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This paper reviews recent demands and developments of microscopic strain mapping towards understanding plasticity-related fracture
mechanisms in metals. After development of the most solid strain mapping method, i.e., micro-grid method, various strain mapping methods
with different demands have been proposed. For instance, to satisfy the requirements of strain accuracy, spatial resolution, temporal resolution,
view field range, strain limit, etc., digital image correlation (DIC) method, sampling moiré method, and photonic opal crystal film have been
developed and improved. Furthermore, to understand true origins of fractures, regressive strain mapping, three-dimensional strain mapping, and
post-mortem strain mapping have been increasingly required for the situations of “nobody knows the crack nucleation site before cracking”,
“stress-driven cracking occurs on a plane strain condition (specimen interior)”, and “in some instances, only a fractured sample is available”.
For these demands, DIC method on replicas, computed-tomography-based strain mapping technique, and orientation-based strain analysis have
been developed. In this paper, based on our recent works, the state-of-the-art techniques of strain mapping in metals are briefly introduced.
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Fig. 1 Examples of demands of strain mapping: Cases of analyses
for (a) ductile crack initiation and (b) dwell effect near a fatigue crack.

LTI OME L FHO—FEBRLT 5.
2. Spatially resolved strain mapping

IV ULEREMITT BITHTo T, B OEEN L 25
fREEIXHICER SN AW TTH S, IS, MERBT2
BHABAZMHET L2000 FAERR, B A1 27 VIES
2B B MNES & RO O T ARG 155 720121
F 7 pum AT — VO EM G REENEREIND. O B
BTk, HERLD Xy 222w TEZORTFEEROENDS
WEST B HERESNTEL. ZOKTHEEEY 7 um A
F—NVETHhELL, TORTFERLZEENETHMS
(SEM) 72 & CHIZE$ 5 Z L TR ISR T 5 3 7 nEH
B CE L (A s s )y Fe—A—3)[17). 7243,
BB BT T O ENEFEETH 5 DT, Wil
%Ny MERERA ¥ — A (FIB) % & CTHEMBEICHE T 5
CETHLITZUEREMMETH SH[18, 19]. I 70T
Bikk % il 9 % 70 & 2 O—4f#l % Fig. 2(a)-Fig. 2(e) IZ/RT.
BFRICEET S 74 LY R b &SR &AL
BTE— A CIEEOR T EMRE R L2, BURIICHE %
BT EETYE—AERBEPBLEWICHEE SN (Fig. 2()-
Fig. 2(d)). T OFEM EIc&% #4538 T, HEWT7+ b
VYA EREEIHRET S ERBRMCHERE SN 2E&D
WAPRZIPRAET L7220, BTHEEEZHLIZEPTES
(Fig. 2(e), Fig. 2(f). T HARDH oL, BMIZHED



(b) Surfactant and
photoresist coating

H-/‘/

(e) Gold deposition

Bainite ¢
S
P

(a) Polished surface

(d) Development

WL O3 BRI - BB DS RIE L Z O % 255

(c) Patten transfer
by electron,beam

(f) Photoresist removal

Ferrite

Ferrite

5
4
.3
2!
1
0

Fig. 2 (a)-(f) Schematics of the micro-grid patterning procedure. (g) An example of the micro-grid. (h) Micro-grid distortion in a deformed ferrite/
bainite dual phase steel and (i) corresponding strain contour map [17]. Reproduced with permission from Acta Mater. 97 (2015) 257-268. Copyright

2015, Elsevier.
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Fig. 3 (a), (b) Schematics of the image analyses for DIC [32]. (¢) Spatial resolution of DIC analyses with different surface patterns plotted against
digital resolution of micrographs [33]. (d), (e) An example of the DIC analysis with silica particles in SUS304-like austenitic steel [36]. Reproduced with

permission from Tetsu-to-Hagané 100 (2014) 1238-1245. Copyright 2014,

Hydrog. Energy 42 (2017) 26423-26435. Copyright 2017, Elsevier.
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3. Full-field strain mapping
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Fig. 4 Hierarchical pattern and associated strain mapping in a Ti-6A1-4V alloy [39]. (a) BSE image around a FIB-notch in a Ti-6Al-4V alloy.
(b) Microlithography pattern with a 500-nm grid. (c) Magnified BSE image near the lower part of the FIB-notch. (d) Moiré pattern obtained at 512 MPa.
(e), (f) von Mises strain distributions at 512 MPa with different magnifications. Reproduced with permission from Exp. Mech. 58 (2018) 381-386.

