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Abstract:
This is a brief comment to highlight and discusses issues with regards to the high resolution, cross correlation based, electron backscatter diffraction (HR-EBSD) results presented within the work of He et al. (2016) Advanced Engineering Materials. In this comment, two specific concerns are raised: one, the stress measurements, reported to be as high as 20GPa, are unreasonable and due to a known artefact in the form of HR-EBSD analysis, which has been corrected in state-of-the-art measurements by patterning remapping; and two, the GND field measurements are incorrectly calculated and show the variations in lattice rotation and are no derived from the gradient of the lattice rotation field, as required when following Nye’s analysis. An example of reasonable data is presented to highlight how these artefacts can be avoided in practice using more appropriate analysis techniques.
Introduction:
This comment focusses attention on the work of He et al. [1] and discusses issues arising when using high resolution electron backscatter diffraction (HR-EBSD) to measure stressed in deformed metals. In brief, it is argued that measurement of stresses with HR-EBSD as large as 20GPa are unlikely to be reasonable and that the dislocation density fields should reflect spatial derivatives of the local rotation fields, and direct match (qualitatively) the spatial variations in the high resolution kernel average misorientation (HR-KAM). 
In this comment, I briefly discuss the incremental, yet substantive, improvements to the HR-EBSD analysis technique that have occurred over the past 10 years which are influential in the discussion of He et al. [1]. I follow this with a discussion of the likelihood of measuring an apparent von Mises’ stress of ~20GPa and propose that these stresses are phantom and caused by pattern remapping artefacts in the HR-EBSD analysis method used by the authors. Subsequently I discuss the measurement of geometrically necessary dislocation (GND) content and the relationship between lattice rotation, curvature, the high resolution kernel average misorientation (HR-KAM), and the GND content. Discussion of these two issues is followed by an exemplar data set from the literature that draws together how the data could be analysed and that with pattern remapping more reasonable stress data is achievable and that GND is a derivative of the rotation fields. Finally, I wrap up this comment with a brief summary.
Background of the HR-EBSD technique:
High resolution electron backscatter diffraction is a technique where by two or more Kikuchi patterns are compared to extract the deformation gradient between these patterns. The original formulation, as pioneered by Wilkinson et al. [2, 3], utilised a sub-window and translation based cross correlation algorithm to extract shifts within the plane of the EBSD based phosphor screen and to calculate variations in the lattice rotation and strain tensors with a precision of 1x10-4. This was found to be reasonable for high precision measurements in semi-conductor samples. In metallic systems, the method seemed to break down for lattice strain measurements in presence of large rotations [4]. More recent formulations include use of robust fitting [5] and pattern remapping [4, 6], to accommodate skew and zoom which upsets searching for the best peak within the cross correlation based up-sampling method. This remapping method has been demonstrated to be critical to measure differences in stress between points within one grain, in metallic samples deformed to large plastic strains. A recent review of state of the art approaches and case studies has been reported by Britton et al. [7]. These efforts are worth qualifying to place the measurements of He et al. [1] within context of prior art.
Measuring Stresses, the Reference Pattern Problem, and Pattern Remapping Artifacts:
In this section, I argue that stress variations of +/- 20GPa are unreasonable in a metal and entirely explained by the remapping issue.
The challenge in recording 20 GPa stress variations requires us to consider key axioms of the technique and material deformation:
· (a) What is the maximum allowable stress, given that the reference stress state is unknown?
· (b) What maximum stress is physically reasonable to have in a material (and at what length scale)?
Addressing artefacts associated with the reference pattern problem:
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[bookmark: _Ref472617202][bookmark: _Ref472617198]Figure 1: Schematic diagram exploring the influence of an uncertain reference pattern on the maximum variation in stress within a metal.
Figure 1 acknowledges that, at present, HR-EBSD is unable to successfully measure the absolute stress state, and therefore the reference stress state is unknown. This uncertainty can shift the variation in stress within in the grain by an additional stress variation. Within a small strain limit, work by Mikami et al. [8] has demonstrated that the variation of stresses within a grain are accurately reproduced, regardless of the position of the reference point. Therefore, should the HR-EBSD analysis be performed well, then the shape (i.e. gradient) of the stress profile is measured well, and that the only different between the “true” profile and the two “measurement” profiles, with respect to reference 1 and reference 2, are that the intersection of the profile with the x-axis changes.
From this, the true stress profile for points within a grain can be written as:

