the leading partial, which is identical to the resolved shear stress
on the leading partial of the configuration shown in Figure 6C. However, the resolved
shear stress on the trailing partial is only 650cos 60° = 325 MPa, which is much lower
than the resolved shear stress acting on the trailing partial of the configuration shown in
Figure 6C (650 MPa). As a result, only the leading partial can glide through the
precipitates while the trailing partial is pinned, which elongates the ISF between these
partials. Consistent with the geometric-based explanation, configurations 1 and 2 (Figures
6A and 6B) show that the type 2 interaction elongate the stacking fault width as the APB
formation energy prevents the trailing partial from easily gliding through the precipitate as
compared to type 1 interaction. The elongation of intrinsic stacking fault is considered as
the prerequisite for deformation twinning in FCC matrix; however, this phenomenon does
not fully explain the deformation twinning. In part 2 of the MD work under section 4.4, an
energy-based approach is used to demonstrate the twin formation process due to the
Pt2Mo-structured precipitates. Additionally, configurations 1 and 2 show that type 2
interaction provide higher resistance to dislocation motion compared to type 1 interaction.
Therefore, in the presence of multiple OR variants, the dislocation and precipitate
interaction during dislocation glide is governed by type 2 interaction because type 2 is the
most dominant and provide more resistance compared to type 1. Another important
finding comes from the comparison between configurations 3 and 4 (Figures 6C and 6D)
showing that the resolved shear stresses acting on the dislocation partials significantly
influence the stacking fault width during dislocation-precipitate interaction. This finding
suggests that type 2 interaction does not necessarily lead to deformation twinning as the

role of the resolved shear stresses on the partial dislocations need to be considered. In
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other words, the grain orientations are expected to influence the outcome of the
deformation modes (slip versus twinning) because they directly vary the resolved shear
stresses acting on the dislocation partials. To prove this MD observation, micropillar
compressions of single crystal Ni2Cr are tested in two specific loading orientations with

different Schmid factors of the dislocation partials.
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Figure 6. Top view of dislocation — precipitate interactions. (A1), (A2), and (A3) are
snapshots of [110](111) edge dislocation (type 1) interaction with precipitate under 350
MPa pure shear stress in the Burgers’ vector direction at 10, 25, and 45 ps, respectively.
(B1), (B2), and (B3) are snapshots of [101](111) (type 2) edge dislocation interaction with
precipitate under 350 MPa pure shear stress in the Burgers’ vector direction at 10, 35,
and 65 ps, respectively. (C1), (C2), and (C3) are snapshots of [101](111) (type 2) edge
dislocation interaction with precipitate under 750 MPa pure shear stress in the Burgers’
vector direction at 10, 20, and 30 ps, respectively. (D1), (D2), and (D3) are snapshots of
[101](111) (type 2) edge dislocation interaction with precipitate under 650 MPa pure
Shear stress in the leading Shockley’s partial at 10, 35, and 65 ps, respectively.

4.2. Micropillar compression
Two sets of micropillars were tested. Set 1 has the Euler angles of (141.6°, 35.5°, -142.9°)
and set 2 has the Euler angles of (-78.6°, 70.9°, -69.9°). Three micropillars of each set
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were tested to failure and the resolved shear stress versus strain plots of those tests are
shown in Supplementary Figure 1. Additional tests were performed and stopped slightly
pass yielding for TEM characterization of the deformed pillars. The representative
resolved shear stress versus strain plots of the two sets are shown in Figure 7A. The set
1 micropillars deformed only via dislocation slip (Figure 7B) while the set 2 micropillars
deformed via deformation twinning followed dislocation slip (Figure 7C). The
representative test videos of sets 1 and 2 are Supplementary Videos 1 and 2,
respectively. In both sets, the slip events are highly localized and corresponded to intense
strain bursts while the twin events show stabilized plastic flow, as indicated in Figure 7A.
Supplementary Figure 2 presents another example of a set 2 micropillar compressed to
failure, in which intense strain localization and failure occurred along a single localized
slip. The average critical resolved shear stress values (CRSS) of deformation twinning
and slip, calculated by multiplying the Schmid factors of active slip or twin systems and

the measured yield stress values, are 166 £ 13 MPa and 247 + 33 MPa, respectively.
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Figure 7. (A) The representative resolved shear stress-strain curves of sets 1 and 2. The
SEM images of (A) a representative deformed micropillar set 1, (B) a representative
deformed micropillar set 2. The different deformation events are indicated with arrow
signs and correlated with the stress-strain curves

