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Interactions between dislocations and grain boundaries play a major role in controlling the strength
and ductility of structural materials. Experimentally, assessing and probing geometric and stress-based
criteria at the local level for dislocation transmission through grain boundaries remains challenging.
Therefore, there have been many efforts to systematically generate datasets of dislocation-grain
boundary interactions (DGI) via computational models such as molecular dynamics simulations. So
far, most DGI datasets have focused only on the subset of nominal minimum-energy grain boundary
structures, which limits their applicability, especially to materials processed far from equilibrium. We
present a comprehensive database of dislocation-grain boundary interactions for edge, screw, and 60°
mixed dislocation with 330 <110> and 257 <112 > symmetric tilt grain boundaries (total of 587) in
FCC Cu consisting of 73 minimum-energy grain boundary structures and 514 metastable structures.
The dataset contains the outcomes for 5234 unique interactions for various dislocation types, grain
boundary structures, and applied shear stresses.

Background & Summary

Designing structural alloys with both high strength and excellent ductility remains one of the grand challenges
in materials science and engineering. One strategy that has proven effective in certain alloys is known as grain
boundary (GB) engineering, which involves manipulating the GB network via the introduction of high densities
of specific GBs such as coherent twin boundaries'=. At the core of this strategy is the role that GB structure
plays in determining the outcome of dislocation-GB interactions (DGI). For a similar applied stress state, some
boundaries may block or absorb dislocations, leading to strain localization, while other boundaries promote
transmission. As a result, the DGISs alter the strength and ductility of a material depending on the volume frac-
tion of boundary types in the material*-S.

Macroscopically, the Hall-Petch relationship hypothesizes that material strength can be increased by decreas-
ing the grain size due to an enhanced effect of dislocation blockage (which we refer to as pinning) as the density
of GBs is increased’. This relationship captures the effects of average grain size on yield strength without con-
sidering local GB structure. There are many situations where local GB structure impacts mechanical behavior,
especially far from equilibrium. For instance, Fensin et al. showed that only certain boundaries can avoid void
nucleation under shock loading by dissipating stress through plastic deformation®. Simulations and experiments
of irradiated metals demonstrate that non-equilibrium GB structures may have a higher sink efficiency than
well-annealed GBs”!?. Other examples of the impact of GB metastability on mechanical behavior can be found
in a recent review'.

For DGI, the role of GB structure on the dislocation transmissibility remains unknown despite many exper-
imental, theoretical, and computational efforts over the past few decades. Microscopic geometric and stress
criteria for dislocation transmission through grain boundaries, such as minimizing the angle between the inter-
section lines of the incoming and outgoing dislocations or maximizing the resolved shear stress on the outgoing
slip system, have been proposed and experimentally validated®. One of the commonly utilized geometric param-
eters for examining slip or dislocation transmission across GB is m’, which assesses the slip system degree of
coplanarity'?. However, similar to the Hall-Petch relationship, these criteria fail to capture the role of GB struc-
ture and the local atomic arrangement on GB-dislocation interactions.
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Fig. 1 Workflow to generate the DGI database.

The lack of high-fidelity DGI datasets with details about dislocation type, applied stress, and, most impor-
tantly, diverse GB structures, inhibits our ability to construct more accurate models for GB-dislocation interac-
tions. Experimentally, it remains challenging to systematically and efficiently generate these datasets.
Computationally, most DGI datasets are limited in the number of data points since these have previously
focused only on a subset of grain boundary structures or dislocation types'*~'®. For instance, Cheng et al.'* stud-
ied the interactions between edge dislocations and [110] symmetric tilt grain boundaries (STGBs) such as X
3(112),39(114), and 29(221) in W. While this study found that the DGIs depend on the grain boundary struc-
ture and the exact location of the interaction within the grain boundary, it was challenging to propose a new
criterion for slip transmission due to limited data. Moreover, it is unfeasible to merge different DGI datasets into
a comprehensive one since boundary conditions usually vary and significantly affect the simulation results®.
Recent efforts to generate large datasets of GB structures by atomistic simulations have served as foundations to
further drive the research in DGI**-?2. For example, one of the most cited datasets of computed GB structures
and properties is by Olmsted ef al.?°. This dataset contains 388 unique minimum-energy GB structures of Ni and
Al and their corresponding energies. A subset of this dataset (33 different FCC Ni bicrystals) was utilized for a
DGI study'®. It was found that the minimum residual Burgers vector and the disorientation angle between the
two grains are strong indicators of DGI transmissibility. However, the GB structures in these previous studies
were simplified by choosing the minimum energy configurations, which are not necessarily observed in experi-
ments. It was shown recently that metastable GB structures (i.e., those which have higher energies than the
minimum configuration) can alter the outcome of the DGI?**. Therefore, there is a need for a consistent and
comprehensive dataset that explores DGI as a function of dislocation character and GB atomic structure.

