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Abstract

Incipient slip localization in the vicinity of hundreds of grain boundary triple junctions (TJs) in a lightly deformed
nickel-base superalloy IN718 is studied using a combination of three-dimensional (3D) crystal plasticity finite ele-
ment (CPFE) modeling, high resolution digital image correlation (HR-DIC) and 3D electron back-scatter diffraction
tomography (3D EBSD). A 3D reconstruction method enables identification of thousands of TJs and correspondence
of any observed slip bands with their originating TJ lines below the specimen surface. We present a large-scale CPFE
model of the experimental 3D microstructure composed of high-fidelity representation of the TJ lines and the bound-
aries and interiors of the parent grains and use it to calculate the local micromechanical response and slip activity of
all TJs at the onset of macroscopic yielding. Statistical analysis of the calculated quantities reveal TJs develop larger
stress concentration and grain-average re-orientation than grain interiors and grain boundaries, however no substan-
tial differences in cumulative slip were found among these microstructural regions. We find that TJs with observed
slip bands generate lower grain-average re-orientation, fewer active slip systems, and more localized slip on a single
system than those without. The distinctions in the reorientation and slip activity are stronger in TJs that experience
more intense slip.
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1. Introduction

Polycrystalline nickel-base superalloys are most commonly used for turbine disk applications in gas turbine en-
gines due to their exceptional strength, as well as oxidation and corrosion resistance at high temperatures [1]. Fatigue
resistance is another critical property of these alloys as turbine disk components experience significant fluctuations
in stress due to repeated take-off landing cycles. With minimal metallurgical defect content, the initiation of fatigue
microcracks in these alloys is correlated with microstructure and tied to subgrain strain localization processes [2, 3].

In highly engineered, defect-free polycrystalline nickel-base superalloys, plastic strain localizes in the form of slip
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bands [4]. While many bands form throughout the microstructure, those which undergo the most intense slip dis-
placements are of special interest as they are shown to further accumulate slip during cycling, leading to the initiation
of fatigue microcracks [5—7]. These most problematic bands are also found to form during the first application of
load, making the study of incipient plasticity in these materials of great interest [6, 8]. Recent experimental studies
conducted on these alloys have revealed that critically intense bands are likely to form adjacent to triple junctions
(TJs) (i.e. the one-dimensional intersection of three grain boundaries), and particular twin boundaries. However much
less is understood about the subgrain micromechanics that promote slip band formation in these areas [6, 7, 9, 10].

Most knowledge of slip band formation in polycrystalline nickel-base superalloys comes from slip trace analysis,
usually through a combination of high resolution imaging and electron back scatter diffraction (EBSD). Combining
with discontinuity tolerant codes, like Heaviside-DIC (H-DIC), additionally allows for quantification of slip localiza-
tion on the level of individual slip systems. However, because they are surface techniques, information on where slip
bands originate is limited. Recent advances in experiments and multi-modal data merging tools have since enabled
location of where surface visible bands in these alloys emanate beneath the specimen surface. Recently, Charpagne
et al. [10] combined HR-DIC and three dimensional electron back-scatter diffraction tomography (3D EBSD) to re-
construct the planes for a large number of slip bands in nickel-base superalloy Inconel 718 (IN718) after monotonic
deformation. The analysis revealed that over half of the slip bands visible at the surface are connected to grain bound-
ary TJ lines located below the surface. Statistical analyses of hundreds of slip bands revealed the most intense bands
were those associated with subsurface TJ lines and those simultaneously formed parallel and close to annealing twin
boundaries. These results established the prominent role TJs play in the formation of slip bands.

Still, questions remain concerning why certain TJs play a dominant role in producing intense slip bands. Which
characteristics of TJ lines, when loaded, make them prone to forming slip bands? To address this, Charpagne et al.
[10] studied the character of slip both close to and far away from TJs using a full-field crystal plasticity finite element
(CPFE) model. The model predicted dominant activity of the experimentally observed localized slip system. Among
the few TJs examined, slip activity was nearly single slip in the TJs with bands and multi-slip in TJs without slip bands.
While insightful, since only a handful of TJs were modeled, the correlations had limited statistical significance. Why
only a few TJs were sources for slip band formation remains to be clarified.