To determine the active slip/twin systems, slip trace analysis was performed in both sets.

In set 1, the activated slip system is determined to be (111)[ 101] as shown in Figure 5.
Table 2 shows the Schmid factor of the perfect dislocation (SFr), leading partial (SFLp),
and trailing partial (SFtp) for all slip systems for set 1. The activated slip system
(111)[ 101] has the highest SFp, SFLp, and SF1p. The SFLp (0.311) is lower than the SFp
(0.432); thus, the resolved shear stress along the trailing partial is ~1.4 (0.432/0.311)
times higher than that of the leading partial. Slip was found to take place over deformation
twinning. The higher resolved shear stress on the trailing partial means a higher driving
force for the trailing partial to overcome the ordered precipitate and close the intrinsic
stacking fault; therefore, it is consistent with the observation found by the MD results in
section 4.1.

Table 2. The Schmid factors for the leading partials (SFLp), trailing partials (SFrp), and
the perfect Burger vectors (SFpp) for micropillar set 1’s slip systems. The loading direction
is [-0.350, -0.463, 0.814] and the pillars’ Euler angles are (141.6°, 35.5°, -142.9°). The
activated slip system is bolded.

Slip systems Leading Trailing SFrp SFiLp SF1p
partial partial
(111D)[211] (111)[121

0.000 0.000 0.000
0.000 0.001 0.000
0.000 0.000 0.001
0.075 0.221 0.091
0.308 0.221 0.313
0.233 0.091 0.313
0.308 0.101 0.432
0.441 0.331 0.432

(111)[011] (111)[112] (111)[121]|0.133 0.331 0.101
(111)[110] (111)[211] (111)[121] | 0.233 0.058 0.346
(111)[101] (111)[112] (111)[211]|0.133 0.288 0.058
(111)[011] (111)[112] (111)[121] | 0.366 0.288 0.346
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Figure 8A and 8B show the two deformation behaviors observed in set 2 where
deformation twinning on slip system (111)[ 211] followed by slip either on (111)[ 101] slip
system (Figure 8A) or on (111)[ 111] slip system (Figure 8B). Figure 8C,8D, and 8E show

the slip system visualization for all the observed active slip systems.
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Figure 8. (A)(B) show the SEM images of two representative deformed micropillars with
Euler angles (-78.6°, 70.9°, -69.9°). Using the visualization script, the simulated slip
systems (C) (111)[101], (D) (111)[101], and (E) (111)[110] were shown by displacing
the corresponding slip planes of the simulated micropillar along the Burger vector
direction. *Important to note, the leading partial of the slip system (111)[101] (C) is
responsible for the deformation twinning observed in (A,B).

Similarly, in Table 3, SFep, SFLp, and SFtp values are reported for all slip systems.
Although slip system (111)[ 101] does not have the highest SFr (0.352) compared to the
secondary activated slip systems (111)[ 110] (0.440) and (111)[ 101] (0.439), the
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corresponding leading partial of slip system (111)[ 101] has the highest SFLp (0.408) out
of all slip systems and slightly higher than the secondly activated slips’ SFLp. Secondly,
the trailing partial of the slip system (111)[ 101] has a very low SFtp compared to the
secondary activated slip systems’ SFtp (0.372 and 0.371). Another point is that the
Schmid factors of the leading and trailing partials are very similar in the slip case in
contrast to the twin case, where the Schmid factor of the leading partial is significantly
higher than that of the trailing partial. The deformation response from both sets indicates
that the activation of deformation twinning from type 2 interaction depends on the Schmid
factors of the dislocation partials (i.e. grain orientations). Deformation twinning takes
place when the driving force on the leading partial is higher than that of the trailing partial;
and, slip takes place when the driving force on the leading partial is similar or lower than
that of the trailing partial. Therefore, grain orientations play major role in the activation of
deformation twinning versus slip in Ni-based alloys containing Pt2Mo-structured
precipitates, confirming the MD results.