For a reasonable HR-EBSD experiment,  is measured accurately, and  represents the difference between the reference point at the point within the grain (i.e. the unknown “floating” stress state).
The challenge of having a suitable measurement  remains a concern for the HR-EBSD community, and it is worth noting that this is equivalent to the classic d0 that is well known in the X-ray and neutron communities, for the measurement of large scale residual stress variations. The added complications for the EBSD community is that the diffraction pattern is captured through imperfect optics, the sensitivity of the absolute strain measurement is as precise as the accurate localisation of the source point position, and dynamical diffraction makes generation of a simulated reference (these issues are explored in prior work by Britton et al.).
Returning to consideration of the impact of the floating stress state and Figure 1, it is possible to achieve the ‘worst case’, e.g. where the reference is at the (tensile) peak, and the measurement point is at the (compressive) trough. Therefore, it is reasonable to consider that the maximum absolute stress state, conservatively, the intermediate value of half the magnitude and therefore the absolute stress state is close to half the measurement value (i.e. for a 20GPa measurement, the maximum variation in absolute stress could be 10GPa).
Figure 2 from the original manuscript shows the macroscopic engineering stress-strain response for this grain size and processing state of this material. This figure indicates that for this grain size, the macroscopic yield stress is ~800 MPa (a normal stress), with hardening of up to 200MPa when the sample is deformed to 0.03 strain.
HR-EBSD measurements near dislocation cores in Cu and pile-ups in Ti [9-11] and Ni [12] have been shown to result in very high, and yet physically reasonable, stresses. Britton et al. report an extreme in ‘work hardening’, a block slip band results in a high stress in the immediate region ahead of the grain boundary ahead of the pile up. The initial measurement of high stresses ahead of a slip band by Britton and Wilkinson[9], the peak resolved shear stress was ~500MPa and extended only 1µm ahead of the pile-up, before reducing as a function of “one over square root of distance” (i.e. levelling to less than 200MPa at 2µm from the pile-up). In the CP-Ti material, the critical resolved shear stress [13] has been reported as ~130MPa. This means that the localised shear stress ahead of the pile up was ~5x the maximum measured shear stress, in a case where local relaxation of this stress field was significantly inhibited due to the significant misorientation of this particular grain boundary.
Returning to the work of He et al. [1], we can explore the location and magnitude and form of the highly stressed regions. Here, in Figure 5 of the original manuscript, we observe regions with von Mises stress of 20GPa, which have been explicitly highlighted by the authors in Figure 5r. The scale of these features show that high stresses, of 20 GPa (i.e. 10 GPa according to considerations of the reference pattern problem, highlighted above), extend within a grain interior and are substantive in extent across the grain region (the patch extends ~8µm within the grain with a uniform colouring. 
[image: ]
Figure 2: Example figures from He et al. [1] which indicate high stress regions within on grain, as highlighted within the original manuscript. Note that within this grain there is also a large, and sharp variation in lattice rotation associated with this region.
We must tread with care with in evaluating shear stress and von Mises stress terms. Consideration of the von Mises stress, as:

We can estimate, in the absence of knowledge of all the stress terms and the plane stress configuration, that:

