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ABSTRACT
Plastic deformation in metallic materials is generally governed by highly localized and intrinsi
cally heterogeneous deformation processes, including crystallographic slip banding, deforma
tion twinning, phase transformation and grain-boundary sliding. These mechanisms operate at 
the sub-grain scale where they are competing, interacting, and are sometimes incompatible for 
short-range transmission due to deformation confinement within individual grains. The het
erogeneous nature of irreversible deformation at the microstructure scale also applies at the 
mesoscale, i.e. the scale of the crystalline aggregate. Capturing experimentally the discrete and 
heterogeneous deformation processes at the microstructure scale is essential to understand 
elementary deformation processes involved for specific loading conditions, quantifying their 
intensity to finally achieve a better dialogue with numerical models of crystal plasticity for the 
prediction of mechanical behavior and the lifetime of parts. High-resolution digital image 
correlation (HR-DIC), implemented on scanning electron microscopy images, has emerged as 
a key technique to quantify these phenomena by providing full-field measurements of in-plane 
displacement and strain at sub-micron spatial resolution over statistically representative fields 
of view. This review outlines the experimental foundations, data-processing strategies, and 
correlative analysis frameworks that underpin the use of HR-DIC for studying strain localization 
in metals.
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1. Introduction

1.1. Strain localization in metallic materials

Plastic deformation in metallic materials is inherently 
heterogeneous, driven by the collective motion of dis
locations and their complex interactions with micro
structural features such as grain boundaries, 
precipitates, inclusions or phase interface. This hetero
geneity is further exacerbated by the intrinsically multi- 
scale and polycrystalline nature of metals, where plasti
city initiates at the nanoscopic scale through dislocation 
activity and evolves at the mesoscopic scale across 
grains and grain clusters up to the macroscopic scale. 
These localized deformation processes manifest as slip 
bands, Lüders bands, deformation twins, phase trans
formation, or shear bands, which govern the onset of 
plasticity, the plastic instability, the damage initiation, 
and eventual fracture [1–7]. Characterizing these loca
lization phenomena is therefore essential for under
standing and modeling the mechanical behavior of 
metals across multiple length scales.

Traditionally, deformation characterization of 
materials has relied on the combination of macro
scopic mechanical tests, providing global stress-strain 
responses, and microstructural analyses performed 
before and after deformation using optical microscopy 
(OM), scanning electron microscopy (SEM), or trans
mission electron microscopy (TEM). While TEM has 
long been the primary tool for probing deformation 
mechanisms at the nanoscale, it provides only highly 
local information within thin foils and typically cap
tures a static snapshot of the microstructure after dis
location activity has occurred. Consequently, TEM 
excels at resolving dislocation configurations and 
defect interactions but cannot directly capture the 
continuous spatio-temporal evolution of strain locali
zation during in-situ deformation over statistically 
representative regions. Bridging the gap between 
local, high-resolution characterization and full-field 
quantitative deformation mapping has been the driv
ing motivation behind the development of high- 
resolution digital image correlation (HR-DIC).

1.2. Brief history of DIC

Originally introduced in the 1980s for optical imaging, 
DIC revolutionized experimental mechanics by 
enabling non-contact, full-field measurements of sur
face displacements and strains [8–10]. The method 
relies on tracking the relative motion of randomly dis
tributed intensity patterns (speckles) between reference 
and deformed images within a selected field of view 
(FOV) through cross-correlation analysis. While initi
ally developed for optical imagery, DIC has since been 
extended to SEM and TEM, providing access to pro
gressively finer spatial resolutions. A comprehensive 

overview of the applications, advances, and challenges 
of DIC across OM, SEM, and TEM can be found in 
a recent review [11] with some examples reported in 
Figure 1.

Optical DIC was the first implementation of the 
technique and remains one of the most versatile meth
ods for measuring surface strain across a wide range of 
length scales. Using visible light, it allows FOVs ran
ging from several millimeters (specimen-scale testing) 
down to tens of micrometers at high magnification, 
typically achieving spatial resolutions on the order of 
a few micrometers per pixel [18–24]. The speckle 
pattern used to track deformation can originate from 
the natural surface contrast of the specimen, such as 
surface roughness, or multiphase microstructures, or 
from artificially applied patterns created by ink spray
ing, particle deposition, or chemical etching [25,26]. 
These studies enabled full-field observation of macro
scopic and mesoscopic phenomena including necking 
[27], Lüders band propagation [28] (Figure 1(f)), and 
damage nucleation [16] (Figure 1(e)), establishing 
optical DIC as a bridge between conventional mechan
ical testing and mesoscale deformation mapping 
[29,30].

The application of DIC to SEM images represented 
a major advancement, enabling submicron and nan
ometer-scale strain measurement by exploiting the 
shorter electron wavelength and raster scanning of 
an electron beam [31–34]. SEM-DIC offers superior 
spatial resolution (10–100 nm/pixel) and sensitivity to 
microstructural deformation features such as slip 
bands, grain-boundary strain localization, and micro
crack initiation [15,35–40] (Figure 1 (c)). Advances in 
surface preparation have also been crucial, with reli
able high-contrast nanometric patterns obtained via 
particle deposition [41–44], thin-film remodelling 
[35,45,46], or focused ion beam (FIB)-assisted nano
patterning [47,48]. SEM-DIC is now routinely applied 
to map grain-scale strain fields, identify active slip 
systems [49–58], and validate crystal plasticity (CP) 
models in metallic materials [59,60].

At the nanometer and atomic scale, DIC has 
recently been integrated with TEM imaging to quan
tify in-situ nanoscale strain during deformation 
thanks to the higher spatial resolution afforded by 
the greater acceleration voltage compared with SEM. 
In TEM-DIC, image contrast arising from the micro
structure itself can be used as a natural speckle for 
correlation [13] (Figure 1(b)), while artificial speckles 
produced for instance by solid-state de-wetting of 
a thin film can also be used [61–64]. Compared with 
SEM, TEM images can be acquired at a much higher 
rate allowing in-situ monitoring with limited dwell- 
time. Recent developments in aberration-corrected 
transmission electron microscopy (Cs-TEM) have 
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extended DIC-based strain mapping to the atomic 
scale by tracking the displacement of atomic columns 
directly in real-space images. This approach enables 
quantitative measurement of elastic strain and lattice 
rotation fields with sub-ångström precision, revealing 
strain accumulation and relaxation around disloca
tions, interfaces, and phase boundaries. Although 
still limited by sample thickness and FOV, Cs-TEM- 
based DIC provides unprecedented insight into 
nanoscale deformation mechanisms [12,65] 
(Figure 1(a)).

1.3. HR-DIC for sub-micron strain localization 
analysis

The extension of DIC from optical to electron-based 
imaging has enabled deformation measurements at 
progressively finer length scales. In this context, the 
so-called HR-DIC refers to DIC implementations 
based on high-magnification SEM imaging that 
achieve sub-micron or nanometer-scale spatial resolu
tion. In addition, the HR-DIC technique is also 
accompanied with high resolution images with 
a significant number of pixels and small pixel size 
appropriate to evidence kinematics fields resolved at 
the scale of deformation of elementary deformation 

mechanisms, i.e., the nanometer scale. Importantly, 
‘HR’-DIC does not rely on a fundamentally different 
correlation algorithm that improves sub-pixel displa
cement accuracy; rather, the enhanced resolution 
arises from the finer spatial sampling afforded by 
SEM imaging and speckle size. This distinction con
trasts with techniques such as high-resolution EBSD 
(HR-EBSD), where the term ‘high resolution’ expli
citly denotes improved angular sensitivity in lattice 
rotation and strain measurements [66]. Alternative 
terms such as SEM-DIC or micro-DIC (μ-DIC) are 
therefore utilized in the open literature [15,67–70], 
although these labels encompass a broad range of 
spatial scales and experimental configurations and 
may introduce additional ambiguity.

The defining feature of HR-DIC is its ability to 
resolve deformation at the sub-grain scale, where crys
talline plasticity is inherently heterogeneous and 
dominated by discrete, localized events such as slip 
band formation, deformation twinning, and grain- 
boundary activity. While these mechanisms have 
long been studied using transmission electron micro
scopy, TEM observations are typically restricted to 
thin foils, small fields of view, and post-mortem con
figurations. By contrast, HR-DIC enables either in-situ 
or ex-situ, full-field quantification of deformation on 

Figure 1. Examples of application of DIC using different observation means and associated scales. The central scalebar represents 
the achievable subset size. (a) Grain boundary sliding and corresponding estimated strain fields of a platinum bicrystal by 
aberration-corrected transmission electron microscope (Cs-TEM) (adapted from [12] with permission from AAAS). (b) Strain field 
on the surface of a nanocrystalline copper tensile specimen during in-situ tensile test inside a TEM (adapted from [13] with 
permission from Elsevier). (c) Logarithm strain field along the tensile axis of an AZ31 magnesium alloy obtained from SEM imaging 
(adapted from [14]). (d) Strain field of a bimodal titanium alloy during in-situ test inside a SEM (adapted from [15] with permission 
from Elsevier). (e) Equivalent plastic strain field on the surface of a dual-phase steel studied by OM-DIC (adapted from [16] with 
permission from Elsevier). Strain rate field during Lüders band propagation in ultrafine-grained high-Mn austenitic steel studied by 
in-situ OM-DIC (adapted from [17]).
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the surface of millimeter/centimeter-size specimens 
under a wide range of loading and environmental 
conditions, thereby providing access to the spatio- 
temporal evolution of plasticity localization over sta
tistically representative areas. In this respect, HR-DIC 
should not be regarded simply as a scaled-down var
iant of conventional SEM-DIC, but rather as 
a methodology that bridges macroscopic mechanical 
testing and nanoscale deformation mechanisms. In 
practical terms, HR-DIC typically employs subset 
sizes on the order of 10–50 pixels with step sizes of 
a few pixels, corresponding to spatial resolutions ran
ging from several tens of nanometers to a few hundred 
nanometers depending on magnification and speckle 
size. This enables resolution of discrete deformation 
features such as individual slip bands, deformation 
twins, and grain-boundary sliding or opening, which 
are generally inaccessible to conventional SEM-DIC 
using larger subsets and lower magnifications. In this 
review, the term HR-DIC therefore refers specifically 
to SEM-based DIC implementations designed to 
resolve crystal-scale deformation mechanisms through 
sub-micron spatial sampling combined with micro
structural correlation.

The spatial resolution achievable with HR-DIC is 
comparable to that of EBSD, making the two techni
ques naturally complementary both for microstruc
tural and deformation field characterizations. 
Advances in SEM instrumentation, particularly the 
widespread availability of field-emission gun sources, 
have simultaneously improved image stability for HR- 
DIC and pattern quality for EBSD. EBSD supplies 
essential microstructural features, including grain 
morphology, crystallographic orientation, and phase 
distribution, required to interpret HR-DIC strain 
maps, while HR-DIC provides quantitative and spa
tially resolved information on deformation mechan
isms. Their combined use enables detailed analyses of 
slip-system activity, deformation twinning, and grain- 
boundary sliding that are not accessible using either 
technique separately.

In summary, HR-DIC denotes SEM-based DIC 
measurements performed at sub-micron length scales, 
typically in conjunction with microstructural charac
terization such as EBSD. Although the terminology is 
not without limitations, it has gained broad accep
tance because it succinctly captures the essential cap
ability of the technique: quantitative, full-field 
measurement of crystal-scale deformation in bulk 
materials.

1.4. Outline and philosophy of the present review

The present review is intended as both a conceptual 
framework and a practical guideline for researchers 
interested in using HR-DIC to study strain 

localization in metallic materials at the microstructure 
scale. Particular emphasis is placed on DIC implemen
tations in which the subset size is sufficiently small to 
resolve individual deformation events, such as slip 
bands, deformation twins, phase transformation, or 
grain-boundary sliding, an approach referred here as 
HR-DIC. Rather than providing an exhaustive survey 
of all HR-DIC applications, this review focuses on the 
application of HR-DIC and its integration with com
plementary microstructural characterization methods 
((HR-)EBSD, confocal microscopy), micro- and meso- 
scale mechanical testing, CP simulations, and recent 
developments in machine-learning (ML) based 
analysis.

HR-DIC: principle and methods introduces the 
experimental foundations of HR-DIC, including 
speckle design, SEM imaging strategies, noise sources, 
and correlation algorithms, with the goal of establish
ing best practices for acquiring robust and reproduci
ble deformation fields. Strain localization analysis 
from HR-DIC results presents how HR-DIC strain 
maps can be quantitatively correlated with micro
structure to identify active deformation mechanisms 
(slip, twinning, slip transfer and grain-boundary slid
ing) and discusses emerging data-driven and ML 
approaches for automated event detection, accelerated 
analyses, and large-scale statistical assessments. 
Integration with other techniques examines the inte
gration of HR-DIC with other correlative tools, 
including confocal laser microscopy, HR-EBSD, in- 
situ micro-mechanical testing, and CP modeling, 
highlighting the added value of multi-modal and 
multi-scale approaches. Finally, the review concludes 
with a discussion of current limitations and future 
challenges, including the application of HR-DIC 
under extreme mechanical or environmental condi
tions and the opportunities for further methodological 
advances.

2. HR-DIC: principle and methods

The general principle of HR-DIC follows the same 
foundations as any DIC framework [29,30]. The 
method computes a two-dimensional displacement 
field that maps a reference (pre-deformation) image 
onto a current (post-deformation) image through cor
relation of local grayscale intensity patterns. While the 
overall workflow remains similar, the defining char
acteristic of HR-DIC is the much finer spatial resolu
tion enabled by SEM imaging, where the subset size 
becomes comparable to sub-micron speckle features. 
It is worth mentioning that the physical kinematics 
related to crystal plasticity is discrete and that displa
cement gradients and the continuity principle inher
ent to conventional DIC methods are not established 
to address discontinuities. Therefore, DIC formula
tions adapted for crack detection and analysis are an 
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alternative to better capture the discrete displacement 
such as pointwise DIC/subset splitting DIC [71,72], 
extended DIC [73,74], or Heaviside-DIC [75]. The 
Heaviside-DIC formulation has been specifically 
adapted and applied for HR-DIC to capture displace
ment discontinuities associated with individual slip 
bands [51] or deformation twinning [76]. An HR- 
DIC workflow typically consists of four major steps: 
(1) specimen preparation, microstructure characteri
zation, and speckle-pattern application; (2) high- 
magnification image acquisition before and after 
mechanical loading; (3) computation of displacement 
and strain fields; and (4) post-processing, visualiza
tion, identification and quantitative analysis of the 
deformation mechanisms. The present section focuses 
on the first three steps, whereas the following section 
will discuss strain-field interpretation and the extrac
tion of physically meaningful deformation metrics.

