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Abstract 

The stress-state within individual grains in a polycrystal determine the fate of the aggregate 

including mechanical failure. By tracking the evolution of the stress tensor throughout the 

elastoplastic transition, large rotations of the stress state, which have long been theorized to 

occur, are observed experimentally for the first time. These stress rotations (~15°) are more than 

an order of magnitude larger than the concomitant crystallographic lattice reorientations (~0.9°) 

well-known to occur during metal plasticity. Furthermore, these rotations are accompanied by a 

decrease in stress triaxiality within certain grains, promote strain softening, and set the stage for 

failure at an early stage of deformation. These results provide a completely new perspective 

through which to contemplate the question of “hot-spots” responsible for failure of high-

performance structural materials.   
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1. Introduction 

 Highly engineered polycrystalline, metallic alloys are an integral part of the modern 

society and are at the heart of infrastructure, manufacturing, energy production, and 

transportation sectors. Sustainable performance relies on the ability of these materials to 

withstand design loads and resist failure. Scientists and engineers have increasingly employed a 

physics-based, multiscale modeling approaches to obtain a detailed description and 

understanding of polycrystalline deformation behavior. This strategy necessitates well-designed 

experiments for model validation (Sangid, 2020). At low homologous temperatures, under high 

stresses, the motion of dislocations is the primary mechanism for plastic deformation in most 

crystalline materials. Thus, quantifying the stress-state within the individual grains of a 

polycrystalline material is key for understanding plastic deformation. Furthermore, these stresses 

play a critical role in determining damage via initiation of shear bands, cracks and voids, in a 

loaded polycrystal. Notably, the accumulation of damage due to localized plasticity during cyclic 

loading leads to fatigue, which is one of the main failure mechanisms in structural components 

(e.g. Gagg and Lewis, 2009). The elastoplastic transition (also known as yielding) is particularly 

relevant, since fatigue can occur at stresses well below the macroscopic yield strength, where 

only a fraction of grains may undergo dislocation motion during cyclic loading. Due to the 

inherent elastic and plastic anisotropy of single crystals, the stress (and strain) levels within the 

individual grains of a polycrystal can strongly vary, e.g. stiffer grains share a larger stress. As a 

result, significant grain-scale heterogeneity develops where, e.g., a distinct dislocation 

substructure evolution may occur in grains of different orientations (Jakobsen et al., 2006, 2007). 
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 A Single Crystal Yield (hyper) Surface (SCYS) is a map in six-dimensional stress space, 

which delineates the elastic conditions from those which give rise to plasticity. A slip system 

induces a (hyper) facet of the SCYS in stress space, and the direction of plastic straining on that 

system is perpendicular to that facet. Facets from all slip systems of highly symmetric crystals 

form a closed surface, the inner envelope of which is the SCYS. For the rate independent case, 

slip occurs if the resolved shear stress (RSS) on a slip system is equal to the critical resolved 

shear stress (CRSS), on that system. For the rate dependent case, the CRSS is a function of 

temperature and strain-rate and the strain rate sensitivity of the material is an important 

parameter that determines the “roundness” of the single crystal yield potential (SCYP). The 

seminal theoretical works of Kocks (Kocks, 1970; Kocks et al., 1983) followed by finite 

element-based full-field polycrystal plasticity simulations of Dawson’s research group (e.g., Ritz 

et al., 2010) highlighted the fact that the crystal stress-state may strongly reorient during the 

elastoplastic transition. These rotations are posited to occur along ‘facets’ and ‘edges’ of the 

SCYS towards stress ‘vertices’ where multiple slip systems are simultaneously activated, in 

order to accommodate arbitrary straining directions and maintain compatibility among the grains. 

Since then, several other finite element-based simulation studies have also shown that the crystal 

stress state tends to align with a vertex of the SCYS (Han et al., 2012, 2013; Han and Chung, 

2012). However, the experimental evidence for such predictions have been lacking.  