The goal of this work is to fill this gap by establishing a comprehensive database of DGI in Cu as a model FCC
material. While the trends for the DGI dataset are expected to vary for different material systems, the approach
described in this work can be adapted for other material systems (especially those with FCC crystal structures). MD
simulations of DGI are systematically performed for different type of dislocations (edge, screw, and mixed 60°),
GB structures (330<110 >and 257<112> symmetric tilt GBs with many metastable structures), and applied
stresses (250, 500, and 750 MPa). Altogether, this database includes 5234 unique dislocation - GB interactions,
which is the most of its kind currently. This comprehensive DGI database is expected to be useful to train AI/ML
models to predict DGI as a function of GB structure, dislocation type, and applied stress.

Methods

Workflow overview. The data and simulation workflow used to characterize and obtain DGI via MD simu-
lations consists of three steps as shown in Fig. 1: (i) First, GB structures (including metastable states) are gener-
ated using the standard ~y-surface approach?**. Dislocation dipoles are constructed using the displacement field
of an infinitely long dislocation dipole?. Both types of defects are generated via LAMMPS input scripts. (ii)
Second, dislocations are driven into the GBs under an applied stress'®. The DGI outcomes are recorded and
indexed into a database. Details about the database, such as the parameters needed to reproduce GB structures as
well as DGI results, are described in the Data Records section. Each step in the workflow is described in more
detail below.

Dislocation-grain boundary interactions via molecular dynamics simulations. All
dislocation-grain boundary interactions in Cu are performed via the open-source simulation software Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS)?. The atomic interactions between Cu atoms were
modeled using an Embedded Atom Method (EAM) interatomic potential developed by Mishin ef al.?8. This inter-
atomic potential can accurately reproduce GB and dislocation core structures as well as their corresponding
energies®®. Therefore, it has been widely used in DGI studies*****. The simulation results are manually recorded
by analyzing atomic snapshots before and after the interaction via the visualization software OVITO and the
dislocation extraction algorithm (DXA)?!. Simulation details about (i) the construction of the GB structure, (ii)
the DGI simulation setup, and (iii) the determination of the geometrical criteria (') are discussed in greater
details below.

Grain boundary structures and energies. Figure 2 shows the simulation setup to generate the dataset. Both
<110> and <112> STGBs are generated using the y-surface approach?**. The X direction is always oriented
along the tilt axes, and the Y direction is normal to the GB plane (which can be found in the database for all
interactions). Periodic boundary conditions are applied in all three directions to allow for complete control of
the stress state. This simulation setup has been demonstrated to be efficient for DGI in previous work'®. For the
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Fig. 2 Simulation setup with a bicrystal composed of two symmetric tilt GBs (<112> or <110>>). An infinitely
long dislocation dipole with edge, screw and mixed (60°) character angles is generated in grain 1 using a
dislocation loop algorithm developed by Dang et al.?® (Disclaimer: the dimensions of the schematics are not
scaled with the dimensions used in this work).
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Fig. 3 Grain boundary energies for all 1000 possible (open circle) and chosen (solid red) grain boundary
structures for <112> and <110> symmetric tilt grain boundary. Due to the infinitely long dislocation setup,
the dislocation line has to be aligned with one of the dimensions. As a result, <112> STGB is used to study
edge dislocation-GB interaction, while <110> STGB can be used to study screw and 60° mixed dislocation-GB
interaction.

<110> STGBs, the simulation cell is approximately 1.0 x 100.0 x 48.0 nm? in the X, Y, and Z directions, respec-
tively. Similarly, the simulation cell is approximately 1.8 x 150.0 x 80.0 #nm® in the X, Y, and Z directions, respec-
tively, for the <112> STGBs. This is to ensure that the boundary image force does not affect the results of the
DGI. Due to varying boundary periodicity, different system sizes may be used for different grain boundary
structures. The exact values of box sizes can be found in the GB data files.

