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Abstract

The slip localization behavior of the polycrystalline nickel base superalloy Inconel 718 during monotonic tensile
loading at room temperature, is investigated for the first time in relation to the 3D microstructure. Multi-modal data
merging tools are used to recombine high resolution digital image correlation (HR-DIC) data with 3D electron back-
scatter diffraction tomography (3D EBSD), over a wide region of interest. This procedure enables reconstruction of
the slip band planes in the 3D microstructure. Statistical analyses conducted over 500 individual slip bands reveal
strong correlations between their location and specific microstructure configurations. In particular, over half of the
slip bands emanate from triple junction lines (3D lines defined by the junction of three crystals). Moreover, the most
intense and longest slip bands, which would become critical fatigue crack nucleation sites during cyclic loading, are
located close and parallel to particular annealing twin boundaries and are simultaneously connected to triple junction
lines. Crystal plasticity finite elements calculations are performed on the experimental microstructure to identify the
slip activity that results in the formation of high intensity slip bands (localized plasticity) or zones of high lattice
rotation (non-localized plasticity) in these particular microstructure regions.

Keywords: Strain Localization, High Resolution Digital Image Correlation, 3D EBSD, Slip bands, Crystal Plasticity

Finite Elements

1. Introduction

In the absence of manufacturing defects, such as inclusions and pores, fatigue crack nucleation sites in polycrys-
talline nickel base superalloys are strongly correlated to the grain structure [1-3]. These cracks are the result of strain
localization phenomena that manifest in the form of localized subgrain defects usually referred to as persistent slip
bands, fatigue shear bands or slip bands [4-8]. The microstructure locations where the first slip bands form can be

identified within the first few loading cycles [8]. Therefore, the accurate mapping of incipient strain concentration
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areas in the materials microstructure is of critical importance for the prediction of crack nucleation sites and ultimately
the design of microstructures of improved fatigue resistance.

Numerous studies have focused on mapping slip localization phenomena in nickel base superalloys [9-13]. They
generally involve the use of high resolution imaging such as atomic force microscopy, optical or scanning electron
microscopy (SEM) or more recently high resolution digital image correlation (HR-DIC), to capture the highly local-
ized slip events traces at the specimens free surface. The observed slip traces are the result of the glide of multiple
%{11 1} < 110 > dislocations on an octahedral plane in the face centered cubic lattice. When coupled to grain structure
information, usually acquired using electron back scatter diffraction (EBSD), these investigations reveal that some
annealing twin boundaries are particularly prone to trigger the formation of critically intense slip bands in their vicin-
ity. In these face centered cubic materials, annealing twin boundaries are defined as 60 ° rotations around < 111 >
directions. Some but not all of these intense slip bands exhibit substantial irreversibility during cyclic loading and
ultimately promote crack nucleation [8]. Studies have enabled the definition of crystallographic-based criteria to pre-
dict along which twin boundaries intense bands are prone to develop [11]. However, these criteria are insufficient
to predict the location and intensity of all slip events within the materials microstructure. One possible explanation
is that the surface measurements used to develop these criteria do not fully render the completeness of the three-
dimensional (3D) grain structure, and that the slip traces visible on a specimens surface emanate from a variety of
different sub-surface sources. Of potential importance are sub-surface grain neighborhoods as well as the networks of
grain boundary surfaces and triple junction lines (3D lines formed by the junction of three grains).

In the present article, HR-DIC measurements acquired during monotonic loading are coupled to 3D microstructure
data, to elucidate the relationship between the microstructure and the location of the most critical slip events. To do
so, automated multi-modal data merging methods are developed and deployed to reconstruct the slip bands into the
3D microstructure over a large (millimetric) region of interest. These methods enable a full identification of the
morphology, location and connectivity of the slip bands in three dimensions. Analytical tools are used to gain a

statistical perspective of the slip bands location and intensity as a function of the microstructure features.

2. Experimental Materials

2.1. Wrought Inconel 718

Wrought Inconel 718 (nominal composition in wt% 0.56%Al - 17.31%Fe - 0.14%Co - 17.97%Cr - 5.4%Nb -
1.00%Ti - 0.023%C - 0.0062%N - bal Ni) was subjected to a 30 minutes annealing treatment at 1050 °C followed
by water quenching. This treatment yields a controlled grain size distribution centered around 62 ym with limited
texture, as revealed by the inverse pole figure (IPF) shown in Figure 1-a. Like most FCC materials with low to
medium stacking fault energy, most grains contain coherent annealing twin boundaries. A two-steps precipitation
hardening treatment consisting of 8 hours exposure at 720 °C then 8 hours at 620 °C was conducted to form hardening

v" and y” precipitates[14], which are shown in the bright field transmission electron micrograph in Figure 1-b. The



material did not contain any visible delta phase particles. Flat dogbone-shaped tensile specimens of gage section
0.7x3 mm were cut by wire electrical discharge machining, mechanically mirror polished using abrasive papers and
diamond suspensions, then chemo-mechanically polished using a suspension of 0.04 um colloidal silica particles

before mechanical testing. The engineering stress-strain curve is shown in Figure 1-c.
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Figure 1: Structure and properties of the studied Inconel 718 nickel base superalloy: a) texture index-colored IPF plot (the projected direction is

the loading direction), b) bright field transmission electron micrograph showing the y” hardening precipitates, c) engineering stress-strain curve.

2.2. High Resolution Digital Image Correlation and 3D microstructure measurements
The region of interest (ROI) consists of a 549 (X) x 420 (Y) X 526 (Z) um3 volume, X being the loading direction.
HR-DIC data was acquired on the (XY) surface and 3D EBSD over the whole volume. Both datasets were acquired

using a Versa 3D Thermo Fischer Dual-Beam SEM. An overview of the datasets is shown in Figure 2.



