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Abstract 

In this paper, strains are monitored in-situ at the surface of a polycrystalline 316L sample loaded quasi-statically in 

uniaxial tension. Initial orientation data collected over thousands of grains is compared with the strain data evolution in 

order to investigate, with statistical significance, the relationship between the microstructural features and the strain 

localization patterns emerging at the grain scale. It is shown quantitatively that high values of strain appear early and 

primarily around grain boundaries, before growing into a network spanning several grains and grain boundaries. Strains 

are also heterogeneous within a grain, with the heterogeneity tending to be more pronounced in larger grains. Statistical 

analyses demonstrate that the usual microstructural descriptors—such as Taylor factors, average intragranular 

misorientation angles or intergranular misorientation angles—do not display any correlation with the localization 

network. Furthermore, higher Schmid factors, albeit exhibiting some weak correlation with higher strains, fail to 

systematically identify the grains that experience the largest strains. It is thus proposed to analyze three-dimensional 

descriptors of orientation expressed in the Rodrigues space and they are shown to help readily identify orientations that 

exhibit high strains early in the loading. Additionally, the study of the full three-dimensional misorientation information, 

expressed in the reduced Rodrigues space, clearly highlights the fact that some misorientations oppose localization at 

certain boundaries in the microstructure at hand. Hence, considering the full three-dimensional orientation (and 

misorientation) data instead of just scalar descriptors is demonstrated to be of great interest when investigating the 

relationship between microstructural features and strain localization. 
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Introduction 

It is well acknowledged that the assumption of homogeneity in deformation for polycrystals only holds at a rather 

macroscopic scale. Indeed, even under uniform macroscopic loading, the mechanical behavior of polycrystals is highly 

heterogeneous at the local scale due to individual grain orientations. Heterogeneity also appears quite early—i.e. during 

the elastic phase of the macroscopic loading—through localized plasticity that is evidenced by the emergence of slip 

lines at the grain surfaces in the material [1]. 

Modeling the behavior of polycrystals while taking into account the individual orientations of their grains is not 

straightforward because each grain is actually constrained by the other grains of the polycrystal in which it is embedded. 

The classical assumptions made regarding the heterogeneity of mechanical quantities in polycrystals are the ones of 

Sachs [2] and Taylor [1] that lead to lower and upper bounds of the polycrystal’s macroscopic behavior, respectively. 

To summarize, Sachs’ model assumes that all grains in the polycrystal see the same state of stress while Taylor’s model 

assumes a homogeneous state of strain. For the interested reader, a more comprehensive discussion of these approaches 

can be found, for example, in Khan and Huang [3] which additionally details the self-consistent schemes that lead to an 

intermediate behavior between the two bounds (by satisfying conditions of both kinematic compatibility and 

equilibrium). Nevertheless, these models, which are classified as "mean-field" models, are meant to predict the 

macroscopic behavior of polycrystals. 

Schemes that aim at describing localization both temporally and spatially at the microscopic scale belong to the 

class of "full-field" models [4, 5]. They usually consider physical mechanisms down to the atomistic level of 

dislocations, and compute mechanical quantities within grains that are actually represented either in 2D or 3D. However, 

simulations are very often carried-out on non-realistic descriptions of the polycrystal via artificial microstructures 

generated by Voronoi-based tessellation (e.g. [6-9]), even if they describe experimentally-measured statistics of grain 

orientations. In fact, works integrating both realistic microstructure morphologies and orientation distributions (e.g. [10-

12]) focus on the macroscopic response of the polycrystal. Only recently has such an approach involved several hundred 

grains [13]. Nevertheless, numerical studies focusing on the local response of exact real microstructures (i.e. assigning 

grain shape and orientation as measured) tend to be computationally expensive, limiting the considered aggregate to a 

small number of grains (e.g. [14-18]). 

In parallel, early experimental studies dedicated to investigating plastic strain localization at the microstructural 

scale have also been limited to very few grains [14, 15, 19, 20]. More recent studies have exploited advances in imaging 

speed and resolution as well as improvements in the handling of large datasets, leading to two different approaches. 