 Figure 1 shows a schematic two-dimensional SCYS defined by three slip systems (one per 

pair of parallel facets). A portion of the SCYS is magnified to illustrate the concept of stress 

rotation. For simplicity, isotropic elasticity and perfect plasticity are assumed, since extension to 

the completely general case (e.g. Lee et al., 2017, 2018) does not alter the concept. Prior to 

yielding (at 1), the material is elastic, and as soon as the material yields (at 2) the total straining 
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direction is now (within an infinitesimal strain framework) the algebraic sum of two 

components; the plastic strain increment, which is normal to the facet of the yield surface, and 

the elastic strain increment. With deformation, the stress and strain tensor evolve in a manner 

such that stress equilibrium, strain compatibility, and the grain’s boundary conditions are 

satisfied simultaneously. Due to interactions with neighboring grains, the total straining direction 

of a grain may change with deformation and, consequently, the stress will rotate in order to 

produce the correct total strain increment and maintain compatibility among the grains (e.g., at 

3�. If the stress state rotates to a vertex where multiple slip systems intersect, then a range of 

plastic straining directions can be accommodated by a linear combination of the involved slip 

systems, (at 4). This implies that the crystal stress-state will tend toward the vertices (or at least 

edges) of the SCYS, rather than only rotating toward the macroscopic applied stress (Kocks, 

1970; Kocks et al., 1983; Ritz et al., 2010).  
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Figure 1. Schematic of the single crystal yield surface (SCYS), with a magnified view, 
describing the relation between the direction of stress (black arrows) and the direction of plastic 
strain increment, ���(red arrows) at different stages of elastoplastic transition. The total strain 

increment, ����� is comprised of an elastic, ���	 and a plastic component. The stress rotates 
towards a vertex to produce the required strain increment. For the rate dependent single crystal 
yield potential (SCYP), the same straining direction is achieved before the stress reaches the 
vertex.   
 The specific vertex towards which the grain stress-state rotates will depend on both the 

boundary conditions imposed on a specific grain and its crystallographic orientation. Kocks 

(1970) emphasized that, in order to maintain compatibility among the grains in a polycrystal, the 

resulting conditions of “polyslip” are the norm beyond the elastoplastic transition.  

 An important point to note is that as the stress-state rotates, the magnitudes of the stresses 

may also change. Thus, the rotation of the stress tensor is potentially accompanied by an 

alteration of the nature of the stress state, e.g. the stress triaxiality, which is known to have a 

significant effect on failure of materials (Lou et al., 2014; Papasidero et al., 2015).  

2. Material and methods  

2.1 Sample and ex-situ characterization 

A metastable β-Ti alloy, Timetal-18 with composition, 5.5Al-5V-5Mo-2.4Cr-0.75Fe-

0.15O (in wt.%) (Fanning, 2011; Lebrun et al., 2014), was used for this study because a 

relatively low modulus and high yield strength provide the best combination for minimizing the 

experimental uncertainty in the diffraction-based assessments of lattice strain (and therefore 

stress). Rectangular sections were machined out from the as-received rolled plate with bimodal 

microstructure, which was then subjected to 
 solution heat treatment, under Ar atmosphere, at 

910°C for 1h, followed by water quenching (SHTQ). The resulting microstructure is large 

grained (~200 µm), essentially single phase with a BCC crystal structure as determined from 

selected area electron diffraction (SAED) within a TEM. Substructure with intragranular 
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misorientations of <0.7° were present. Further details about the microstructure and the grain size 

distribution are presented elsewhere (Bhattacharyya et al., 2020, 2021). Tensile specimens with 

loading axis parallel to the rolling direction (RD) of the plate were electro-discharge machined 

from the heat treated sections and were used for the in-situ diffraction experiment. 

2.2 High-energy X-ray diffraction microscopy (HEDM) 

The in-situ diffraction experiment was conducted at F2 station at Cornell High Energy 

Synchrotron Source (CHESS). A monochromatic source radiation of 61.332 keV was used. A 

tensile specimen with 1.0 x 1.0 mm2 gage cross-section was deformed under uniaxial tension up 

to ~6% strain (failure), using the Rotation and Axial Motion System (RAMS2) load frame 

(Blank et al., 2016; Shade et al., 2015). Data up to a total strain of 2.5% is used in the present 

study.  A crosshead displacement rate of ~10 nm/s was imposed which corresponds to a strain 

rate of ~1 × 10�� s-1.  

The relationship between the sample and the laboratory coordinate system is such that the 

beam direction is along –z || TD and the loading axis is along y || RD, prior to sample rotation. 

An optical camera placed at the side collected images of the sample surface (x plane) that were 

processed using a custom digital image correlation (DIC) script to calculate macroscopic strains. 

Output from a load cell was used to calculate the macroscopic stress on the sample.  