In this study, we combine 3D characterization and crystal plasticity modeling to analyze incipient slip band for-
mation in thousands of triple junctions in the same lightly deformed Ni-based superalloy sample. To elucidate the
propensity to trigger intense slip bands, the triple junctions without their observed slip bands are modeled within a
large-scale representation of the experimental 3D microstructure, replicating, with high fidelity, the triple junction
lines, grain boundaries and adjoining grains. The micromechanical response and slip activity near the TJs are com-
pared with those near the boundaries and interiors of its parent grains. We find that TJs, on average, develop the largest
concentrations of stress and grain-average re-orientation; however, among the TJs, there are no substantial differences
in stress development. With statistical significance, the key differences between those bands observed to first produce
slip bands lie in the development of grain-average re-orientation and their slip activity (including both the number of
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active slip systems and relative amounts of slip among the active ones). We show that TJs observed with slip bands
tend to develop lower grain re-orientation and are more likely to operate dominant single slip activity than TJs ob-
served with no slip bands. These distinctions strengthen with the amount of accumulated slip on the dominant slip
system. Due to the large datasets examined here and rarity of slip band formation, a statistical analysis is performed

to confirm that these differences are both statistically significant and substantive.

2. Materials and Methods

2.1. Materials

The material investigated is a precipitation strengthened polycrystalline nickel-base superalloy IN718 that displays
a nominal composition of Ni - 0.56 %Al - 17.31%Fe - 0.14%Co - 17.97%Cr - 5.4%Nb - Ta-1.00%Ti - 0.023%C -
0.0062%N (wt%). The material was heat treated to produce large grain size and a high y”’-phase content. Thermal
processing began with a solution annealing step, 30 min at 1050°C, followed by water quench. Afterwards, the
material underwent precipitation hardening, which entails 8 h at 720°C followed by 8 h at 620°C. More details can be
found elsewhere [7, 11].

2.2. Experimental Data Collection

Tensile testing was performed at room temperature using a custom in-situ 5000 N stage within a Thermo Fisher
Scientific Versa3D Dual-Beam scanning electron microscope (SEM) on flat dog bone-shaped specimens with a gauge

section of 1 x 3 mm?

. The test continued until a macroscopic strain of 1.83% where it was interrupted for high-
resolution digital image correlation measurements. The speckle pattern used for these measurements was made by
gold nanoparticle deposition with an average particle size of 60 nm [12]. To reduce imaging distortions, high magni-
fication images were taken at horizontal field widths of 138 um. To reduce drift distortions, large electron beam spot
sizes and large dwell times (20 us, 6 min per image) were used. In addition, to minimize charging effects and beam
defect, low acceleration voltages of 5 kV and a external scan controller were employed [13, 14]. More details can be
found elsewhere [7, 11, 15]. With the HR-DIC images collected during testing, the Heaviside-DIC method (H-DIC)
was used to capture slip localization at the surface during deformation [16]. The Heaviside-DIC provide accurate
location of slip events during deformation and quantitative measurement of the amplitude induced by slip [16]. The
sample preparation, imaging conditions and Heaviside-DIC parameters allow for a discontinuity detection resolution
between 0.2 and 0.3 pixels (7 nm and 10 nm respectively) [6, 16].

The TriBeam system [17] was used for the collection of orientation fields in 3D. After mechanical testing, the
specimen was unloaded and 3D electron backscatter diffraction (EBSD) measurements performed. Electrical dis-
charge machining cuts were performed to prepare a pillar with optimal geometry for a TriBeam experiment. The
pillar is laser ablated with a slice thickness of 1 um. Between each slice, EBSD measurements are collected with a

step size of 1 um to form cubic voxels. Backscatter electron (BSE) images were collected from the top surface of



the pillar. BSE images were also collected every 30 slices for use with dataset stack alignment. A set of 526 slices
was obtained during the experiment and reconstructed into a 3D dataset using the DREAM.3D software [18]. Prior to
reconstruction, each EBSD slice was aligned to match the corresponding BSE image using the procedure described
in [19].

Voxel-accurate alignment between HR-DIC and 3D EBSD data was carried out using the automated method
described in [19], correcting the distortions in each slice of the 3D EBSD dataset. The procedure is presented in detail
in [10] and consists in merging both EBSD and DIC data into a single file, extracting automatically all active slip
planes using the local crystal orientation associated to every slip band, and reconstructing the slip bands in the first
layer of grains after rotating their 3D normal in the sample reference frame. Each slip band consists in a one-voxel
thick plane, defined by its normal and one point on the surface.

TJ voxels were identified per their 3D von Neumann neighborhood (i.e. immediate face neighbor voxels), as the
voxels containing three distinct grain neighbors. Voxels joining the same grain triplets were flagged as belonging to
the same TJ with each triplet of grain neighbors defining a unique TJ id number. Previous work had revealed peculiar
configurations where slip bands emanate from some TJs [10]. To identify which TJs are in this configuration, the
number of voxels shared by any TJ and any slip band in the dataset were calculated. If seven or more contiguous
voxels were shared between a particular TJ and slip band, the TJ was flagged as triggering the formation of that slip
band. A typical configuration of a TJ and intersecting slip band is presented in Figure 1. The experimental datasets
(HR-DIC measurement, 3D voxelized dataset and 3D meshed dataset) are openly available on the Dryad ™ data

repository platform [20]. The related data descriptor article is available in the Scientific Data - Nature ™ journal [21].