Some have focused on ultra-high-resolution strain fields highlighting localization at the scale of slip lines over a few 

grains (e.g. [21-24]). Others have conducted strain field measurements at the grain scale, but on a larger number of 
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grains (e.g. [25-32]). The latter studies report common features regarding the development of the plastic network at the 

surface of the studied samples: early localization, preferential localization at grain boundaries, appearance of a network 

with 45° localization bands and, very often, the limitation of Schmid factors in pinpointing the first grains that are 

expected to experience plasticity. Note here that the lack of correlation between plasticity and Schmid factors has been 

systematically reported for body-centered cubic (BCC) polycrystals, but these polycrystals are known to exhibit 

abnormal plasticity, as reminded recently by Cho et al. [33]. On the other hand, matches between appearance of plasticity 

and high Schmid factors have been reported in face-centered cubic (FCC) materials (e.g. [23, 25]) and BCC oligocrystals 

[31], but these matches are based only on a few occurrences: no quantitative or statistical correlation was established in 

either case. Nevertheless, all authors conclude that grain neighborhoods significantly influence the way that plasticity 

develops across the aggregate. 

Details on how grain parameters and how interactions between grains lead to specific patterns of localization are 

hence still not clearly understood. Analysis of a large amount of grains is thus needed to reach statistical significance 

and identify possible quantitative correlations. Here it is worth mentioning that the experimental studies that have 

actually focused on establishing correlations between plasticity and microstructural parameters on statistically 

representative datasets (e.g. [34-37]) have only aimed to correlate increasing macroscopic plastic deformation to the 

evolution of local misorientations within grains. Concurrent strain measurements at the grain scale were never 

performed. To our knowledge, the only attempt at relating initial microstructural parameters to plastic localization 

following a statistical approach has been reported in Carroll et al. [31], where statistical correlation analyses were 

focused on the relationship between strain and stress projection factors in a BCC polycrystal. 

In this work, initial orientation data collection and grain-scale strain measurements over thousands of grains (to 

ensure proper statistical significance) are conducted on an FCC polycrystal. Details about data collection and processing 

are given in the Experimental Methods Section. With this data in hand, the focus is set to obtain experimental insights 

into the parameters that govern plastic localization and its subsequent organization into a pattern or network. Hence 

many common microstructural descriptors—such as Schmid factors, Taylor factors, average intragranular 

misorientation angles or intergranular misorientation angles— are analyzed statistically in connection with the 

development of a localization network throughout the microstructure. In addition, the full three-dimensional 

representation of orientations and misorientations are also considered via the corresponding Rodrigues vectors. They 

are proven to be more informative regarding the localization process than the scalar descriptors that inherently miss part 

of the orientation data (see Discussion). 
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Experimental methods 

Material and sample 

The material examined in this study was 316L austenitic stainless steel (see chemical composition in Online 

Resource 1), a single-phase FCC alloy widely used in marine, medical, civil engineering and energy applications. A 

dog-bone-shaped sample was cut out of the as-received rolled sheet, heat-treated under air at 1,200 °C for 2 h, and 

subsequently water-quenched. The heat-treated sample was then grinded with silicon carbide papers up to grade P2500 

and successively polished in colloidal silica solutions containing 60 nm and 20 nm particles, respectively. In addition to 

removing the oxide layer induced by the heat treatment, this led to the mirror finish necessary for conducting electron 

back-scattered diffraction (EBSD). The geometry and dimensions of the sample are reported in Fig. 1. 

 

Fig. 1 Sample geometry and dimensions (in mm) showing a sketch of the pyramidal indents made in the zone of interest 

to serve as orientation and position references. The loading direction is along the horizontal axis of the figure 

Pyramidal indents were made on the sample's surface within the central zone of interest, as sketched in Fig. 1. They 

served as the orientation and position references that appear on both optical and SEM images for subsequent 

superimposition of local strain data and orientation data, respectively. The pyramidal indents were located a few grains 

away from the zone of interest so that the plastic deformation they induced did not interfere with the results. 