Diffraction patterns (Debye rings) were collected continuously and recorded on two 

Dexela 2923 detectors located at a distance of 735 mm behind the sample, as the sample 

deformed and rotated 360° about the tensile loading axis, y, at 0.25° increments, with exposure 

times of 0.25 s, resulting in a total of 1440 diffraction images per scan. Each scan took about 6 

min, which includes the time for the detectors to output the data. Prior to the in-situ experiment, 

calibration data (sample to detector distance, detector tilts, and detector distortions) were 
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obtained using a CeO2 powder standard and finely calibrated (including tilt of the rotation axis) 

using a ruby crystal standard.  

The diffraction peaks were indexed with respect to their (hkl) and grains of origin, due to a 

judicious balance between the size of the diffracting volume and the grain size. Details of the far-

field (ff-HEDM) data reduction and calibration have been published elsewhere (Bernier et al., 

2011; Edmiston et al., 2011, 2012) and the data reduction procedure for this experiment involved 

first identifying the ff-HEDM peak locations (2�, � & �� in order to determine the center-of-

mass, crystallographic orientation and elastic strain tensor of individual grains in the diffracted 

volume by the HEXRD package (https://github.com/joelvbernier/hexrd).  

The quality of the indexing of a diffraction pattern is determined by two parameters: the 

completeness and the goodness-of-fit (��) value. Depending on the choice of threshold values of 

these two parameters, a trade-off is being made between confidence in the grain quantities 

themselves and the statistical relevance of the number grains being analyzed. As the 

completeness and �� metrics become more stringent, the number of grains analyzed decreases, 

but the confidence in the conclusions drawn from this subset of grains increases. Here, metrics 

are chosen heuristically to strike a balance between these competing considerations.  

Details regarding the completeness and the �� metrics are given elsewhere 

(Bhattacharyya et al., 2021). In brief, the “completeness” is defined as the ratio between the 

number of predicted diffraction peaks (typically ~100) to that observed experimentally.  A 

threshold value of 90% (or 0.9) is used throughout, at each step. The �� value is computed in the 

normal way, based upon the residual between the measured and predicted diffraction events. A 

�� minimization algorithm is employed which iteratively varies the components of orientation, 

position, and strain of the grain to obtain a best fit. A �� value of less than 0.05 was deemed a 
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good fit and was employed in the present work. During plastic deformation, the multiplication of 

dislocations distorts the diffraction peaks and thus degrades the quality (peaks spreading as well 

as splitting up along � & ��, which inhibits successful indexation. Thus, the completeness and 

the �� value degrade with straining. The elastic strain values are particularly sensitive to the 

quality of the diffraction peaks, hence to these metrics.  

The near-field experiment was conducted on the undeformed sample to characterize the 

3D microstructure. A LuAg:Ce scintillator coupled with a 5X objective lens to a Retiga 4000DC 

CCD camera was used to record the raw data. The detector system has 2048 pixels by 2048 

pixels with an effective pixel size of 1.48 μm. The scintillator was placed 6.50 mm from the 

sample. For these measurements, a 2.5 mm (width) × 0.15 mm (height) beam cross section was 

used and 6 adjoining vertical scans were carried out to characterize the central 900 mm height of 

sample (the same region which was characterized by the ff-HEDM experiment described above.) 

For each of these 6 layers, diffraction patterns were collected at every 0.25° as the sample was 

rotated 360° in ω resulting in a total of 1440 diffraction images. 

Initially, 105 grains were identified by ff-HEDM of which 101 were successfully 

reconstructed by the nf-HEDM technique, whereas only 31 grains satisfied the completeness and 

the �� at 0.025 strain.  As a reminder, only data obtained from those grains for which the 

completeness is high (> 90 %) and the �� value is low (< 0.05) are used at a given strain level.  

In order to classify the grains based on their strain hardening behavior, a total of 65 

grains were considered, each of which satisfy the completeness and �� threshold criteria up to at 

least 1.5% strain. Out of these, 23% of the grains show a flat response (neither hardening or 

softening), 37% of the grains exhibit hardening, 32% of the grains show a softening response, 

and 8% of the grains exhibit erratic behavior. 
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2.3 Micro-computed tomography (μCT)  

Following the far-field scans, transmission radiographs were collected as the sample was 

rotated 360° about the tensile loading axis, y, at 0.1° rotation increments, using a Retiga 4000DC 

camera coupled to a LuAG:Ce scintillator with a 5× lens (1.48 μm effective pixel pitch) placed 6 

mm from the sample. 3-D tomographic reconstructions were generated from the raw radiographs 

using custom Python scripts based on TomoPy, an open-source Python package (Gürsoy et al., 

2014). The spatial resolution of the μCT reconstructions are ~ 1.45 μm. 