Figure 2: Collected datasets and merging workflow. a) Strain field €., along the loading direction after deformation at 0.2% plastic strain; bands
of concentrated strain are the locations of slip events (slip bands). b) 3D EBSD dataset collected using Tribeam tomography after deformation of
the specimen at 1.83% macroscopic strain (1.26% plastic strain). The front surface corresponds to the free surface of the specimen where HR-DIC
data was collected. The color code indicates the crystallographic orientation along the loading direction. c-d) 3D representation of a grain, colored

according to the crystallographic orientation along the loading direction (c) grain reference orientation deviation (d).

Prior to deformation, a speckle pattern consisting of 60 nm gold nanoparticles was deposited on the surface of
the sample, following the procedure by Kammers et al. [15]. The specimen was strained in-situ in the SEM, using
a custom built stage. The macroscopic strain was measured in-situ using fiducial markers located at both ends of
the gage section. Loading was interrupted at a plastic strain of 0.2% (corresponding to the macroscopic yield) for
HR-DIC data collection, and then further up to 1.83% macroscopic strain where more HR-DIC data was collected.
As the present article focuses on incipient plasticity, the slip bands that developed at the macroscopic yield only are
studied. Subset sizes of 31 pixels x31 pixels (1044 nm x 1044 nm) and 27 x 27 pixels? (910 nm x 910 nm) with a step
size of 3 pixels (101 nm) were used, in accordance with the number of particles per subset recommended by Sutton
[16]. Sets of SEM images were acquired before loading and after unloading from plastic deformation. To minimize
the distortion errors inherent to SEM, imaging parameters were chosen following the guidelines of Kammers and
Daly [17, 18] and Stinville et al. [19]. High magnification images were taken at a horizontal field width of 138
um. Large electron beam spot sizes and large dwell times (20 us), were used to reduce drift distortions. A low

acceleration voltage (10 kV) was used to minimize charging effects and drift distortions, and to obtain higher spatial



imaging resolution and electron beam stability. A National Instruments scan controller and acquisition system (DAQ)
were used to control beam scanning in the microscope and remove the SEM beam defects associated with the scan
generator [19, 20]. Image correlation was performed using the discontinuity-tolerant Heaviside-DIC method [21, 22].
This method enables high resolution mapping and quantitative measurement of the plastic deformation. The strain
map obtained from HR-DIC after deformation to a plastic strain of 0.2% is displayed in Figure 2-a. In addition, the
Heaviside-DIC method also provides quantitative measurements of in-plane slip with a resolution in the order of 10
nm. The in-plane slip corresponds to the physical in-plane displacement produced by slip bands onto the specimen
free surface. Furthermore, the Heaviside-DIC method enables, with knowledge of the crystallographic orientation,
identification of the active slip system in each slip band [22].

The 3D microstructure dataset was acquired using Tribeam tomography [23, 24] after unloading from the final
macroscopic strain. EBSD data was collected on a series of 526, 1 um thick, consecutive slices, using an acceleration
voltage of 30 kV and a 4 X 4 binning on a EDAX OIM-Hikari XM4 EBSD detector. An (XY) step size of 1 um
was used on each slice to produce cubic voxels. Ablation of the material between each slice is achieved using a
femtosecond laser, which produces minimal surface damage. EBSD patterns were indexed using the Dictionary
Indexing method developed by DeGraef et al. [25-27]. The 3D volume was reconstructed using the Bluequartz
DREAM.3D open source software [28]. Individual grains were segmented using a misorientation tolerance angle of
5 ° and twin boundaries were defined with a 2 ° tolerance on both the plane and direction. The Paraview [29] software
was used for data visualization. The grain reference orientation deviation (GROD) parameter was calculated for each
voxel. It is defined as the difference between the local crystallographic orientation and the average crystallographic
orientation of the grain, as shown in Equation 1, where o, . is the orientation of the voxel at the location (x, y, z) and
0, is the average orientation of the grain g to which the voxel belongs. This procedure provides unique identification of
the 3D grain clusters (twins and parent grains) as shown by the sequential images (rotation around the Y axis) in Figure
2-c. Since 3D microstructure data was extracted after straining, the lattice rotation produced during deformation is

readily measured, as shown using the GROD metric in Figure 2-d.

GROD(x,y,7) = |0(x,y.z) — 0gl M

3. Reconstructing slip bands in 3D using multi-modal data vectorization and merging

A set of pairs of control points was selected to align the DIC data onto the XY surface of the 3D volume. The
distortion between both datasets was modeled using a polynomial function of degree 3, f (figure 2, which formula is
given in Equation 2) [30]. Individual slip traces were segmented from the DIC maps and indexed as individual features,
using the iterative Hough transformation method described in [12]. The location of each slip band in the 3D volume
(coordinates of its endpoints on the (XY) surface), its inclination angle relative to the loading direction, its length and

average in-plane slip intensity and direction are calculated. With the assumption of slip on the 12 {111}110) slip



systems, the recombination of the slip trace inclination angle with the local crystallographic orientation enables the
determination of the active {111} slip plane. As the direction of the shearing produced by the slip band on the free
surface is readily measured, the Heaviside method enables the determination of the active < 110 > slip direction as
well [22]. Both the slip plane and direction are identified automatically using the procedure detailed in [12]. Since at
least one point within each slip band and its crystallographic slip plane are known, all the slip bands can be projected
and reconstructed in the 3D volume. An example is shown in Figure 3. Let 7iyq, be the normal vector to the slip
plane in the crystal reference frame. For a slip band which active slip plane is {hkl}, 7i;,ysa = (h, k, I). The coordinates
of this normal vector in the sample reference frame, 7Zsqmpie, are obtained by rotating #iys. according to equation 3,
where Rigpie.crysiar 15 the passive rotation matrix that brings the sample reference frame (XYZ) to coincide with the
crystal reference frame. Then, let us name A and B the slip trace endpoints on the DIC surface (see Figure 3-a), in the
sample reference frame. By definition, a voxel P of coordinates (x, y, z) belongs to the slip band if AP . Asampie = 0
(similarly, BP . sampie = 0). Owing to the voxelized nature of the data, some angular tolerance was applied to that
condition in order to obtain a 1 voxel thick slip band. The voxels that fulfill this condition were assigned the slip band
number ID, to create a 3D rendering. Individual slip bands are viewed either as such (voxelized objects), as shown in
dark grey in Figure 4-a; or as planar objects defined by a point-normal couple (A, flsampr) in Paraview, as shown in