Table 3. The Schmid factors for the leading partials (SFLp), trailing partials (SFrep), and
the perfect Burger vectors (SFpp) for micropillar set 2’s slip systems. The loading direction
is [-0.888, 0.325, 0.327] and the pillars’ Euler angles are (-78.6°, 70.9°, -69.9°). The slip
systems activated are bolded.

Slip Systems Leading Trailing SFep SFip SFp
_ partial _ partial _
(111)[110] (111)[211] (111)[121] | 0.117 0.135 0.067
(111)[101] (111)[112] (111)[211] | 0.117 0.068 0.135
(111)[011] (111)[121] (111)[112] | 0.000 0.067 0.068
(111)[110] (111)[121] (111)[211] | 0.440 0.391 0.372
(111)[101] (111)[112] (111)[211] | 0.204 0.019 0.372
(111)[011] (111)[121] (111)[112] | 0.237 0.391 0.019
(111)[110] (111)[121] (111)[211] | 0.204 0.019 0.371
(111)[101] (111)[112] (111)[211] | 0.439 0.390 0.371
(111)[011] (111)[112] (111)[121] | 0.236 0.390 0.019
(111)[110] (111)[211] (111)[121] | 0.354 0.408 0.205
(111)[101] (111)[211] (111)[112] | 0.352 0.408 0.203
(111)[011] (111)[112] (111)[121] | 0.001 0.203 0.205

19



4.3. Transmission electron microscopy analysis

To confirm the presence of the deformation twin in set 2, HR-TEM was performed on the
deformed twinned micropillars. Figure 9A shows the HR-TEM image of the twinned
micropillars with the sample oriented along the [011] axis, clearly shows the twin-matrix
interface along (111) plane. As shown in Figure 9B, the inset selected area electron
diffraction (SAED) pattern shows the diffraction spots from both the matrix and the twin
domains, confirming the presence of the deformation twin. {211} steps were observed
along the twin-matrix interface; these steps are commonly observed in FCC metals [77].
The darkfield TEM (DF-TEM) images of the twin spot g1 and the matrix spot g2 (Figure
9B) are shown in Figures 9C and 9D, respectively. The resolved shear stress direction is
indicated in the two DF-TEM images. The captured untwinned region, i.e. the matrix-
oriented domain in the middle of the twin, could mean that the leading partials can be
pinned at locally precipitate-dense regions. Notably, the deformation twin continues
passed the unpinned region. A hypothesis for twin deformation process is that as the
trailing partial remained pinned by the ordered precipitates, the lead partial creates a fault
as it shears the precipitates. After the first layer fault is formed, successive faults followed
via the same process, leading to the formation and propagation of the twin domain. The

twin formation process is investigated in the next section via MD.
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Figure 9. (A) HR-TEM micrograph of the twin/matrix interface. (B) the corresponding
selected area electron diffraction (SAED) pattern oriented along the [011] zone axis. (C)
The DF-TEM of the twin diffraction spot g1. (D) The DFTEM of the matrix diffraction spot

g2

The precipitates’ superlattice reflections can be seen in SAED pattern oriented along the
<100> zone axis, shown in Figure 10A. The SAED pattern confirms the presence of the
existence of OR variants 1 and 2 in the matrix for the Ni2Cr alloy in this study. The
corresponding DF-TEM images of some selected precipitates spots are shown in Figures
10B-D. As a side observation, precipitates in the twin are not observed when imaging with