The transition from OM-DIC to SEM-DIC intro
duces additional experimental challenges, most nota
bly the need to minimize imaging noise, drift, and 
distortion while maintaining a sufficiently high signal- 
to-noise ratio (SNR) at nanometer-scale pixel sizes. 
Ensuring stable imaging conditions, appropriate 
speckle morphology, and rigorous calibration is essen
tial to fully exploit the enhanced spatial resolution that 
distinguishes HR-DIC from conventional SEM-DIC 
or OM-DIC. The following section therefore provides 
practical guidelines and recommended best practices 
for implementing HR-DIC in a reliable and reprodu
cible manner for further standardization of the 
technique.

2.1. Speckle patterns

The spatial resolution and accuracy of DIC measure
ments depend critically on the quality of the applied 
speckle pattern. Key requirements for an effective 
pattern include adequate spatial randomness, suitable 
size and density relative to the subset dimensions, high 
contrast consistent with the imaging system, isotropy, 
and strong adhesion and stability under mechanical 
loading or elevated temperatures [77]. Additionally, 
the pattern transparency or opacity must be compati
ble with complementary techniques such as EBSD 
when correlative analyses are performed.

A wide range of patterning methods have been 
developed and reviewed [41,77], including paint or 
ink deposition [26,78,79], microgrids [31,44,80–84], 
chemical etching [38,85], particle deposition 
[59,60,86–90], micro-/nano-printing [91,92], focused 
ion beam (FIB) speckle milling [48], focused ion or 
electron-beam induced (Pt) deposition (FIBID & 
FEBID) [93,94], direct sputter deposition [42–44] 
and thin-film remodelling [35,45,95,96] (Figure 2). 
A sequential combination of different deposition tech
niques, e.g. direct sputter deposition and electron 
lithography-based microgrids, can allow for multiscale 
characterization of the deformation of materials [44].

The thin-film remodeling method is widely adopted 
in the literature for HR-DIC and relies on dewetting of 
a uniformly deposited metallic nanolayer exposed to 
condensable vapors, producing a network of isolated 
nanoparticles whose morphology depends on the film 
thickness, the substrate surface condition, and the expo

Figure 2. SEM images of different speckle patterns. (a) Gold microgrid deposited by micro-lithography with grid step of 2 μ m and 
a line thickness of 300 nm (adapted from [83] with permission from Elsevier). (b) SiO2 nano-particles (adapted from [60] with 
permission from Elsevier). (c) FIB speckle pattern (adapted from [48] with permission from Elsevier). (d) Gold speckle pattern 
produced by vapor-assisted remodeling (adapted from [97] with permission from Elsevier). (e) Etching-based speckle pattern 
(adapted from [38], with permission from Springer Nature). (f) Schematic of the Ag thin film reconfiguration on a multi-layer 
coated substrate when exposed to NaCl solution and (g–h) corresponding pattern after (g) 60 min and (h) 120 min immersion in 
a 1 wt.undefined NaCl solution (adapted from [45], with permission from Springer Nature).
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sure time [47,98]. While water vapor was originally 
used, a styrene-assisted gold remodelling device was 
also developed and applied to materials susceptible to 
corrosion under hot water vapor such as Mg alloys 
[14,99,100]. In contrast, direct deposition of metallic 
or colloidal nanoparticles often produces non-uniform 
or clustered patterns, restricting DIC measurements to 
regions with well-dispersed particles and limiting quan
titative strain analysis over larger FOVs [88]. Although 
highly tunable, thin-film remodelling can be sensitive to 
substrate condition. To overcome this limitation, multi
layer deposition strategies have recently been developed 
to ensure substrate-independent pattern formation [45] 
(Figure 2(f–h)). After sequential deposition (e.g. Ti/Au/ 
Ti/Ag stacks), the sample is immersed in a 1 wt.% NaCl 
aqueous solution, where the Ag layer thickness and 
immersion duration govern the morphology of the 
resulting speckle pattern. The obtained pattern was 
found to be stable under cryogenic temperature when 
the sample was exposed to liquid nitrogen and helium 
[76]. To avoid corrosion issues on reactive substrates 
such as Cu and its alloys, a recent modification replaces 
the NaCl – water system with NaBr dissolved in iso
propanol, producing high-quality speckle patterns sui
table for both HR-DIC and HR-EBSD analyses [46]. 
Alternatively, to avoid the need for remodelling, a direct 
one-step deposition of a low melting temperature solder 
alloy (e.g. InSn, Sn, In) were proposed, naturally form
ing a speckle pattern with feature sizes that depend on 
the applied sputtering conditions [42–44,62,101]. 
However, the resulting patterns are typically too dense 
to also enable EBSD.

For HR-DIC, achieving submicron subset sizes is 
essential to resolve individual slip traces or micro- 

bands. The reported subset sizes for the different pat
tern conditions are summarized in Table 1. Sub- 
micron subset size has been reported for etching, 
particle deposition, direct sputter deposition, electron- 
beam deposition, and thin-film remodelling, which 
have become the most common techniques in HR- 
DIC applications. Depending on the speckle type, 
either secondary electron (SE) or backscattered elec
tron (BSE) imaging modes are selected to optimize 
contrast and noise performance.

The thermal stability of speckle patterns at elevated 
temperature is a critical consideration for HR-DIC mea
surements aimed at probing temperature-dependent 
mechanical behavior, such as creep or thermally acti
vated deformation mechanisms. Thin film remodelling 
of Au speckles has been shown to retain sufficient con
trast and morphological stability for approximately 
one hour at temperatures up to 720° C on TiAl sub
strates [47] (Figure 3). Under these conditions, BSE 
imaging provides superior pattern contrast compared 
with SE imaging, as the latter becomes more sensitive to 
oxide formation between speckles. However, at higher 
temperatures or longer exposure times, the strain fields 
exhibit a significant increase in noise, restricting the 
applicability of Au-based patterns to short-duration 
monotonic tests. Microstructure-based speckle pattern 
(etching plus slight pre-oxidation) for two/three-phase 
Ni-based superalloys have also demonstrated potential 
use for ex-situ HR-DIC experimental [106–109]. 
Temperature limitation at 650° C comes also from the 
speckle evolution due to high temperature oxidation in 
air [106] or under vacuum [107–109], especially for 
materials exhibiting a cationic oxidation behavior. For 
more demanding thermal environments, alternative 

Table 1. Summary of pattern techniques and their achievable subset size.
Patterning method Substrate Imaging mode Subset size Ref.

Paint/ink Al-Mg OM 268x268 μm2 [78]
Al-Mg SEM-SE 70x70 μm2 [79]

Ti OM 6x6 μm2 [26]
Microgrid LIGA SEM-BSE 21x21 μm2 [80]

LIGA SEM-BSE 10x10 μm2 [81]
IF-Steel SEM-SE 5x5 μm2 [82]

Zr/Ti OM/SEM-SE 2x2 μm2 [83]
Etching Cu SEM-SE 1.26x1.26 μm2 [85]

Ni SEM-SE 400x400 nm [38]
FEBID Pt Ni SEM-SE 7x7 μm2 [86]

Pt TiAl SEM-SE 108x108 nm2 [94]
Particle deposition Al2O3 Mg SEM-SE 12.45x12.45 μm2 [59]

SiO2 Steel SEM-SE 1.14x1.14 μm2 [90]
SiO2 Steel SEM-SE 360x360 nm2 [60]
Au Mg SEM-SE 1.85x1.85 μm2 [68]

Sputter deposition InSn Fe SEM-SE 336x336 nm2 [42]
InSn Steel SEM-SE 105x105 nm2 [102]
InSn Zn SEM-SE 294x294 nm2 [103]

In Al SEM-SE 165x165 nm2 [62]
In Pd 71Si 29 SEM-SE 195x195 nm2 [104]

FIB speckling Mg SEM-SE 1.12x1.12 μm2 [48]
Thin film remodelling Ti/Ag CuCrZr SEM-BSE 272x272 nm2 [46]

Ti/Au/Ti/Ag Ti SEM-SE 240x240 nm2 [45]
Au Steel SEM-BSE 216x216 nm2 [35]
Au Steel SEM-BSE 81x81 nm2 [96]
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patterning strategies have been developed. Hafnium 
oxide speckles deposited on nickel-base superalloys 
using electron-beam lithography exhibit excellent con
trast, oxidation resistance, and long-term thermal stabi
lity at 700° C. These patterns consist of randomly 
distributed diamond-shaped features with edge lengths 
of 400–700 nm or micro-grids, providing a robust and 
thermally stable speckle morphology [105,110–114] 
(Figure 3(b)). Temperatures up to 1000 C° were also 
achieved using very fast thermomechanical Gleeble test
ing to limit oxidation processes [115]. Finally, vapor- 
assisted remodelling of Au nanolayer was also found to 
be resilient to proton irradiation for doses between 0.1 
and 2 dpa up to a moderate irradiation temperature of 
650 � C [116,117].

To evaluate the speckle-pattern quality and deter
mine the optimal subset size, several local indicators 
have been proposed based on gray-level variability 
within subsets, as DIC noise is strongly influenced by 
local intensity fluctuations. Common metrics include 
the sum of squared intensity gradients [118], the mean 
intensity gradient [119], the mean second derivative of 
intensity [120], the mean subset fluctuation [121], the 
subset-size-dependent mean subset fluctuation [47], 
and the entropic variability [122]. Careful adjustment 
of SEM imaging parameters, particularly brightness 
and contrast, can maximize the effective dynamic 
range of the grayscale histogram while avoiding 
saturation at either end, thereby enhancing these indi
cators and improving correlation quality.

2.2. Image acquisition and noise sources

SEM enables imaging at far higher spatial resolution 
than optical systems owing to the much shorter wave
length of accelerated electrons compared with visible 

light. However, the accuracy and precision of SEM- 
based DIC measurements are highly sensitive to the 
SNR and spatial repeatability of the acquired images. 
Numerous instrumental and environmental factors 
can introduce image distortions and noise, which in 
turn cause virtual pixel displacements and generate 
artificial strain fields during DIC analysis 
[33,34,36,38,68,123–132]. The sources of image distor
tion in SEM can be broadly categorized into four main 
types: (1) spatial distortion, (2) drift distortion, (3) 
scan-line shift, and (4) scan encoding [132] (Figure 4).

Spatial distortion is a systematic, time-independent 
aberration analogous to optical lens distortion, arising 
from inhomogeneities in the electromagnetic field of 
the objective lens. These field variations cause nonuni
form deflection of the electron beam, resulting in posi
tional errors across the image field (Figure 4(a)). Spatial 
distortion typically manifests as a smooth, monotonic 
warping of the image geometry and is most pronounced 
at low magnifications (below 400 �magnification/FOV 
of approx. 500 µm), where the beam scans over a large 
area. Because this distortion is tied to the system, it 
remains consistent across all images as long as the 
SEM parameters (e.g., working distance, accelerating 
voltage, etc) remain unchanged [34,36].

Drift distortion, by contrast, is a time-dependent and 
non-random artifact caused by undesired deflection of 
the electron beam or unwanted movement of the sam
ples during image acquisition. The main contributors 
include specimen charging, thermal expansion or con
traction, creep in sample when at load, movement of the 
loading stage or sample holder, and vibrations. These 
effects collectively lead to a progressive shift of the FOV 
during scanning, which translates into non-uniform 
stretching, shrinking, or shearing of the final image 

Figure 3. (a) Backscatter and secondary electron images of an Au speckle pattern on a TiAl substrate following successive 
temperature holds and corresponding maximum shear strain map estimated by DIC relative to the initial state (adapted from [47]). 
(b) SEM images of hafnium oxide speckles deposited by electron-beam lithography (adapted from [105], with permission from 
Springer Nature).
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(Figure 4(b)). Unlike spatial distortion, drift distortion 
varies from one image to another and becomes increas
ingly severe at high magnifications due to the longer 
acquisition times and smaller scanned areas [34].

Finally, scan-line shifts represent random, time- 
independent events typically caused by transient 
beam positioning errors. These are believed to result 
from the sudden discharge of contaminant particles 
within the electron column [130,132]. The resulting 
error produces abrupt discontinuities in the raster 
scan, leading to single-pixel wide displacement bands 
or step-like features in the image (Figure 4(c)). Such 
events can generate large apparent local strain artifacts 
that are easily misinterpreted in DIC analyses if not 
detected and corrected. These artifacts are more pro
nounced on fields of the displacement component 
normal to the scanning direction (e.g., along Y if the 
scanning direction is along X), leading in a certain 
anisotropy of this artifact. An external control of the 
physical beam scanning was found to clearly reduce 
line shift artifacts [133].

Spatial and drift distortions can be reduced by tak
ing high magnification images using a large spot size, 
a long dwell time and a low acceleration voltage [38]. 
A magnetic immersion lens can also be used to 
decrease the spot size and improve the resolution at 
lower magnification [134]. Several additional strate
gies have been developed to mitigate SEM imaging 
artifacts in DIC analysis [34,130,132,135]. Early cor
rection schemes combined sequential image correla
tion to quantify drift distortion with calibration 
procedures to compensate for spatial distortion [34]. 
Later developments introduced reference grids and 
optimized imaging parameters to minimize noise, 
drift, and magnification errors during long-duration 

or ex-situ tests [131]. Recent approaches have formu
lated frameworks in which spatial, drift, and scan-line 
distortions are simultaneously identified and cor
rected through hierarchical mapping functions within 
the DIC optimization process, achieving sub-pixel 
correction accuracy [130,132]. Alternatively, a more 
practical but less precise correction method involves 
acquiring two images at each deformation step with 
orthogonal scanning directions (by applying a 90 �
scan rotation for the second scan), which are then 
‘combined’ into a distortion-free scan by applying 
global DIC on the individual scan lines [69]. Non- 
affine distortion can also be corrected using over
lapped regions when mosaic of images are performed 
to cover a large field of view with a fine spatial resolu
tion [136].