Microstructural characterization 

Orientation data was collected within the central zone of the mirror-polished sample by the aforementioned ZEISS 

SEM equipped with an EBSD module manufactured by HKL. Orientation collection was performed on a 7.02 mm x 

7.02 mm zone that included the indents, with a 15-µm pitch in both the horizontal and vertical directions. Covering such 

a large area involved using the beam mode (i.e. scanning by deflecting the electron beam) to perform scans smaller than 

1 mm by 1 mm, and the stage mode (i.e. displacing the sample by a motorized stage underneath the beam) to repeat 

single scans and cover the entire area of interest. Indeed, the 1° accuracy of the EBSD module in beam mode is only 

guaranteed up to a maximum scan area of 1 mm by 1 mm. Data from each single scan was finally stitched together using 

the Channel 5 EBSD software provided by HKL [38]. 
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Orientation data, given as three Euler angles in the Bunge notation by the Channel 5 software, was then processed 

by an in-house program [39] to detect grain boundaries from a 5° change in orientation and to subsequently identify 

grains and their characteristics. Orientation data was also converted to the Rodrigues space in which uniqueness of 

orientation is ensured [40, 41] (see also Online Resource 1). 

Mechanical loading 

The 316L flat dog-bone-shaped sample was submitted to quasi-static uniaxial tension within a 5569 Instron 

electromechanical load frame equipped with a 50 kN load cell and screw-action grips having serrated faces. The sample 

was loaded up to a 250 MPa nominal stress in displacement-controlled mode at an equivalent nominal strain rate of 

5.10-4 s-1, and unloaded in load-controlled mode down to 0 N. The start of the test and the recording by an optical camera 

installed in front of the sample (see next Section) were triggered simultaneously and were synchronized by using 

overlapping recording frequencies (100 Hz for load data and 0.2 Hz for optical images). The complete setup is shown 

in Fig. 2. 

 

Fig. 2 Experimental setup for in-situ in-plane strain field measurements under uniaxial loading. The inset shows the 

area of the sample imaged by the camera as well as the speckle pattern 

 In-situ in-plane local strain fields measurements 

The sample was imaged during loading by a Jai Pulnix TM-4200 CL CCD camera equipped with 81.5 mm 

extension tubes and a 50 mm Nikon lens. The camera has a 2048 x 2048 pixels matrix with a 12-bits depth and, in the 

test configuration, the spatial resolution was 4.2 µm/pixel. Prior to testing, a thin but opaque layer of white acrylic paint 

was applied to the sample with an airbrush. It was then speckled with black paint, also applied with an airbrush, so as 

to obtain a random distribution of grayscale patterns. Note that the pyramidal indents were not covered with paint so as 

to remain visible in the optical images, as seen in the top inset of Fig. 2. Two optical fibers mounted on an infrared-
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filtered halogen source were symmetrically directed at the sample to obtain uniform lighting. The intensity was adjusted 

to get a widely distributed range of gray levels in the optical images. 

Digital Image Correlation (DIC) was performed using commercial software VIC-2D from Correlated Solutions Inc. 

The conversion of digital data into continuous data was done through a high-order interpolation scheme (8-tap spline), 

and the Zero-Normalized Sum of Squared Differences (ZNSSD) correlation criterion was chosen to analyze the images 

due to its particular insensitivity to noise and light fluctuations [42]. In-plane displacement fields were obtained 

throughout the loading by using the initial image as the reference; the in-plane strains computed from these displacement 

fields are finite strains expressed in the reference configuration (Green-Lagrange strain tensor). Finally, the subset size, 

determined as a compromise between accuracy and resolution, was taken as 17 x 17 pixels with a 3-pixel step size 

(corresponding to a subset of 71.4 µm x 71.4 µm with a step of 12.6 µm). The lower inset of Fig. 2 provides a zoom 

onto the speckle as well as a representation of a 17 x 17-pixel subset but note that the full extent of the grayscale 

gradients, actually spread on 12 bits in the processed data, gets significantly degraded on a standard 8-bit image as the 

one provided in Fig. 2. 

