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Prospects of three-dimensional microstructural analysis techniques and their applications to structural materials
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Synopsis: Three-dimensional (3D) microstructural analysis is one of the hot topics in the research field of materials science.

This article reviews recent advancements of 3D microstructural analysis techniques and discusses prospects of

the development of these techniques and their applications to structural materials.

Key words: Three-dimensional(3D); microstructure; structural material; serial sectioning; x-ray computed tomography(CT);

electron tomography; electron microscopy

1. I ®IC

MR OB EENICHT3D (three-dimensional:3
RTT) FMDEEEICAAEESNTETLVD, KT,

%%5@3%&?@%‘%&%% C. 3DMHBIE R MO
BMEEBEASEM. RUSEORBLZRANT D, B

/\0)3D?7'“r51’fﬂ1’f§ifﬁ¢7fﬁ?§ﬁ]0)ﬁiﬁﬁ L TIE. BE. B
FERSEENEHAMMBESRICBEHIN TR Y. X
Tld. ZITHFUBNONTINENWEERICHEZHTTH
7=l

2. THBHICHIFDIDMMBEFENRMOER

EFPEMZONETIE. MRABELIYUEROFHELD
DM SERTRMAEREL. IWAESNTE ., Hxld
X#&CT (computed tomography: 1> E1—% KBRS
%) MRI (magnetic resonance imaging: i KIS
&%) . EFENETI ST 1— (electron tomography)
73(‘:61 EZ - EMZOPHTIIRICE<BIoNnTIND

B R TH Do

M*ﬁlﬁj‘ﬁ ICHENTIDMMBBEERHRTRMAEE SN
N EZ -£YZO0ORHLUELENCEREZE X THD,
RN FICEBYEOEBE. 202 IERTHD, EE
I, BB (unit cell) TEHRINDR/IDBESEAA
SRFTMICEVIBELUBBNICEELIEEDTHD, WEXY
4% (translational symmetry) EMEIINDZDMEIS

BRNRITHRLEYPHEDORF®. Z2nz ABHERET D
DEEREEINTEDTH D, WENHEISHABBEE
MICBENTEEMICHRONTID, flxld. BREEE (B
fiIfd) DEICHSINTIE. 2TOHEEDPSKFEZAF LT
TRz R T 2RRISLE L. ARNEGEREFNSLUN
SELNDEITREICKUEROIDBENKRHOND,
Tl BAOHHEYOEREICARINDL SIS, B/
TEGE N O2DEGDOA N O3DEEZEBNIERTED
CELBRBOTIIETEAD, 2F Y. [BDEBGNELT
£ 3DMMBE TN D] EWDEHANMHDIZSICITZ
<. ZDHIC3DHHBERTRMADELSNTIE
oD TIERNNEEZSND,

ENTIE. T|ICICE ST B TIDMABIERITR
MANEFESNTEDIFHBED. TNICIFEIC2DDIER
NEZOGND, 1DEDERE LT, BROWLEYHED
STII3DMMBEZER CTERUWVBABER TS
HDWNI T LI EMEHMABE DB DBELH IR L/
TElHEEADBND, BT ZILELIRET N
(Si02) BERICEFNLEBT /KT 2EZXD. &R
T/ RFIIERTHDN. ZONHCEASIIFRZES A
BEOZALEREHMEBEIC I DO TEHRL2THY . WM
THRRTEDDEIENWENEET / KFDERBEEE3D
I TTHD, FREVIABEEDHEZRTEH, LD
DR HIEREZ2DE BN ORDDIDIIABETH D,
BB - B IVIRAMHBIIBEITD ISV IDRENTEY
LFBITHD, 805 FERBRENST S Y IDIRED