To determine the structure of the tilt boundaries, different starting configurations are considered by translat-
ing grain 2 relative to grain 1, as shown in Fig. 2. The grain boundary region is defined as a 5nm thick region
across the Z direction (with the GB in the center), extending along the periodicity of X and Y directions. The
grain boundary energy (GBE) is determined by normalizing the excess energy within the grain boundary region
by the grain boundary area. Compared to previous studies where only minimum-energy structures are chosen,
this dataset also considers DGI for high-energy metastable grain boundary structures. Figure 3 shows all chosen
GB structures and their corresponding energies as a function of misorientation angles. For each misorientation
angle, 1000 initial GB structures are generated. Among them, the ones with GB energies approximately 35 m]J/
m? apart are chosen to evaluate interaction with dislocations. Although many GBs are considered in this work,
it is now well known that grand canonical optimization strategies®® may find structures missed by the standard
~-surface approach. Such structures could be computed to augment this dataset in the future.

Dislocation-grain boundary interactions. 'To model DGIs, an infinitely long edge dislocation dipole is generated
in Grain 1 of < 112 > STGBs using a dislocation loop algorithm developed by Dang et al.>*%. This same approach
is used to generate screw and mixed (60°) dislocation dipoles in Grain 1 of < 110 > STGBs. The dipole arm is
approximately 36 nm to minimize interactions between individual dislocations. The chosen slip systems for the
edge, screw, and mixed dislocations are[110](111),[011](111) and [110](111), respectively. Since the boundary
is periodic in all three directions, there are two possible DGIs, of which only the interaction with the center GB
is analyzed and reported. The dislocation dipole is positioned in a way that the right dislocation is approximately
10 nm away from the center of the GB region to minimize any short-range interactions initially. The system with
the dislocation configuration is then equilibrated at 10K via a Nosé-Hoover style thermostat and barostat®*. To
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Attribute Value Datatype Description Notes

tx,tytz Vector GB tilt axis [h,k,1]

nx,ny,nz Vector GB plane inclination [u,v,w]

a,b,c Vector ifﬁzﬁ;&frglij:ge:ec?&vfier?iiocrl:“opic Grid spacing of d[h,k,1]/10 foraand b
d Integer Crystal chosen to delete atoms

type String Dislocation type Edge, screw, or mixed

Applied stress Decimal Applied stress (MPa)

Misorientation angle | Decimal Misorientation angle (degrees)

Initial Velocity Integer Index of velocity seed

GBE Decimal GB energy (m]/m?) icr;lltaele':ftri%))rrltilf;;;e;imer grain where the
Reaction Integer Dislocation-GB reaction label See Table 2 for reaction categories

Table 1. Details of the attributes and values contained in the Dislocation-GB interaction dataset.

Reaction
Undefined
Absorbed/Pinned

Partially transmitted

Fully transmitted
Reflected

W N =] O

Table 2. Dislocation-GB reaction labels.

Slip plane Slip directions

(1,1,1) [0,1, —1], [-1,0,1], [1, —1,0]
(1, -1, -1) [0, —1,1], [-1,0, —1], [1,1,0]
(-1, -1,1) [0, —1, —1], [1,0,1], [-1,1,0]
(=11, -1) [0,1,1], [1,0, —1], [-1, —1,0]

Table 3. 12 slip systems for FCC materials considered for calculating the m’ parameter. For each plane, there are
three slip directions, resulting in 12 possible slip systems.

allow for comparison between different DGISs, a uniform stress state of pure resolved shear stress acting on the
slip plane in the slip direction (pure Schmid stress) is applied in all cases'?. Based on this local resolved shear
stress, the macroscopically applied stress is determined for each DGI using a standard stress transformation
operation. Three resolved shear stresses of 250, 500, and 750 MPa to glide the dislocation toward the GB are
chosen to assess the effect of the driving force on the DGI. The DGI database also includes data for higher shear
stress of 1 and 1.5 GPa for some <112> STGB where all DGI results are dislocation reflections from the GB at
lower applied stress. Four different initial locations of the dislocation are also considered for <112> STGB.
Moreover, the database also includes a subset of <110> STGBs where each interaction is repeated three times
with different random initial atom velocities within a thermal distribution to determine if the results are statis-
tically meaningful. The integration timestep in all simulations is 2 fs.