A less frequently discussed but equally important 
source of uncertainty arises from the SEM magnifica
tion itself. Manufacturers typically specify 
a magnification accuracy on the order of a few percent, 
and even nominally identical imaging conditions can 
yield small scale-factor differences between sessions 
(homothetic distortion). Such variations can translate 
directly into fictitious strains that may overshadow the 
true material response in low-strain experiments 
[131]. Consistency checks, such as acquiring reference 
images (e.g., calibration grids) at each session and 
correcting for offsets or magnification drift, help sup
press this artificial strain. Moreover, because SEM 
magnification often exhibits hysteresis, beginning 
each imaging sequence from a high magnification 
and stepping down to the working magnification can 
improve repeatability.

While these distortion mechanisms can signifi
cantly influence the quality and noise level of HR- 

Figure 4. Schematic illustrations of (a) spatial distortion, (b) drift distortion and (c) scan line shift and examples of corresponding 
displacement amplitude fields. The gray horizontal lines indicate the ideal scan lines, i.e., where the scanning should have 
happened in case of no beam positioning error. Colored dots represent where scanning actually occurred (adapted from [132]).
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DIC strain fields, particularly in the elastic regime 
where the strain level is very low [38], it is important 
to note that most HR-DIC studies do not apply expli
cit distortion-correction algorithms. Instead, DIC is 
often performed directly on the acquired SEM images 
[14,35,60,90,96,97,137–139]. This practice is partly 
enabled by the substantial improvements in modern 
SEM instrumentation, including enhanced beam sta
bility, field-emission sources, and optimized electronic 
control systems, but also by systematic investigations 
that clarified how acquisition and algorithm para
meters affect noise levels [38,105]. In practice, factors 
such as working distance, beam current and accelerat
ing voltage, stigmatism correction, charging-induced 
drift, magnification, dwell time, spot size, and image 
resolution typically exert a far greater influence on 
DIC noise than the intrinsic distortion sources of the 
SEM itself. Therefore, maintaining these parameters 
consistent and well-optimized throughout acquisition 
is essential for reliable HR-DIC measurements.

2.3. DIC algorithms

DIC quantifies in-plane displacement fields by track
ing the motion of intensity patterns between 
a reference (undeformed) image and a current 
(deformed) image. The general principles of DIC 
have been thoroughly reviewed elsewhere [29,30]. 

Here, we briefly summarize the formulation of the 
conventional subset-based DIC approach and intro
duce the Heaviside-DIC formulation, which incorpo
rates displacement discontinuities to capture localized 
shear bands or slip lines that cannot be accurately 
described by standard continuous mappings 
[48,51,53,140–144]. The principle of the two DIC 
approaches is depicted in Figure 5(a) [51].

2.3.1. Conventional DIC formulation
In conventional DIC, a small interrogation window 
(subset) of size 2Rþ 1 and centered at X0 ¼ ðx0; y0Þ in 
the reference image, contains pixels at positions 
X ¼ ðxi; yjÞ, ði; jÞ 2 ½� R : R� � ½� R : R�. During 
deformation, the corresponding pixel in the current 
image is located at X�. The mapping from X to X� is 
typically approximated by a first-order displacement 
field: 

where Ur is a rigid body translation of the subset 
center and ÑUs is the local deformation gradient 
describing normal and shear deformation within the 
subset. Higher order shape functions (e.g. quadratic) 
can also be employed. The unknown deformation 
parameters are obtained by minimizing a similarity 
metric (e.g., normalized cross-correlation or sum of 
squared differences) between the reference and 

Figure 5. (a) Schematic diagram of the conventional and Heaviside DIC methods. (b) SEM image after 1 % macroscopic 
deformation of a nickel-based superalloy. (c–e) Corresponding displacement amplitudes calculated by (c) Heaviside-DIC with 
a subset of 31 pixels and (d–e) conventional DIC calculated with a subset of 15 and 31 pixels, respectively. (f) Displacement profile 
along the path highlighted in (b–e) (adapted from [51], with permission from Elsevier).
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warped subsets. This approach assumes a continuous 
displacement field inside each subset and therefore 
cannot represent sharp displacement jumps when 
a displacement discontinuity belongs to consecutive 
subsets. Techniques such as subset truncation [71,72], 
or eXtended DIC (X-DIC) [73,74], inspired by the 
eXtended finite element method (X-FEM) allow an 
improved solution for the displacement field across 
discontinuities but is mostly applied for calculating 
displacement fields around cracks [21].

2.3.2. Heaviside-DIC formulation
To account for localized, discontinuous displacement 
fields, such as those produced by slip bands, the con
ventional DIC mapping can be enriched with an addi
tional discontinuity term weighted by a Heaviside step 
function [51,75]:  

where Uh is the displacement jump amplitude across 
the discontinuity and Hð�Þ is the Heaviside function 
identifying the two sides of the discontinuity. If the 
subset size is small compared with the discontinuity, 
the segment of the discontinuity crossing the subset 
can be assumed to be linear. A linear discontinuity is 
defined by two parameters: r� the perpendicular dis
tance from the subset center to the discontinuity line 
and θ� the orientation of the normal vector 
n� ¼ ðcos θ�; sin θ�Þ. In Cartesian coordinates, the dis
continuity line is given by: 

The signed distance from a point to the discontinu
ity is: 

and the associated Heaviside function is: 

This partitions the subset into two domains, H0 (H ¼ 0) 
and H1 (H ¼ 1), across which a finite displacement 
jump Uh is permitted. Conventional DIC is then inde
pendently and simultaneously performed to both 
domains, and the correlation procedure is repeated for 
multiple combinations of (r�,θ�). In the absence of an 
actual discontinuity within the subset, the optimized 
displacement field converges to the same result as con
ventional DIC. The enriched formulation introduces 
additional unknowns, the displacement jump compo
nents and the geometric parameters (r�,θ�), as well as 
separate rigid-body and deformation-gradient terms for 
each side of the subset. Consequently, the computational 
cost of Heaviside-DIC is typically about four times higher 
than that of conventional DIC and the minimum subset 
size is also larger [51]. Figure 5(b–f) compares 

displacement fields obtained using conventional and 
Heaviside DIC. In regions free of discontinuities, the 
two methods produce nearly identical results (Figures 5 
(5–d)). However, across an actual slip band, conventional 
DIC is not capable to converge for subsets at the dis
continuity (small subset size) or yields an artificially 
smooth displacement transition whose width depends 
on the subset size (large subset size), whereas Heaviside- 
DIC correctly identifies a sharp displacement jump inde
pendent of the subset size. Moreover, the apparent inten
sity of plastic deformation at slip bands in conventional 
DIC is highly sensitive to correlation parameters such as 
the measurement step and subset size, while Heaviside- 
DIC provides a more physically meaningful measure of 
displacement discontinuity.

2.3.3. Adaptive particle image velocimetry (PIV) 
algorithms
Since several of the patterning methods produce high 
contrast speckle patterns, they can be successfully ana
lyzed using algorithms designed for particle image velo
cimetry. In most high magnification HR-DIC 
experiments, the speckles themselves are not deformed 
and therefore the images deform like those in a PIV 
experiment. These algorithms are designed to track the 
movement of particles and do not assume continuous 
deformation, and therefore have the advantage that they 
can capture jumps in displacement better than conven
tional DIC [134], whilst still measuring diffuse strain. In 
PIV analysis, it is common to use iterative and adaptive 
algorithms that can iteratively deform and decrease the 
sub-region size during the analysis, improving its ability 
to measure deformation when the local deformation is 
complex. This type of algorithm is available in earlier 
versions of the commercially available DaVis (LaVision) 
software but also through open source packages like 
OpenPIV [145] and others, which are GPU accelerated, 
and can be easily integrated into an HR-DIC workflow.

2.3.4. Correlation criterion, algorithms and 
sub-pixel accuracy
The degree of similarity or difference between the refer
ence and deformed subsets can be quantified by various 
cross-correlation (CC) or sum of squared differences 
(SSD) criteria based on the gray-level pattern within 
each subset [29]. CC-based algorithm identifies the dis
placement producing the highest correlation coefficient 
between subsets, typically accelerated using Fast Fourier 
Transform (FFT) implementations to enable efficient 
pixel-wise searching, while it is the opposite for SSD- 
based algorithms. Because integer-pixel matching limits 
accuracy, this is followed by sub-pixel refinement, com
monly achieved through least-squares matching (LSM), 
which minimizes the grey-level residuals while account
ing for affine transformations within the subset and thus 
provides robust sub-pixel displacement estimation. The 
main classes of correlation criteria, sub-pixel algorithms, 
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including coarse – fine search, peak-finding via polyno
mial or Fourier surface fitting, and iterative spatial- 
domain cross-correlation has been summarized in dedi
cated review [29].

A variety of commercial and open-source DIC 
packages are commonly used, such as VIC-2D 
(Correlated Solutions, US) [68,146], DaVis 
(LaVision, Germany) [14,47,147], MatchID 
[69,102], Ncorr [148], py2DIC [149], each imple
menting different correlation, interpolation, and 
optimization strategies, which can lead to non- 
negligible discrepancies, especially in high- 
resolution applications. A recent HR-DIC bench
mark study comparing DaVis FFT, DaVis LSM, 
Ncorr, and VIC-2D showed that although these 
methods agree under relatively homogeneous 
deformation, substantial differences appear when 
analyzing sharp strain gradients such as slip 
bands but also homogeneous deformation between 
slip bands [134]. For example, VIC-2D exhibited 
difficulty correlating high-strain features unless the 
interrogation window and step size were finely 
tuned, whereas DaVis and Ncorr produced more 
reliable displacement fields under identical condi
tions (Figures 6(a)). These discrepancies emphasize 
that HR-DIC results are software-sensitive, and 
that optimal correlation parameters must be care
fully selected and validated to avoid artifacts such 

as smoothed-out slip bands or spurious displace
ment tails reported in some implementations.

2.3.5. Machine-learning-based DIC approaches
Recent advances in deep learning for computer vision 
have shifted DIC from an optimization-based techni
que into a fast, data-driven framework capable of 
estimating displacement fields with dramatically 
reduced computational time. Early architectures, 
such as StrainNet [150] and DIC-Net [151] based on 
FlowNet-type convolutional neural networks (CNNs) 
[152], demonstrated that CNN can approximate opti
cal-flow mappings between reference and deformed 
images, enabling near-real-time DIC inference once 
trained. However, purely data-driven models often 
suffer from limited generalization as their accuracy 
degrades when speckle characteristics deviate from 
the training set, when noise levels increase, or when 
natural textures replace artificial high-contrast pat
terns. To address these limitations, several hybrids 
physics-informed strategies have been proposed 
[153–157] and demonstrated higher robustness com
pared with conventional DIC algorithms, especially 
for highly localized strain and deformed pattern. So 
far, these approaches have mostly been applied to 
optical DIC dataset and remain to be used in HR- 
DIC/SEM-DIC studies.

Figure 6. (a–d) Effective in-plane shear strain maps for a Ti-6Al–4 V alloy deformed at about 5.0 % strain calculated with different 
DIC software and (e) corresponding normalized frequency distributions (adapted from [134]). (f–i) εxx strain field maps of a nickel- 
based superalloy deformed at 0.98 % tensile strain calculated with different subset size, step and strain window and (j) εxx strain 
along the profile path depicted in (h) (adapted from [38], with permission from Springer Nature).
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2.4. Computation of strain fields

Once the in-plane displacement fields u ¼ ðu; vÞ are 
obtained from the correlation procedure, they can be 
used to compute the corresponding strain fields. 
Under a finite-strain description, the in-plane compo
nents of the Green – Lagrange strain tensor are 
expressed as: 

In many DIC applications, particularly those involving 
small deformations, the quadratic terms are neglected 
and the small-strain approximation is adopted. 
Although the displacement gradients can be directly 
obtained from the correlation solution, these gradients 
are generally noisy and are generally considered unre
liable for strain estimation [29], although they can be 
useful when using a larger subset size [69]. Instead, 
strain fields are typically computed by fitting the dis
placement field within a small interpolation zone, 
often termed the strain calculation window, using 
a local linear approximation: 

where the coefficients are obtained by a least-squares 
regression over the chosen window. Importantly, the 
strain window size is independent of the subset size 
used during the correlation step, but it does change 
with the subset spacing (or step size).

Assuming small deformation, a number of scalar 
quantities are commonly derived from the in-plane 
strain tensor and used for visualization and quantita
tive analysis of DIC results. A first, very intuitive 
measure is the maximum in-plane shear strain, 
defined as 

A second, widely used measure is the equivalent (von 
Mises) plastic strain, which provides a scalar measure 
of the accumulated deviatoric strain: 

In DIC applications, where only the in-plane compo
nents are directly measured, a plane-stress assumption 
can be adopted, so that 

with ν the Poisson’s ratio and εyz ¼ εzx ¼ 0. Under 
these assumptions, εeq can be evaluated from the in- 
plane strain components. Both γmax and εeq highlights 
regions of intense deformation and are particularly 

useful for revealing slip bands, shear bands, and grain- 
boundary sliding.

In addition to strain-based scalars, material rota
tion is often extracted from the displacement field. For 
small deformation, the out-of-plane component of the 
rotation vector is given by 

Maps of ωz provide insight into lattice or grain- 
block rotation and are particularly informative near 
grain boundaries, twin boundaries, or within shear 
bands where significant lattice reorientation occurs. 
This rotation can be seen to agree well with EBSD 
misorientation, when transformed into a reference 
frame aligned with the slip bands [137]. Rotation 
fields are also implemented in the Heaviside-DIC 
algorithm to measure in-plane rotation between 
slip bands for direct comparison with EBSD char
acterizations [158].