2.4 Lattice rotation 

The lattice rotation of the grains is quantified as the evolution of the misorientation, with 

respect to their initial orientation, and is computed according to: ��� = ������  ��×��!
"���∙��

, where, ��� 

is the misorientation between the orientation at the jth step, $�, and the initial one, $�, all 

represented as Rodrigues vectors (Becker and Panchanadeeswaran, 1989). The angle by which 

the crystal rotates with reference to the initial position, is given by  ��� = 2 tan�"(���(.  

2.5 Rotation of the grain stress tensor 

The diffraction experiment described above provides the complete grain-level elastic 

strain tensor, the grain position (centroid), and the crystallographic orientation of individual 

grains embedded within the polycrystalline specimen. The stress tensor for a given grain is 

calculated from the elastic strain tensor, the crystallographic orientation, and the single crystal 

stiffness coefficients, using Hooke’s law and single-crystal elastic constants determined 

previously (Bhattacharyya et al., 2020). In this work, the eigenvalues (principal stress 

components) and the eigenvectors (directions of the principle components) of the stress tensor 

are used. While the stress rotation is characterized by the changes of the orientation of the 
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eigenvectors, the stress-state e.g. triaxiality is determined in the normal way as the mean stress 

divided by the von Mises equivalent (i.e. by the eigenvalues). Obviously, a pure rotation without 

any changes in the three principal stresses would leave the triaxiality unchanged. 

The angle between the eigenvector of the maximum principal stress, )*+,, and the 

uniaxial macroscopic loading condition, Y = [0,1,0], i.e. � = cos�"0)*+, ⋅ 2� is a measure of 

‘coaxiality’. Note, in prior works, researchers have defined coaxiality as � = cos�" 3 456758⋅4
|456758||4|:, 

where the macroscopic applied stress ;+,<+	 = =0, ;>>, 0,0,0,0? and ; is the grain stress, and they 

have also observed that the stress coaxiality increases with straining (Lienert et al., 2009; 

Chatterjee et al., 2016; Juul et al., 2017; Turner et al., 2017). It is important to keep in mind that 

neither of these definitions of coaxiality completely characterizes the rotation, since it describes 

only one of the angles viz. the one corresponding to the eigenvector of the maximum principal 

stress and the macroscopic stress along the loading direction. 

To completely quantify the rotation of the stress-state, the misorientation (e.g. axis-angle 

pair) between the stress-state and a reference is required. Since the rotation which occurs during 

yielding is of interest, a strain level of 0.008 which coincides with the onset of yielding (the 

proportional limit) is chosen as the reference, and the misorientation between the eigenvectors of 

the stress tensor of each grain are computed with respect to the eigenvectors of the stresses 

corresponding to this reference strain. 

2.6 Coaxiality with stress vertex 

In order to examine whether the grain-level stresses headed toward a vertex, the 

following strategy was adopted. First, all 56 vertices of the SCYS corresponding to 5 or more 

independent <111>{110} slip systems were examined, and the coaxiality of the stress with all 

these vertices were computed. The vertex which yielded the minimum coaxiality at the end of 
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the elastoplastic transition (applied strain 0.015) was chosen, and then the coaxiality between this 

vertex and the stresses at different strain levels was computed. Examples from representative 

grains show either a monotonic approach towards the vertex, or in some instances, the stress-

state rotates toward a vertex and then away. 

2.7 Crystal plasticity modeling 

  The Micromechanical Analysis of Stress-Strain Inhomogeneities with fast Fourier 

transform (MASSIF) code (Lebensohn et al., 2012; Tari et al., 2018) was used to model the 

constitutive response of this alloy in the 
 solution heat treated and water quenched condition. 

The details of the model including the initial 3D microstructure instantiation and the model 

predictions are given elsewhere (Bhattacharyya et al., 2021). In this work, the results pertaining 

to the simulations carried out using the <111>{110} mode are considered. For comparison, the 

coaxiality with macroscopic stress and the stress misorientation were calculated according to the 

procedure described above, using the simulated grain-level stress values.    

3. Results 

The constitutive response obtained from the in-situ HEDM experiment is shown in Fig 2a. 