diffraction spot g2, corresponding to OR variant 2 in the matrix (Figure 10C). However,
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precipitates in the twin are observed with diffraction vectors g1 and g3, indicating at least
one type of precipitate is present. Previous work on this material has confirmed the
presence of three OR variants by recording SEAD pattern along the [112] zone axis [67].
M. Sundararaman et. al. [62] has indicated that the presence of OR variants 3-6 can be
confirmed by recording SAED patterns along the [013] and [103]. Although we have not
confirmed the existence of all six OR variants, the presence of at least three OR variants
in our material still validates our observation of the dominant roles of type 2 interaction

and grain orientations.

‘ -  DFTEM g1

P

. 100 nm ‘o ,?

DFTEMg2 ). - . = DFTEMg3

Figure 10. (A) The selected area electron diffraction (SAED) pattern oriented along the
<100> zone axis, confirming the presence of multiple OR variants. OR variants 1 and 2
are indicated by the square and triangle symbols, respectively. (B),(C),(D) DF-TEM
images of different respective precipitate diffraction spots g1-g3. The red dotted lines in
(C) marks the boundaries of the twin domain.
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4.4. Twin formation process from an ISF induced by type 2 interaction via MD
simulations

So far, our MD results only show how type 2 interaction can lead to the formation of ISF.
To rationalize with the experimental observation and confirm that the Pt2Mo-structured
precipitates indeed lead to twinning, MD simulations were performed to demonstrate the
twin formation process from a 1-layer twin (ISF) induced by type 2 interaction. While it is
commonly agreed that twinning in FCC systems starts with the formation of ISF
(sometimes called 1-layer twin), there are many proposed mechanisms for how the ISF
evolves into a multiple-layer twin [78,79]. S. Mahajan has extensively outlined the different
theories for twinning thickening process in FCC metals [78]. However, it has remained a
challenge to provide direct experimental observations and detailed molecular dynamics
work to confirm the proposed theories. Here, we applied MD simulations to propose a
potential ISF-to-twin formation mechanism to explain the role of Pt2Mo-structured
precipitates on deformation twinning.

One possible scenario is that the glide and interactions of multiple coplanar dislocations
with the precipitate plays a role in triggering twinning. To model this scenario and assess
this hypothesis, at the end of the configuration shown in Figure 6B, two more dislocations
are inserted and driven toward the precipitates for interactions. Indeed, Figure 11 shows
the interaction between multiple coplanar [101](111) dislocations with the LRO
precipitate under an applied shear stress of 350 MPa in the Burgers vector direction. This
reaction is likely since multiple dislocations can be emitted from the same dislocation
source from the free surface. The interaction of the 15t dislocation results in the passing
of the leading partial and pinning of the trailing partials by the ordered precipitate. Figure.
11A, 11B, and 11C show the interaction of the 2"? dislocation with the ordered precipitate
and Figure 11D and 11E show the interaction of the 3™ dislocation with the ordered
precipitate. Figure 11F shows the intrinsic stacking fault formed by the leading partial of
the 1st dislocation. Interestingly, when the 2" dislocation arrives near the precipitate,
there is a repulsive force between the leading partial of the 2™ dislocation and the trailing
partial of the 18t dislocation. This provides an extra driving force for the trailing partial of

the 15t dislocation to move out of the precipitate and generate the APB within the
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precipitate in the process. The interaction of the 2"? dislocations’ leading partial with the
APB results in a 2-layer SF (i.e. an extrinsic stacking fault) inside the precipitate as seen
in Figures. 11G and 11H. This newly formed 2-layer SF then acts as a barrier when the
3" dislocation interacts with the precipitate. While there is also a repulsive force between
the leading partial of the 3™ dislocation and the trailing partial of the 2™ dislocation, the
pinning effects of the 2-layer SF inside the precipitate is significant and prevent the trailing
partial of the 2" dislocation to sweep through the precipitate. As a result, the leading
partial of the 3" dislocation cross-glide and forms the 2-layer SF in the matrix shown in
Figures 111 and 11J. This process is repeated for the subsequent dislocations and