For HR-DIC, both a small subset size and a small 
strain window are necessary to resolve individual 
deformation bands with high fidelity [38,159]. 
Figure 6 (f) illustrates the strong influence of subset 
size, subset spacing, and strain window on the recon
structed strain fields [38]. Note that the subset spacing 
and strain window are tightly related. For example, 5 
‘displacement datapoints’ in Figure 6 (f) are used to 
compute the strain, but the subset spacing is different, 
involving changes in strain window. Two distinct and 
closely spaced slip bands lie on either side of a twin 
boundary in a deformed nickel-based superalloy. 
Enlarging either the subset size or the strain window 
causes the two bands to merge into an apparently 
single feature centered on the twin boundary. 
Improper parameter selection can therefore shift the 
apparent position of strain localization and lead to 
incorrect mechanistic interpretations. However, the 
use of very fine subsets and strain windows, while 
necessary for spatial resolution, may introduce signifi
cant high-frequency noise. Several filtering strategies 
are commonly employed to mitigate this effect, includ
ing applying a Gaussian filter to the displacement 
fields (acquired using very small subset spacing) 
prior to differentiation [69,160], or applying low-pass 
FFT filtering directly to the strain fields [38]. Total 
variation filtering can also be used to remove high 
frequency noise but preserve sharp discontinuity in 
kinematics fields due to slip bands [161]. Therefore, 
a balance must be achieved between spatial accuracy 
and measurement noise, with the optimal subset size 
depending on both the speckle pattern characteristics 
and the spatial frequency of the underlying deforma
tion. Moreover, because the amplitude of the mea
sured strain fields is directly dependent on these 
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correlation parameters in the case of conventional 
DIC, meaningful comparisons of strain distributions, 
whether across different applied strain levels, micro
structures, or materials, require that the same subset 
size, spacing, and strain window be consistently 
maintained.

3. Strain localization analysis from HR-DIC 
results

3.1. Coupling HR-DIC with EBSD data

Although HR-DIC provides a quantitative map of strain 
localization, its full interpretive power emerges when 
strain fields are coupled with microstructural informa
tion obtained from EBSD. By correlating DIC and EBSD, 
one can directly link slip activity, strain concentration, or 
deformation incompatibilities to crystallographic orien
tation, grain-boundary character, phase distribution, or 
local heterogeneities. Achieving this correlation, how
ever, requires accurate spatial alignment between the 
strain map and the EBSD scan. EBSD maps, especially 
those acquired over large FOV at low magnification, are 
susceptible to geometric distortions arising from sample 
tilt, beam scanning nonlinearities, and drift during long 
acquisitions [68,162–165]. Tilting the specimen by 
approximately 70° for EBSD projects an initially square 
region into a trapezoid, introducing an affine distortion 
that can generally be corrected using a first-order affine 
transformation. Spatial distortion as described in the 
previous section can be corrected using a second-order 
polynomial function that accounts for the nonlinearity of 
the beam path. Unlike tilt and spatial distortions, tem
poral drift due to specimen charging, beam instability, or 
stage drift has no straightforward analytical correction 
and must be estimated empirically.

To register EBSD data to the strain map, most 
approaches determine a distortion field that maps 
the EBSD coordinates onto a reference SEM image 
acquired at 0 � tilt. This is typically achieved by match
ing homologous microstructural features, such as 
grain boundaries, triple junctions, or phase interfaces, 
and fitting a distortion function to their spatial offsets 
(Figure 7). Third-order polynomial warping functions 
are widely used [58,69,166], although more advanced 
feature-matching methods (e.g., evolutionary optimi
zation [53,164], spline-based interpolations [167], and 
hybrid polynomial – spline corrections [165]) have 
also been adopted. Recent work has demonstrated 
that displacement fields derived directly from DIC 
can serve as correction fields for EBSD scans, offering 
a unified and physically grounded approach to map 
registration [97,160].

In addition to geometric distortion correction, 
practical constraints related to the speckle pattern 
itself must also be considered when coupling HR- 
DIC with EBSD. In many experiments, the speckle 
layer used for DIC partially obscures Kikuchi pat
terns or add additional diffraction features, pre
venting high-quality EBSD acquisition during 
deformation. One approach is to perform EBSD 
before applying the speckle pattern [69,102], after 
which data is aligned as described above. Another 
strategy is to acquire EBSD only after mechanical 
testing, once slip traces and strain patterns have 
formed [54,87,168]. In this post-mortem workflow, 
the speckle pattern is removed, either mechanically 
(e.g., gentle polishing, broad ion beam cleaning) or 
chemically (e.g., selective etching of Au, Ag, Pt 
coatings), before EBSD mapping. This approach 
avoids the need for transparent speckle patterns 
but restricts correlation to a single deformation 
state and requires careful surface preparation to 

Figure 7. General overview of a procedure for correction of the spatial distortion in EBSD maps based on the creation of 
a distortion function mapping pixels from the EBSD map to its corresponding position in a reference image (adapted from [97], 
with permission from Elsevier).
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avoid altering slip markings or to much material 
removal for alignement [169].

An alternative to post-mortem pattern removal is to 
employ speckle patterns that are intrinsically compati
ble with EBSD. For example, amorphous SiO 2 (or 
other) nanoparticle coatings produce high-contrast 
HR-DIC speckle patterns while remaining effectively 
transparent to the electron beam, enabling EBSD acqui
sition without removing the pattern [88,89,170,171]. 
Similarly, when Au-based speckle layers are deposited 
with sufficiently small thickness, typically on the order 
of a few nanometers, the Kikuchi patterns remain of 
adequate quality for reliable indexing [96]. These 
speckle patterning strategies allow sequential HR-DIC 
and EBSD mapping during an experiment, eliminating 
the need for post-test pattern removal and preserving 
slip traces that might otherwise be damaged.

3.2. Strain localization characterization

3.2.1. Crystallographic slip
In most metallic materials, plastic deformation is domi
nated by crystallographic slip, resulting from the collec
tive motion of dislocations along well-defined 
crystallographic planes and directions. Identifying the 
active slip systems during deformation at the grain level 

is therefore essential for understanding the operative 
mechanisms that control plasticity.

Traditionally, slip trace analysis has been the most 
common technique for such identification. By analyzing 
the orientation of slip lines visible on the specimen sur
face, one can infer the active slip plane, especially in cases 
of planar slip. However, determining the corresponding 
slip direction is more challenging, as it often relies on 
additional assumptions, such as the selection of the sys
tem with the highest Schmid factor (SF) or based on the 
relative magnitudes of the critical resolved shear stresses 
(CRSS) among systems sharing the same slip plane [172]. 
These assumptions introduce uncertainties, particularly 
in materials with multiple slip families or near-equivalent 
systems, such as face-centered cubic (FCC) or hexagonal 
close-packed (HCP) metals.

To overcome these limitations, recent develop
ments have leveraged the full-field displacement and 
strain data obtainable from HR-DIC to identify active 
slip systems more reliably. Assuming planar slip, indi
vidual slip bands or traces within a grain can be 
detected directly from the DIC strain maps using 
automated feature-extraction techniques, such as phy
sics-based projection techniques based on EBSD data 
[173], the Hough transform [53,142,174] or the Radon 
transform [58,97,138,139,175] (Figures 8(a)). These 

Figure 8. (a) Automated identification of slip plane by Radon-transform slip trace analysis (adapted from [97], with permission 
from Elsevier). (b) Slip system identification based on probabilistic Hough transform of Heaviside-DIC displacement map (adapted 
from [53], with permission from Elsevier). (C) Principle of the identification of the slip direction based on the comparison of the 
experimental and theoretical RDR (adapted from [52]).
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detected slip traces can then be compared to the the
oretical projections of the crystallographic slip planes 
onto the 2D specimen surface, allowing a direct cor
relation between experimental slip features and the 
underlying crystal geometry. To ensure accurate 
matching between experimental and theoretical traces, 
it is often necessary to account for lattice rotation and 
grain-shape evolution during deformation. 
Accordingly, the experimental strain or displacement 
fields can be represented in the undeformed config
uration, thereby minimizing alignment errors.

To further clarify the slip direction, quantitative 
criteria based on the HR-DIC data can be used. 
Under the assumption of single slip, the Relative 
Displacement Ratio (RDR) between the x- and 
y-components of the displacement field across 
a slip line can be experimentally determined 
as [49]:  

where ux and uy represent the displacement com
ponents along the in-plane directions. This experi
mental ratio can then be compared with the 
theoretical RDR, defined for a slip system α char
acterized by a slip plane of unit normal nα and slip 
direction sα: 

where sα
x and sα

y are the in-plane components of the 
slip direction vector. Because coplanar slip systems 
with different (in-plane projections of) Burgers vec
tors exhibit distinct theoretical RDRα values, compar
ing RDRexp and RDRα enables reliable identification of 
the activated slip system [49,52,58,174] (Figure 8(c)). 
Other, more advanced methodologies have also been 
developed to improve slip system identification by 
exploiting the full-field displacement data obtained 
from DIC. For example, as Heaviside-DIC approaches 
explicitly capture the discontinuous displacement 
fields associated with slip events, it can directly pro
vide the discrete in-plane slip vectors corresponding to 
each detected slip trace [51,53,54]. Alternatively, opti
mization-based techniques have been introduced in 
which the active slip system is determined by mini
mizing the residual L2 norm between the experimental 
and theoretical components of the in-plane strain 
tensor [138].

Despite their success, these methods inherently rely 
on the occurrence of planar and discrete slip and 
generally assume single slip activity within a given 
region. As a result, their applicability becomes limited 
when deformation occurs through diffuse, wavy, or 
cross-slip, or when multiple slip systems are activated 
simultaneously. To overcome these constraints, 

a more generalized, local slip system identification 
framework termed SSLIP (for slip system-based local 
identification of plasticity) has recently been proposed 
[55]. In this method, the experimental displacement 
gradient tensor, 

is directly computed from the measured displacement 
field obtained by HR-DIC. Assuming small strains and 
neglecting elastic contributions, the theoretical displa
cement gradient tensor resulting from slip on all pos
sible systems can be expressed as 

where γα is the shear amplitude associated with slip 
system α and N is the total number of slip systems. 
The identification of the active slip systems and 
their respective shear contributions is then formu
lated as a constrained optimization problem, in 
which the total slip system activity is minimized 
subject to the condition that the residual difference 
between the experimental and theoretical displace
ment gradient tensors remains below a specified 
threshold Hthresh: 

This optimization framework enables simultaneous 
consideration of all potential slip systems without 
assuming planar or single-slip conditions, thereby 
allowing robust identification even in complex, multi- 
slip or cross-slip deformation regimes.

The method has been successfully validated on both 
virtual datasets for HCP materials and experimental 
strain maps for FCC and body-centered cubic (BCC) 
alloys, involving up to 48 possible slip systems 
(Figures 9(a)) [55]. SSLIP was also applied successfully 
experimentally on HCP materials [103,178]. 
Furthermore, to enhance computational efficiency 
and to reduce ambiguity (especially for HCP materi
als), the procedure was further extended to include 
a preliminary slip-system filtering step based on 
Radon transform analysis, which provides an initial 
estimate of the most likely active slip planes prior to 
the optimization stage, while also accounting for rota
tion, and was referred to as +SSLIP [176] (Figure 9(c)). 
The SSLIP approach was also further enriched to 
include slip strength anisotropy, hardening evolution 
laws, and crystallographic reorientation upon strain
ing to improve the slip identification [57].

3.2.2. Grain boundary sliding and opening
Deformation mechanisms at grain boundaries (GBs), 
including sliding (GBS), opening (GBO), cracking, 
and migration, are important in materials such as 
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Mg, Zn, ultrafine-grained alloys, and metals deformed 
at elevated temperature. HR-DIC combined with 
EBSD provides the spatial resolution needed to exam
ine these processes. One approach involves computing 
the in-plane (tangential) displacements along the GB, 
which gives an estimate of the degree of GBS that 
occurs [100,107,179], which can be extended to 3D 
by conducting additional optical profilometry [108]. 
However, reliably separating GB deformation from 
nearby intragranular slip remains challenging, because 
the experimental displacement gradients often contain 
contributions from slip bands, lattice rotations, and 
noise [177]. To address this, a recent framework 
termed SLIDE (for sliding identification by local inte
gration of displacements across edges) uses the EBSD- 
derived GB geometry together with the kinematic 
definitions of sliding and opening to test whether the 
measured deformation is compatible with either 
mechanism [177]. In this approach, theoretical displa
cement-gradient tensors describing ideal sliding or 
opening are projected into the DIC plane, and their 
parameters are optimized to best match the experi
mental in-plane displacement gradients (Figure 9(d)). 
Only deformation that satisfies these kinematic con
straints is attributed to GBS or GBO, while incompa
tible components, such as slip-induced shear near the 
boundary, are rejected. Additionally, the SEM contrast 
is used to determine opening events. By integrating 
the identified sliding or opening components along 

the GB normal direction, the method provides quan
titative estimates of in-plane GBS/GBO, and, when 
available, can be combined with out-of-plane height 
measurements to reconstruct full 3D GB displace
ments (Figure 9(f)). This physics-informed approach 
enables more reliable identification of GB-mediated 
deformation and offers a path toward studying how 
sliding and opening interact with intragranular plasti
city at the sub-grain scale.

3.2.3. Twinning- and transformation-induced 
plasticity
In materials with low stacking-fault energy (SFE), such 
as FCC austenitic steels (e.g., 316), several high- 
entropy alloys, and HCP systems including Mg and 
Ti alloys, plastic deformation may proceed not only by 
dislocation slip but also through twinning-induced 
plasticity (TWIP). Deformation twinning involves 
the coordinated shear of atoms that produces 
a mirror-symmetric reorientation of part of the crystal 
lattice across a specific twinning plane. Unlike slip, 
which can accumulate gradually, twin formation typi
cally manifests as abrupt strain bursts, pronounced 
lattice reorientation, and sharp changes in the local 
mechanical response. Twinning mechanisms play 
a central role in strain hardening, ductility enhance
ment, and texture evolution, notably through 
a dynamic Hall-Petch effect resulting from rapid sub
division of grains.