The numbered points denote different stages throughout the elastoplastic transition. The 3D near 

field reconstructed microstructure and relationship to the macroscopic sample are presented in 

Figure 2b.  
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Figure 2 a) Stress strain curve obtained from the Timetal 18 specimen from the in-situ 
experiment. The black numbered points denote different stages throughout the elastoplastic 
transition: starting from elastic (1), microyielding (2 and 3) and fully plastic (4). b) The tensile 
specimen employed in this study, highlighting the gage section and the 3D reconstructed 
microstructure as obtained from the near-field experiment. The orientation map of the 
microstructure in the gage section, shows an essentially random initial texture of the material and 
that a significant fraction of the grains lies on the free surfaces. 
 

To visualize the orientation of the stress tensor of a grain with respect to the polycrystalline 

specimen, it is convenient to use the stereographic projection and to map the eigenvectors 

(directions) of the stress tensor onto the unit sphere. Fig. 3a-c shows this schematically. The 

eigenvectors of the stress tensor of a grain is represented by the colored arrows with respect to 

the sample coordinates x, y, and z, where y is the macroscopic uniaxial loading direction. In the 

unloaded condition, the maximum principal stress (denoted by the red arrow) points in arbitrary 

directions which may be due to residual stress (Pokharel and Lebensohn, 2017; Tari et al., 2018).  

At the end of elastic loading, the maximum principal stress aligns closely with the macroscopic 

loading direction (Fig. 3b) and it remains aligned until the end of straining (Fig. 3c).  

The direction of the maximum principal stress within several grains is projected onto the 

equatorial plane in Fig. 3d, under no load, at the end of elastic loading, and at an applied strain of 

0.025. Fig. 3e shows the evolution of the angle between the eigenvector of the maximum 
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principal stress and the macroscopic loading direction, also known as coaxiality, with straining. 

As soon as the specimen is loaded, the stresses within the grains rapidly align with the loading 

direction and become increasingly coaxial as straining progresses. However, the average 

coaxiality changes very little (<2°) beyond a small, elastic strain level of ~ 0.3%. The fact that 

the stresses never align exactly with the macroscopic loading direction is a consequence of the 

elastic and plastic anisotropy of the material.  
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Figure 3. Unit sphere showing schematically the relationship between the eigenvectors (colored 
arrows) of the stress tensor of a grain and the sample coordinate system, x, y, and z, where y is 
the macroscopic loading direction, illustrating how the stress-state rotates with applied strain. a) 
In the unloaded condition, the maximum principal stress (red arrow) points in an arbitrary 
direction. b) At strain of 0.008, the maximum principal stress aligns closely with the 
macroscopic loading direction and c) It remains so until the end of straining, while the grain 
stress-state mainly rotates about the applied stress axis. d) Stereographic projection of the 
eigenvector of the largest principle stress showing that the stresses do align near the macroscopic 
loading axis at the center of the stereogram (y) in all the grains, but e) shows there is little change 
in the level of coaxiality from the proportional limit (strain of 0.008) and the final strain (0.025).  

 

The evolution of the stress misorientation angle is shown as a function of applied strain in 

Fig. 4a. While the maximum principal stress component rotates by <2° during yielding (see Fig. 

3e), the complete stress-state rotates, on average, by ~15° (see Fig. 4a), providing the first direct 

experimental evidence of what was theoretically described by Kocks over 50 years ago (1970).  

The stress misorientation rapidly evolves during the elastoplastic transition (yielding) and then 

plateaus once all the grains yield. Note also that these rotations are very large relative to the 

lattice reorientation of ~ 0.9°, on average (Fig. 4b).  Such small lattice rotations are expected 

since the plastic strain imparted during the experiments is small, ~1.5%. The stress reorientation 

in some representative grains (Fig. 4c) show a rapid increase with strain throughout elastoplastic 

transition. These grains individually show a variety of constitutive responses including: a high 

strain hardening rate, near perfect plasticity, and even strain softening. The eigenvectors 

corresponding to all three principal stresses at successive strain levels are shown in stereographic 

projections, presented with respect to the sample coordinates (Fig. 4d). Examples from other 

grains are shown in Fig. 5. Note that in all cases, the rotation towards the loading direction only 

contributes a small portion to the total misorientation, while the major contributor is the rotation 

about the loading axis. 
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Figure 4. a) The stress state within the typical grain rotates an average of 15°. b) The evolution 

of lattice (crystallographic) orientation as a function of applied strain showing that the crystals 

only reorient on average, by 0.9°. c) The stress reorientation in representative grains throughout 

the elastoplastic transition, d) An example from a typical grain showing that the principal stress 

eigenvectors primarily rotate about the main loading axis, not toward it. The black arrows show 

the nature of the stress reorientation. P1 is the maximum and P3 is the minimum principal stress. 
 