Geometrical criteria for DGI.  To assist in the training of a future AI/ML model, m’ values for all possible DGIs
are also included. To compute m’, the slip plane normal (77) and slip direction (d ) are projected onto the respec-
tive grains using their orientation matrix. For example, 77 e = # - gand d e = d-g

m' = (figy - 7yy)(dgy - dyy) M

Here, 71, - 7i,, measures the angle between slip planes normals, and (Igl -d. > the angle between slip direc-
tions. Am of 1 suggests that the GB is transparent to dislocation, leading to effortless dislocation transmission,
hence, no strengthening effect. A m’ of 0 indicates no transmission across the GB but perhaps dislocation
absorption or pinning at the GB. A negative value of m’ highlights the different directions between slip plane
normals and slip plane directions. The first step for calculating m’ involves constructing the orientation matrix
g for both grains. The symmetric tilt direction and GB plane are along the X and Y directions of the orientation
matrix for the first grain ( g where dislocation is inserted), and their cross-product ()? X 17) is used to define
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Fig. 4 Heatmaps showing the distribution of m’ values across all possible slip systems for (a) <110> symmetric
tilt grain boundary (GB) with a misorientation angle of 109.47° and (1,1,1) GB plane, and (b) <112>
symmetric tilt GB with a misorientation angle of 11.66° and (11,13,1) GB plane. Panels (c,d) show contour plots
of the m’ values as functions of angular orientations of slip-plane normals and slip directions corresponding to
cases (a,b), respectively. The background contour plots, using a jet colormap, illustrate the full range of possible
m’ values for FCC slip systems, covering angles from 0° to 180° for both slip directions and slip-plane normals.
Black scatter points indicate the calculated m’ values specific to the GB configurations presented in panels (a,b).

the Z-direction. The misorientation angle (O) is used to derive the orientation matrix for the second grain ( gz).
The following are two examples for calculating the m’ value for <110> and <112> symmetric tilts.
The misorientation angle, ©, between ¢ and g, is calculated by constructing Ag =g - gl‘l and

0= cos_l(% . The 12 slip systems mentioned in Table 3 are considered for calculating the m’ param-

eter. These angles are used to plot the distribution showing possible m’ values for slip transmission. For all 12 slip
systems mentioned in Table 3, Eq. 1 gives 144 m’ values. However, a note should be made that the stress in the
first grain is applied in such a way that only one slip system is activated. Therefore, only 12 m’ values would be of
interest to examine the DGI based on the geometrical criteria. The database includes a total of 31 distinct <110 >
symmetric tilt grain boundaries that have different misorientation angles or (minimum energy structures) and
similarly 42 distinct <112> symmetric tilt structures. Note that these values do not change for metastable
boundaries. Hence, this highlights the importance of considering metastable GB structure for DGI. For each
case, m' values for slip transmission are calculated for all 144 combinations and plotted as a heatmap, which can
be found in the heatmap excel spreadsheets in the Materials Cloud Archive repository®. Figure 4 shows example
for <110> symmetric tilt with (1,1,1) GB plane and <112> symmetric tilt with (11,13,1) GB plane.
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Fig. 5 Visualization of the DGI outcome database for <110> and <112>.