Figures 3-b and 6.

10 um

Figure 3: Reconstruction of a 3D slip band from a 2D slip trace: a) grain of interest and slip trace overlapped onto the free surface (highlighted
with the arrow), A and B are the coordinates of the endpoints of the slip trace; b) 3D slip band reconstructed after multi-modal data merging and

determination of the active {111} plane (the plane normal 77 is highlighted with a red arrow).
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Figure 4: Merged dataset, in IPF colors according to the loading direction: a) slip bands overlapped to the 3D microstructure as black planes; b)

individual triple junction lines.

As they are microstructure objects of interest, twin boundaries and triple junction lines were also segmented as
individual features. Each twin boundary separates two crystals in a twin orientation relationship while each triple
junction line is defined as the junction of three individual 3D crystals. A representation of the triple junction lines is

shown alongside the merged dataset in Figure 4-b.

4. Simulation Methods

3D crystal plasticity finite element (CPFE) calculations were performed to connect the mechanical response of
local clusters of grains to underlying crystallographic slip and lattice rotation. The approach includes building 3D
experimentally informed microstructures authentic in their morphology and crystallographic representation of the
grain boundaries, triple lines, and quadruple points, a critical step that is non-standard and hence will be detailed after

a brief review of the constitutive law used.

4.1. Crystal plasticity model

The constitutive law is the large strain formalism for elasticity and crystallographic slip developed by Kalidindi,
Bronkhorst, and Anand [31]. Minor modifications were made to incorporate strain hardening via a dislocation density
based hardening law. Kinematics of the model follow closely that of Asaro [32] and relate the deformation gradient,
F, and velocity gradient, L, to elastic deformation and slip for every material point of the mesh. For the present

material, the model considers plastic deformation to take place solely via dislocation slip on the 12 {111}{110) FCC



close-packed slip systems. The kinematics and constitutive laws defined in the model were introduced in the form of
a user-defined mechanical material behavior (UMAT) subroutine implemented in ABAQUS/Standard.

In this model, the activity of a slip system, a, is given by its slip rate, '®). This is related to the resolved shear
stress on the system, 7', by the flow rule. This work implements a rate-dependent power-law flow rule similar to that

suggested by Peirce, Rice and Needleman [33]

' sgn (T(“)) 4)

where 7, represents the reference slip rate, g@ the slip resistance on system a, and n the power-law exponent. Slip
resistance evolves according to a generalized tensor form of the classic Taylor relation suggested by Franciosi et al.

[34] taking into account the average interaction strengths between slip systems, given in Equation 5

n
8 = g0+ xbu| > a p 5)
=

where gy is the structure independent slip system strength, y a statistical dislocation interaction coefficient equal to

unity, b the value of the Burgers vector, u the shear modulus, a® a slip-interaction matrix capturing self-hardening and
latent hardening coefficients, and p the dislocation density on system . The dislocation densities for each system
evolve according to the Kocks-Mecking equation (Equation 6) [35], composed by a positive storage rate term and a

negative dynamic recovery term

n

D a® p) = 25,0 | |5 (©6)
B=1

where K is a constant that describes dislocation junction strength, and y, is the critical annihilation distance. Table 1

lists the values of the constitutive model parameters. Details of the parameter selection and calibration process can be

found in the Supplement.

4.2. Voxel-to-Mesh Procedure

Experimentally informed 3D models of the materials microstructure were created through a multi-stage workflow
designed to produce analysis-ready meshes with high-fidelity microstructure representations from voxelized data. The
method is general to any complexity of microstructure and size, yet in its description small target groups of grains
possessing triple lines requiring analysis were targeted. Figure 5-a shows an example of one of many small groups of
grains extracted from the large 3D EBSD dataset.

The approach consists of three main steps. The first step is a voxel-to-mesh procedure that transforms voxelized
microstructure into a topologically refined, fully mirrored grain cluster with smooth grain boundaries, triple junc-
tion lines and quadruple points. The second one involves embedding the cluster within a coarse grain environment,

including free surfaces, and the final step is application of deformation conditions.



Table 1: Constitutive model parameters.

Parameter Value Unit

Ci 259.6 GPa
Ci 179 GPa
Cu 109.6 GPa
Yo 1073 7!
n 20 -
g0 400 MPa
b 0.257 nm
a® 0.1 -
£0 1.5x10"?  m™2
K 10 -
Ve 2.57 nm

The first step in the voxel-to-mesh workflow begins with a data preparation stage. To create the grain cluster, the
dataset was cropped to a subvolume centered around a microstructure feature of interest (boundary, grain aggregate,
triple junction line). These subvolumes then underwent a defeaturing process whereby non-ideal voxels are marked for
grain ID reassignment based on two criteria. The first ensures a minimum allowed grain-size in the model, measured
as the number of voxels belonging to a particular grain. If a voxel belongs to an exceedingly small grain (2 voxels),
it is marked for reassignment. The second criterion considers the neighborhood around each voxel. Voxels with less
than three face-adjacent neighbors of the same grain are marked for reassignment. Such voxel neighborhoods typically
result in relatively poor quality mesh elements in the final model. After all voxels have been processed, those selected
for reassignment are treated as void/unassigned material and are filled-in through an iterative grain growth process by
adopting the most abundant grain ID in their neighborhood until no more unassigned voxels remain. The defeaturing
step is repeated to minimize the number of non-ideal voxel neighborhoods.