2.3. Computational Modeling Background

We begin by outlining the approach taken to build a full-3D experimentally informed microstructure authentic in
the representation of the crystallography and grain structure morphology of the IN718 material. The creation of high-
fidelity mesh representation of grains, boundaries and TJ lines was a critical step in this approach and is non-standard

and hence will be detailed after a brief review of the constitutive law used.

Kinematics and Constitutive Law

The constitutive law used is the large strain formalism for elasticity and crystallographic slip developed by Ka-
lidindi, Bronkhorst and Anand [22] and modified to model strain hardening via a dislocation density based hardening
law. For IN718, the model considers plastic deformation to occur 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.

Here, tensor and vector quantities are denoted by boldfaced uppercase and lowercase letters respectively. All other

terms are scalars. Through multiplicative decomposition, the total deformation gradient tensor F can be separated into
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Fig. 1 A typical configuration of a slip band emanating from a triple junction line. A surface-visible slip trace is labeled in the experimental voxel
dataset. With known slip plane geometry, the slip band is projected in 3D through the depth of the grain where it intersects along the triple junction

line below. Voxels are colored according to the crystallographic orientation along the loading direction.

elastic, F*, and plastic, F”, deformation gradient tensors as, F = F’F”. The second Piola-Kirchhoff (2nd-PK) stress S

due to the elastic deformation gradient F¢ is computed according to the generalized Hooke’s law,

S=C:E ey

where C represents the fourth-order elastic stiffness tensor of the material and E¢ is the work-conjugate Green-
Lagrange elastic strain tensor. This strain tensor is given by E¢ = % (FETFE - I), where F¢7 represents the matrix
transpose of the elastic deformation gradient and I is the identity matrix. The 2nd-PK stress is related to the Cauchy

stress o via the following relation,

1 T
- FeSF. 2
T= eyt > 2)

From the 2nd-PK stress, the resolved shear stress 7¢ driving plastic slip on slip system « is computed according to

Schmid’s law,

=S :(m"®n") 3)

where m® and n” are the unit vectors along the slip direction and slip plane normal respectively.
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The activity of a slip system « is represented by its slip rate, ¥, and is calculated using the associated resolved
shear stress according to a rate-dependent power-law flow rule similar to that suggested by Peirce, Rice and Needleman

(23]
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where ¥ 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.

[24] taking into account the average interaction strengths between slip systems, given in Equation 6

8" =go+pub | > a®pP 3)
B

where gy is the structure independent slip system strength, u the shear modulus, b the value of the Burgers vector, a®?
a dislocation-interaction matrix, and p? the dislocation density on system 8. The shear modulus is given by

C11—C12) ©)

K= C““( 2
The dislocation densities for each system evolve according to the Kocks-Mecking equation (Equation 7) [25],

composed of a positive storage rate term and a negative dynamic recovery term

1{1
o _ | af _ e I
p bK/Eﬁ“PE 2.0 |15 (7)

where K is a constant that describes dislocation junction strength, and y, is the critical annihilation distance. Table I
lists the values of all constitutive model parameters. The model calibration process involves successfully replicating

experimental stress-strain curves (see Figure 9 in Appendix) and has been detailed in previous studies [10, 15].

Microstructure Model and Boundary Conditions

A CPFE mesh for micromechanical calculations was created directly from a characterized 3D microstructure. The
full microstructure, however, is a voxel-based dataset that is too highly resolved for one-to-one voxel to mesh element
mapping. Conversion to a CPFE model then becomes influenced by two opposing factors: maximizing the number
of sufficiently resolved, high fidelity TJs, while not exceeding a practical number of elements for computational
efficiency. With the present computational capabilities, this limit was set to 5 million fully-integrated linear hexahedral
elements (C3D8). Under these constraints, creating a mirrored microstructure down to its TJs involved two main steps:
1) coarsening the full voxelized data set and determining a subvolume from the characterized surface to be modeled
and 2) converting the voxelized microstructure subvolume into an FE mesh.

6



Table I: Constitutive model parameters.