With the large deformations at play, out-of-plane deformation arises at the surface of the sample due to lattice 

rotation at the microstructural scale. Nevertheless, Sutton et al. [43] demonstrated that the error for in-plane strain 

measurements due to out-of-plane displacement at the surface of the sample is of the order of ∆Z/Z where ∆Z is the out-

of-plane displacement and Z is the distance between the object and the pinhole. In our case, since ∆Z was 22 µm at the 

last correlation step (∆Z was measured post-mortem by a Leica DCM8 Confocal microscope) and Z was 63 mm, the 

maximum error was of the order of 0.035 %—acceptable at the largest deformation state. Finally, the systematic error 

(inherent to the DIC sub-pixel correlation algorithm [44, 45]) and the random error (due to contrast variations during 

the imaging process [42, 46]) were evaluated for the images at hand and resulted in an uncertainty of 0.012 % and 

0.076 % on the Von Mises strain data, respectively. Note here that the objective was not to obtain a very accurate value 

of strain but rather to access its relative distribution within the grains of the polycrystal in order to identify the 

localization network. 

Experimental results 

Microstructural data 

An EBSD orientation map generated by Channel 5 software is presented in Fig. 3a along with the corresponding 

pole figures in Fig. 3b demonstrating that the material only retained a mild rolling Brass texture after recrystallization. 
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Fig. 3 (a) ESBD map and the (b) corresponding pole figures obtained in the central zone of the sample before loading 

In the rest of work, all analyses are restricted to a zone of interest (ZOI) that is common to both EBSD and DIC 

data and is sufficiently far away from the indents, as highlighted by the dashes in Fig. 3a. The grain size distribution 

was computed from Channel 5 raw data and is reported in Fig. 4a. In this common ZOI containing 2247 grains, the 

average grain size was 114 µm, thus ensuring that for most of the microstructure (94.3%, see further comment in the 

first paragraph of the “Statistical analyses and discussion” Section) the subset and step sizes chosen for the DIC 

computation provided strain data at the microstructural scale. Orientation and misorientation data of the common ZOI 

are then presented in Fig. 4b and 4c, respectively. More precisely, in Fig. 4b, the orientation distribution of the common 

ZOI is plotted in the Rodrigues space. Each grain average orientation, weighted by its area, was binned in the Rodrigues 

space and the data in each bin was then normalized to correspond to a statistical intensity within the microstructure 

(expressed as a percentage). Note that to facilitate the reading of all Rodrigues plots, it was chosen here to make the size 

of a point/sphere proportional to the intensity/color it represents. A few locations with higher intensity emerged in this 

orientation distribution as expected from the slight texture seen in Fig. 3b. Fig. 4c then displays the misorientation 

distribution of the common ZOI. Note here that to ensure uniqueness of misorientation data representation for cubic 

crystals, one needs to work in a subspace corresponding to 1/48th of the fundamental Rodrigues space (see Online 

Resource 1 for more details) of Fig. 4b. For each grain, the misorientation with each of its neighbors (weighted by the 

length of the corresponding boundary) was computed and binned in the Rodrigues subspace. The data in each bin was 

then normalized to correspond to a statistical intensity within the microstructure, expressed in percent. The 

misorientation distribution shows fairly uniform distribution throughout the subspace except for a much higher intensity 

at the highest apex of the subspace that corresponds to Σ3 coincident site lattices (CSL), i.e. twins. 
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Fig. 4 a) Grain size distribution, b) orientation distribution in the Rodrigues space and c) misorientation distribution 

in the reduced Rodrigues space. All analyses were performed within the zone of interest common to both the EBSD and 

DIC data, highlighted by the dashes in Fig. 3a 

Additionally, average orientation data within each grain was used to compute Schmid and Taylor factors for the 

statistical analyses reported in the next Section. The corresponding figures are reported in Online Resource 1, and one 

simply notes here that no specific pattern emerges from either distribution field of Schmid or Taylor factors. 

Macroscopic stress-strain curve 

The macroscopic nominal stress-strain curve of the tensile test is plotted in Fig. 5, with nominal stress obtained 

from the force measured by the load cell divided by the initial section of the sample at rest and with strain corresponding 

to the average value of the Von Mises strains computed by DIC in the zone of interest. Squares are overlaid on this 

curve to mark the instances at which quantities are reported in the rest of the paper. For reference, the values of strain 

and stress at each of these instances are listed in Table 1. 

