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Abstract: The color change of opal photonic crystal films (OPCFs) due to deformation was quantitatively evaluated
using digital image correlation (DIC) analysis. OPCFs were pasted on specimens of three different gauge
geometries, and random patterns were formed on the opposite side of each specimen for DIC analysis.
To assess the applicability of using OPCFs-based strain characterization for analyzing steel structur-
al components and associated metallurgical analyses, smooth, width-gradient, and holed specimens
were prepared in this study. As deformation increased in the smooth specimen, the color of the OPCFs
changed significantly. The color change in the OPCFs could be quantitatively converted into strain values
through Hue value analysis. Heterogeneous
strain distributions could also be quantitative-
ly analyzed using OPCFs-based analysis at
the submillimeter or millimeter scale. When
the strain gradient is too high, for example,
near a stress concentration site such as a hole,
local peeling of the OPCFs away from the
specimen surface can occur. Consequently,
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take proper care when measuring this upper
limit of the “strain gradient” as well as strain,
which would depend on the adhesion and sur-
face condition of the specimen.
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Table 1. Chemical composition and some parameters of the
austenitic stainless steel in this work.

C(%) Mn(%) Cr(%) Ni(%) Si(%) P(%) S(%) M, (°C)"
005 1.09 183 821 054 0004 0005 474
"M, = 413-462(C+N)-9.28i-8.1Mn-13.7Cr-9.5Ni-18.5Mo*", where M,

d30
the temperature at which 50% of martensite formed after 30% strain.

—ngh-angle GB (0 215°) I Austenite

Fig. 1. Initial microstructure of the present steel. (a) Inverse
pore figure (IPF) map, and (b) phase map with
indications of grain boundaries (GB). ND and RD
represent the normal direction and rolling direction,
respectively. (Online version in color.)
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Fig. 2. Geometries of the (a) smooth specimen, (b) specimen
with a width-gradient, and (c) holed specimen.
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Fig. 3. Schematic diagrams of the tensile experiment for the
strain visualization. (Online version in color.)
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Fig. 4. Force-stroke displacement curves of (a) smooth, (b) width-gradient, and (c) holed specimens. The insets display the shape of
the specimen after the fracture. TD represents the transverse direction. (Online version in color.)
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Fig. 5. Images showing strain distributions of the smooth specimen at the different engineering strain stages. (a) Strain-dependent
change in color of OPCFs, (b) Hue maps obtained from the OPCFs color of the gauge section, and (c) local strain [+ gl
contour maps at various engineering strains. (Online version in color.)
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Fig. 6. (a) Average Hue values of the gauge regions of the smooth specimen plotted against engineering strain. (b) Comparison
between local strains obtained from Hue value and DIC analysis.
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Fig. 7. (a) OPCFs images showing color changes at different loads. (b) Hue maps corresponding to the OPCFs images at the gauge
portion of the specimen. (c) Strain distribution obtained by DIC analyses on the backside of the specimen. The line in (c) at
2588 N indicates the region used for the line profile analysis shown in Fig. 8. (Online version in color.)
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corresponding grayscale image quality map. (Online version in color.)

317



E k]

- -
(o] o o N

Martensite fraction (%)

E

Fig. 10.

Tetsu-to-Hagané Vol. 110 (2024) No. 3

‘ —&— Average KAM value ‘
1

’—I—Madensite fraction | 1

0 15
Local strain (%)

20 25

08
106 g
T
>
=
{04
o
o
o
o
02
0

Average martensite fraction and KAM values at each
location with different local strains in the width-
gradient specimen deformed until 2588 N. (Online

version in color.)

(a)

DIC

IZFig9 CRT B2 6/ PO v LT V44 b pRE
KAMIB Z7/RT . 5% A L ICHE R~ LT V34 bR
DAL BIER X N7z, N BB i & RIS S 5
KAMIE & 5% 2T Z EICHFAIC ER L TOW S EkF 2R &
NTWB, 2FD, OFAAELY — POV Tmm 27 —
AL TOOT AR TEE I NZ5% VO TATDI T —I3F
FrO3 A & MR O MHB & i3 2 L TCREME 2, &
HI 72 09 B - AL BE 68 2 T3 5 720 120§ AT
by = #H0 354, RITOTADIES DX %2k
Wt 572912, 196 N7 f@HHEE mm 2 7 — LT
LRENRD B,

3-4 R#

Fig.11 (a) |2 DIC#HI T & h = BB TOU§ A
AT BEM D, SGE L O CE A E LN IS
20, SRR O ANES ISR S h iz, B LT, 9T

|| Localstrain (e, +,) (%)

om0 e

(b)

L N
&) s
o S
@]

(c)!
of R R s
(32 oI
= =
Q | S - e :
3 .
o = :

2681 N
| Gy e T §

Fig. 11. Strain visualization results of the holed specimen at the different loading stages. (a) Strain maps obtained by DIC analyses.
(b) The optical images of the OPCFs. (c) Hue maps of the specimen gauge section highlighted by the dashed squares in (b).
The dashed circles indicate the positions of the hole. A movie corresponding to Figs. (b) and (c) is available in a supporting

information. (Online version in color.)