Parameter Value Unit
Ci 259.6 GPa
Cia 179 GPa
Cys 109.6 GPa

Yo 1073 s7!
n 20 -
g0 400 MPa
b 0.257 nm
a®? 0.1 -
00 1.5x10'? m~2
K 10 -
Ye 2.57 nm

In the first step, the resolution of the dataset was reduced by a factor of two in each of the three axes (i.e., voxel
size of 2um). The lower portion of Figure 2(a) shows a typical grain under the coarsened grid. The grain remains
highly resolved and retains the geometry of its respective grain boundaries and triple lines. Next, a subvolume from
the characterized surface is selected. Of the two in-plane surface dimensions and third out-of-plane depth, the latter is
of primary importance, since the subvolume should capture not only the TJ lines but all three of their adjoining grains.
Figure 3(a) shows the histograms of the first and second layer surface grain depths. A subset depth of 75 voxels was
found to span the entire first layer surface grains and 90% of the second layer. Not exceeding the element number
limit of SM corresponds to a subset dimension of 200 x 75 x 200 voxels.

We then determined the location of a subvolume that maximized the number of high-confidence TJs. This la-
bel refers to the increased confidence placed in model predictions at particular TJs based on their representation in
the CPFE model. High-confidence TJs are those whose entire line geometry and volume of their three constituent
grains are fully enclosed by the model without cropping at the subset faces/edges. In this work, direct comparisons
between model predictions and experimental observations of slip bands are reserved exclusively for high-confidence
TJs. Candidate subsets from the reduced resolution microstructure were sampled laterally along both x and z-axes
in a rasterized-fashion, with each time counting the number of high-confidence TJs. Figure 3b shows the final voxel
subvolume.

The second step converts this voxelized microstructure subvolume into an FE mesh with the aim to preserve
the complex 3D geometry of the TJ lines and their adjoining grains. The former refers to replicating the natural

smoothness of the grain boundaries and triple lines and avoiding “stair-step” artifacts in the micromechanical fields



Fig. 2 Before-and-after visualization of the meshing procedure. (a) Selected subset of the reduced IN718 voxel dataset. (b) Final mesh model with
smooth grain boundary surfaces. (c, d) Corresponding voxel and mesh representations of a selected grain. Voxels and mesh elements are colored

according to the crystallographic orientation along the loading direction.

that would otherwise develop near non-conforming voxel mesh [26]. Preserving the morphology of the adjoining three
grains is critical to recreating the local boundary conditions. To accomplish both, the finite element mesh is generated
using Sculpt [27], a companion application to the Cubit Meshing and Geometry Toolkit developed at Sandia National
Laboratories [28]. When the IN718 voxel subvolume subset is initially input into CUBIT, a pre-processing step is
performed to remove small grains (containing fewer than five voxels), and repair certain voxel configurations at grain
boundary interfaces which would result in non-manifold or poor quality mesh. Then, the grain boundaries and TJ
lines are smoothed. Finally, an additional layer of hexahedral elements is inserted at the grain boundary interfaces to

further improve smoothness and mesh quality at grain boundaries and TJs.



Figure 2(b) presents the final mesh consisting of 4.8 million elements of type C3DS8. As a demonstration of the
mesh’s high fidelity, a comparison of before-and-after meshing is provided for a selected grain in Figure 2(c, d). As
a quantitative test of fidelity, the percentage of microstructural features preserved post-meshing was analyzed with
95% of both grains and boundaries, as well as 90% of TJs being preserved as a fraction of their original count in the
experimental subset. Additionally, the total grain volume, boundary area, and TJ length are preserved at rates of 99,

98, and 94% respectively. In total, the model contains 3665 TJs, 477 of which are considered high-confidence.
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Fig. 3 (a) Histograms of first and second layer surface grain depths of the reduced IN718 voxel dataset. Dotted line indicates the selected subset

depth. (b) Location and dimensions of the final subset selection. Grains colored according to the crystallographic orientation along the loading

direction.

Next, crystallographic orientations were assigned to mesh elements. Elements belonging to the same grain were
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assigned the corresponding grain-average orientation from the TriBeam dataset. Although the dataset was obtained
post-deformation, the grain-average misorientations were still sufficiently low, less than 1°.

To distinguish the behavior of grain interiors, grain boundaries, and TJs, the elements in the microstructure mesh
are classified into these three distinct, mutually exclusive element sets: grain interiors, boundaries, and TJs. Each were
defined according to the distance between element centroids and grain boundary or TJ interfaces. Elements whose
centroids were located more than 5 microns away (3—4 element widths) from any grain boundary or TJ interface,
were labeled as grain interior elements. Those whose centroids were located within 5 microns (3—4 element widths)
from TJ lines were labeled as TJ elements, and any remaining elements were labeled as grain boundary elements.
Figure 4 shows these three regions for the studied microstructure. The grain interior, grain boundary, and triple

junction element sets comprise 1.9, 1.8 and 1.1 million elements respectively.