 

Fig. 5 Macroscopic nominal stress-strain curve. The squares overlaid on the curve mark the instances at which 

quantities are reported in the rest of the paper 
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 Instance #1 Instance #2 Instance #3 Instance #4 Instance #5 Instance #6 

Strain (%) 0.05 0.13 0.22 0.43 0.87 1.59 

Stress (MPa) 89.7 156.8 189.1 217.6 235.1 251.9 

Table 1. Stress and strain values at the instances #1, #2, #3, #4, #5 and #6 marked in Fig. 5 

Local in-plane strain fields 

Three of the pyramidal indents made at the surface of the sample were used to establish the affine plane 

transformation from the coordinate system of the optical images to that of the coordinate system of the EBSD data 

extended onto a triple grid. This permitted a projection of the measured strain fields (obtained by DIC computations 

made on the optical images) onto the initial map of grains (obtained by EBSD) in order to observe the development of 

the plastic network throughout the microstructure during loading (see Fig. 6). Since data is projected onto a triple grid 

of the EBSD data, every pixel adjacent to an interface between two grains (detected as a change in orientation) can be 

colored in black without covering the whole interior of a grain, hence creating a map of grain boundaries that can be 

overlaid on top of the aforementioned projected fields. As loading progresses, high values of strains appear closer to 

grain boundaries throughout the microstructure before spreading into a more and more intense network that takes the 

form of inclined bands spanning several grains. 

 

Fig. 6 Von Mises in-plane strain fields at the instances a) #1, b) #2, c) #3, d) #4, e) #5 and f) #6 (marked in Fig. 5) 

projected onto a map of the initial microstructure of the sample with overlaid grain boundaries 
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Statistical analyses and discussion 

Before presenting the conducted statistical analyses, it is important to discuss further the resolutions of the data at 

hand. EBSD data is based on a 15 µm step size and strain data is obtained with a similar step of 12.4 µm. Hence there 

is at least one strain data point per orientation data point and several strain data points per grain. However, strain is 

computed—and thus averaged—over 71.4 µm-side subsets. On the one hand, when one considers the overall spatial 

distribution of strains, the subset size can be seen as a filter that smoothens out the actual strain gradients in the 

microstructure but does not change the general distributions/patterns. On the other hand, when one considers the strain 

data in a small grain, the strain value is affected by the strain in the neighboring grains. Most of the statistical analyses 

conducted in the paper do not make use of quantitative intragranular data but instead of the general distribution of strains 

throughout the microstructure by only considering the high strain network (see below). Only the last analysis, that  

considers strain values within grains, may be affected by the averaging effect of the subset in small grains. Hence, to 

remove any possible bias on the statistical outcomes, grains with a diameter below 72 µm (5.7% of the considered ZOI) 

are excluded from all statistical analyses. 

As can be seen in Fig. 6, the higher strain values tend to first appear at discrete locations throughout the 

microstructure before spreading and even connecting as the load increases—hence forming a "network". In each image, 

a threshold separating higher strain values from lower ones can be defined in order to binarize the strain data and thereby 

highlight a "high-strain network" or "localization network", as pictured in Fig. 7a (corresponding to instance #4). Here, 

the strain threshold in each image is taken as the sum of the average Von Mises strain (computed by DIC) and the 

standard deviation within the field weighted by the inverse of the relative position of the image during the whole 

sequence. This weighting allows one to account for the fact that the relative error on strain incurred by the DIC 

computation is high when strains are low and decreases when strain increases. Since strain fields at each loading step 

are projected onto the initial microstructure, one can now go beyond the observations of Fig. 6 and analyze quantitatively 

1) the relationship between the high-strain network and grain-related data; 2) the relationships between the high-strain 

network and boundary-related data; and 3) the correlation between strain values and grain-related data. Each analysis is 

detailed in the next subsections. 

Relationship between the high-strain network and grain-related data 

In what follows, note that strains are not measured at each boundary (which would require ultra-high-resolution 

measurements and specific techniques [47]). Instead, the binarized data of the high-strain network (see Fig. 7a) is 

projected onto the EBSD data in which grain boundaries have been detected (see previous section): this simply makes 
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it possible to determine whether the identified high values of strains fall onto a grain boundary or within a grain. Such 

information is plotted in Fig. 7b, where it can be seen that the proportion of grain boundaries and grain area covered by 

the high-strain network remain very close throughout the loading. Considering that the total area of grains is much larger 

than the total area of boundaries within a microstructure, this result indicates that the high-strain network tends to 

concentrate primarily at the vicinity of grain boundaries. 