The next stage involves generating smoothed surface meshes for each subvolume of microstructure. For this, the
open source software Voxel2Tet is used [36]. Taking voxelated data as input, Voxel2Tet implements a volume preserv-
ing Laplacian smoothing algorithm, outputting boundary conforming surface mesh for every grain in the subvolume.
The Voxel2Tet algorithm preserves all of the original vertices of its input and does not create or interpolate new ones.
This results in surface meshes that hold true to the experimental data at its provided resolution. Once complete, the
grain surface meshes are combined to form the overall microstructure surface mesh from which to carry out volume
meshing.

Given the complexity of real polycrystalline microstructures, when creating the volumetric mesh, it is critical to

create robust 3D mesh for any general surface mesh provided. Here, volumetric meshing was carried out using the



open source software TetWild [37]. An example is given in figure 5-b. The algorithm used by TetWild computes
approximately constrained tetrahedralizations from any input surface. This allows for a user-defined deviation from
input surface mesh, critical for the performance of the algorithm and final mesh quality. For details of the TetWild
algorithm as well as comparisons with other state of the art tetrahedralization algorithms (see Hu et al. [38]). For
the microstructure models, an isotropic adaptive meshing scheme was applied. In this scheme, an ideal edge length
is prescribed uniformly for the whole structure, and adaptive refinement is only carried out to preserve surface mesh
topology. The resulting meshes consisted of approximately 1 million, 10-noded tetrahedral elements (C3D10) for
each model. After the meshing was complete, elements were reassigned to their respective grain ID by determining
which grain surface mesh they are inside of using a generalized winding number algorithm [39].

When considering the boundary conditions for the models, five of their six cubic faces are constrained due to
surrounding microstructure while the one other corresponds to a free surface. The unstructured mesh topology of
the models in combination with these constraints makes applying periodic boundary conditions difficult. Instead,
an additional meshing operation was performed to create a homogeneous matrix material surrounding the models.
Elements of the surrounding mesh located above the free surface plane of the model were modeled as isotropic elastic
material with extremely low modulus, £ = 1 X 107!% GPa, to mimic an unconstrained surface (material labeled 71
in Figure 5-c). Elements located below the free surface plane were modeled as isotropic elastic/plastic material with
hardening dictated by the macroscopic uniaxial tension stress-strain data from Figure 1-c (material labeled 2 in
Figure 5-c).

To approximate experimental loading conditions, for each model, displacement-controlled boundary conditions
were applied to the two faces normal to the x axis, simulating simple uniaxial tension. Displacements for nodes along
the x = 0 plane were fixed in the x-direction, while nodes of the opposing face were displaced along the x direction
at a strain rate of 1073571, up to a total strain of 1.83%. All other surfaces of the models remained traction-free. The
stress-strain curves obtained on every subset (without the contribution of regions 1 and 2) are shown in Figure 5-d.
The present approach of implementing boxes around the experimental subset lead to comparable stress-strain behavior
to the experimental macroscopic curve (black dashed lines in Figures 5-d and 1-c). uniaxial displacement to all nodes
on the top faces of the surface elements Simple uniaxial tension was applied to the resulting microstructure models,
representative of the experimental loading conditions.

With this constitutive law, then for each material point, the following parameters were calculated: active slip,
(7' >0), accumulated slip, resolved shear stress for all slip systems, von Mises stress and reorientation (along with

grain reference orientation deviation).
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Figure 5: Crystal plasticity finite elements workflow: a) cropped experimental dataset in IPF colors according to the loading direction; b) meshed
dataset, the zoomed-in area corresponds to the black square on top of the dataset; c) cropped dataset boxed with material of high compliance (label

”17) on the free surface and isotropic material on other surfaces (label ”2”); d) stress-strain responses for all investigated subset models.

5. Results

The merged dataset is presented in Figure 4-a. It contains 570 individual slip bands dispersed in a 3D microstruc-
ture containing 2546 grains (213 are visible on the free surface where HR-DIC measurements are performed), 12969
twin boundaries (433 emerge on the free surface) and 22440 triple junction lines (2902 are related to the grains on the

free surface, including beneath the surface).

5.1. Classtfication of slip band locations

Visual inspection of the slip bands location reveals that they are often associated with three particular microstruc-
tural configurations. Examples of each are shown in Figure 6. The first one is denoted as parallel slip configuration

[40]. This configuration involves a slip band that is located close and parallel to a coherent annealing twin boundary,



as shown in Figure 6-a. In this example, two slip bands, shown in dark grey, have formed parallel and close to the twin
boundaries highlighted with red dashed lines. This configuration has already been observed from DIC measurements
in the same alloy [12, 13] and in other similar nickel base superalloys, such as Rene 88DT, Rene 65 and IN 100
[19, 41, 42]. These slip bands are known to form in the early stages of plasticity and are usually of high intensity [40].
They develop close to (but not on) the twin boundary planes, and run along the whole twin boundary length.

The second configuration involves triple junction lines and is referred to as triple junction configuration. Figure
6-b displays one example of this configuration, wherein a slip band is connected to the triple junction line formed by
grains labelled Grain 1, 2 and 3. This triple junction line is located in the bulk and emerges on the surface at the point
marked by a red dot; while the slip band emerges at the free surface of the specimen to produce the trace highlighted
with a white dashed line in Grain 1. The observation of the connection between the slip band and the triple junction
line is only possible via the projection of the plane of the slip band into the 3D microstructure.