thickening the twin in the process.
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Figure 11. Top view of 3 co-planar edge dislocation — precipitate interactions at (A) 30 ps,
(B) 40 ps, (C) 50 ps, (D) 56 ps, and (E) 66 ps. (F), (G), (H), (), and (J) are the side view
of the regions between two green dashed lines in (A), (B), (C), (D), and (E), respectively.
Red atoms are Ni, while blue atoms are Cr. Perfect atoms are removed in all figures.
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These MD results also indicate that the structures of the precipitate when the 15t and 2"
dislocations arrive are significantly different due to the formation of the APB after the
trailing dislocation of the 15t dislocation sweeps through. However, these simulations do
not rationalize why the interaction of the APB with the leading partial of the 2" dislocation
results in the 2-layer SF shown in Figures 11B and 11F. To further understand this
process, generalized SF energy (GSFE) curves of the initial precipitate ordered structure
and the one with APB are investigated. Figure 12 shows that the intrinsic SF energy of
the precipitate is 62.8 mJ/m2. However, once the 15t dislocation passes through and
creates an APB, the intrinsic SF energy of two consecutive (111) atomic planes (the APB
and the layer right below) is -227 mJ/m? as shown in Figure 9C. These negative SF
energies indicate that the FCC structure will destabilize to become the HCP structure.
Therefore, it is energetically favored for the atoms to be in HCP stacking inside the
precipitate with the antiphase boundary. As a result, 2-layer SF is formed as shown in
Figures 11G, and 11H. Similar behaviors of negative SF energies and nano-twin
formation have been observed in FCC high entropy alloys [80]. Therefore, from an
energy-based approach, MD results have shown that type 2 interaction can lead to

deformation twinning, which is consistent with the experimental observations.
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Figure 12. Atomic configurations of the original precipitate (A) initially and (B) with intrinsic
SF. (C) Generalized SF energy (GSFE) curves of the perfect crystal structure and the
antiphase boundary. Atomic configurations of the precipitate (D) with APB, (E) with APB
and intrinsic SF, and (F) with APB and intrinsic SF of the layer below the APB. All
configurations are viewed along the Burgers vector direction of the FCC matrix. Red
atoms are Ni, while blue atoms are Cr. APB is marked by the black dashed lines.

4.5. Summary of the deformation twinning process

The schematic in Figure 13 summarizes the proposed deformation twinning process in
Type 2 configuration. When the first dislocation interacts with the PtaMo-structured
precipitates, the leading partial passes through the precipitates while the trailing partial is
pinned. The stacking fault elongates as the leading partial continues to propagate (Figure
13A.) The addition of the APB term allows for sufficient interaction time for the second
coplanar dislocation to interact with the trailing partial of the first dislocation. The leading
partial of the second dislocation adds an additional forward force to unpin the first
dislocation’s trailing partial, leaving an APB behind (Figure 13B.) The leading partial
interacts with the APB and forms an extrinsic fault (Figure 13C.). MD shows that such
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process is energetically favorable. The second dislocation’s leading partial continues to
propagate. As the third dislocation approaches the 2-layer SF, the dislocation cross-glide
and the leading partial propagates and forms the 2-layer SF in the matrix (Figure 13D.)
We propose that the twin would thicken successively from the 2-layer SF by the repeating

the process.
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Figure 13. Schematic summarizing the MD observation of the formation of 2-layer fault
from single-layer intrinsic fault.