 
Fig. 7 a) High-strain network at instance #4 projected onto a map of the initial microstructure of the sample with 

overlaid grain boundaries; zones of high strain are colored in yellow while the rest appears in green. b) Fraction of 

boundaries and grain area covered by the considered plastic network throughout the tensile loading 

Since it is commonly assumed that grains becoming plastic are those with the highest Schmid factor, the 

distributions of Schmid factors for both the whole ZOI (blue) and the high-strain network (red) are plotted in Fig. 8. 

Note that the overlapping area between the red and blue histogram bars appears in dark red. At the beginning of loading, 

the two distributions are very similar (maximum difference of 1.27 % at instance #2 for the bin of highest Schmid 

factors); however, as the loading progresses, the proportion of grains with high Schmid factor becomes larger (4.55 % 

at instance #4 and 5.53 % at instance #6) in the distribution of the grains belonging to the high-strain network than in 

that of the distribution in the whole ZOI. This confirms that grains experiencing plastic localization tend to have a higher 

Schmid factor (but this is not systematic since less than 20% of grains experiencing high strains have a Schmid factor 

of 0.5 and grains of much lower Schmid factor also experience high strains). Additionally, it is surprising that the 

observed tendency is lower at the beginning of the loading than when plasticity is more widespread. 

 



 12 

Fig. 8 Distributions of Schmid factors in the whole ZOI (blue) and in the grains belonging to the high-strain network 

(red) at instances a) #2, b) #4 and c) #6. Note that the overlapping area between the red and blue histogram bars 

appears in dark red 

Note that similar assessments of distributions of other grain-related data—such as Taylor factors, kernel average 

misorientations and average intergranular misorientations (with neighbors of rank 1, 2 and 3)—were done throughout 

the loading, although none were conclusive. 

However, all the previously analyzed quantities are scalar descriptors of orientation data that is by nature a three-

dimensional quantity. Hence some data is lost in such descriptors, which is why the three-dimensional orientations of 

the grains covered by the high-strain network expressed as Rodrigues vectors are now considered. The average 

orientation of each grain of the ZOI is weighted by the relative area that is covered by the high-strain network at a given 

loading step. This data can then be binned in the Rodrigues space to represent the proportion of a given orientation, in 

percentage, belonging to the high-strain network throughout the loading (see Fig. 9). When comparing the orientation 

distribution of the whole ZOI (Fig. 4b) to the proportions of ZOI orientations belonging to the high-strain network, one 

notices significant differences in the distributions. Neither at the beginning of the loading nor at the end does the 

proportion of ZOI orientations belonging to the high-strain network resemble the (area-weighted) orientation 

distribution of the ZOI. This clearly confirms, as is already known [1, 2, 48, 49], that grains experiencing high levels of 

strain and plasticity are not of random orientation (if that was the case, each distribution in Fig. 9 would look like the 

orientation distribution of the whole ZOI microstructure). However, no specific pattern (cluster or line)  indicating that 

a certain texture is more prone to plastic localization seems to emerge from the distributions of Fig. 9, including when 

one plots the distribution as slices of Fig. 9c (see Online Resource 1). It is important to recall though, that the initial 

microstructure did not exhibit any strong texture either. 

 

Fig. 9 Proportions of ZOI orientations belonging to the high-strain network at instances a) #2, b) #4 and c) #6 
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Relationship between the high-strain network and boundary-related data 

Since the high-strain network has a propensity to concentrate around grain boundaries, focus is set in what follows 

on gradients of properties across boundaries. In particular, the distributions of Schmid factor ratios across boundaries 

both in the whole ZOI (blue) and in the high-strain network (red) are plotted in Fig. 10. It can be seen that the proportion 

of boundaries exhibiting a ratio close to one (i.e., boundaries across which the Schmid factors are nearly identical) is 

systematically higher in the high-strain network compared to the rest of the microstructure (3.69 %, 4.9 % and 3.94 % 

at instances #2, #4 and #6, respectively). Here again, the same study can be performed with the corresponding Taylor 

factor distributions though no significant difference is found between either distribution throughout the loading. Note 

that these studies can also be carried out by considering the difference of either Schmid or Taylor factors instead of their 

ratios. In fact, they lead to the same results for the Schmid factors insofar that ratios close to one correspond to gradients 

close to zero as well as for the Taylor factors, with no significant difference between the distributions. This result 

indicates that slip transmission tends to be favored at boundaries where Schmid factors are identical; again, this is not 

systematic since it only applies to at most 23 % of the corresponding boundaries. 