16 

 

 

 
Figure 5. Examples of the stress reorientation in three representative grains showing that for all 
cases, this reorientation is primarily about the loading axis. The black arrows show the nature of 
the stress reorientation. P1 is the maximum and P3 is the minimum principal stress. 

 

The stress-states of the grains are revealed to rotate about 5° (on average) toward the “target 

<111>{110} vertex” which is closest at the end of the elastoplastic transition (Fig. 6a). Examples 

from selected grains are shown in Fig. 6b. The coaxiality can either show a monotonic decrease 

in the angle between the stress-state and the vertex which is closest at an applied strain of 0.015, 

typically, after plasticity has commenced, or rotation away from the vertex, probably due to 

activation of another slip system, potentially one of the <111>{112} type slip systems. 

Additional crystal plasticity simulations suggest a change in slip mode and an associated change 
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in the direction of lattice rotation at the same point in straining (Bhattacharyya et al., 2021). 

Whereas an associated change in the direction of lattice reorientation could not be confidently 

detected experimentally, the change in the direction of stress rotation is readily detected. If one 

considers the coaxiality with the macroscopic (uniaxial) loading condition (see Fig. 3e), one 

finds that it reaches a limiting value early in the test (prior to yielding) and it does not further 

evolve. Thus, the results emphasize what has been stated on the basis of simulations; the grain-

level stress state tends to rotate more toward the vertices in the SCYS than toward the 

macroscopic boundary conditions (Ritz et al., 2010).  

 

Figure 6. a) The stress-state of the grains rotate ~ 5°, on average, toward the “target vertex” 

during the elastoplastic transition, though they saturate at orientations which are still far from the 

vertices (~20°). b) The evolution of coaxiality with a vertex in representative grains showing 
either a monotonic decrease in the angle between the stress-state and the vertex which is closest 
at an applied strain of 0.015, typically, after plasticity has commenced, or rotation away from the 
vertex, probably due to activation of another slip system, potentially one of the <111>{112} type 
slip systems.  
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The results obtained from the MASSIF simulations are shown in Figs. 7 and 8. For the 

evolution of the angle between the eigenvector of the maximum principal stress and the 

macroscopic loading direction, (Fig. 7a), the MASSIF simulations also predict that the maximum 

stresses within the grains quickly align with the loading direction. After this initial, rapid 

alignment, the subsequent change in the average coaxiality is ~2°, in agreement with the 

experiment. Even in the simulations, the stresses never align exactly with the macroscopic 

loading direction thus confirming that this observation is due to the elastic and plastic anisotropy 

of the material. The MASSIF-predicted evolution of the stress misorientation angle is shown as a 

function of applied strain in Fig. 7b, and the complete stress-state rotates, on average, by ~15° 

which is very similar to that observed experimentally (see Fig. 4a). Although there are subtle 

differences in the experimental and simulated distributions at each strain level, the simulated 

results essentially show the same trend where the stress misorientation rapidly evolves during the 

elastoplastic transition and then tends to stall once all the grains yield. Even the variation among 

the grain populations is similar. However, on a grain-by-grain basis, the simulations do not 

match the experiment for every case (Fig. 7c), thought the agreement is satisfactory for some. 

Finally, the evolution of all the three predicted eigenvectors for the representative grains (Fig. 8) 

confirm that the major rotation of the stresses is indeed about the loading axis and not towards it. 

These simulation results further suggest that the major experimental observations presented in 

this paper are not due to experimental uncertainties. 
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Figure 7.  Results of MASSIF simulations a) showing that the coaxiality slightly decreases 
during yielding after which it stays essentially constant. b) The stress-state within the grains 
rotate on average by 15°, where the stress misorientation rapidly evolving during the 
elastoplastic transition and then tends to slow down once all the grains yield c) The stress 
reorientation in representative grains throughout the elastoplastic transition showing that the 
simulations predict a slightly lower (as compared to the experiment) stress reorientation for some 
grains while for others, the agreement is quite satisfactory. 
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Figure 8. MASSIF simulations results of stress reorientation in the representative grains shown 
in Fig. 7c, showing that for all cases, this reorientation is primarily about the loading axis. The 
black arrows show the nature of the stress reorientation. P1 is the maximum and P3 is the 
minimum principal stress. 
 