*1 RNAS A¥RBSBISWRR £33
*2  AMAY KERBEBIZA

*¥3  AMARE KRERESEIFMIR B *6 ER

¥4 AMKRFE KEREGETIFMER #R
*5  AMKFE KFRIZFHAR 2R
BARE ARFEREIZFHAR 2T

Sanyo Technical Report Vol.19 (2012) No.1



3DIC K D HIABE R RMDEE & BEMBADIEHA

HHCGEOBRFERADIEIIAETHDN. v VD
DEAPEBNLEEEOHKMEZFEHENSEZADDITE
DOTHEHL L,

3DWIMBERTIMAYEE SN CE2DEDERE L
T, MHRAHB TR ONDMEBERTREICHITD3D
AA=DUIRMOESHEZ OSND, BEFEMIZIE. 25
LIEEBDAXRL—3vadE1—5THIE - B8t
TEDEDICE D22 &, BET—INTIZIMELT
EREDOBICKEICEHRTEDLDICE DI ENER
ENd, Fle LT, EBBEFEMIE (TEM:transmission
electron microscope) (CLB3DBEETCTHDEFZNTE
T274—%E25, BRFEREENEET 1 ILLDBE.
BAREGRRE NI —EBICREBETED 7 1)L LDMETH
FH5DTHOKEBETHD, —/A. CCD (charge coupled
device: BREfEEERT) N AZDHBEICIE. IE1—%
DEREBENHFIRIJAKTEERBEN OETHD, B
FREETZT74—TlF. BE120~180KDEEE 1D
DEFH OEFIBE L CIDEBFREBRIDDT. FET A
WAL SCCDNATADBITIIBFHENETIZ T4 —D
NAME—GICEDIEEEXD, 3DBEFEEEDHDY
ThOIT7HELESR BMBA—NEOEHMERFELT
WD, /o, MRABBETHEINERY IO 7 %
SDEBGBEERICHANDZEEHEETHD, RIEDTEMEZRE
ATDE. IDIITEHES L TEARDIFIEITNELLL E
ATETI\D,

3. BE3DWMBS R RMOELITAH

RIS, MRARICICA SN TSR L IDMIMARE
ERETAN (Table 1) OMBECAHZBN T D, T

Sheet

Sphery

973 K - 360 min
(d)

As-patented

e T —

Gaussian curvature

Sl S'cgul'i\c I Tositive
H

Mean curvature

(b)

THRNT2RBEDEZL IS, EEoNSELLBEAHBBS
RO USRS [REEBRSDADERTICE D MHHE
R ET =S L] (FR22~23FE) ¢ TOMRICE
DWTWDo RTA—SLDEENICKY . BRERITE E
KBADID@TIIN—TEDRY NI —Ih BRI N,
UFICHND L DG ELDEMBMDBE TDIBFHRZ L2 &
THEITNBLEDTD,

Table 1
Typical 3D imaging techniques used for materials research.
Method Source (instrument) Scale Objects
Light (optical microscope (OM))
mm-pm .
. . Polycrystalline
Electron & ion beam (scanning (OM) X
. . . am
Serial sectioning electron microscope (SEM) &
equipped with a focused ion beam hm-nm Pore/void/crack
. (SEM-FIB)
(FIB) mill)
Precipitate
Polycrystalline
grain
3D x-ray imaging
(computed X-ray (laboratory-size instrument Pore/void/crack
mm-nm
tomography (CT), or synchrotron facility) Dislocation
topography, etc.)
Strain
distribution
Needle-shaped specimen with
He/Ne ion gas (field-ion Elemental
3D atom probe (AP) X K nm-A o
microscope (FIM) with a mass distribution
spectrometer)
Nano-particle
Precipitate
Electron (transmission electron Dislocation
Electron tomography | microscope (TEM) or scanning nm-A
Elemental
TEM (STEM)) o
distribution
Atomic
arrangement

Rlbbo’

Fig.1 Application of FIB-SEM cross-
sectioning to the spheriodization
process of pearlitic microstructure
in 0.8 wt% C eutectoid steel. (a)
3D view of the plate-like cementite

(e) with holes in the as-patented state,
(b) 3D view of the partially
973 K - 360 min spheriodized cementite after a heat
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treatment at 973 K for 360 min,
(c) topological shapes of objects
as functions of mean curvature, H
and Gaussian curvature, K, (d) 2D
plots of H and K of the cementite
regions for the as-patented state in
(a), and (e) those for the heat-
treated state in (b).