Z 001 011

Fig. 4 Element sets of the IN718 CPFE model: (a) grain interiors, (b) grain boundaries, (c) all 3665 triple junctions. Mesh elements colored

according to the crystallographic orientation along the loading direction.

In simulating deformation, displacement-controlled boundary conditions were applied to the model. Uniaxial
monotonic tension was applied in the x-direction at a strain rate of 1073s~!. All other faces of the virtual sample
remained traction-free. With the exception of the experimental free surface, the traction-free boundary conditions of
the lateral faces are inconsistent with experiment. Selection of high-confidence TJs also serves to limit any potential
negative impact of the applied boundary conditions. With the goal of understanding incipient plasticity, the total final
strain was 0.8%, corresponding to macroscopic yield at an offset strain of 0.2%. All analyses presented hereinafter

are taken at 0.8% total strain.
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3. Results

3.1. Triple Junctions Compared to Grain Boundaries and Interiors

With interest in those potential locations for slip band initiation, we compare in Figure 5 the von Mises equiv-
alent stress, the cumulative slip on all slip systems, and grain reference orientation deviation (GROD) for the three
distinct microstructure regions under 0.8% deformation. The von Mises stress oyy and cumulative slip y are defined

respectively as,

®)

(011 —00)? + (00— 033)> + (033 — 011)? + 6(02, + 035 + 073)
OvM = )

2
v=> [ e ©

a=1

and GROD is obtained from the following equation [29]:

_—
tr(0,07) 1) 10

A8, Grop = arccos( 3

where O, represents the 3 x3 orientation matrix of element n, and O denotes the reference orientation of that element’s
respective grain. See Appendix for details of the GROD calculation.

In Figure 5(a), on average, the TJs experience the highest stress, followed by the grain boundaries, and last the
grain interiors. This result is perhaps expected since, in general, achieving compatibility among three grains at a TJ
is comparatively more difficult than at grain boundaries. The important differences lie at the high-stress range. There,
regions near TJ experience significantly higher stress compared to grain interiors and even grain boundaries. This
helps to explain why TJs would be preferred sites for slip band initiation over grain boundaries and grain interiors.
When comparing in Figure 5(b) the cumulative slip among the different regions of microstructure, the only discernible
difference was a slightly higher amount of cumulative slip for grain interiors compared to the other areas. The grain
boundaries and TJs had almost identical cumulative slip. Regions near TJs do not on average develop larger plastic
strains than elsewhere in the microstructure. Thus, perhaps non-intuitively, ease in plastic strain development is likely
not a precursor event for slip band initiation.

Besides the total accumulation of slip, there are other ways in which these three microstructure features can differ
in slip activity. One way is to compare the evolution of local lattice rotations, using the GROD. The GROD indicates
how local regions of grain rotate differently with respect to the grain average. Here, the GROD is calculated for
each element using the MTEX software [30] and the distributions of GROD within each microstructural class are
examined. Figure 5(c) of the GROD distributions find that regions near TJs develop the largest GROD on average,
followed by grain boundaries and then grain interiors with the least amount of GROD. Large values of GROD near TJs
can also indicate that TJ slip activity diverges from that in the rest of the grain and even grain boundaries. This result,
in conjunction with that of cumulative slip development, shows that while TJs are not associated with larger than
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Fig. 5 Histograms of (a) von Mises stress, (b) cumulative slip, and (c) GROD for grain interior, boundary, and triple junction element sets.

average plastic strains, they do accommodate strain via different slip activity, either by slip on different slip systems

than their adjoining grains or by slip on the same slip systems, but distributed differently, leading to larger amounts of

slip re-orientations than the grain average.

3.2. Local micromechanics of triple junctions

We refine the scale of our analysis to compare one-to-one the TJs in the model and experimental microstructure.

For this analysis, we only consider high-confidence TJs as defined earlier. This reduces the total number of TJs ana-

lyzed from 3665 to 477, 88 of which were observed to have slip bands emanating from their triple lines. Furthermore,

for each TJ, we identify subregions of the TJ volume that belong to each grain. Accordingly, a TJ is comprised of

three mutually distinct subregions (see Figure 6). For a subregion belonging to a surface-visible grain, it is possible to

know whether a slip band emanated from it. Subregions are labeled as “Band” or “No-Band” accordingly. Slip bands
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cannot be detected in surface-invisible grains experimentally by DIC and thus subregions of a TJ belonging to these
grains are not included in the Band/No-Band analysis. Here, TJ subregions are treated as individual entities. The
element-wise average field values for each subregion are calculated and the distributions of these averages for “Band”
and “No-Band” subregions inspected.