Data Records

The raw simulation data is not included in the database due to its inherently large size. Instead, the input files
and the GB structures to reproduce these results are included in the template.zip file that can be retrieved from
the Materials Cloud Archive repository*. Specifically, each misorientation contains subfolders of different GB
structures whose folder name is their GB energy. For each GB structure, there are two folders named “screw”
and “mixed” for screw and 60° mixed dislocations, respectively. Each of these folders contains LAMMPS input
and data files to reproduce the dislocation-GB interactions. The dislocation-GB dataset of <110> and <112>
STGBs in Cu is reported in DisGBDatabase.xlsx and can be retrieved from the Materials Cloud Archive reposi-
tory*®. The dataset contains 5234 unique dislocation-GB interaction entries (rows or data points). All the attrib-
utes (column headers) for these entries and their descriptions are listed in Table 1. The attributes ‘tx,ty,tz’ and
‘nx,ny,nz’ define the orientation of the GB tilt axis and plane normal, respectively. These values represent the
macroscopic degree of freedom of the GB structure. Based on this, for each of the GB families, one can deter-
mine the ‘misorientation angle’ attribute. On the other hand, the attributes ‘a,b,c’ represents the indices of the
grid search for the microscopic degrees of freedom for the local grain boundary structures. Attribute ‘type’ rep-
resents the type of incoming lattice dislocation. It can be either edge, screw, or 60° mixed dislocations. Attribute
‘applied stress’ indicates the Schmid applied stress (pure shear stress in the slip direction on the slip plane) to
drive the dislocation toward the GB. Attribute ‘GBE’ details the GB energy corresponding to the center grain
where the interaction happens. Finally, the attribute ‘reaction’ describes the outcome of the interaction. Based
on simulation results manually analyzed via DXA in OVITO, the results are manually binned in one of the
following outcomes: (1) dislocation reflection from the GB, (2) dislocation absorption/pinning at the GB, (3)
dislocation partially transmitted through the GB when only leading partial can transmit and trailing partial is
pinned at the GB, or (4) dislocation fully transmitted through the GB. The outcome of DGI can also be unde-
fined if different outcomes occur simultaneously.

Technical Validation

Comparison with previous MD simulations.  Figure 5 shows the summary of the DGI outcomes for
this database. For edge dislocations, very few transmissions are observed, even at the applied stress of 750 MPa.
Moreover, about 20 to 30% of edge dislocation was reflected/repelled from the GB. As the applied stress increased,
more edge dislocations get absorbed into the <112> GB instead of repelling. For screw and mixed dislocation
interactions with <110> tilt boundaries, the propensity to transmit (both partial and full transmission) increases
with increasing applied shear stress. The results from this database show that the dislocation transmissibility
generally follows: screw > mixed > edge.

Figure 6 plots the results of DGIs for different applied stress, dislocation types, misorientation angles, GB
types, and GBE. From this plot, the transmission and repulsion cluster of data can be observed. This indicates
that macroscopic factors such as the misorientation angles are important to DGI. Overall, higher misorientation
angles make slip transmission more difficult, which was supported by many previous experimental results®*¢-3.
For the same misorientation angle, there are metastable GBs with different structures and corresponding GBEs
whose reactions are different from each other?. Importantly, the effects are more evident for high applied shear
stresses (500 and 750 MPa). Together, this indicates that microscopic parameters such as the GB local structures
and dislocation types are also important to the outcomes of the DGIs.
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Fig. 6 DGI outcome database for different dislocation types, applied stress, misorientation angles, as well

as <110> and<112> STGBs at fixed initial velocity and dislocation-GB interaction site. Each data point
represents a dislocation-GB interaction where the color represents the outcome. Red is undefined results,
orange is reflection of the dislocation from the GB, black is pinning and/or absorption of the dislocation into
the GB, blue is transmission of the leading partial dislocation through the GB, and green is transmission of both
leading and trailing dislocations through the GB.

To further validate the database, DGI results for two of the most well-studied grain boundaries were checked.
They are the coherent and incoherent twin boundary (CTB and ITB, respectively) (misorientation angles of
70.5° and 109.5° as shown in Fig. 6, respectively) with simple structures and important role in deformation®**.
Indeed, our results show that the screw dislocation absorbs into the minimum-energy CTB similar to previous
atomistic simulations using the same interatomic potentials®*” and experiments where the coherent TB can
absorb the dislocation, thus providing resistance to slip transmission®. Furthermore, our variations in disloca-
tion transmission and pinning when 60° mixed dislocations interact with ITB depending on the interaction sites
are also consistent with previous MD simulations®**.

Interestingly, in Fig. 6, the first-row data indicate that for a 109° misorientation GB, screw dislocation
transmission occurs at 250 MPa, but not at 500 MPa. These results demonstrated that the outcome of the
dislocation-GB interaction for each interaction can be statistically varying. Indeed, for the case where transmis-
sion occurs at 250 MPa, the simulations were repeated twice with different initial sampling of the starting veloc-
ities. In both cases, the transmission does not occur, which is consistent with observation for higher stress at 500
and 750 MPa. These results further highlight the importance of including statistical variation in generating MD
simulation dataset, which was done in this work.

Code availability
The input files and the GB structures to reproduce these results are included in the template.zip file that can be
retrieved from the Materials Cloud Archive repository™.
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