Sanyo Technical Report Vol.19 (2012) No.1



3.1 U7 EOIIZVT

)T ItEo 3=y (serial sectioning) &ld. B
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back-scattered diffraction: &ABELEFEITE) S
fivyEYIER. BRNAREBROIDEEEITTHE
<. BRENOHFMAPRAARSUITEHARELTIND,
ZOEDII. IDFEREIBRICERFNIBERZEMA DI LT,
BROGEOEBEAGHICHSMNILELSELTINS,

(a) (b) (c)

Fig.2 Application of OM cross-sectioning combined
with SEM-EBSD orientation mapping to the stress
corrosion cracking in SUS304 stainless steel. (a)
3D visualization of the crack, (b) SEM-EBSD
orientation map around the crack, and (c) the
combination of (a) and (b).
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Fig.3 Fully automated 3D serial-sectioning microscope,
Genus_3D?,
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BV, XEFEIDA A= T TIE. BEORINI > SR
MIKDIDFEREZEDM, EiIfFIY SR MIKDZHE
BEE. BUEORFREROVT HFHOD3IDA R
109 BB ([ ZIIXER RN & F N AR BT D3DA X —2
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XiE3DA X—2 VI DS ZBNT D, Fig.d (a)
ZINDEH— - A - F1—TAETHERLI-MB,BEEK®
DR EEZBEFHEME (bright-field scanning
transmission electron microscope: BF STEM) T &2,
MgB,BzEFld. MgEBOMAREZRE L CEZRBEICHA
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Fig.4 (b) ~ (e) l&. TDOMgB,BIREFEAEXFCTICEK
IDEBRLIFITHD, BDOZEM (b) & (d) (FMgeEB
MR AR EOMEED. Al (o) & (e) 1T >
J88 (malic acid) Z#EEMFRICANML /ZIBEDIERT.
B (b)) & (©) BCTO7ILO) XLIZEYIDEERL
Ef%. FE (d) & (o) (I3DEGEERL Y ICLIKIE
& (tomogram) ThhD, Fig.4 (a) OBEBFBEWBERV
&M (MgB,. B) OBEZHS. Fig.4 (b) ~ (e) DFF
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myd&. "NABRELUICEENSEANBTEREANEZL.

Fig.4 Microstructure of MgB2 superconductors
fabricated by a powder-in-tube
method™. (a) A bright-field scanning
transmission electron microscopy (BF
STEM) image of the undoped MgBz, (b)
a 3D volume of the undoped MgB2
reconstructed by x-ray computed
tomography (XCT), (c) a 3D volume of
the malic acid-doped MgB2, (d) a 2D
tomogram of the undoped MgB:2
reconstructed by XCT, and (e) a 2D
tomogram of the malic acid-doped
MgBa.
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ZoNnd, BL. XFHEMEOSEM - TEME TR,
3DAPICEEBARIIL <. EBNSMERELDT. H
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X tilt: £80
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Screw to mount
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to fasten the specimen
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3.4 TEM
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Z74—ld. TEMIZED3DA A=V IRMiTHD, &
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annular dark-field transmission electron microscopy:HAADF
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BICHZ . HIEDEIERBEMHZHEEL TLDSHDLDIC,
B8 - BACERKELLGREMNEREMHTEEON
DEDBOEIDTHD, ZDM. TEY Y TOREIC
BUL\oNSBEDX (energy dispersive X-ray spectroscopy:
I RIVF—DBEXER 2 HEK) 252 PEELS (electron
energy-loss spectroscopy: EF L)L F—BKNHE) 2
. O—L 2 YEICEDHRIE— A2 bOEEDE R
BE. BL2DE— FNTIDARENTREE L DT L\D, EIC.
EIfFGZFIHMLTCER I NS N ERENICA VR
Id. ERAI/REDIEFRIBDIDA A= VT ELAEECTH D,
SEDIIN—TTII. BICZDBFRBDIDA A=
TICHEANTE L, ZOHT. SEM3EERRILSY—
(Fig.5) ZRFEL>, EMNEEEZRRL . ZOEK
FILT—DISABICDNTIFIU T TIIND, ZDMh. $HIX

Specimen stage
(Exchangeable)

) .