Figure 9. (a) Effective strain field generated from virtual HR-DIC on HCP material and corresponding slip system identified by (b) 
the SSLIP method and (c) the +SSLIP method. Green checks indicate correctly identified slip systems while red crosses indicate 
wrong ones (adapted from [176]). (d–i) Grain boundary sliding/opening analysis using the SLIDE method. (d) Effective strain map, 
(e–f) in-plane and out-of-plane displacement map, (g) grain boundary sliding/opening identification. (h) In-plane angle between 
the sliding/opening vector and the grain boundary tangent vector. (i) Out-of plane angle between the sliding/opening vector and 
the tensile direction (adapted from [177]).
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EBSD has long been the primary tool for studying 
deformation twinning because the characteristic and 
sharp 30–90° lattice reorientation provides a clear 
crystallographic signature [180–182]. However, twin 
nucleation is strongly influenced by local stress con
centrations at grain boundaries, triple junctions, and 
hard/soft grain interactions, features that EBSD cap
tures only in a static, post-mortem sense. HR-DIC, by 
contrast, provides access to dynamic twin nucleation, 
growth, and interaction events, enabling direct visua
lization of precursor strain localization preceding twin 
activation [14,59,99,138,183]. HR-DIC studies have 
shown that twinning often initiates in regions of pro
nounced deformation incompatibility and is accom
panied by highly localized shear bands that interact 
with grain boundaries and pre-existing slip bands. 
Recent work in Mg alloys demonstrated that twin 
variant selection is not predominantly governed by 
the twinning Schmid factor, but is instead controlled 
by the compatibility of the twinning shear with neigh
boring grain boundaries, a factor that cannot be 
inferred from EBSD alone [99] (Figure 10(a)). 
Similarly, in FCC stainless steel, the presence of pri
mary slip bands prior to twin nucleation was found to 
impede subsequent twin propagation, resulting in 
a heterogeneous strain distribution within the twin. 
Upon further deformation, slip transfer from the 

matrix into the twin occurred once the twin band 
exceeded a critical thickness [138] (Figure 10(b)). 
Additionally, deformation twinning manifests itself 
as a characteristic shear strain, which can be identified 
directly from HR-DIC [184]. The Heaviside-DIC algo
rithm has also been modified to account for discrete 
speckle pattern change associated to twin formation 
by introducing a dead-zone of pixel with a given thick
ness in the discrete line definition [76].

In steels containing mechanically unstable retained 
austenite (RA), such as medium-Mn, quenched and 
partitioned (Q&P), or certain dual-phase microstruc
tures, plastic deformation may also proceed through 
transformation-induced plasticity (TRIP) such as mar
tensitic transformation, which contributes additional 
hardening capacity and strongly influences strain parti
tioning [185]. HR-DIC has emerged as a powerful tool 
for resolving the nanoscale sequence of slip-assisted 
transformation events and their interplay with micro
structural heterogeneities [96,166]. Recent HR-DIC stu
dies in ultrafine-grained medium-Mn steels show that 
strain localizes first within austenite grains, where 
sequential activation of slip and martensitic transforma
tion forms thin high-strain channels that subsequently 
trigger yielding of the surrounding ferrite and promote 
Lüders-band propagation [96]. In lath-martensitic Q & 
P steels, HR-DIC combined with atom probe 

Figure 10. (a) EBSD map and corresponding effective shear strain maps of a pure Mg tensile sample subjected different strain 
levels revealing the nucleation and propagation of extension twins (adapted from [99], with permission from Elsevier). (b) 
Equivalent plastic strain maps at different strain levels of a SUS316L grain revealing the sequential occurrence of slip, twin and slip 
transfer (adapted from [138], with permission from Elsevier).
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tomography (APT) reveals that carbon- and Mn- 
stabilized RA exhibits a strong neighborhood- 
dependent mechanical response, accommodating high 
local strains when embedded in tempered martensite, 
while RA adjacent to fresh martensite or ferrite trans
forms more readily, thereby modulating strain parti
tioning and delaying damage initiation [166]. 
Additionally, HR-DIC has been used to measure the 
characteristic transformation strain of lath martensite 
in order to validate new martensite transformation 
theories [186].

3.2.4. Slip transfer across interfaces
When an incoming dislocation or dislocation array 
impinges on an interface, several outcomes are possible: 
it may be blocked, transmitted into the neighboring 
grain, absorbed and annihilated within the boundary, 
or absorbed and subsequently re-emitted as a new dis
location on a different slip system [187–189]. Whether 
slip transfer occurs strongly depends on the nature and 
morphology of the interface (grain/twin/phase bound
ary) as well as the geometric alignment between incom
ing (α) and outgoing (β) slip systems. Slip transfer has 
major implications for the mechanical performance of 
polycrystalline metals: dislocation pileup at interfaces 
can increase local stresses and promote early damage 
nucleation, whereas efficient transfer reduces local 
stress concentration. For these reasons, quantitatively 
assessing slip-boundary interactions remains an active 
research area aimed at establishing reliable, physics- 
based criteria for predicting slip transmission.

A wide range of transmission criteria have been 
proposed and comprehensively reviewed in the litera
ture [187–189]. Many are based on crystallographic 

alignment metrics that require identifying both the 
active incoming and potential outgoing slip systems. 
A commonly used example is the Luster – Morris 
parameter [190]:  

However, evaluating such criteria reliably is challen
ging in practice. Conventional slip trace analysis pro
vides information about the active slip plane but not 
the slip direction, and the common assumption that 
the slip system with the highest Schmid factor is acti
vated among coplanar systems introduces uncertainty 
because local stresses are rarely uniform or uniaxial at 
the grain scale. Consequently, extensive TEM charac
terization or other high-resolution techniques such as 
by combining EBSD with electron channeling contrast 
imaging (ECCI) are often required to confirm the 
actual slip directions and to provide accurate crystal
lographic input for slip transfer analyses [191].

Instead, HR-DIC combined with EBSD offers 
a more practical and informative alternative, as it 
enables not only the identification of active slip sys
tems using the methods described above, but also the 
direct quantification of the sequence, extent, and effec
tiveness of slip transfer across individual boundaries 
(Figure 11). The application of HR-DIC to slip trans
fer phenomena is still relatively recent 
[58,96,97,174,192], yet early studies already demon
strate its strong potential to reveal previously unrec
ognized modes of strain accommodation and 
intergranular transfer [193]. By capturing the spatio- 
temporal evolution of slip impingement, blockage, 
and reactivation across boundaries, HR-DIC provides 

Figure 11. (a–d) Slip transfer across a grain boundary in an extruded Mg-10.6Y alloy. (a) Strain map from HR-DIC, (b) strain profile 
along the path depicted in (a), (c) corresponding IPF map and (d) calculation of slip transfer parameter (adapted from [58] with 
permission from Elsevier). (e–f) Slip transfer across lamellae in a γ-TiAl alloy (adapted from [192] with permission from Elsevier). 
(g–h) Slip transfer across twin boundary in a 316 stainless steel (adapted from [138] with permission from Elsevier).
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a powerful new framework for validating and refining 
slip-transfer criteria in polycrystalline materials.

3.3. Data-driven and machine-learning-based 
feature extraction

HR-DIC has transformed strain-field measurement 
from a purely experimental tool for locating deforma
tion hotspots into a rich, spatially resolved data mod
ality that captures the physical signatures of microscale 
deformation mechanisms [194]. By generating large 
datasets that resolve heterogeneous strain fields at the 
grain and sub-grain scale, HR-DIC provides an ideal 
foundation for data-driven and machine-learning (ML) 
approaches aimed at uncovering relationships between 
microstructure, local deformation processes, and 
macroscopic mechanical behavior. Broadly, ML appli
cations for HR-DIC data can be classified into two 

categories: (1) feature extraction and (2) representation 
learning and predictive modeling. The present section 
focuses on the first category while the second category is 
discussed in Integration with other techniques.

While previously described physics-based feature- 
extraction approaches are effective for specific material 
systems, these approaches often lack robustness when 
applied across different alloys, deformation modes, or 
DIC acquisition conditions. As illustrated in 
Figure 12(a), deformation features can exhibit highly 
variable morphologies depending on crystal structure, 
stacking-fault energy, grain size, and loading path, mak
ing rule-based segmentation difficult to generalize.

Recent advances in ML-based computer vision, 
particularly semantic and instance segmentation, 
have enabled rapid and systematic extraction of defor
mation events directly from HR-DIC strain maps. An 
example is shown in Figure 12(b), where ML-driven 

Figure 12. (a) Examples of strain maps along the loading direction for an inconel 718, a Ti-6Al-4 V, a pure niobium, and an Invar 
specimens deformed to macroscopic plastic strains of 1.26 %, 1.14 %, 1.38 %, and 0.92 %, respectively (adapted from [195] with 
permission from Elsevier). (b) Data clustering for matrix and slip band based on Gaussian mixture model (adapted from [58] with 
permission from Elsevier). (c) Detection of deformation events for FCC slip, zigzag slip and GB sliding via computer vision (adapted 
from [195] with permission from Elsevier).
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segmentation combined with EBSD data allows simul
taneous identification of microstructural features (e.g., 
GBs) and intragranular deformation events [58]. This 
integrated approach enables automated quantification 
of strain partitioning between intergranular and intra
granular regions, as well as robust detection of slip 
bands within individual grains – capabilities that are 
difficult to achieve using conventional analysis 
pipelines.

A further example is provided in Fig. 12(c) [195], 
where a computer-vision model initially trained to detect 
planar slip bands was progressively extended to identify 
additional deformation modes, including grain- 
boundary sliding and wavy or zig-zag slip patterns. 
This iterative expansion demonstrates the adaptability 
and transferability of ML-based approaches, highlighting 
their potential to capture diverse deformation mechan
isms with markedly different spatial characteristics using 
a unified framework.

3.4. Summary
Taken together, the strain localization descriptors dis
cussed above provide complementary, mechanism- 
specific information rather than a single universal 
metric. Table 2 synthesizes key strain localization 
metrics and analysis frameworks used in HR-DIC stu
dies, summarizing their typical domains of applicability, 
underlying assumptions, and representative references. 
This overview highlights that metric selection must be 
guided by both the dominant deformation mechanism 
and the local microstructural context.

For slip-dominated deformation, scalar measures 
such as equivalent plastic strain or maximum shear 
strain remain effective for identifying localization hot
spots, whereas slip-system – resolved approaches 

derived from HR-DIC (e.g. RDR and SSLIP) enable 
direct identification of active systems and their relative 
contributions, including under multi-slip conditions. In 
twin-dominated materials, localization is more appro
priately characterized by abrupt shear offsets, localized 
strain bursts, and lattice rotation fields associated with 
discrete twin formation, where HR-DIC provides 
dynamic information that complements post-mortem 
EBSD signatures. For grain-boundary-mediated 
mechanisms such as sliding and opening, conventional 
strain metrics are often insufficient; instead, kinemati
cally constrained approaches such as SLIDE, which 
explicitly account for boundary geometry and displace
ment discontinuities, allow quantitative separation of 
intergranular deformation from nearby intragranular 
slip. Finally, analysis of slip transfer across interfaces 
requires combining slip-system identification with spa
tially resolved strain and displacement fields to assess 
both the occurrence and effectiveness of transmission.

Finally, a note on the general limitations of char
acterizing plasticity using SEM-based measurements. 
Because HR-DIC fundamentally yields in-plane sur
face displacement fields (and quantities derived from 
their spatial gradients), it provides a powerful view of 
localized plasticity, but remains inherently limited by 
3D-to-2D projection. This is particularly relevant for 
identifying crystallographic slip and grain-boundary 
sliding/opening (GBS/GBO), where part of the physi
cal displacement and deformation can be oriented out 
of the specimen plane. In such cases, the in-plane 
signatures remain highly informative, but may not 
uniquely capture the full 3D kinematics. This projec
tion aspect helps clarify the scope of different identi
fication strategies: scalar localization measures (e.g. εeq 
or γmax) are highly effective at detecting where 

Table 2. Summary of key strain localization metrics used in HR-DIC studies, their primary deformation mechanisms, main 
assumptions or limitations, and representative references.

Metric/approach Primary deformation mechanism Main assumptions/limitations Ref.

εeq½� �, γmax½� � Generic strain localization Scalar descriptors; [55,97,137–139]
not mechanism-specific;

insensitive to slip direction
Slip trace analysis Crystallographic slip Slip direction not uniquely identified; [53,58,97,138,139,142,174,175]

ambiguous for coplanar systems
Heaviside-DIC Discrete slip Requires  

sharp displacement discontinuities;
[48,51,53,75,140–144]

limited for diffuse deformation
RDR Single/co-planar slip deformation Assumes planar slip; [49,52,58,174]

sensitive to noise and spatial resolution
SSLIP/+SSLIP Multi-slip and cross-slip 

deformation
Small-strain assumption; [55,57,103,176,178]

Requires prior slip-plane estimation (+SSLIP)
SLIDE Grain boundary sliding and 

opening
Requires accurate grain-boundary geometry; [177]

kinematic assumptions
Rotation fields, ωz [�] Twin bands and lattice 

reorientation
Twin formation produces quasi-uniform [14,137,192]

rotation bands in DIC
Slip transfer metrics Slip transfer across interfaces Requires accurate multiple slip system 

identification
[58,96,97,174,192,193]

ML-based feature 
extraction

Mixed deformation mechanisms Requires representative training data; [58,194,195]

limited physical interpretability
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deformation concentrates, yet they are intentionally 
non-specific with respect to the underlying mechan
ism. Trace-based identification approaches can 
robustly identify likely slip planes from surface inter
sections, but care is warranted when distinct slip 
planes produce similar surface traces (or when multi
ple systems share comparable trace orientations). 
Methods that more directly exploit displacement dis
continuities, such as Heaviside-DIC or the RDR 
method, can sharpen slip-system identification when 
their assumptions hold, but they still operate on the 
in-plane components and are therefore most discrimi
nating for planar, slip-dominated events with a clear 
in-plane signature. More general optimization frame
works such as SSLIP/+SSLIP extend identification to 
diffuse (multi-)slip by fitting the experimentally mea
sured in-plane displacement-gradient tensor, which 
improves robustness in complex deformation while 
remaining tied to the 2D information content and 
associated modeling assumptions (e.g. small-strain 
kinematics and simplified elastic contributions). In 
that setting, non-uniqueness can arise because differ
ent combinations of slip systems may reproduce very 
similar in-plane kinematics, and in particular because 
distinct systems can share the same slip trace and 
similar projected in-plane slip directions. For interfa
cial mechanisms, algorithms such as SLIDE similarly 
leverage the rich in-plane gradients by projecting idea
lized sliding/opening kinematics into the DIC plane, 
enabling quantitative in-plane GBS/GBO extraction 
when the boundary geometry and kinematic assump
tions are well satisfied, while full separation of inter
facial modes benefits from complementary out-of- 
plane displacement information. In Laser scanning 
confocal microscopy (LSCM), we provide strategies 
to obtain information on out-of-plane deformation.