5. Discussion

5.1. Influence of the applied stress on partial dislocations and APB formation on
stacking fault formation

As shown in the previous sections, the deformation mode depends on the interaction
between the partials and the ordered precipitates. To qualitatively understand the different
factors influencing the deformation mode, we look at the forces acting on the leading and
trailing partials when they meet the precipitates. Figure 14 shows the partial dislocations
and precipitate setup considered in our formulation. The different angles are defined in
Figure 14. For simplicity, we consider the edge dislocations to be consistent with the MD

simulation.
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Figure 14. A schematic of the partial dislocations and precipitate arrangement; LP:
leading partial, TP: trailing partial, dsr: stacking fault width, bp: perfect Burger vector, b.p:
leading patrtial’s Burger vector, brp: trailing partial’s Burger vector, I: line direction, z:
applied shear stress, A1 : the angle between the line direction and the leading partial’s
Burger vector, A2 : the angle between the line direction and the trailing partial’s Burger
vector, A : the angle between the line direction and the perfect Burger vector, 3: the angle
between the applied stress and the perfect Burger vector

Similar to the formulations proposed in [81], the equilibrium force equations of the leading

and trailing partials are then written, for type 1 configuration, as:

Frp = bytcos(30° — B) — ysp + (cos(?\Lp) cos(Arp) + = smO\Lp) sm()\Tp)) —
f,=0 (EQ1)

Gb?

b3 . .
Frp, = bptcos(B + 30°) + ysp — zid; (COS(}\LP) cos(Ap) + 1—ivsm()\Lp) sm(?\Tp)) — Tp —

f, = 0 (EQ2)

Where F; : total force acting on the leading partial; F;p : total force acting on the trailing
partial; ygr : stacking fault energy created inside the precipitate; y,pp : antiphase
boundary energy created inside the precipitate; d: separation distance between the
partials; G : shear modulus, f, : other backward forces, not including the APB energy

term.

In EQ1 and EQ2, the forward forces are positive, and the backward forces are negative.
The first term accounts for the different resolved shear stresses acting on the leading and
trailing partials. The second term describes the force imposed by the stacking fault

formation that pulls the leading partial backward and pushes the trailing partial forward.
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The third term accounts for the interaction between the leading and the trailing partials.
The fourth term is the line tension energy term imposed by the precipitate pinning. The
last term describes the other backward forces that do not include the APB energy term
and the line tension energy term. By subtracting E1 from E2, we obtain the equation for

the stacking fault width for Type 1 configuration, similar to the equation reported in [81].

(cosO\Lp) cos(Aqp) + % sin(A.p) sin(?\Tp)) Gb3

dsr = T[2ysp — bpT(cos(30° — B) — cos(B +30°))] (EQ3)
For edge dislocations, EQ3 is simplified into:
( 1 3 ) 2
—zt 2=y Cbp
4 4(1—-v) (EQ4)

dsr = T[2ysp — by T(cos(30° — B) — cos(B + 30°))]

The parameters in EQ3 are provided by the MD results and the MD potential. The MD
calculates the ysr of the stacking fault created inside the precipitate to be 62.8 mJ/m?2.
The shear modulus, G, and the Poisson ratio, v, are calculated from the elastic constants
provided by the MD potential, to be 77.142 GPa and 0.338, respectively. The magnitude

of the Burgers vector partial is calculated to be 0.145 nm.

EQ3 and EQ4 describe a theoretical equilibrium stacking fault width created inside the
precipitate for type 1. In type 1 configuration, EQ3 shows that the stacking fault width
depends primarily on the SF energy and the difference between the resolved shear
stresses of the partials. The difference in the partials’ stresses can be described by the
angle B. For example, the ratio between the t.r and trp are 1.0 and 2.0 for  of 0° and
30°, respectively. Using the provided values and EQ3, Figure 15 plots theoretical
equilibrium stacking fault width created inside the precipitate as a function of the applied
shear stress for different 3 angles. As shown in the figure, the 3 angles, equivalently the
partials’ resolved shear stress differences, significantly influences the stresses required

to maintain a certain stacking fault width.
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Figure 15. The theoretical equilibrium stacking fault width as a function of applied shear
stress at different f angles. As shown in Figure 14, j describes the angle between the
applied shear stress and the perfect Burger vector. Therefore, finfluences the difference
between the resolved shear stresses of the leading and trailing partials.