 

Fig. 10 Distributions of Schmid factor ratios across boundaries in the whole ZOI (blue) and in the grains belonging to 

the high-strain network (red) at instances a) #2, b) #4 and c) #6. Note that the overlapping area between the red and 

blue histogram bars appears in dark red 

The distribution of misorientation angles at the boundaries of grains belonging to the high-strain network were also 

compared to the distribution of misorientation angles at the boundaries of the grains of the whole ZOI, at each step of 

the loading. There was no predominance of any specific angle among the high-strain network at any point in the loading, 

but again only a scalar quantity was used to describe a three-dimensional information. 

The full three-dimensional misorientation data at boundaries is now considered and is expressed as Rodrigues 

vectors, weighted by the proportion covered by the high-strain network at a given loading step. This data is binned in 

the reduced Rodrigues space to represent the proportion of a given misorientation, in percentage, belonging to the high-

strain network throughout the loading (see Fig. 11). When comparing the misorientation distribution of the whole ZOI 
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(Fig. 4c) to the proportions of ZOI misorientations that belong to the high-strain network (Fig. 11), one notices 

significant differences in the distributions. Boundaries that get covered by the high-strain network exhibit 

misorientations that tend to populate the interior of the Rodrigues subspace even though no specific pattern seems to 

form (see also the distribution of Fig. 11c represented as slices in Online Resource 1). However, of greater interest are 

not the boundaries that experience localization but those that resist localization. As a matter of fact, the particular feature 

that stands out in Fig. 11 is the very low proportion of misorientations close to the highest apex of the subspace (Σ3 

CSL) that belong to the high-strain network—even though they are highly represented in the studied microstructure (see 

Fig.4c). This implies that such misorientations may also play a role in the spread of the plastic network, albeit by 

opposing localization at boundaries of particular misorientations. 

 

Fig. 11 Proportions of misorientations at boundaries of the ZOI belonging to the high-strain network at instances a) 

#2, b) #4 and c) #6 

Correlations between strain values and grain-related data 

Finally, with the data at hand, it is possible to probe potential statistical correlations arising between the average 

strain value within a grain (and its standard deviation) and grain-related parameters such as grain size, number of 

neighbors, mean intragranular misorientation angle, Schmid and Taylor factors, and average intergranular 

misorientation angle of ranks 1-4. At each loading step, the Spearman rank correlation coefficient [50] can be computed 

between the strain values and the grain-related data, along with the associated p-value that tests the hypothesis of no 

correlation (beyond a certain threshold) against the hypothesis of a nonzero correlation (below this threshold). Among 

all tested parameters, the correlations that stand out are between the strain standard deviation and the grain area (see 

Fig. 12a to c, for which the Spearman rank correlation coefficients are 0.357, 0.420 and 0.423, respectively, and for 

which all p-values are zero). A correlation is also found between the strain values and the Schmid factor since the p-

value is 0 (see Fig. 12d to f) but, to a much lesser extent, because the Spearman rank correlation coefficients are only 

0.149, 0.156 and 0.150, respectively. The positive values of the Spearman rank correlation coefficients in Fig. 12a to c 

suggest that strain deviation and thus heterogeneities increase with grain size. The low values of the Spearman rank 
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correlation coefficients in Fig. 12d to f demonstrate the very weak correlation between high Schmid factors and high 

strain values. 