The last commonly observed configuration is related to the phenomenon of slip transmission, in which two slip
bands lying in different grains are joined through their shared grain boundary. Three examples are shown in Figure
6-c, where each pair of slip bands is joined across a twin boundary in three neighboring grains, labeled Grain 4, 5 and
6. In these three particular cases, the intersection between the slip planes of the adjoining bands is a line that lies on

the twin plane (highlighted with dashed red lines).

a) Parallel slip configuration b) Triple junction ¢) Slip transmission

Twin boundaries

£ Grain4 4% Twin
| Grain 1

/ boundaries

) 3D Grain 5

Slip
transmission

Slip bands Grain 3

Triple junction Grain 6 &

001 101

100 pm 20 um — 20 um

Figure 6: Three main types of slip band locations: a) parallel slip configuration in which slip bands develop parallel to and near annealing twin

boundaries, b) slip band emanating from a triple junction line, ¢) slip transmission across grain boundaries.

5.2. Statistics of slip bands configurations

To determine relative amounts of each type of slip band, an automated procedure was developed in order to group
all slip bands into one of these three configurations. To this end, a set of microstructure-based criteria was defined to
automatically recognize the class of each band. A slip band with parallel slip character was identified based on the

condition that it must be close and parallel to a twin boundary (using a threshold distance of 2 um / 2 voxels). For the



triple junction configuration, the connectivity of the slip bands voxels to triple junction lines voxels was considered. If
both the slip band and triple junction line share at least seven voxels, the slip band is considered as emerging from the
triple junction line. Finally, a pair of slip bands were considered to be in a transmission configuration if they belong
to different crystals (including twin-related crystal orientations) and were connected to each other on the DIC surface
within a distance of one voxel (which corresponds to the spatial accuracy of the multi-modal merging procedure and
that of the 3D dataset). These three categories are not mutually exclusive. Among these, slip bands can fall into more
than one. For instance, a slip band can be parallel to a twin boundary and connected to a triple junction line located
below the surface. As other examples, it can be connected to a triple junction line but also transmitted to another
slip band on the DIC surface or parallel to a twin boundary but in a transmission configuration. Consequently, seven
categories of slip bands can be identified: parallel slip, parallel slip & triple junction, triple junction, triple junction &
transmission, transmission, transmission & parallel slip, and “other” configurations (i.e., bands that do not fit in any

of the previous categories).
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Figure 7: Statistical analysis of the different slip band types: a) number of slip bands, b) distribution of the bands average intensity, c) average band

length.

Figure 7-a shows the relative amounts of slip bands in these seven classes. Over 80% of the slip bands can be
assigned to at least one of the three configurations, indicating a strong correlation between slip bands and microstruc-
ture. It also indicates that these three configurations describe well the microstructural locations of a majority of the
slip bands. Among these, the parallel slip and triple junction configurations dominate, constituting 96% of the slip

bands that are in a determined configuration (pink and turquoise colors in figure 7, respectively). Similarly to numer-



ous prior surface (2D) analyses [11, 12, 19], the most intense slip bands are often associated with twin boundaries,
belonging to the parallel slip configuration group identified here. More strikingly, these statistics reveal that triple
junction lines play at least an equally important role regarding slip band formation, being connected to 55% of them.
The remaining 104 slip bands (gray area, 18% of the slip bands), cannot be undeniably linked to a microstrucural
feature. Examining these slip bands identified as others shows that most of them are embedded in small subgranular

regions that developed significant lattice rotation during deformation, as shown in Figure 8.

Figure 8: Correlation between regions of high lattice rotation and the location of slip bands: a) strain field €, along the loading direction after
deformation at 0.2% plastic strain b-d) corresponding 3D EBSD dataset and 3D representation of the slip bands within this particular grain; the
color code in c) indicates the crystallographic orientation along the loading direction; the color code in b) and d) indicates the grain reference

orientation deviation.

The length and intensity of every band were characterized, measured by the in-plane slip, to determine whether
these properties are tied to the microstructure. Figures 7-b,c present the length and intensity of the bands in each of
the seven categories. Slip bands in parallel slip and triple junction configurations are the longest and the most intense.

In fact, the 10% most intense slip bands are in both parallel slip and triple junction configurations. This revealing



result suggests that the combination of a twin boundary prone to parallel slip and triple junction line cause preferential
localization of slip. The others category, however, consist entirely of low-intensity bands with no outliers or bands of
outstandingly high intensity. They are also relatively short compared to all other slip bands in the same microstructure.

The strong correlations between the location of slip bands and regions of high lattice rotation to combinations
of triple junction lines and twin planes enable identification of specific 3D grain structure environments as the main
contributors to slip localization in the early stages of deformation. In particular, the significant role of triple junction
lines on slip band formation is revealed here for the first time, and is made possible by the unique combination of

HR-DIC and 3D EBSD measurements.

5.3. Triple junction lines

Based on 2D analyses, triple junctions have been identified as regions of high strain concentrations and preferential
crack nucleation sites in various metallic systems [43—45]. As they involve three different crystals and due to their
inherent 3D nature, triple junction lines are complex objects to describe analytically. In viewing them in 3D rather than
2D, they can be characterized by multiple geometric features, such as their length, global and local curvature, global
or local dihedral angles between the grains; and crystallography related criteria, such as misorientations between
crystals or differences in directional elastic modulus. These parameters likely affect the local mechanical fields around
the triple junction lines, in comparison to the interior of the grains. A slip band and/or a zone of lattice rotation can
develop in response to the magnitude and directionality of the complex stress or strain states generated at the triple
junction line.