Copyright 2017, Society for Experimental Mechanics.
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Fig. 5 An example of a specimen surface with a micro-grid in a Ti-6A1-4V alloy: (a) overview image of the specimen, (b) moiré fringes, and
(¢) produced dot pattern with a pitch of 3 um [42]. (d) A flow chart of the moiré fringe analysis for strain measurements [42]. (e) Procedure for obtaining
moiré phase [42]. (f) recorded grid image. (g) strain distribution in x-direction [42]. Reproduced with open access publishing agreement in Opt. Express

25 (2017) 13465-13480. Copyright 2017, Optical Society of America.
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Fig. 6 DIC analysis on a plastic replica with a pearlitic steel. (a) Shrinkage rate p that depends on immersion time of replica films into a softener
solution. (b), (¢) Strain contour maps obtained from images of specimen surface and replica [46]. (d) Strain distribution profiles of (b) and (c). (e) A
process of the replica-based regressive strain analysis [47]. Reproduced with permission from Mater. Charact. 98 (2014) 140-146. Copyright 2014,

Elsevier, and Mater. Charact. 185 (2022) 111731. Copyright 2022, Elsevier.
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4. Temporally resolved strain mapping
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Fig. 8 An example of optical DIC results obtained in a Ti-6Al-4V
alloy under displacement holding after loading to 50 MPam'?: (a)
unloaded condition, (b) immediately after loading, (c) after holding for
2min, and (d) after holding for 10min [53, 54]. (e) A summary of
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Trans. 63 (2022) 1232-1241. Copyright 2022, JIM.
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5. Small and large strain mapping
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Fig. 9 (a)-(f) A schematic for the video sampling moiré method [55]. (g) An example of a loading history involving the displacement holding process
in a Ti-6Al-4V alloy that contains a fatigue crack. (h)-(k) Strain contour maps obtained at the respective times indicated in (g). The broken lines indicate
grain boundaries. (1) Maximum and average strain evolutions during the displacement holding. Reproduced with permission from Mechanics of Materials

133 (2019) 63-70. Copyright 2019, Elsevier.
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Fig. 10 Real-time strain mapping using an OPCF. (a) A schematic for strain-induced structure changes associated with color change of the opal
photonic crystal film [65, 66]. (b) Engineering stress-displacement curve of a width-gradient SUS304 specimen. (c) Optical images of the OPCF under
various loads and (d) corresponding color maps [63, 64]. Reproduced with permission from ISIJ Int. 60 (2020) 2604-2608. Copyright 2022, ISIJ, and

ISI Int. 62 (2022) 2061-2068. Copyright 2022, ISIJ.
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Fig. 11 Micro-dot-based strain mapping: an example of cold rolling
in a ultra-low carbon steel [19]. (a) Inverse pole figure map of a side of
the 60% cold-rolled specimen. Micro-dots with a pitch of 300 nm
(a) before and (b) after 70% cold rolling. (d) Strain contour map
measured from (c). Reproduced with permission from ISIJ Int. 62
(2022) 2069-2073. Copyright 2022, ISIJ.
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6. Three-dimensional strain mapping
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Fig. 12 Schematics for (a) CT imaging and (b) reverse tracking for three-dimensional strain mapping using internal markers such as particles and
defects [72]. GB: Grain boundary. Examples of strain mapping results in an hydrogen-charged Al alloy at macroscopic tensile strains of (c) 2.2%,
(d) 7.7%, and (e) 10.7% [75]. Reproduced with permission from Acta Mater. 61 (2013) 5535-5548. Copyright 2013, Elsevier, and Corrosion 79
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Fig. 13 A procedure of DVC analysis: an example of Al-7 mass%Mg2Si cast alloy. (a) CT image before deformation. (b) Displacement and (c) strain
analyses. (d) Displacement and (e) strain maps obtained by finite-element-based analyses coupled with the data of (b) and (c). The actual example of
three-dimensional tensile strain map on a-Al phase (eutectic phase was removed.) [84]. Reproduced with permission from Curr. Opin. Solid State Mater.
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