4. Integration with other techniques

4.1. In-situ mechanical testing

HR-DIC can be implemented either ex-situ, by inter
rupting mechanical tests and (repeatedly) inserting the 
specimen into an SEM for image acquisition, or 
(quasi) in-situ, by imaging (typically) at intermittent 
deformation steps while loading of the specimen is 
paused, using an in-situ testing rig inside the micro
scope. Time-resolved in-situ testing is also possible 
with the condition of a unique region of interest and 
rather fast image acquisition (few seconds), as demon
strated by the analysis of the slip band propagation 
during the continuous loading of a Ti-7Al titanium 
alloy [140]. Further improvements in speed and effi
ciency may be achieved by multi-beam SEM imaging, 
capturing up to 91 SEM images simultaneously [194]. 
Ex-situ approaches are experimentally simpler and 

permit long acquisition times under optimal imaging 
conditions; however, they inherently suffer from strain 
relaxation, reverse slip, time-dependent recovery dur
ing unloading, and geometrical misalignments, which 
can hinder (measurement of) the true deformation 
state. Moreover, small misalignments between scans 
can introduce phantom rotations which may affect the 
identification of (lattice) rotations and slip system 
activities [176]. In-situ mechanical testing inside the 
SEM overcomes these limitations by enabling strain 
fields to be measured directly under applied load. 
Miniaturized tensile, compression, bending, and fati
gue rigs integrated into SEM chambers allow con
trolled mechanical loading over a wide range of 
forces and temperatures while maintaining high spa
tial resolution imaging, either by manual acquisition 
of images at various deformation increments 
[36,88,102] or by automation [68,100,140,196–200] 
(Figure 13(a)).

A major experimental challenge for in-situ HR-DIC 
is maintaining image focus and geometric stability 
during deformation. Changes in specimen height, 
bending, or rigid-body rotation during loading can 
induce defocus and apparent displacement artifacts 
that degrade the signal-to-noise ratio, particularly at 
high magnification where the depth of field is limited. 
Moreover, the area of interest typically moves during 
deformation, requiring manual or automatic reposi
tioning by beam shift or stage movements. These 
effects are further compounded by the physical size 
of in-situ loading rigs, which typically impose a larger 
working distance (WD = 10–20 mm) as compared to 
conventional ex-situ SEM imaging (WD = 3–10 mm). 
An increased working distance typically reduces spa
tial resolution, electron collection efficiency, beam 
stability, and depth-of-field control, thereby amplify
ing image noise and limiting the minimum resolvable 
subset size for HR-DIC. Mitigation strategies include 
the use of rigid loading frames, careful specimen align
ment, load-hold imaging protocols, and frequent refo
cusing routines synchronized with image acquisition.

Manual image acquisition, which also requires 
manual intervention of the aforementioned issues, 
is time consuming and does not guarantee repro
ducibility. To achieve statistically representative 
measurements at high spatial resolution, in-situ 
HR-DIC increasingly relies on automated image 
acquisition schemes [68,100,140,196–200]. Large 
regions of interest are commonly captured using 
tiled image mosaics acquired sequentially at each 
loading step, followed by image stitching either 
before or after DIC. Automation of stage motion, 
imaging parameters, and synchronization with 
mechanical loading enables reproducible acquisi
tion of hundreds to thousands of high-resolution 
images during a single experiment 
[100,196,197,200]. Load – unload – reload 
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protocols can also be employed, particularly for 
cyclic loading, fatigue, and damage studies [196]. 
Imaging under full load captures the active defor
mation state, while intermittent unloading steps 
provide insight into elastic recovery, residual strain 
accumulation, and irreversible deformation 
mechanisms [201].

4.2. In-situ micro-mechanical testing

Whilst most applications of HR-DIC have been on 
macro-scale specimens, a growing number of research 
groups applies such DIC strain mapping after initial 
EBSD mapping to micro- and nano-mechanical speci
mens, in order to augment the opportunities of 

analysis and interpretation from a single small-scale 
test: (1) locating and quantifying crystallographic plas
ticity relative to the microstructure; (2) identifying and 
quantifying the local occurrence of non- 
crystallographic plasticity; (3) measuring true strain, 
and hence stiffness, directly on the specimen to cir
cumvent system compliance determination issues 
common to small-scale testing; (4) evaluating the 
coherency of plasticity between multiple faces of oli
gocrystal specimens. Due to the small specimen sizes, 
a greater range of materials show plasticity: in addition 
to just metals and alloys, intermetallics, ceramics, 
composites of the previous, and even biological mate
rials, have all been the topic of HR-DIC-augmented 
micromechanical testing.

Figure 13. (a) Example of a tensile rig with sample geometry for in-situ tensile testing and corresponding stress-displacement and 
stress-strain curves (adapted from [196]). (b) Secondary electron images before and after compression of TiAl pillars exhibiting 
twin and slip, and corresponding maximum shear strain map (adapted from [94]). (c) General overview of sample preparation by 
FIB, microstructure characterization and front and back sides HR-DIC displacements and strain maps obtained from in-situ tensile 
test (adapted from [69]).
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4.2.1. General considerations
The integration of micro-mechanical testing rigs in 
SEMs is well established. However, adaptation to HR- 
DIC requires several considerations: firstly, the geo
metry should enable unobscured, ideally normal, view 
of a flat surface of the specimen gage. This is most 
often achieved by FIB milling of cuboidal gage test
pieces either on mechanically or ion polished edges of 
bulk samples [93,202], or on the end of mechanically 
or electrochemically-thinned narrow wedges or nee
dles [69]. Such geometries are inherently less 
mechanically stable than mid-surface locations on 
the bulk, due to higher lateral compliance, which in 
the case of edge samples is asymmetric – hence risking 
outward rotation of a pillar base in compression, or 
torsional moments along a cantilever aligned with the 
edge: these can be understood by FEM models 
[203,204], and partially mitigated, such as by milling 
free-standing walls at the bulk sample edge [205]. 
Furthermore, although these geometries lend them
selves well to EBSD crystal orientation mapping of 
the gage, additional FIB polishing at low ion accelera
tion, e.g., at 2 kV, is often required to remove the 
amorphized surface damage layer resulting from 30 
kV milling [39] – equivalently to TEM sample pre
paration [206]. Secondly, a patterning method 
(Section 2.1) which can produce a speckle pattern 
locally, and in a one-step process at room temperature, 
without liquid contact – to avoid contamination of the 
small-scale specimens – is required. Additionally, 
antenna effects of small structures with sharp edges 
can result in non-uniform thicknesses upon magne
tron sputtering [207]. Hence, thus far exploited are: 
Focused electron beam-induced deposition (FEBID) 
[39,93,94,192,202,208–213] (Figure 13(b)), direct 
sputter deposition of InSn [69,103] (Figure 13(c)), 
and ion milling [214], where the latter is least recom
mended for small scale testing due to the risk of 
artificially introducing dislocation sources. Thirdly, 
the high magnification, single-frame SEM imaging 
conditions appropriate to micron-scale gage surfaces 
at the best resolution possible, for lowest-noise DIC, 
lends itself to the use of a magnetic immersion lens 
(see Image acquisition and noise sources) and beam 
monochromator, along with the low working distance 
necessary for such modes. Whilst this works well for 
ex-situ imaging, in-situ nanoindenter geometries can 
prevent the use of such highest-resolution imaging 
modes, or an insertable backscatter detector – hence 
secondary electron imaging at approx. 10 – 15 mm 
working distance is often used for in-situ testing 
where several images of the surface pattern are 
acquired throughout loading [192,208]. It can be 
necessary to adapt the DIC procedure by manually 
masking to exclude non-gage regions, and also multi
ple-seeding, depending on the degree of plasticity 
localization: this is particularly the case for single- 

crystal and single-lamellar-colony gage sections 
oriented for single-slip, where the slip displacement 
along each surface slip line can be many multiples of 
the subset size [94,209]. Finally, like regular microme
chanical testing, such specimen geometries lend them
selves well to post-mortem TEM imaging to further 
interpret details beyond the spatial resolution of HR- 
DIC [211]; lift-out lamellae may be taken from the 
near-surface region, or rather from mid-depth, 
depending on interpretation aims [208,211].

4.2.2. Application examples
HR-DIC analysis of a cuboidal microcompression spe
cimen of Cu oriented for single slip [93] was used as an 
early example of how crystal lattice rotation can be 
extracted from HR-DIC datasets as detailed in 
Computation of strain fields, and this was coherent 
with EBSD-derived lattice rotation similarly captured 
in the unloaded state. In a study of a Cr2AlC micro
pillar [209], also in single slip geometry, the extent of 
easy basal slip of the MAX phase along each slip line 
was captured to produce one-to-one correlations of 
loading curve features and slip events, in order to 
achieve greater precision in measurement of the 
resolved shear stress for slip activation by assigning 
the relevant pillar cross-sections to each loading curve 
feature – relative scatter was effectively decreased from 
52% to just 4%.

Several cases of multiphase alloys have been 
explored using microcompression; in most cases, the 
specimen was constituted of a single crystalline parent 
or matrix phase, to capture plasticity partitioning 
between the phases: in BCC Fe-Ni2AlTi superalloys 
[212], a low magnitude of misfit strain was shown to 
reduce the degree of heterogeneity in plasticity 
between the phases. Two phase intermetallic γ-TiAl 
alloys with a lamellar structure were investigated in 
microcompression (Figure 13(b)) across a range of 
temperatures up to 700° C [39,94,210,211] and in 
fatigue up to 105 cycles [192], using in-situ SEM 
micromechanical testing followed by ex situ imaging; 
in all conditions, the FEBID Pt speckle resisted ther
mal exposure and repeated imaging well. However, 
careful tailoring of the low-kV FIB polish was neces
sary to avoid twin operation tearing any FIB- 
amorphised surface layer. Such studies revealed exten
sive operation of the little-reported twinning of the γ 
phase parallel to the lamellar planes, across all condi
tions, and early activation of slip activity close and 
parallel to twin and phase interfaces.

Other mechanical test geometries have received less 
attention, and only at ambient temperatures, likely 
due to their greater complexity in specimen prepara
tion and/or alignment for loading. Micro-tensile test
ing of oligocrystals of dual phase steel [69] 
(Figure 13(c)) and a Zn alloy [103] with front- and 
back-side HR-DIC strain mapping has sought to 
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capture the interplay in plasticity across grain and 
phase boundaries. Strain mapping by both HR-DIC 
and HR-EBSD (see HR-EBSD mapping) of the near- 
notch region of a micro-cantilever of tungsten cap
tured toughening slip line emanating from the crack 
tip, and demonstrated an absence of evidence for such 
plasticity in the conventional post-mortem TEM ima
ging of dislocation structures on a near-surface 
extracted lamella [208].

Two studies, on microtension of a CoCrFeMnNi 
alloy [214] and micro double shear testing of Si [213], 
have exploited the good match between SEM view- 
field for HR-DIC resolution imaging, and the gage 
dimension for small scale mechanical testing, to per
form quasi-continuous imaging during loading, with 
SEM frame times between 0.5 – 3 s. Data filtering 
measures were taken to reduce the influence of scan 
errors from fast imaging on HR-DIC strain results, 
particularly during initial elastic loading.

Finally, such HR-DIC can also be used to experi
mentally evaluate otherwise difficult to measure elastic 
parameters, such as the modulus of pyrolytic graphite 
(PG) when sandwiched between SiC within a FIBbed 
micropillar [202]. The effect of a gradient in basal 
texture (determined by HR-TEM) across the � 1 μm 
thick PG layer was captured by HR-DIC upon com
pressing normal to the tri-layer planes. Similarly, HR- 
DIC has been used on FIBbed micron-scale structures 
to measure in-plane near-surface residual stress states 
in coatings, and following surface treatments using the 
ring milling method [215], among other geometries. 
Where surface features are insufficient for DIC, 
a FEBID pattern is usually added, where this must be 
sufficiently coarse to resist stray FIB-milling. For 
details, the reader is referred to the extensive NPL 
Good Practice Guide [216]. In both cases, elastic strain 
data extraction, and eventually its isolation from plas
tic strain [202], is the primary focus; therefore, large 
subset sizes are exploited to reduce strain noise. 
However, due to the small specimen size (largest 
dimension < 5 m), high SEM magnifications, com
monly 50,000 or higher, the spatial resolution of strain 
mapping remains below 0.2 m.

4.3. Laser scanning confocal microscopy (LSCM)

Although HR-DIC provides quantitative in-plane dis
placement and strain fields at sub-micron spatial reso
lution, it offers only indirect access to out-of-plane 
deformation through the previously described identi
fication methods (Strain localization analysis from 
HR-DIC results) [51]. Laser scanning confocal micro
scopy (LSCM) has gained some interest as a way to 
complement HR-DIC by providing high-resolution 
topographical maps of the deformed surface 
[108,136,138,161,217–220]. Unlike atomic force 
microscopy (AFM), which can resolved nanometer- 

scales steps but is limited by slow scanning speed, 
small FOV, and tip-surface interaction artifacts 
(which could be exacerbated by the speckle pattern), 
LCSM enables rapid, non-contact imaging over milli
meter-size FOV, making it more compatible with HR- 
DIC mapping.