First, the relationships between the structure of the boundaries constituting the triple junction line and whether it
is prone to form a slip band or lattice rotation are investigated. To identify junctions in the latter group, the average
GROD around a triple junction line was calculated, considering a 5 voxel-thick zone selected around the junction
line. Then only triple junction lines with average GROD greater than 1° were considered as the ones that trigger
significant lattice rotation. As a way of classifying their structure, a simple criterion proposed by Kobayashi et al.
[43] was adopted for the classification of triple junction lines. This criterion considers the number of special and
random boundaries they contain: a junction containing two twin boundaries and one random boundary is named R1; a
triple junction line that contains two random boundaries is of type R2 and a junction made of three random boundaries
is named R3. Figure 9 shows the number fraction of R1, R2 and R3 triple junction lines in grey bars for the first layer
of grains in the experimental dataset. The distribution indicates that, unsurprisingly, R2 and R3-types are much more
frequently observed than R1-types, which basically consist of the intersection of three twin boundaries. Interestingly,
the number of R2 and R3 junctions are comparable due to the relative high density of annealing twins in the present
material. In Figure 9, the green and teal colored distributions show the number fraction of triple junction lines that
exhibit a slip band or high lattice rotation, respectively. Most of the junctions that are connected to a slip band are
of R2-type, which means that they are composed by a twin boundary and two random boundaries. These junctions

include the parallel slip & triple junction configuration presented in Figure 7 (section 5.2), but also triple junction



lines which slip bands emanate from, that are not parallel to the twin boundary. An example of such a configuration
is shown in Figure 11-a. In that particular dataset, a slip band emanates from a triple junction line that is made of the
grains labelled 1, 2 and 3, where 3 is a thin twinned region within grain 2. This junction is of R2-type but the slip
band is not in a parallel slip configuration. The triple junction lines that exhibit lattice rotation are mostly R3-type, in
accordance with the findings from Kobayashi et al. [43]. These rotations likely arise from difficulty in accommodating

deformation compatibility among the three crystals that form the junction line.
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Figure 9: Number fraction distributions of triple junction lines within the first layer of grains according the number of random boundaries they
contain (R1: one random grain boundary and 2 twin boundaries, R2: two random grain boundaries and one twin boundary, 3: three random grain
boundaries.). The distributions corresponding to all triple junction lines, junction lines with high lattice rotation (GROD > 1°) and junction lines

connected to a slip band are colored in dark grey, teal and green respectively.

While the triple junction lines connected to slip bands and/or high lattice rotation zones can be identified at a given
strain, the underlying slip systems and the related mechanical fields and how they evolved with strain prior to the DIC
measurements cannot. To gain insight into how these triple junction lines yielded to slip events, crystal plasticity

simulations around some triple junction lines of interest were carried out.

5.4. Crystal plasticity calculations around triple junction lines

Several selected grain clusters and their triple junction lines were analyzed via the CP model to calculate the strain
evolution in the lattice rotation and slip activity fields. Of particular interest is the propensity for each triple junction
line to promote either lattice rotation or high intensity accumulated slip on a predominant slip system. Based on the

statistical analyses and GROD mapping, several triple junction lines were identified, that were connected to either a



zone of intense lattice rotation or an intense slip band. For each triple junction cluster, a reduced dataset measuring
about 100 um on edge was extracted, meshed and analysed following the procedure described in section 4.2. The
time-resolved slip activity, stress, and lattice rotation fields everywhere in the grain cluster (without the slip band)
were calculated.

To enable comparisons of experimental and CPFE datasets, the simulation is performed in multiple strain steps that
include the macroscopic strains at which HR-DIC measurements was acquired. While the HR-DIC dataset displays
information at 0.2% plastic deformation, the 3D EBSD dataset was collected after straining at 1.26% plastic strain
(1.83% total deformation). Therefore, the CPFE simulation is performed to the final strain step, at 1.83% total
deformation. The lattice rotation (GROD) maps from CPFE and 3D EBSD at 1.26% plastic strain are compared
in Figure 10, where a good agreement is observed. For all investigated datasets, very good agreement on both the

intensity and distribution of the GROD is observed.
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Figure 10: Comparison between the lattice rotation obtained experimentally and with CPFE in two triple junction lines: a) 3D view of the grains
defining the triple junction lines of interest, in IPF colors according to the loading direction, b) split view showing the junction lines with white

dashed lines, c¢) corresponding experimental GROD, d) CPFE GROD.

Figure 11 presents three grain clusters defining a triple junction line where an intense slip band is seen connected
to it. In Figure 11-a, the orientation of each grain is mapped with respect to the loading direction. Using HR-DIC,
the slip system in each slip band was determined, C3 in the first and A2 in the second and third (see Appendix 7.2 for
the slip system nomenclature). Results from the CP calculations are shown in Figure 11-b to -d. In order to compare
the relative activity in the vicinity of the triple junction line and the grain interior, a small region of interest (ROI) was

selected around each triple junction line, shown in inserts in Figure 11-b. The activity around the triple junction line



and the grain interior are depicted with plain and dashed lines, respectively. In Figure 11-b, the calculated evolution
in accumulated slip in each system is shown. In the first case, slip accumulates preferentially on C3, both in the ROI
and in the entire grain. Likewise in the next two cases, A2 is the most active slip system close to and on average over
the entire grain. The evolution shows that in each case, one slip system is consistently preferred upon initial loading
and over the entire course of straining. Figure 11-d shows that this slip activity is concomitant with relatively small
intragranular lattice rotation. The GROD both near and far from the triple junction grows with strain, more or less
homogeneously across the grain in which the slip band develops. Its value, however, remains relatively low ( < 1°).
The rise in the von Mises equivalent stress in the ROI and over the entire grain are also provided in Figure 11-c.
Unsurprisingly, the magnitude of the stress grows with strain and is higher in the ROI than over the entire grain. This

occurs for all three triple junction line, in the experimental dataset.
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Figure 11: Plastic deformation in the reduced datasets showing a slip band connected to a triple junction, a) 3D view of the junctions of interest in
IPF colors along the loading direction, b-d) CPFE calculations results in the regions of interest (ROI) highlighted in insert: b) mean cumulative slip
on individual slip systems (identified by color), c) mean von Mises stress, d) mean GROD as a function of time (strain). In b-d, the activity around

the ROI (close to the triple junction line) and on average in the grain is shown in solid and dashed lines, respectively.