Figure 7(a) compares the von Mises stress in the TJ subregions with and without slip bands. No significant dif-
ferences are found in the von Mises stress generated between Band and No-Band TJ subregions. While no distinction
is found when considering all respective TJ subregions, it may be argued that only those which experience significant
levels of plastic strain in the model are of interest. Figure 7(b) makes the same comparison exclusively among TJ sub-
regions that accumulated an above average amount of slip on their primary active slip system, i.e., (y”""" > 5x1073).
The result does not change; the von Mises stress level is similar between the Band/No Band TJs. Thus, while TJs
may generate higher stress than grain boundaries and grain interiors, high stress is not the only pre-requisite for slip
localization.

Figure 7(c) and (d) compare the GROD developed at these subregions. Slip band TJ subregions are associated
with the lower GROD. The Band/No Band differences become more apparent when considering high-slip subregions.
Earlier, we found that TJs are locations of high GROD compared to grain interiors and grain boundaries. When
comparing among the grains belonging to the same TJ, the slip bands tend to form in the subregion with low GROD.
This would suggest that the slip banding is favored in grains where the slip activity at the TJ is similar to that in the
grain. Towards identifying the favorable slip activity for slip bands, we compare the number of active slip systems
between the Band/No Band regions in Figure 7(e) and (f). Here a slip system is considered active if at 0.8 % total strain
its level of cumulative slip y* is greater than 10™*. The model indicates smaller number of active slip systems within
Band TJ subregions compared to No-Band subregions. This distinction increases further when considering high-slip

subregions.

3.3. Slip activity indicators of slip band formation

To further investigate slip activity in the Band/No Band TJ subregions, we calculate the slip dominance and slip
ratio to characterize the distribution of slip among the active slip systems. Both quantities are related to the average
cumulative slip of each slip system for a given subregion. Slip dominance is defined as the maximum contribution of
cumulative slip of any slip system to the overall cumulative slip. It ranges from é to 1, indicating respectively cases
where there is equal activation of all 12 slip systems, and cases where only one slip system was ever active. Slip ratio is
the ratio of cumulative slip between the second-most and most active systems and ranges from 0 to 1. Simultaneously
larger values of slip dominance and smaller values of slip ratio indicate predominant single slip. While these two
metrics are not independent, they offer different insight into the distribution of slip activity. For instance it is possible
for a grain to have both relatively high slip dominance and slip ratio, indicating predominance of two slip systems.
Based on the earlier analysis, we posit that TJs prone to forming a slip band have both lower slip ratio and higher slip

dominance compared to other TJs.
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Figure 8 indicates that Band TJ subregions develop higher slip dominance and lower slip ratio compared to No-
Band subregions. This is more pronounced for subregions that have developed significant levels of plastic slip. Both
slip dominance and slip ratio are shown to be effective indicators of slip localization. The consistency between the
calculations and experimental observations of slip band formation suggests that the incipient slip localization behavior
of IN718, and potentially other nickel-base superalloys, is governed to a significant degree by the micromechanical in-
teractions of grains. It is predominantly a result of a combination of TJ line geometry, the crystallographic orientations

of the three adjoining grains, and their incompatibility in deformation when stressed.

4. Discussion

4.1. Rare microstructural conditions for slip band initiation

It has been theorized that grain boundaries and TJs are likely spots of intense slip band formation in nickel-base
superalloys in part because these regions develop elevated incompatibility stresses due to large elastic anisotropy
[10, 31, 32]. Experimental and computational studies of these alloys provide evidence of TJs developing complex
stress states and activating multiple slip systems, some of which are locally unique compared to the predominantly
single slip activated in corresponding grain centers [15]. Results of this analysis support this viewpoint, however much
less is known with regard to what makes certain triple junctions over others prone to initiating slip bands. Our analysis
demonstrates no significant differences in von Mises stress between the two types of TJ subregions, suggesting that
while development of critically high stresses is important for slip in general in these regions, it does not play a decisive
role in their incipient slip localization behavior.