318



FI=NTF by U RERBEOEREL—O T HEROEETHEH SRR A ~DEA

(a) 40 L B B I EL s S S B S S S B B S B B R (b) 180 LANLINL I IO O I I | 25
35r —2N 1961 N]| 160 | — 2N 1961 N
2269 N 2501 N 2269N 2501 N | 20
30T 2681 N — 2681N| - 140 2681 N — 2681N
225 1 o 120 1158
=2 1 S 100 z
ol 3 110
z +
+,15 1
T &
10 . 15
51 N
40
0 : : - . . — * L . B L L
0 2 4 6 8 10 12 14 16 6 8 10 12 14 16

Position (mm)

Fig.
version in color.)

JEA D GE T OPCF O GFHIZ 2 bA 4 U7z (Fig.11 (b)),
EAHZEAL D E R & LT, Huefli ® 21t % Fig.11 (c) 12
7N § o Hue i D 2 Bl i3 Gk Bk D & 12 L%Lf*ﬁﬁé
OPCF DUV ABEUZHIET 5, LA L, JEIMEERIC
Hé@%%ﬁmﬁﬁﬁtomm@%%tﬂmbfn&wo
78 LD OPCFIEERER F CHIR & LTV D TESICHh A
%, ZOMMB Y D=, OPFCIZRT %0 A& 623254k,
L, GBOEEIEL TS,

Fig.121ZHue ¥ & U'DIC 7 — % » 6 1% 5 L 7= Fig.11 (b)
FOPRENCH S 72[e, +e, |JOFTATT T 7 4L LERT,
2269 NIZ B W T, oot 8yl 2 [en t8loc & AR D 7' 12
T7ANLERLTWS, LA L, E6ICAMAEKREL TS
&L et el i [ea T eyl K0 BHEIT/NE L, £ LITR
WEETIEZOEDPEHETH S, ThE DOV AY Y T
I B ANEA O E RS 5 72012, Figll (c) o
B OES (2810 N) 125 W\ THEHIT/RTHEIEIZ DN T
FEMNC AT U 720 & OREISIE GRS & A UFERE O K4 Hue

BAENTE D, OFAIILY —  2iRERR i 5 F)
ML EARBIN TS, OFD, BREMIZET 3 [e,

F &, e & [ T &l DA A D — KT O AT AL S —
P ORBERI A S DT R HIEETH B, F 72, Fig8lm
R B D OPCF A TR 25% FE D KX £ VT A%
AT T & TV /2D T, Fig.12 (b) 127892501 NEfflED O
FTATOT 7 ANLDOE—=2ETH 5 15% 0 FAMNIEL L
fERT X TR WIS IZER A BT H 5, Fig.8 & Fig.12
(b) DIENTIZH T 2 EBERIZOTANROREEIZH S
0 BURIZIE, 2501 NIEFOOFAE — 7 fiEH 52 mm
MR ORI 6T (Fig.12 (a) HD 6 mm A 5 8 mm DA E) ,
RANERRKOTADERIBLZ10%TH S, ZOVT A=
dFig.8 12 #6511 2 0§ AL (F96%) LI L TKREWV, T

319

Position (mm)

12. Strain profiles along the white arrow at the same position shown in Fig. 11(b): (a) DIC analysis and (b) OPCFs analysis. (Online

NEFERIE, KEHOTAHNEIPOTAHLY — b DOFH
il KO ZNICBET 20T AMBTOL T — &5 2T
ZEERNELTWS,

4. #S

AWFZE T3, OPCF A WO F ALY — MIZkD
RN B V04 A%AMh% DICRITHER & KT 5 Z L TED
REROZYMEB K OE R L 72, 72, O3 AT
fbe — M IT & 2 O3 AMET O SR & B4~ 0 i F 7T Hg 1
R, BOEARAAT O M2 BREET 5 72912, =FHO
BT CEWEM, WRAIEM, 7THM) & FDOTREFT L 226553,
LIT DfkGm %1572,

(1) “FE#IZ 5 %2 OPCF DI % adHZ L3 Hue
iz 05 Z & TERMIZOTANEMRT X 72,

(2) EAEH 2N T, BZXHE L 220§ A % 0§ A&

LY — MDA EL EB25% 0T AE TER

R cE 2, LA L, GFEZNEY Tmm 2 7 —
JUTIRAT L 22850, OFATa T 7 A VICHRE R /A
ZABIEET B Z e nbhrotz, DD, Uf&?ﬁm

v — T 6%5%%0#&%&@@%%%&

FO &S BMNMAEEBIRDT 5720121 dmm 2 7 —
VTSR AT 2 BB H B,

FMIZH T 3 7GEHEO O ALEUIZ 0T ALY —

MZK > THRITAEETH B Z DR E iz, L2 L
TORBEOOTAMMKTH S & &, OFAAHILY —
N6 JBIES 6 N2 ADMIEDICHIT TR 6 iz
XD E/NED o, ZOOTARAHEILY — b & DIC
M TR o N2 EOZEITOF AR LY — b Ok
15 6 OHEEZHRT 5,



#k& 8 Tetsu-to-Hagané Vol. 110 (2024) No. 3

Supporting Information

The movie corresponding to Fig.11.

This material is available on the Website at https://doi.
org/10.2355/tetsutohagane. TETSU-2023-020
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