Early work showed that LSCM can resolve grain- 
scale and sub-grain-scale roughness arising from 
orientation-induced incompatibilities [217,218], and 
subsequent studies demonstrated that combining 
LSCM height maps with DIC enables simultaneous 
measurement of in-plane and out-of-plane compo
nents of slip-band deformation at the sub-grain scale 
for the three-dimensional evaluation of the cumulated 
Burgers vector [220]. LSCM-DIC has proven particu
larly valuable for identifying active slip systems, 
because the sign and magnitude of surface steps pro
vide a strong constraint on the Burgers vector projec
tion and thus on the three-dimensional shear direction 
(Figure 14(a)) [220]. More recently, integrated DIC – 
LSCM approaches have been used to characterize the 
three-dimensional configuration of slip and twinning 
in low-SFE stainless steels and nickel-based superal
loys, revealing how nanotwin networks and grain/twin 
boundaries control the out-of-plane surface relief and 
generate large local deformation gradients 
(Figure 14(b)) [108,138]. LSCM-DIC was also used 
to investigate the out-of-plane character of grain 
boundary sliding or opening at high temperature 
[107,108,177]. Contrary to slip localization, grain 
boundary sliding is not crystallographic but morpho
logical based on the geometry of the grain boundaries 
and cannot be intuited from in-plane kinematics field. 
Therefore, topographic measurements are of great 
importance for the study of grain-boundary events.

4.4. HR-EBSD mapping

HR-EBSD enables quantitative measurement of small 
lattice rotations and elastic strains with a precision 
several orders of magnitude higher than conventional 
EBSD. Instead of relying on Hough-based indexing of 
Kikuchi patterns to determine absolute crystal orien
tations, HR-EBSD compares diffraction patterns 
acquired at closely spaced points through cross- 
correlation similar to DIC. Sub-pixel shifts in 
Kikuchi band positions encode minute changes in 
the lattice metric, enabling extraction of the full rela
tive deviatoric elastic strain tensor and lattice rotation 
tensor with sensitivities on the order of 10� 4 in strain 
and 10� 4 radians in rotation [66,221–223]. The devia
toric elastic strain tensor provides access to type III 
stresses, defined as localized intragranular stresses 
generated by lattice distortions around defects such 
as dislocations, subgrain structures, or phase bound
aries [224]. Meanwhile, the lattice rotation tensor 
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yields a lower-bound estimate of geometrically neces
sary dislocation (GND) density via Nye’s tensor form
alism. When paired with HR-DIC, HR-EBSD becomes 
a powerful complementary probe: HR-DIC maps total 
surface deformation and slip localization, while HR- 
EBSD reveals the underlying elastic strain partition
ing, lattice curvature, and dislocation densities that 
drive heterogeneity in crystalline plasticity.

However, integrating HR-EBSD with HR-DIC 
poses practical challenges because HR-EBSD requires 
high-quality, high-contrast Kikuchi patterns, which 
can be degraded by opaque or thick speckle patterns. 
Early studies therefore used a sequential workflow in 
which EBSD was acquired prior to DIC patterning and 
again post-deformation after speckle removal [225– 
227]. This limited correlative analysis to a single defor
mation interruption and prevented simultaneous 
mapping of the evolving elastic and plastic fields. 
Recent work has thus focused on developing speckle 
patterns suitable for HR-DIC while remaining suffi
ciently electron transparent for HR-EBSD without 
removal. Several approaches have now demonstrated 
such dual compatibility, including electron-beam – 
deposited Pt speckles on W [208], Ag nanoparticle 
coatings deposited from ethanol suspensions 
[228,229], and remodeled Ag films formed via NaBr 
in isopropanol [46]. These advances now enable con
current HR-DIC/HR-EBSD mapping.

The capability of combined HR-DIC and HR-EBSD 
is illustrated in Figure 15(a), which shows the defor
mation of a W microcantilever [208]. HR-DIC cap
tured the nucleation and evolution of discrete slip 

bands, while HR-EBSD quantified the associated elas
tic strain and lattice rotation fields. By subtracting the 
elastic deformation gradient measured via HR-EBSD 
from the total deformation measured by HR-DIC, the 
pure plastic deformation gradient can be obtained. 
This revealed that regions of high elastic stress or 
high GND density do not necessarily coincide with 
the areas of largest plastic shear, and that the most 
active slip band underwent near-complete mechanical 
annealing. The study demonstrated that dislocation 
nucleation governs crack-tip plasticity, an insight 
inaccessible to either technique alone. Another recent 
example introduces a framework that combines HR- 
DIC strain mapping with HR-EBSD stress measure
ment to construct microscopic, spatially resolved 
stress – strain curves within a polycrystal [228] 
(Figures 15(d)). By acquiring SEM images and HR- 
EBSD maps at multiple deformation steps and align
ing them through georeferencing, pixel-wise stress – 
strain responses were extracted, revealing extreme 
spatial heterogeneity driven by grain orientation, slip 
activity, and boundary constraints. Lastly, Figure 15(g) 
shows an application to a deformed CuCrZr alloy [46], 
where intense HR-DIC slip localization coincides with 
strong HR-EBSD lattice curvature, directly linking slip 
band formation to back-stress accumulation and dis
location patterning.

While HR-EBSD is a powerful technique, it should 
be noted that it yields only relative measures of elastic 
strain, since a stress-free reference point is required in 
each grain. This poses no issues for single crystal tests 
that provide stress-free regions outside the specimen 

Figure 14. (a–f) Identification of active slip system based on the in-plane and out-of-plane displacements obtained by Heaviside- 
DIC and LSCM, respectively (adapted from [220], with permission from Elsevier). (g–j) interaction between slip bands and grain/ 
twin boundaries revealed by LSCM-DIC (adapted from [108], with permission from Elsevier).
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gage [208]. However, polycrystalline specimens should 
be treated carefully, even when the stress-free patterns 
are used from the undeformed configuration [228], 
because pattern center uncertainties may introduce 
phantom strains [230]. To alleviate these issues, abso
lute HR-EBSD is under active development in the 
literature [231–233] and may soon reach the maturity 
level required for combination with HR-DIC.

4.5. Crystal plasticity simulations

Strain mapping obtained from HR-DIC has increas
ingly been coupled with full-field micromechanical 
simulations based on CP models. These models typi
cally solve the continuum mechanics boundary value 
problem using either the finite element method (FEM) 
or spectral solvers based on the FFT [234–236]. By 
explicitly representing polycrystalline aggregates 
incorporating microstructural descriptors such as 
grain morphology, crystallographic orientation, 
phase distribution, and grain – grain interactions, full- 
field CP simulations are capable of computing local 
intragranular stress and strain fields. This multiscale 
framework effectively bridges the gap between crystal- 
level deformation mechanisms and the macroscopic 
mechanical response of the material, enabling 
a physics-based interpretation of experimental 
observations.

Most CP models rely on finite-strain kinematics, in 
which the total deformation gradient F is multiplica
tively decomposed into an elastic part Fe and a plastic 
part Fp [237]:  

Assuming plastic deformation occurs solely by crystal
lographic slip, the plastic velocity gradient is 

where _γα is the shear rate on slip system α, expressed 
as a function of the resolved shear stress 
τα ¼ S : ðsα � nαÞ and a set of internal state variables 
(ISVs): 

Different CP formulations vary in their choice of ISVs 
(e.g., CRSS, dislocation densities) and the constitutive 
evolution laws that govern them, leading to models 
that range from highly phenomenological to strongly 
physics-based [234,238].

A major challenge lies in the parameter calibration 
and validation of CP models. The large number of con
stitutive parameters, associated with the various defor
mation mechanisms, hardening laws, and grain- 
boundary interactions, introduces a high degree of non- 
uniqueness in the model response. Calibration solely 

Figure 15. (a–c) Elastic, plastic and total strains estimated around the notch of a W single crystal microcantilever during bending 
by in situ HR-EBSD and HR-DIC. (a) Schematic of the framework, (b) elastic strain and lattice rotation components map estimated 
from HR-EBSD and (c) total strain estimated from HR-DIC (adapted from [208]). (d–e) strain and stress map obtained by HR-DIC and 
HR-EBSD on a deformed nickel-based alloy and (f) examples of extracted microscopic stress-strain curves (adapted from [228], with 
permission from Elsevier). (g–k) HR-DIC/HR-EBSD study on a CuCrZr alloy revealing connection between strain localization and 
lattice curvature (adapted from [46], with permission from John Wiley and Sons).

Sci. Technol. Adv. Mater. 27 (2026) 26                                                                                                                                                 F. BRIFFOD et al.



against macroscopic stress – strain curves can therefore 
be misleading, as different parameter sets may reproduce 
the global mechanical behavior equally well without cor
rectly capturing the underlying micro-mechanical 
processes and deformation heterogeneity at the micro
structure scale. In this regard, full-field experimental 
strain maps obtained from HR-DIC provide a powerful 
validation pathway, offering spatially resolved data 
against which local predictions from CP models can be 
rigorously tested. Conversely, CP simulations can serve 
as a ‘virtual laboratory/digital twin’ offering mechanistic 
insights that complement HR-DIC measurements and 
extend their interpretive power. Global DIC is for 
instance a slip based-regularization method aiming at 
identifying CP parameters from surface in-plane kine
matics fields in the case diffuse plastic fields [50]. 
Conventional CPFEM calculations provide diffuse plas
tic fields that do not correspond to the discrete and 
heterogeneous slip localization observed using HR-DIC. 
Therefore, FFT-based strain gradient plasticity 3D poly
crystalline simulations are better suited to depict slip 
localization on 3D aggregates [239,240].

4.5.1. General framework
Figure 16 summarizes an integrated experimental – 
numerical workflow for combining HR-DIC measure
ments with CP simulations. It is important to empha
size that the framework described here represents 
a recent and still emerging approach, rather than 
a routine methodology. In many published studies, 
only subsets of these steps are implemented. The 
workflow presented below should therefore be 
regarded as an idealized reference framework, 

illustrating best practices and highlighting recent 
methodological advances that aim to maximize the 
fidelity of experiment – simulation coupling.

The polycrystalline geometry used as input for CP 
simulations is typically reconstructed from 2D EBSD 
maps from surface characterization. Because EBSD pro
vides only surface information, the subsurface mor
phology is unknown. The common assumption that 
the microstructure remains constant through thickness, 
producing columnar extrusions of surface grains, can 
introduce significant error, particularly when the true 
3D grain geometry influences surface stress and strain 
fields [83,141,242,243]. Several advances have been pro
posed to overcome this limitation. Quasi-2D 
approaches involving fabrication of micrometer-thin 
foils and EBSD mapping on both sides [241,244] pro
vide near-surface volumetric constraints (Figure 16(a)). 
More sophisticated serial-sectioning techniques, such as 
TriBeam tomography [245–247], allow full 3D recon
struction, enabling direct use of experimentally deter
mined microstructures in CPFE simulations [141,248]. 
Although experimentally demanding, these methods 
represent promising avenues toward reducing geome
trical uncertainty in experiment-numerical compari
sons. Such 3D characterization offer high spatial 
resolution and angular resolution, making possible 
grain reorientation study in the volume [141]. 
Knowing the 3D morphology and orientation of grains 
also aims to better understand and correlate surface slip 
intensity to microstructural features in the volume, such 
as triple junction [141]. Non-destructive techniques 
such as diffraction contrast tomography (DCT) 
are capable to reconstruct 3D aggregates both in 

Figure 16. General overview of a quasi-2D integrated DIC-CPFE study. (a) EBSD characterization and thickness measurement 
through optical profilometry on both sides of the specimen. (b) 3D microstructure generation and conformal meshing. (c) Speckle 
pattern at various scales. (d) Extraction of boundary conditions from displacement fields. Comparison of mesoscale equivalent 
plastic strain fields obtained by (e) DIC and (f) CPFE simulations. Insets of a small area, comparing (f) HR-DIC strain fields and (g) 
CPFE simulations with discrete slip bands (adapted from [241]).
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morphology and grain orientation for further HR-DIC 
or CPFEM calculations [161,249,250].

Following EBSD acquisition, the dataset undergoes 
cleaning, distortion correction, and grain identifica
tion before mesh generation. Two meshing strategies 
are common. Structured meshing on a regular grid is 
straightforward but produces staircase grain bound
aries and uniform element density. Unstructured con
formal meshing, on the other hand, follows the true 
grain boundary morphology and allows adaptive 
refinement, improving fidelity and computational effi
ciency [241,251–254] (Figure 16(b)).

Boundary conditions (BCs) critically influence the 
agreement between simulation and experiment. BCs 
can be implemented as prescribed displacements or 
applied tractions [40,60,90,254–256]. Alternatively, 
submodeling approaches interpolate BCs from a larger- 
scale model to a detailed microstructural zone [226]. 
More recently, HR-DIC has enabled direct extraction of 
BCs from measured displacement fields, which can be 
interpolated or extrapolated onto the simulation 
boundaries [183,219,241,248,257,258] (Figure 16(d)). 

This methodology provides a realistic coupling between 
experiment and simulation, as it captures the actual 
deformation gradients imposed on the observed region, 
including any heterogeneities arising from neighboring 
microstructural features outside the FOV. However, 
such fully prescribed BCs can also be too strict, enfor
cing noise and systematic errors onto the simulations 
[259], which can be alleviated by imposing ‘relaxed’ 
BCs [244].

4.5.2. Application examples
Conventional calibration methods that rely solely on 
fitting macroscopic stress – strain curves often lead to 
significant uncertainty, as multiple sets of CRSS values 
can reproduce the same global mechanical response. 
Calibration of CP parameters based on HR-DIC strain 
fields can resolve ambiguities inherent to macroscopic 
fitting. Spatially resolved comparisons between mea
sured and simulated strain localization, slip activity, or 
lattice rotation allow discrimination between compet
ing CRSS ratios and deformation mechanisms 
[50,57,59,159,175,183,256,258,260] (Figures 17(a)).