 

Fig. 12 Relationship between strain standard deviation and grain area at instances a) #2, b) #4 and c) #6. Relationship 

between average strain within a grain and its Schmid factor at instances d) #4, e) #5 and f) #6 

Discussion 

Projections of strain fields onto EBSD data has allowed us to study quantitatively and statistically the relationships 

between the strain localization pattern and initial microstructural features. It is confirmed quantitatively that localization 

appears primarily at grain boundaries rather than within grains. Localization is also heterogeneous within a grain, with 

the heterogeneity tending to be more pronounced in larger grains. Statistically, the grains experiencing higher strains 

show a marginally higher proportion of 0.5 Schmid factors in their distribution than the whole microstructure. Hence 

the difference is insufficient to systematically associate plasticity with higher Schmid factors. This is even more evident 

when plotting the average intragranular strain as a function of the Schmid factors. Even though there are some 

correlations, they remain quite low, as has been pointed out in numerous studies. This limitation of Schmid factors in 

pinpointing the first grains that are expected to experience plasticity has long been attributed to the influence of grain 

neighbors. However, even when focusing on quantities that can inform one about the relationships between grains and 

their neighbors (such as the classical angle of misorientation), no correlation stands out. It was only found that 

boundaries covered by the high-strain network tend to show a unity ratio of the Schmid factor (implying that slip 

transmission is higher at boundaries between grains having close Schmid factors)—but again, this is not a systematic 

relationship. 
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In fact, the main effect of grain neighbors is that they inherently render invalid the assumption of strain homogeneity 

within the aggregate—the very assumption that is used to compute the Schmid factors. To solve this issue, Guery et al. 

[18] have proposed to recompute the Schmid factors throughout the loading via a coupling between experiments and 

numerical simulations, but have also shown that even if correlations are reinforced, they remain rather poor. 

Additionally, grain neighbor influence comes into play when considering surface information of a three-dimensional 

aggregate. Knezevic [13] has indeed demonstrated via numerical simulations that 3D effects have a non-negligible 

influence on strain distributions at the surface of an aggregate although mainly at very high levels of strains. 

Thus, considering the full three-dimensional aggregate might not be sufficient. Indeed, if it has long been 

acknowledged that grain orientations and grain neighborhoods (hence misorientations) both influence localization, only 

scalar quantities representing three-dimensional orientation and misorientation data have been considered so far in 

literature, to our knowledge. Even though it remains complicated to compute correlations between a spatial distribution 

of scalar strain values and three-dimensional information, the plots of Fig. 9 and Fig. 11 show readily that three-

dimensional data is worth considering since orientations that exhibit high strains can be highlighted very early in the 

loading. Similarly, when misorientation angle data does not yield any correlations, analysis of the full three-dimensional 

misorientation information clearly show that some orientations oppose localization and possibly slip transmission. 

Conclusion 

Microstructural and strain field data were analyzed over thousands of grains in a 316L sample under tension to 

explore the relationships between initial microstructural parameters, localization, and the development of a high-strain 

network throughout the grains. It is evidenced that localization primarily concentrates at grain boundaries. The limitation 

of Schmid factors in pinpointing the first grains that should experience plasticity is also confirmed, a shortcoming that 

is often attributed to the influence of grain neighbors. Of course, the full three-dimensional experimental approach 

proposed by Pokharel et al. [37] could solve the question of the influence of the underlying grain neighbors and give 

more insight into the physical mechanisms at hand in polycrystalline aggregate deformation processes. However, such 

experiments and the analysis of their data remain very tedious and costly. Here the proposed protocol is simple to 

implement and can rapidly provide statistically relevant information. Additionally, it is demonstrated that analyzing 

three-dimensional orientation and misorientation data to investigate strain localization in polycrystals is a route worth 

pursuing, even on surface data. It could be indeed valuable to use this approach and collect more data on microstructures 

with different textures or grain sizes and also to consider other parameters that may affect localization (such as previous 

heat treatments [51] or surface roughness of the tested sample [52]). Other materials systems, such as BCC, could also 

be analyzed to investigate whether plastic localization exhibit the same features than observed in this study. With such 
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a breadth of data easily collected, one can also envision employing machine-learning algorithms to detect correlations 

that may be otherwise difficult to notice when handling three-dimensional data; the final objective being to predict the 

plastic localization that leads to crack initiation and potential failure from an initial EBSD scan of the surface of the 

sample. 
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