On the other hand, two triple junction lines exhibiting lattice rotation but no slip bands were selected. Their grain

clusters are shown in Figure 12 in IPF colors. The first triple junction is R3-type and the second one is R2-type, since



its two largest grains are twin related. For these calculations, the ROI was picked within the grain(s) that exhibit the
highest lattice rotation zones, which are grain 10 in the first cluster and grains 14 and 15 in the second. Figure 12-b
presents the calculated strain evolution of accumulated slip. In no case is planar slip activity observed close to or
far from the triple junction. Rather active slip on three distinct planes, signifying multi-slip condition, throughout
straining. At least two slip systems are readily activated prior to yielding. Figure 12-c indicates that the value of the
stress, measured by the von Mises stress, grows with strain and, in two of the three grains, is higher in the ROI than
the entire grain. As seen for slip band-prone triple junction lines, no strong correlation between a high GROD and
a stress concentration is found. It is worth noting that the slip bands of the two main systems should emerge at the
surface if a slip band connected to the junction were to be triggered. Notably, the mean GROD close to the junctions is
both high in all investigated grains (> 1°) and significantly higher than the average GROD for the grain (dashed lines

in figure 12-d). Thus, the multiple slip activated near the junction resulted in localized, large lattice rotation zones.
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6. Discussion

Predicting failure in polycrystalline structures under conditions where extrinsic flaws are not responsible for early
failure requires knowledge of the role of microstructural features in generating highly localized stresses and strains.
While grain boundaries and triple junctions are known to develop significant stress or strain concentrations during
loading, the specific character of the grain clusters that result in strain localization or highly concentrated lattice
rotation is not understood. The investigation here has shown that the difficulty deformation compatibility among the
joined grains in these particular configurations is accommodated by plastic deformation with specific signature of the
form of lattice rotation and/or slip bands.

In this context, the present section discusses the possible roles of material properties, microstructural features,
and ensuing slip processes responsible for the development of localized slip events in these particular regions. 3D
statistical analyses presented in section 5.2 have demonstrated the importance of two particular microstructure con-
figurations on incipient slip localization: the parallel slip configuration for slip bands parallel to twin boundaries and
the triple junction configuration for slip bands emanating from triple junction lines. Both configurations are discussed

in turn below.

6.1. Twin boundaries triggering parallel slip

The parallel slip configuration has been previously investigated in 2D for various metals and was observed to be
the configuration yielding the strongest slip localization events during early plastic deformation [9, 40, 46] and prefer-
ential sites for fatigue crack nucleation [3, 47-49]. Representative models and experimental datasets demonstrate the
effect of the microstructural parameters of the parallel slip configuration on the intensity of slip developed near and
parallel to annealing twin boundaries. The crystallographic orientation of the twin related crystals along the loading
direction is of most importance according to 2D analyses [3, 9, 12, 40, 46—48]. Intense slip localization was reported
either when the {111} planes parallel to the twin boundary possess a high Schmid factor in either of the slip direc-
tions; either when the twin boundary separates crystal orientations that exhibit very large directional elastic modulus
difference (in the loading direction). This is also observed in the present material. Figure 13-a shows the difference
in elastic modulus across the twin plane, as a function of the Schmid factor of the active slip system in the slip band.
Each marker corresponds to an individual slip band in parallel slip configuration. The markers are sized according
to the length of the slip band and colored according to the intensity of in-plane slip (in nm). The grey dashed line
represents the maximum bounds of possible elastic modulus difference/Schmid factor combinations. In agreement
with previous literature findings [12, 50], the most intense and longest slip bands are located along twin planes that
exhibit either a high difference in elastic modulus but a medium Schmid factor, or a high Schmid factor and a lower
difference in elastic modulus. These are respectively highlighted with circles ”1”” and ’2” in the figure. The twin plane
area is also reported to play a role, as it is similar to the area of the slip plane [3, 47]. However, the intensity of the slip

bands does not always correlate well with 2D measurements of twin boundary lengths [12]. This is believed to simply



be the result of a cross-sectioning artifact, as a short twin boundary might be indicative of a small grain beneath the
surface, or a grain that gets larger in the bulk and was cut on its outer part. In the present case, the 3D nature of the
data allows for the extraction of the true twin plane area. The influence of the real twin plane area on the intensity
of slip is shown in Figure 13-b: the longest and most intense slip bands are indeed located along the twin planes of
largest area. Forty one of the 433 twin boundaries on the DIC surface favor parallel slip, which represents about 10%

of the total annealing twin boundaries.
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plane). The size and color of the markers correspond to the length and the average intensity of in-plane slip within the band, respectively.

Remarkably, the slip bands of highest intensity are associated with both a twin boundary and a triple junction line.

The discriminating role of the character of stress around triple junction lines is the focus of the next section.