Figure 17. (a–b) Comparison of slip activity obtained from (a) HR-DIC measurements and (b) CP simulations in a strained high- 
purity copper sample (adapted from [57]). (c–g) Correlative analysis of deformation in an In718 alloy: (c) lattice rotation measured 
by HR-DIC and (d) lattice rotation predicted by CP simulations; (e) resolved shear stress (RSS) fields from CP simulations; (f) slip 
amplitudes extracted by Heaviside-DIC; and (g) the corresponding identified active slip systems (adapted from [254], with 
permission from Elsevier). (h–k) Integrated HR-DIC/CPFE study on deformed In718: (h) surface strain field measured by HR-DIC; 
(i) reconstructed 3D microstructure from TriBeam serial sectioning and EBSD with overlaid slip traces; (j) finite element mesh 
generated directly from the reconstructed microstructure; and (k) comparison of lattice rotation fields measured by EBSD and 
predicted by CP simulations (adapted from [141], with permission from Elsevier).

Sci. Technol. Adv. Mater. 27 (2026) 28                                                                                                                                                 F. BRIFFOD et al.



Beyond calibration, HR-DIC observations have 
directly motivated refinement of CP models. In 
lath martensitic steels, early activation of habit- 
plane slip or interfacial sliding has been incorpo
rated either by modifying CRSS values [60,90] or 
by introducing constitutive mixtures of martensite 
and retained austenite with restricted active slip 
systems [102,241]. These enriched models substan
tially improve agreement with experimental strain 
maps (Figures 16(e)).

Validated CP simulations can then be used predic
tively to analyze strain localization, damage initiation, 
and crack formation [40,67,141,170,171,226,254,261– 
263]. Comparison of predicted lattice rotation and 
resolved shear stresses with HR-DIC and HR-EBSD 
measurements (Figures 17(c)) demonstrates that 
CPFE accurately captures lattice curvature while 
revealing intragranular stress heterogeneities that 
drive variant selection and multisystem slip. Finally, 
combined HR-DIC and 3D EBSD studies have shown 
that integrated simulation – experiment frameworks 
can statistically relate slip localization to grain- 
boundary character and triple junction geometry, 
with CPFE explaining the underlying stress fields 
that govern planar slip vs. curved multislip behavior 
(Figures 17(h)) [141].

4.5.3. Limitations and challenges
Beyond the aforementioned limitations associated 
with the use of two-dimensional microstructures 
in most correlated HR-DIC/CP studies, several fun
damental challenges remain. A major limitation 
arises from the inherently different nature of the 
experimental and numerical representations of 
deformation. One-to-one comparisons between 
HR-DIC strain maps and CP simulation results 
generally yield good qualitative and quantitative 
agreement when relatively large subset sizes and 
spacings are employed in the DIC analysis, produ
cing smooth and continuous strain fields 
[50,59,67,170,171,183,260]. Consequently, the dis
crete and highly localized features observed experi
mentally, such as individual slip lines, micro-bands, 
or twin lamellae, typically cannot be directly repro
duced by conventional continuum-based CP 
formulations.

To overcome this mismatch, several studies have 
proposed methods to mimic strain localization phe
nomena within CP simulations. These approaches 
typically involve the manual or algorithmic introduc
tion of discrete slip or twin bands, in which localized 
softening is imposed to simulate intense shear deforma
tion. The inclusion of such bands can produce strain 
patterns that visually resemble the experimentally 
observed slip bands [60,90,239–241,244,264–266]. 

However, these methods introduce additional mod
eling complexity and are often accompanied by 
numerical challenges. In particular, the strong 
mesh-size dependence of the localized deformation 
and the emergence of numerical instabilities can 
compromise the robustness and physical interpret
ability of the results. Non-local or gradient- 
enhanced formulations, which introduce intrinsic 
length scales into the constitutive framework may 
regularize strain localization and reduce mesh sen
sitivity [239,240,267].

4.6. Data-driven and machine-learning 
approaches

4.6.1. Representation learning
Because HR-DIC data contains rich information on the 
evolution of plasticity during loading, they can be used 
to inform mechanical properties through conventional 
materials-science approaches, either by fundamentally 
investigating the links between microstructure, plastic 
deformation, and macroscopic mechanical behavior, or 
by calibrating and validating numerical models that 
relate local strain and stress fields to mechanical prop
erties. Significant work in the literature has explored 
these classical approaches. For example, relationships 
between the characteristics of slip events and the fatigue 
ratio (fatigue strength divided by yield strength) have 
been established [143] and subsequently leveraged to 
rapidly predict fatigue properties directly from HR-DIC 
data [268], a task that is typically time-consuming using 
conventional fatigue testing (Figure 18(a)). In parallel, 
the combination of CP simulations calibrated or vali
dated using HR-DIC has yielded significant insights 
into the role of microstructure in governing deforma
tion and has been used to inform mechanical properties 
[52,85,137,170,183,236,263,271]. 

4.6.2. Predictive modeling
Beyond traditional microstructural descriptors, 
strain fields provide a powerful complementary 
modality for predicting mechanical properties. 
Because these full-field measurements encode 
how a material actually distributes and localizes 
deformation under load, they capture microstruc
ture – mechanics interactions that are often miss
ing from purely structural or chemical descriptors. 
Incorporating strain data, as latent representations 
learned through ML models, augments conven
tional material descriptors and enables more accu
rate prediction of mechanical macroscopic 
properties such fatigue resistance [272], or frac
ture behavior. This fusion of microstructural 
information with experimentally measured defor
mation fields creates a richer, mechanistically 
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informed feature space that substantially improves 
predictive performance. While conventional DIC 
(optical DIC) provides limited information on dis
crete deformation mechanisms, HR-DIC offers 
complementary insights by directly capturing dis
crete deformation events such as slip, grain 
boundary sliding or opening or deformation twin
ning. As a result, HR-DIC is theoretically much 
better suited to enrich and complete conventional 
material descriptors. However, only limited work 
currently exists in this area, though rapid progress 
in HR-DIC automation and advances in deep- 
learning methodologies will likely accelerate 
developments.

Representative examples already illustrate this 
potential. For instance, neural-network models 
trained directly on HR-DIC strain fields aligned with 
EBSD data have been used to predict where plastic 
strain accumulates near grain boundaries in polycrys
talline metals using only microstructural descriptors, 
most notably the local grain-boundary orientation 
relative to the loading axis [270] (Figure 18(b)). By 
learning correlations between HR-DIC – measured 
strain fields and EBSD-derived geometry, the model 

successfully reproduced spatial trends and local 
extrema of grain-boundary strain, highlighting the 
potential of strain-informed ML to identify micro
structural drivers of damage-prone regions. Although 
limited to a reduced set of input features, this work 
illustrates how HR-DIC can supply physically mean
ingful training data for predictive models targeting 
fatigue- and creep-relevant strain localization 
phenomena.

The relatively recent and slow development of ML 
approaches applied to HR-DIC data primarily stems 
from the intrinsic complexity of these datasets, which 
are both spatial, in the form of high-resolution strain 
maps, and temporal, as sequences of maps acquired at 
successive macroscopic deformation levels. Encoding 
such rich spatiotemporal information requires sophis
ticated ML architectures and, consequently, large and 
representative training datasets. While the generation 
of such datasets is increasingly feasible through high- 
throughput and automated HR-DIC methodologies, 
the establishment of sufficiently large legacy datasets 
remains time-consuming, a challenge that is well recog
nized by the community. In addition, the effectiveness 
and generality of ML architectures applied to HR-DIC 

Figure 18. (a) Mechanical property prediction via plasticity encoding and mapping using variational autoencoder (adapted from 
[269] with permission from Elsevier). (b) Measured and predicted grain boundary strains by HR-DIC and combined neural network 
(adapted from [270] with permission from Springer Nature).
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data, particularly when combined with complementary 
modalities such as EBSD, remain only partially 
explored. Variational autoencoders have demonstrated 
promising capabilities for encoding HR-DIC strain 
fields and extracting meaningful latent representations 
[269], yet the robustness of these latent spaces with 
respect to training set size, material class, and loading 
path is still insufficiently understood. In particular, 
questions remain regarding the transferability of 
learned representations across different microstruc
tures, materials, and deformation conditions, as well 
as the influence of the multiplicity of strain fields that 
can be obtained from a single microstructure. Despite 
these current limitations, significant opportunities 
exist. Ongoing developments in ML toward spatial 
intelligence and world-model architectures are particu
larly well suited to capturing the structured, multiscale, 
and multimodal nature of HR-DIC data and its combi
nation with microstructural characterization techni
ques such as EBSD. When coupled with the continued 
expansion of large, high-quality datasets enabled by 
automation and high-throughput experimentation, 
these approaches are expected not only to improve 
direct property inference from HR-DIC data, but 
more importantly to enable a transition from empirical 
correlations toward ML-guided identification of gov
erning deformation mechanisms. At present, physically 
interpretable ML frameworks applied to HR-DIC 
remain in their infancy, with only limited examples 
leveraging attention-based or explainable architectures 
to identify controlling plasticity features directly from 
strain-field data. However, the integration of such inter
pretability-driven approaches with high-fidelity, large- 
field-of-view HR-DIC and EBSD measurements holds 
strong potential to establish a new paradigm for alloy 
design guided by ML spatial intelligence.

5. Summary and perspectives

HR-DIC extends conventional DIC into the sub- 
micron regime by exploiting SEM imaging and appro
priately scaled speckle patterns, enabling direct visuali
zation of intragranular strain localization in bulk 
metallic materials. When combined with optimized 
imaging conditions and careful noise control, HR-DIC 
provides quantitative displacement and strain fields that 
resolve individual deformation mechanisms, thereby 
bridging the gap between TEM-scale mechanism iden
tification and macroscopic mechanical response.

The accuracy and interpretive power of HR-DIC 
critically depend on speckle pattern design and image 
acquisition strategies. Patterning methods such as 
thin-film remodeling, particle deposition, and etch
ing-based approaches now routinely provide nano
metric, high-contrast speckles suitable for HR-DIC at 
sub-grain scales. However, the smallest subset sizes 

reported for HR-DIC rarely reache 100 nm or lower 
[14,94,96,102]. With modern SEMs capable of stable 
imaging at spatial resolutions of 1 nm and below, it 
should be feasible to further reduce the speckle sizes to 
5 nm and lower, to enable HR-DIC with subset sizes 
below 50 nm. The challenge is to create a pattern that 
is small enough, while still yielding sufficient contrast 
for SEM imaging. Recent application to in-TEM nano
mechanical testing [64] to study the grain boundary 
sliding of olivine along an amorphous layer arising 
from stress-induced amorphisation, increased the 
resolution of DIC to a subset size of just 6 nm. 
Additionally, while routinely performed under con
trolled environmental conditions (e.g., ambient tem
perature and low humidity), HR-DIC studies 
performed under extreme environments remain lim
ited. In particular, experiments at elevated tempera
ture or in reactive atmospheres pose major challenges, 
as surface oxidation or corrosion progressively alters 
the speckle morphology required for reliable image 
correlation. To date, high-temperature DIC experi
ments conducted in air have been restricted either to 
short exposure times [115,273] or to temperatures 
sufficiently low to limit oxide growth [106,192,211]. 
At higher temperatures, even oxide layers thinner than 
about 200 nm can severely degrade HR-DIC perfor
mance. The resulting changes in surface topography 
and electron opacity make reliable correlation impos
sible beyond approximately 650° C in air 
[106,192,211]. In contrast, in-situ and ex-situ HR- 
DIC under SEM has been successfully demonstrated 
at temperatures up to about 750 � C in inert or second
ary-vacuum environments, where oxidation is sup
pressed [107–109,113,135,274]. Nevertheless, these 
conditions remain far from representative of many 
service environments relevant to high-temperature 
alloys. Developing speckle patterns that retain con
trast, adhesion, and morphological stability over 
extended durations under oxidizing or corrosive con
ditions therefore remains a major open challenge. 
Addressing this limitation will be essential for extend
ing HR-DIC toward realistic thermo-mechanical test
ing and for enabling quantitative, time-resolved 
studies of creep, oxidation-assisted damage, and envir
onmentally driven strain localization such as in irra
diated environment [77,116,117,275].

HR-DIC calculations based on conventional sub
set-based formulations, while well optimized, remain 
computationally demanding, even for FOV on the 
order of a few hundred micrometers. Automated 
image acquisition and analysis over specimen-scale 
regions rapidly generate massive datasets, for which 
DIC processing, even when accelerated using GPUs, 
can require substantial computational time and 
resources [194]. In addition, the post-processing and 
interpretation of local deformation mechanisms using 
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the methodologies described in Strain localization 
analysis from HR-DIC results are often slow, suscep
tible to user-dependent bias, and may fail to extract all 
relevant features from complex strain fields. Together, 
these limitations have motivated an emerging para
digm in DIC based on hybrid, data-driven learning 
frameworks. In such approaches, classical DIC princi
ples, such as correlation metrics, subset matching, and 
physical constraints, are embedded within deep neural 
network architectures. This integration significantly 
improves robustness, reduces training-data require
ments, and enables accurate displacement and strain 
estimation even under challenging speckle or noise 
conditions. Similarly, the automated features extrac
tion and reduction in dimensionality of the data by 
ML, may open the door to accelerated material design 
and properties predictions [269,276].

Beyond localized deformation, an emerging para
digm in metallic materials design focuses on strain 
delocalization as a route to overcome the strength – 
ductility trade-off. Recent studies emphasize that 
mechanical performance is governed not only by the 
initiation of localized strain, but by how effectively 
strain can be redistributed across multiple length 
scales through heterogeneous microstructures, includ
ing gradients, lamellae, nanotwins, and hierarchical 
architectures. Advanced in-situ strain characterization 
techniques, such as HR-DIC, are uniquely positioned 
to quantify this delocalization by tracking the spatio- 
temporal evolution of strain from elastic lattice distor
tion to plastic flow and damage accumulation [277]. 
Coupling HR-DIC with (HR)-EBSD, and microme
chanical simulations therefore provides a powerful 
experimental foundation for identifying microstruc
tural design principles that promote stable plastic 
flow, enhanced work hardening, and delayed failure. 
Looking forward, integrating HR-DIC with data- 
driven analysis and multiscale modeling will be essen
tial for translating the concept of strain delocalization 
into predictive design strategies for next-generation 
high-performance metallic materials [278].
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