In type 2 configuration, an additional resisting force results from the antiphase boundary
formation is added in EQ2. Therefore, EQ2 is modified to be:

Gb3

b3 . )
Frp, = byt cos(B +30%) + vsr — ;T_g (COSO\LP) cos(Arp) + i sin(Ap) San\Tp)) -

Yars — fo = 0 (EQS)
For type 2 configuration, by subtracting EQ1 from EQ5, the stacking fault width for an
edge dislocation is then written as:
1 3 5
(_ zt 4(1 — v)) Gbp
T[2ysF — Yaps — bpT(cos(30° — B) — cos(B + 307))]

(EQ6)

dSF =
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EQ6 shows that the y,p5 helps lower the applied stress required to elongate and maintain
a certain stacking width. Our MD result calculates the yars of the antiphase boundary
created by the trailing partial to be 139.3 mJ/m?. Since the yaprs/ysr > 2.0, this means that
it is always preferred for the stacking fault to form and elongate when the dislocation
interacts with the precipitate. However, it assumes that the ordered precipitate is infinitely
large. For the finite ordered precipitate size, we observed that the stress difference
between the partials play a role in determining the deformation mode, as shown in
experiment and modeling. In micropillar set 2, dislocation slip takes place when the
Schmid factors of the partials are similar while deformation twinning takes place when the
Schmid factor of the trailing partial is a lot lower than that of the leading partial, as shown
in Table 3. A similar observation was made for the stacking fault formation in the MD
results. Nevertheless, this exercise allowed us to conceptualize how the APB formation
helps to lower the stress required for elongating the stacking fault and the role of resolved
shear stresses acting on dislocation partials in activating different deformation modes.

6. Summary and Conclusions

In this study, we explored the different possible interactions between the dislocations and
Pt2Mo-structured precipitates (Ni2Cr type) at room temperature. Since Pt2Mo-structured
precipitates are used in a wide class of Ni-Cr and Ni-Cr-Mo alloys used in power
generation industries [61,67], the findings reported here serve the need to further
understand the deformation behaviors of these alloys. The advances made in this work
are summarized as followed:

1. Molecular dynamics simulations examined type 1 and type 2 interactions. Type 1
describes the situation in which a shift of a matrix dislocation by a perfect Burger’s
vector on a particular slip system maintains the ordered precipitate structure while
type 2 does not; thereby creating an APB. In type 1, no elongation of the ISF is
observed as the dislocations do not disrupt the order of the precipitates. In type 2,
the ABP energy and the resolved shear stresses on the dislocation partials
determine the formation and elongation of the ISF. More importantly, the results
from our work shows that the previous geometric-based approach is insufficient in
explaining the activation of different deformation modes. When considering

multiple OR variants, type 2 interaction is the most dominant interaction and is
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expected to be always active during dislocation glide in the presence of multiple
OR variants. In particular, the activation of slip versus twin in the Ni-based alloys
containing Pt2Mo-structured precipitates is determined by the Schmids factors of
the dislocation partials (i.e. grain orientations) instead of the competition between
type 1 and type 2 interactions.

2. Micropillar compression was performed to provide direct observation of the grain
orientation effect on the activation of slip versus twinning, supporting the MD
results. The slip behavior was found to be highly localized while the deformation
twinning behavior follows by stabilized plastic flow curve. TEM analysis confirms
the presence of multiple variants and the presence of deformation twin in the Ni-
based alloy contain Pt2Mo-structured precipitates.

3. Additionally, MD results provided a possible twin formation mechanism from an
energy-based approach; thus, it confirms that the type 2 interaction between the
dislocations and the Pt2Mo-structured precipitates lead to the deformation twinning

in Ni-Cr type alloys.
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Supplementary Figure 1. The resolved shear stress versus strain plot of the two sets
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Supplementary Figure 2. A representative set 2 micropillar, compressed to failure. Intense
strain localization leads to complete failure of the micropillar along a localized slip. The
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localized slip corresponds to a large strain burst while the deformation twinning shows
stabilized plastic flow at the microscale level.
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