Y tilt axis *@5‘6 )
g

Y tilt axis

- X tilt axis

o\"'\ Chuck to grip and rotate
the specimen stage

Fig.5 High-angle triple-axis (HATA) specimen holder developed for electron tomography
imaging of crystal defects?®. (a) Bird' s-eye view of the holder, (b) the double-tilt
mechanism of the specimen stage, (c) the rotation mechanism of the specimen stage,
and (d) a photograph of the stage-rotate dock.
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ZRAWNWT. RDELOBTF—FREETOTIND, £9. 1
DOHEEHMER B Z RO CTEFER G ZIRD (Fig.6 (@),
ZOEE, BmOILAEED (020) ATV IDEREE
BICH T EDICHBMR T2 FRR<AET D, B
ERHRIRS BIC. R T—U TR EREGSETC. B
— BB TCBUEREMNEGEEZERD (Fig.6 (b)), ZDIBE

(a) g(hkl) = 020

HAKEEEAIF0T T, SEIF (200) AAT SV IDE
BBzl TDd, ZDEDICTDIET, |RFFPICEE
NDEUKRZETCHRELT DI ENTREL D, FIZT.
Fig.6 (a) & (b) OKREITRLULETIE. (@) TDH
RATNDEMRENHD.
HEDERMERME T — 5 N S BBE L /-3DE & AFig.6
(c) THhD, IDEKISERDHEANSBEETEDDT, Al
A3 BEOBEECIIRD ZEDTERVBRAMDOER
%@ (Fig.6 (c) DA NoRDIELARETHD. &
D3IDT =Y EBICEENDEMHRDOERIZ0. 14mm, ExfiL
BEIZ4.0x10m2ERO DN, BUEEIS2DESRD
SEHERBEDIENTEDN ABDESRCIERAIRDORT
MICEODTEIRBEOLENEN DT DI ENHDDT,
BGENOROICBMUERISBEOSNEDEEAD,
SDEBGNORATELEBNERZMBNT D, Fig. 713,
Fig.6 (c) M3DTF—F%. EXY 23K EDOUIEICE] H
L. BUEICEEINDEUOHNZHMAHERZRLTH
22, 3DT—IDT A XIX YEXUZEEICZENZEN
900. 900&H &V 105EETHY . 1BEBRDY A XI3nm
ICHEHT D, TEMEKBOBREICIFIEELXZA (Fig.7
(b)) &YZmE (Fig.7 (d)) TIE. NolIKE Z £IC1~68
BREDZEEZRL TS, N’ B\ E—IZRd .
BAAVEEIL CL\DEHD (111} INUEANEET DE
BICHISL TS ERIRSND, —7. EEAEICIZSIZFT
BEXYETONDAERSR (Fig.7 (o)) (dto2rmeld
BERDMEEZRLTNND, I H5, 3DT—FDMlimlC
HENWEZBTNAMET LTINS, IhiE. TEMSEREK

(b) g(hkl) = 200

Fig.6 Electron tomography observation of dislocations in an austenitic steel (AISI316L) 29.
(a) A part of tilt-series of BF STEM images acquired under the diffraction condition of
g(hkl)=020yre, (b) A part of tilt-series under g(hk/)=200y-re, and (c) 3D views of the
reconstructed dislocation arrangement. Arrowheads indicate a dislocation that is visible
only for the diffraction condition of g(hk/)=020 .
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(a) Reconstructed 3D volume (1 pixel = 3 nm)

z
Aﬂ pixels
L x|

P ——

900 pixels
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ith xy tomogram (pixel)
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g B

No. of dislocations, N
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ith xz tomogram (pixel)

0 100 200 300 400 500 600 700 800 900

ith yz tomogram (pixel)

Fig.7 Counting the number of dislocations in the reconstructed 3D volume shown in Fig.
6(c)®. (a) Dimensions of the reconstructed 3D volume, (b) number of dislocations,
Ns, in xz tomograms, (c) Ns in xy tomograms, and (d) Na in yz tomograms.
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