Intrinsic and extrinsic defects associated with TJ lines and corresponding grain boundaries are also considered
to be important factors in slip band initiation. In the absence of deformation, intrinsic defects at TJs result from
orientation mismatch at the boundary junctions. Both grain boundary misorientations and TJ crystallography (i.e.,
grain boundary dihedral angles) have significant effects on the character of these defects and excess elastic strain
energy produced at TJs [33-35]. Other extrinsic defects resulting from plastic incompatibility may exist at TJ lines
before deformation as a product of thermo-mechanical history [35]. Both types of defects are believed to play a
substantial role in slip activation near TJ lines, with particular focus drawn towards the character of adjoining grain
boundaries and their effects. Slip system activation, development of persistent slip bands, and fatigue crack nucleation
at TJs have all be found to depend highly on the number of coherent twin, and random grain boundaries they possess
[10, 36, 37]. This dependence extends to the IN718 system where slip bands are found to emanate from TJs with
at least one coherent twin boundary, more so than those that consist of three random boundaries [10]. Conventional
crystal plasticity does not account for defect character of TJs and grain boundaries. Doing so requires additional
treatment of dislocation/boundary interactions and non-local hardening. Still, the conventional CPFE model used
here predicts significant differences in the relative distribution of slip between the TJ subregions based solely upon on

geometry, crystallography and incompatibility driven by elastic anisotropy. These findings support the idea that slip
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band initiation along TJ lines is not simply dictated by their defect character and instead is controlled to a considerable
degree by their inherent grain neighbor constraints and resultant distribution of slip activity.

The foregoing results suggest that usage of metrics, like slip dominance and slip ratio, would be valuable for
advanced crystal plasticity model formulations that model slip bands explicitly. Many of such models implement
local material softening as a means of triggering slip localization [38-40]. Some in particular invoke an exponential
decay of critical resolved shear stress with increased slip rate or accumulated slip to achieve localization [41, 42].
Moving forward, metrics like slip dominance and slip ratio which account for the distribution of accumulated slip
could be integrated into these advanced formulations in ways which could affect either threshold conditions and/or the
evolution of strain softening. Optimal parameter configurations may then be set through grainscale calibrations with

experiment.

4.2. Statistical significance

While noticeable differences in the calculated distributions of micromechanical quantities between Band and No-
Band TJ subregions arise, these may be biased due to choice of binning and imbalance of classes. Of the 477 high-
confidence, surface visible TJs, 117 are Band and 831 No-Band TJ subregions of which 59 and 365 are considered as
high-slip subregions, respectively. With this level of class imbalance and the similarity of distribution shapes among
most CPFE quantities analyzed, there is potential for any visible differences between histograms to be related to
random sampling.

Given that most of the distributions presented are heavily skewed and non-normal, we opted for a non-parametric
(“distribution-free”) hypothesis test to assess stochastic equality of Band and No-Band TJ subregions. We performed
two-tailed Mann—Whitney U-tests for all CPFE quantities discussed with the assumption that the samples tested were
mutually independent [43, 44]. The Mann—Whitney U-test is conceptually similar to the well-known Student’s #-test
as it is used to check for significant differences between two independent groups with regard to a single variable
[45]. However, whereas the ¢-test leverages assumptions of the distributions, including normality and equal variance,
to evaluate shifts in sample means, the Mann—Whitney U-test evaluates for shifts in the main mass of probability
between samples. The test operates by first combining observations from two samples (e.g., samples “1”” and “2”) and
ranking them from one to N, where N represents the total sample size (n; + n, = N). A common choice of ranking is
from lowest to highest value are smallest to largest. Once ranks are assigned, summed rank scores are computed for

each sample (R, and R;) and a U value is computed for each sample as,

1
U =R, - m( + 1) (11)
2
1
Uz:Rz_%” (12)

The smaller of U; and U, is reported as the final U-statistic with smaller values indicating greater group separation
(e.g., U = 0, complete separation). Lastly, U can be compared with critical values, U,;iscq, t0 determine statistical
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significance (P value). The hypotheses tested were the null hypothesis, Hy, being that the two samples (averaged
CPFE quantities of Band and No-Band TJ subregions) are from the same distribution, and the alternative hypothesis,
H,, being that the distributions differ.

The U-test, like most statistical tests, may report statistically significant differences given large enough sample
sizes even when the magnitude of those differences may be negligible. Therefore, along with null hypothesis testing,
we compute Cliff’s ¢ effect sizes to determine whether any reported differences between Band and No-Band subre-
gions are substantive. Cliff’s ¢ is a non-parametric effect size that quantifies the difference between two groups of

observations and is calculated as,

5o X > X0) - (X < X)
niny

13)

where #(X| > X,) represents the number of values from group 1 greater than those of group 2, and X, < X) repre-
sents the reverse case [46]. Values of ¢ range from —1 to +1, with extreme values indicating no intersection of the
groups and a value of 0 indicating complete overlap.