 
4. Discussion 

The experimental results highlight that the rotations of the stress-state predicted by theory 

are observable. Furthermore, they are large, relative to the rigid body and lattice rotations which 

crystals undergo during the elastoplastic transition. Furthermore, although the stresses tend to 

rotate toward a vertex, the rotations saturate by the end of the elastoplastic transition, and the 

stress-states are still far from the vertices (~20°). This is expected because of the following 

reasons:  



21 

 

 

1. Most metals and alloys are rate insensitive at ambient temperatures, but not entirely rate 

independent. Hence, there is a finite curvature at a vertex in a real SCYP, (Fig. 1), and the 

stress-state need not get into a vertex to activate multiple slip systems, only get close to it. 

2. Dislocations within BCC metals may glide on multiple types of slip planes, {110}, {112}, 

{123}, etc. (Castany et al., 2012; Wang et al., 2020). Kocks (1970) highlighted that under 

such conditions, the stress-state in the grains do not have to go to a vertex,  rather “edges” of 

the SCYS are sufficient. Kocks (1970) further pointed out that all of the vertices involving 5 

or more slip systems are occluded (outside the SCYS). Later studies (Piehler and Backofen, 

1971; Raphanel and Schmitt, 1984; Schmitt and Raphanel, 1986) confirmed that 

combinations of 3 or 4 such “pencil glide” slip systems are sufficient to accommodate any 

general strain. Again, we provide some of the first experimental evidence of a theory which 

was essentially laid out 50 years ago, but the experimental proofs have been lacking ever 

since.  

3. It has been previously noted that interactions between many slip systems result in high 

energy dislocation configurations (Bay et al., 1992). This is why grains break into 

subdomains, within which only 1-3 slip systems operate (Gioacchino and da Fonseca, 2015). 

The specific slip systems which are active vary from one subdomain to another, and this 

allows the entire grain to maintain compatibility and low stored energy.  

4. The microstructure of the interrogated gage volume (see Fig. 2b) reveals that a large fraction 

of the grains is exposed to the free surface of the sample, i.e. they are not completely 

surrounded (have at least one free surface) and, therefore, are not as constrained as typical 

grains within a bulk polycrystal. Fewer active slip systems can accommodate plasticity in 

such cases, and therefore, the stress-state is not required to reach a vertex. 
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Our results demonstrate that the alignment of the stresses with the macroscopic loading 

direction is only a small part of the stress reorientation, though it had been the focus of prior 

investigations (Lienert et al., 2009; Chatterjee et al., 2016; Juul et al., 2017; Turner et al., 2017). 

Actually, the grain stress states mainly rotate about the applied stress axis and not toward it (see 

Figs. 3e, 4d, and 5). It is mainly the stress components which are normal to the applied stress 

axis which change significantly. Hence, the eigenvectors corresponding to these principle 

stresses as well as the eigenvalues change the most. To illustrate an observed connection 

between these changes in the eigenvalues and spatial location, the stress triaxiality is plotted as a 

function of the distance of the grain centroid position from the center, on the x-z plane in Fig. 9a. 

The grains near the surface tend to have a lower triaxiality, though the correlation is weak. This 

is not surprising, because the lack of constraint on surface grains permits them to plastically 

relax. However, it can have significant consequences under fatigue loading, in particular, since it 

is known that persistent slip band formation in surface grains can lead to crack nucleation via an 

intrusion/extrusion mechanism ( Mughrabi, 2009; Sangid, 2013; Polák and Man, 2014; Polák et 

al., 2017; Lavenstein et al., 2020). Obviously, the grains in the interior would be forced to have a 

higher triaxiality in order to ensure that the volume averaged stress state of the grains is 

equivalent to the macroscopically enforced uniaxial tensile loading condition. Admittedly, this 

spatial variation in triaxiality would be less be less obvious in a polycrystal with more grains in 

the cross-section, but the surface effects would still be present. 