6.2. Local stress state near triple junction lines

Taking into account the complete 3D nature of the microstructure has revealed, for the first time, the important

contribution of triple junction lines on slip band formation. At macroscopic yield, more than half of the slip bands



are connected to triple junctions within the bulk of the material. Mapping of local lattice rotation finds that triple
junction lines can also induce high lattice rotation in their vicinity. These important features of triple junction lines
are otherwise invisible when imaged from the free surface only. CPFE simulations of some of the grain clusters
suggest that the outcome at a triple junction can be tied to the local slip activity generated there, specifically arising
from a competition between multi-slip or single slip. Triple junction lines seen connected to a slip band, likely
accommodated plastic deformation mostly by single slip virtually exclusively on one system, whereas those with
high lattice rotation zones accommodate it with activation of multiple non-coplanar slip systems. Similar studies of
triple junctions in pure aluminum tricrystal by Kashihara [51] found that the ratio between the primary slip system
activity and secondary and tertiary slip systems activity is the main parameter to identify regions with high lattice
rotation near triple junctions. What is not known about these slip bands in the present analysis is whether they
are nascent bands or instead produced by a slip transfer event from a neighboring grain. One possible slip transfer
event can be found in the triple junction shown in Fig. 1la with corresponding grain IDs 1, 2 and 3. There, the
triple junction lies directly along a large area twin (grain 3), a well-known candidate for slip localization in the 718
alloy and thus possibly responsible for slip transfer into neighboring grain 1. It is likely these differing band origins
produce characteristic features in local slip activity evolution, this presents a limitation of the classical CPFE model
used in this study and a possible source of deviation with experimental results. Higher-order gradient crystal plasticity
models with additional microscopic boundary conditions that account for slip transfer across grain boundaries could
potentially shed light on these interactions [52-57]. The implication from the present slip activity calculations is that
planar slip and high-lattice-rotation zones are two opposing states of slip activity. This insight would not have been
realized from calculations of equivalent strain or von Mises stress measurements, which is commonly done. Indeed,
no particular difference is observed in terms of ratio of von Mises stress around the junction line and the entire grains
in either of Figures 11 and 10. The ratio was equal to 1 in both cases of emission of a slip band or the development
of lattice rotation. This means that triple junction lines prone to slip banding or lattice rotation equally serve as stress
concentrators (Figure 11-c). It was found slip activity is more discriminating than stress concentrations themselves.
While the CPFE simulations combined with slip localization and 3D microstructure measurements informed the
importance of the slip systems activity in the vicinity of the triple junction lines, determination of the relevant mi-
crostructure parameters remains to be investigated. Figures 7 and 9 show that the presence of a twin boundary within
the triple junction favors intense slip over lattice rotation. This is certainly related to easy activation of slip, paral-
lel and near twin boundaries. However, the contribution of the orientation and morphology of the grains that make
the junction, the 3D geometry of the junction itself, as well as the influence of the neighboring grains remain to be
investigated. Understanding these effects is crucial for identifying the triple junction lines that are critical for slip

localization and ultimately for fatigue crack nucleation. This is the object of future work.



Conclusions

High resolution SEM DIC measurements were combined with 3D EBSD data using multi-modal merging meth-
ods, to create a rendering of slip bands in three dimensions over a cubic millimeter region of interest. Numerical
tools were used to statistically investigate the location of hundreds of slip bands and have revealed strong correlations
between the location of slip bands and the local configurations of annealing twin boundaries and triple junction lines.
The 10% most intense slip events are related to twin boundaries that develop parallel slip and are simultaneously
connected to triple junction lines. An analytical criterion involving the difference in directional elastic modulus across
the twin plane, the Schmid factor and the twin plane area, allows for the identification of the twin boundaries that are
likely to induce the formation of a slip band. CPFE calculations of the experimental 3D microstructure are carried
out to predict time-resolved and spatially resolved intragranular slip activity and lattice rotation around triple junction
lines. The model suggests that slip band formation occurs in grains associated with triple junction lines that produce
predominantly planar slip on one main system under stress and that local lattice rotation is associated with a triple
junction lines that locally cause multiple slip activity. These findings point to an important link between particu-
lar microstrutural features of triple junctions and the slip activity they generate, motivating development of specific

microstruture-based criteria, a task for future work.
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7. Appendix

7.1. Von Neumann voxel neighborhood
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Figure 14: Illustration of the different voxel neighborhoods and corresponding microstructure.

7.2. Slip systems nomenclature

Table 2: {111}110) slip systems for FCC crystals with the notation of Schmid and Boas [58].

Slip System  Slip Plane Normal  Slip Direction

A2 (T11) |o11]
A3 (111) [101]
A6 (111) [110]
B2 (111) |o11]
B4 11 [T01]
B5 a1 [Tlo]
C1 (111) [011]
C3 (111) [101]
C5 (111) [T10]
DI (111) [011]
D4 (111) [T01]
D6 (1T1) [110]

7.3. CPFE model parameter selection and calibration
Values of elastic constants and initial dislocation density of IN718 were obtained from the literature [59]. Other

material parameters used in the constitutive model were evaluated by fitting the simulated stressstrain curve of a



representative volume element (RVE) to the experimental results. A 10x10x10 finite element RVE of the IN718
material was generated for calibration, consisting of 1000, eight-noded cubic mesh elements (C3DS8), each element
representing a single grain with a given crystallographic orientation sampled from a uniformly random orientation
distribution. The RVE was tested with periodic boundary conditions in uniaxial tension. Figure 15 overlays the

calculated stress-strain response of the RVE with the measured stress-strain data.
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Figure 15: Engineering stress-strain curves measured by experiment and calculated with CPFE using fitted model parameters.



7.4. Smoothness of the mesh along triple junctions
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Figure 16: Example of meshing smoothness along a triple junction, the grains that make the junction are shown in IPF colors (loading direction).