Results of the statistical tests can be found in Table II. When considering all TJ subregions (n; = 117 and n, =
831), the U-tests report very significant differences (P < 0.001) between subregions with respect to slip dominance
and slip ratio, each with non-negligible effect size. For the case of high-slip subregions (n; = 59 and n, = 365), very
significant differences (P < 0.001) were found for all quantities besides von Mises stress with increased effect sizes
in line with the observations made in Sections 3.2 and 3.3. By modeling a large number of TJs with high-fidelity
microstructure representation and incorporation of experimental observation of slip bands, statistically significant
evidence is found pointing to differences in local micromechanical response between TJs that do and do not produce

slip bands.

5. Conclusions

Combined 3D characterization of slip bands and 3D high-fidelity micromechanical calculations on the same 3D
microstructure are carried out to understand the microstructural triple junction (TJ) features that promote slip band
initiation. Considering the multiple variables at play and their statistical variations, to establish relevant correlations,
the analysis is performed on thousands of TJs. The TJs display unique deformation behavior compared to other fea-
tures of the microstructure like grain interiors and boundaries. Additionally, the model predicts significant differences
in local micromechanical response between TJs with and without experimentally observed slip bands emanating from

their triple lines. The main conclusions are as follows:

1. TJs are likely sources of slip localization as they develop higher stresses on average compared to interior regions
of grains and even grain boundaries.

2. Overall cumulative slip development between grain interiors, boundaries, and TJs is very similar and does not
explain the proclivity of slip localization at TJs.
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Table II: Results of the two-tailed Mann—Whitney U-tests for all TJ subregions and those with
appreciable slip on the primary system, y”"4"Y > 5 x 1073, Reported are test statistics, U, P

values, and Clift’s |6] effect size.

CPFE variable yPrimary U P value 1]
- 44973 0.388 0.05
von Mises stress
>5x1073 11035 0.76 0.02
- 40754 0.02 0.14
GROD
>5x1073 6936 1.15%x107? 0.36
- 42532 0.08 0.10

# Active systems
>5%x1073 6393 5.49x107 0.41

- 56903 4.31x10* 0.20
>5x107° 14450 2.49%x107 0.34
- 39182 2.78x1073 0.17
>5x107° 7298 7.12x107 0.32

Slip dominance

Slip ratio

* Effect size interpretations: negligible (|6 < 0.147), small (0.147 > |6| < 0.33),
medium (0.33 > |§| < 0.474), and large (|8 > 0.474) [47].

3. TJs experimentally observed to produce slip bands develop lower grain-average reorientation, and activate fewer
slip systems compared to those without observed bands. The number of active slip systems at these TJs is mostly
one and no more than two. Evidently, slip bands preferably form in a grain that has nearly single slip on the
same slip system both at the TJ and in its entire volume.

4. On average, TJs with slip bands observed undergo more localized slip on one slip system than those without
slip bands as measured via percentage of overall cumulative slip (slip dominance), and relative cumulative slips
of the first and second-most active systems (slip ratio).

5. These differences in slip activity between band and no-band TJs are pronounced among those TJs that experi-

ence above-average cumulative slip.
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6. Appendix

6.1. Inconel 718 Stress-Strain Curves
6.2. Calculation of GROD

For a grain comprised of N elements with each element » having and orientation matrix O,,, the average orientation

matrix of the grain O is calculated as

N
— 1
0= Z:; 0, (14)
The reference orientation of the grain Ois computed as the orientation which minimizes its averaged misorientation
[29]. By defining a quantity L? = 6T6, Ois specified by the relation
0=L0 15)
making the final calculation of GROD for an element n expressed as

=7
tr(0,0") 1]' (16)

AB,.Grop = arccos( >
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Fig. 6 Visual illustration of the “Band” and “No-Band” element labelling approach. (a) Example triple junction (TJ) consisting of two surface-

visible grains, each of which had a band emanating from the TJ line. Elements belonging to the surface-invisible grain are discarded. (b) Example

TJ where all three grains are surface-visible, yet no slip band is found emanating from the TJ line in any grain. Mesh elements colored according

to the crystallographic orientation along the loading direction. Band and No-Band subregion elements colored red and blue separately.
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Fig. 7 Histograms of von Mises stress, GROD, and number of active slip systems for (a, c, ) all Band and No-Band TJ subregions and (b, d, f) TJ

subregions with above-average cumulative slip on their primary system, y?4 > 5 x 1073, Histograms are semi-transparent, regions of purple

indicate overlap.
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Fig. 9 Engineering stress-strain curves of IN718 measured by experiment and from the calibrated CPFE model. The calibration procedure has been

detailed in previous studies [10, 15].
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