Also note that the stress triaxiality strongly correlates with the values of the intermediate and 

the lowest principal stress values (Fig. 9b and c). The grains that strain soften (red symbols) tend 

to have a low stress triaxiality associated with ;� ≈ 0 and ;A is large in magnitude and negative 

(compressive). On the other hand, the grains that undergo strong strain hardening (black 
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symbols) tend to have higher triaxiality, a positive ;�, and ;A ≈ 0. Notably, these hardening 

grains tend towards a stress-state of plane strain tension. Further compelling evidence is provided 

in Fig. 9d, where data show that the median change in triaxiality is zero for the hardening grains, 

and the mean value is slightly positive, which implies that the triaxiality of these grains tend to 

remain unchanged or slightly increase during plasticity. On the other hand, the majority (>75%) 

of the softening grains have decreasing triaxiality in the plastic regime.  

Figure 9e shows a slice through a tomogram obtained after failure had initiated within the 

monotonically loaded specimen. Fracture has clearly originated at the center of the specimen 

where damage (e.g. microvoids) nucleates in grains with high triaxiality. However, subsequent 

growth and coalescence of this damage is mediated by shear localization toward the surface 

(Noell et al., 2018; Pineau et al., 2016). The present study highlights two different types of “hot 

spots” vis a vis failure – high triaxiality (microvoid nucleation, growth and coalescence) and low 

triaxiality – shear, recently highlighted as important in some monotonic failures (Bao and 

Wierzbicki, 2004; Bao, 2005; Nahshon and Hutchinson, 2008; Tekoğlu et al., 2015), but also a 

potential issue for fatigue failure (Sangid, 2013). 
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Figure 9. a) The grains closer to the free surface tends to have low triaxiality. The relationship 
between stress triaxiality with b) the intermediate principal stress and c) the minimum principal 
stress, showing that the grains that undergo strain softening (red symbols in the figure) tend to 
have a low stress triaxiality, whereas the grains that undergo strong strain hardening tend to have 
higher triaxiality values and tend towards a stress-state of plane strain tension. d) The change in 
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stress triaxiality for grains that undergo strain hardening and strain softening, showing that the 
median change in triaxiality is zero and the mean value is slightly positive in grains which 
harden. On the other hand, the majority (>75%) of the softening grains have lowered their 
triaxiality in the plastic regime. e) A 2D slice through a tomogram obtained after failure has 
initiated showing that fracture has occurred via shear localization. 
 

 

Finally, it is reiterated that the essential trends observed experimentally are well-captured by 

the MASSIF simulations, whereas there are still a few discrepancies at the individual grain level. 

(Compare results of Figs. 7 & 8 with those of 4 & 5.) A similar conclusion was reached 

previously where it was shown that the overall constitutive response could be modelled quite 

accurately, yet there remain significant discrepancies at the individual grain level (Bhattacharyya 

et al., 2021). Note, this is also true for other fields in materials science, such as grain growth, 

where it was recently noted that, while grain growth models successfully capture the kinetics of 

grain growth at the aggregate level, there can be severe discrepancies in grain boundary mobility 

values as obtained from synchrotron based in-situ grain growth experiment (Zhang et al., 2020). 

Thus, these new in-situ 3D characterization techniques enable direct comparison between 

experiments and offers an entirely new avenue to validate existing models in an unprecedented 

way. 

 
 
5. Concluding Remarks 

The results from MASSIF full-field crystal plasticity simulations clearly show that the stress 

rotations presented in this paper is not a result of experimental errors or uncertainties. It is thus 

possible that combining knowledge of such stress rotations with statistical descriptions of 

microstructure could reveal previously unrealized vulnerabilities in materials. New techniques of 

nondestructive evaluation could be developed to help avoid premature failures. Alternatively, 
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microstructures could be designed for particular loading conditions to have attributes which 

would avoid such stress conditions. Indeed, this would take microstructure design beyond the 

simple ones which materials scientists have employed to date... focusing on grain and particle 

size and shape, and even texture (1-point statistics). The present insight demands at least 2-point 

statistics (Fullwood et al., 2010; Paulson et al., 2017), e.g. correlations between the orientations 

of crystals and their spatial relationships, since neighboring grains have such a strong impact 

upon the stress state of an individual grain. Indeed, this also provides a new framework for 

researchers to interpret the observation that grain neighborhood can be as important as grain 

orientation itself (Sarma and Dawson, 1996). It highlights why 2-site and cluster-type models 

have proven useful for predicting materials responses such as texture evolution during large 

strain materials processing (Engler et al., 2005; Van Houtte et al., 2005; Mu et al., 2011, 2014).  
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