i.e. 10GPa of absolute maximum von Mises’ stress roughly equates to a stored yield stress of ~5.7GPa, i.e. ~7x the flow stress of the macroscopic sample deformed to 0.03 strain, and this highly stressed region does not have the morphology of a field associated within a slip-band based pile-up.
For the strain analysis, this paper uses a commercial version of the cross correlation based HR-EBSD method, CrossCourt v3 as supplied by BLG Productions. The HR-EBSD method within this version of the commercial software most closely resembles the original work of Wilkinson et al. [2] and does not include pattern remapping (later versions of the commercial software now include this feature). This means that care must be taken in reporting elastic strain variations where there are lattice rotation variations which between test and reference of greater than ~1-3° [4].
Artificially high stress values were first noticed by Britton and Wilkinson [5], and were resolved with pattern remapping independently by Maurice et al. [6] and Britton and Wilkinson [4]. In brief, the pattern remapping approach estimates the total misorientation between test and reference patterns, and then rotates one diffraction pattern to more precisely overlay the pattern of test and reference, such that the high precision sub-pixel peak mapping within the cross correlation process can be utilised to extract the elastic strain variations with a sensible precision. 
The patching artefact, and the improvements afforded by remapping, has been demonstrated for a map of copper by Jiang et al. [14] and the key result from this data is reproduced as Figure 3. Within this figure, note the large compressive in-plane shear stress within the central grain and the associated very large variation in the distribution of stress. The patch in Figure 3(a) is associated with a low angle sub grain boundary (aka a wall of geometrically necessary dislocations) and is removed in (b) when remapping is used to reduce the influence of the large misorientation between the two sub grains.
[image: ]
[bookmark: _Ref472623025]Figure 3: The presence of patches of apparently high stress, as associated with artefacts that are corrected after a second pass of cross correlation involving a pattern remapping step. [Figure reproduced from [14]]
Measurement of Geometrically Necessary Dislocations (GNDs) with HR-EBSD:
The authors present the standard formulation for the GND calculations which was first introduced for the HR-EBSD by Wilkinson and Randman [15], and subsequently reported in a formulation suitable for titanium by Britton et al. [16]. Whilst version 3 of CrossCourt can calculate the GND density directly, the authors have elected to calculate the estimated fields with their own code. [As an aside I note that the authors have forgotten that 5 terms of the Nye tensor can be calculated as well as one difference which was first noted by Pantleon [17].] 
The mathematics presented seem reasonable, but the figures do not show results which are reasonable given the input data and the output maps. I think there a bug in the authors code which has been used to determine the GND fields. As an example to highlight this issue, please consider the subfigures reproduced as Figure 3. 
[image: ] [image: ]
[bookmark: _Ref472620159]Figure 4: Extraction of sub-figures from Figure 5 (s) and 6 (v and w) from the original paper, with initial highlighting. (v) HRKAM, (w) apparent total GND density; (s) W12 rotation field. The purple arrow has been included as a highlight for this comment.
In the Nye formulation, used to evaluate GND density using lattice curvatures, the GND density is formulated as a function of lattice curvature, i.e. the spatial derivative of lattice rotation with respect to the reference, i.e. . This means that a rapid change in W12 should be associated with a high GND density. The GND density and the KAM are closely related (for instance as noted previously in work by Konijnenberg et al. [18]) and these fields should qualitatively show similar spatial variations. In the authors’ manuscript, they do not and this is problematic. Instead, the authors’ GND fields show long range spatial variations which directly reflect the magnitude of the rotation away from the reference, rather than their spatial derivative.
Example of HR-EBSD Data with Remapping and Recovery of GND fields:
As an example of how reasonably measured HR-EBSD data might look, please consider the example highlighted in Figure 5, which is reproduced from [19][image: ]
[bookmark: _Ref472621092]Figure 5: HR-EBSD measurements of one grain from deformed copper (the size of this grain is <10µm): (a) in plane lattice rotations; (b) single pass, i.e. without remapping, results of the shear strain variations which ‘ghost’ the rotation field; (c) shear strain variations after pattern remapping; (d) histograms comparing strains before and after remapping; (e) maps of the GND density, showing high GND density associated with high spatial derivatives of the lattice rotation field. [Figure reproduced from Wilkinson et al.[19]]
This example shows: (1) large rotation gradients (i.e. differences in rotation between test and reference) give rise to erroneous elastic strain fields (i.e. stress) when only one pass of cross correlation is used; (2) that the second pass recovers a more reasonable description of the shear strain distribution (note that a shear strain of 1x10-3 in Cu, with a shear modulus of ~45 GPa, corresponds to a shear stress of ~45 MPa and that these high values of shear stress are associated almost exclusively with regions near to the grain boundary, where plastic strain incompatibility will reasonably lead to higher stresses being stored); (3) that hot spots in the GND density field are associated with large changes in the rotation field, i.e. large spatial gradients of lattice rotation.
Conclusion:
The aims and objectives of He et al. [1] study is of interest to a wider community. In particular, the role of microstructure on stress and strain partitioning is of significant interest and this is where techniques such as HR-EBSD can provide significant value. Unfortunately, as I have argued in this comment, the analysis as presented is subject to significant artefacts that render any conclusions from this HR-EBSD analysis unsubstantiated. In particular I propose: (1) that the stress data reported by He et al. [1] is incorrect due to the well known remapping artefact; (2) that the GND fields as calculated are incorrect, as they use the rotation field rather than correct solution which links GND density to lattice curvature via the rotation gradient field. Fortunately for the authors, this is simply an analysis issue of the diffraction data, and it could be easily be re-run through remapping and improved GND analysis scripts to explore that correlations between residual stress, dislocation content and microstructure exist.
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Figure 5. a) In plane lattice rotations in the selected grain. Comparison of in plane elastic
shear strain variations from b) single pass of cross-correlation analysis, and c¢) after pattern

remapping and a second cross-correlation analysis. d) Histograms comparing shear strain
distributions from first and second pass analyses. e) Map of the GND density.




image1.png
Fig. 5. Cross-correlation-based calculation results at 4 ROIs (Figure 5a-m) on samples I with 0.8% tensile
strains and 2 ROIs (Figure 5n-s) on samples II with 2.0% tensile strains, respectively. (a, d, h, and k)
Normal strain along direction 1 (tensile direction); (b, e, i, and 1) mises stress distribution; (c, f, j, and m)
lattice rotations (rad) Wi (rotation axis is direction 3).
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Small example dataset from the sample after 10% strain showing elastic in-plane shear stress maps and
stress frequency distribution plots after (a) the first pass and (b) the second pass of cross-correlation

analysis.
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