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WA % X RRANHIRSE (NEXAFS) ICBWT, HEHT %5 FHuE\ORIIC 5 WIGRE D Z D5 T HuE O m &
EEDEOERMEE (BT ML) OMMBERICK D Z(bT 2 T ez L, EEREE X FREEME (STXM) ZHV»
T, REMHEPESE RO n HED 2 Dol 6, Z DR (polyacrylonitrile, ¥ F) HHRDZFZ KM L TH
BT ERMEMC Uiz, Kz, #MkHA o WUBERMAED 2 ey TZ25HT %728, PFBL-19A ICHF LTV
compact STXM (cSTXM) & FH Dk} el R )L 2 — 7% FIFE U, EE DGR N [BIHR A THIR U 7z XERRIUGD B IREM R CR

1. BLHIC

HEEM R DIZE A ERIEVEKTEHEME TS 2, 7
OxZaxWr GRIE, S5, RIEME ec) &, MK
9B B AH O ETE, K ARG, T N5 OO R K
(microstructure), JTLEMMDAIZF T, Mgk, (k¥
e, Rk, nTFiERmE Vo ek (ET) IRRE
Dt CRE—1) K KO RETHE 2T 5, REMHE
it 7= A F & (carbon-fiber-reinforced plastic : CFRP)
&, IRFEAGHE (carbon fiber: CF) L HIfiE (T TARF TR
MOMEENZEEMRTHD, CF LElEDOHEEE - %
AHWED, PHEOZERRTDOOEDTH ST ENHSEN T
% [1]o CF EHIIEDEEFHRZ NZ N DR ELNEBOFAHIH
WzBlEtd 255, CF LBIEEVWINE ZDILERT D
FREMRETH 5728, Hixs JuEHKD” a2V FF5 X
FOX Y TORTIEEMEERZHES C LIERETH D,
WEZABICKAITE S b (B REdkD” av
FIA LT, 200 (R Z#N5Z EAEET
% [2,3],

bt () REEOFANE, 7RV IRAEE LT, &
#4539 (Infrared spectroscopy: IR) ¥ X FEE 7700 (X-ray
photoemission spectroscopy: XPS), Wk UN it 65 X ARl Uil
ARG (Near edge X-ray absorption fine structure: NEXAFS),
& A% E T AR M B (Scanning transmission electron
microscope: STEM) DFET TR I)IVF—I825 ) (Electron
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Energy Loss Spectroscopy: EELS) DI TH 5 [4]. Y7
I L NOMMARE 285 513, Tu—TLL
TEFRMENTVS, LML, REMEEHEYICTL
T, HARICE > TIREDEIZH 2N, EEEZEOFRIER
B (VoA Az AWz LTE) E—LRHICKS
AEAND A A=Y PRENTEDNREE > TS, —
H, XERUEETRUCLERT, B—LIREHROGRAD & A
—IDVNEWV, AT, BEFREOREZERETEAITE
% T &, BIRUEN D SN ENNDOBRMERZH A T
&, XEOFMW, WNAXRT MV zidsTua—7L LTHE
THE DB TH B, 1990 FFERD S, X HR7Z HV T8
W EEHNR OBAIRDER [5], VYV TT T ¢ —HffiD
FEEK D, MMM TARELD AR F O AIREIC &
D, X#E—L%Z 10nm DA —HX—THENLTESL 5k
o T, AEARER X AREEMSE (Scanning transmission X-ray
microscopy: STXM) &, “STEM-EELS D Xi#ik" £S5 A %
FHNFETH S, STXM IE, L epabiz v,
KL 2 E# U CRANEEEIC & D NEXAFS AX7 b
D2RIER Y T 2135 FETH S, STXM IE, KT, 50-
100 nm FEE D ZEM 2 EEETDILE (BT IRED T
W L7z FETH 5 [6]. STXM I, 1980 FLEMD 5 BIFED
MR, RS TRz > TV B W05 “ALS (Advanced
Light Source) 7 1 2" 7% 2000 FRiTLICHEN LTz BIfE
T, HSFoH 3 SRR (FH ORI >

S U WAL



Val—2—EAROBANEZ LHEERETE 2 X5 ICHKE
ENTfiER) TMRCHIHEN TV S, 2013 FENS
TRV F —NRER TR & 73 T RZEZEAT TIRIZRIREC
STXM DFFEL X TBANHEME N, HARTEZAMNIE
BAADT &, EXEATEZNZHIA LU EAIIC R
>TW53 [7,8,9

CF OfEflk, FFRICX D PANREE Y FRICKPITE
%, PAN R CF X, JFUEIT®H % polyacrylonitrile = HEAK L,
HIMEL7Z8DTH S, PAN R CFIXEIC, @5lIEEED
REREZTEN L, MZirl e LTLSFAEIN TV S, —
i, € FHRCFOERNZ, fiil, ROV ERICART
52— E2—)IVTHB, €vFHRCFIE, a—)LEx—)L¥E
w IRy FeREE, O, B L TR N Y
FEMARL, FEMb, FreolEE cREL, BT

LlcEhiEEEThd, ©vFRCFIE, FEHOAERBRE

%ﬁ%%%CF¢®$%mm#mm%wde%%LT
WA EMD, ik, SR, KEWREOREZ
HLTED, 44, bR TEEW LYvy—Z0OMRIC
Z b T3 [10],

ATIE, REMEHO BB MDD FA (RE—1)
%QXMTJMLKF%kafﬂmé FFIZ NEXAFS
ZHBWT, FHITZ2ET 7)) HRBEAOREEIC S PRUY
e (AT, Cls— %) A, %@%ﬁ@ﬁ%&m%
OB (BT R V) O A g O EIHRIC
DT BT & RIS LT, CF AR Dmumxﬁé
T WIER DD (RE—E) W, Z ORI 72 B [k
LTHEERZ EEWET S [3, 11, £/, PFBL-19A IIH
L TWVB cSTXM #H OF E AN [Bli R )L X —ZFF L,
BRI A © DA THRAG U 7o X BRI G & KIREK
KRB O n PLER A ED 2 ot~y TR L
FERICOVWTERET S [3, 12].

2. EERSEE X RBEHEE (STXM) DR

Fig. 11C STXM DR ZRd, SR ¥ R—)b
T, MEE—LIZKE LR, L3y =T L—F
(Fresnel Zone Plate : FZP) & PEHENZ R ETICK - T,
1 R[EHE7% 50 nm FEE D ¥ — LRICEHL LIt Z VW5,
Rk (edge jump A1 T OMIRIIRE 1 L AREH ¢
DOFEDEMN 1 FREICHEE) ZHENE—LIIH U TERL
NEXAFS A7 MLzfilE (51, @ik 9§25 LT,
50-100 nm F£ /& D ZE [ 77 i RE Tro RN A L2 ()
IKRED 2 Joe~ w TOHIGFHAIRET H %, FEIEICINA T,
HOCNEE IR E FINEE, ST NEE2IHTs L
T, 7V BB RMBR S ERZFRICIGT 52 &8
JREE ERTRECH B, TUHRBEINMIC NEXAFS Z2{{lliEd % 72
O, IRICIEAZ 7R RIDEHEBICRINAE & A E O
BTh-TE, Mif, RO, LA EDRTHE
EIEMZS5 T EHTHETH S, Fiz, ML i
FezVNIE, XERESH &% (X-ray Magnetic Circular
Dichroism: XMCD) % 5 tZRE RN G X FGEP AL -
HRER ST — A > M e EORESIREED 2 ot~ v THHUS
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Figure 1 Schematic figure of scanning transmission X-ray microscopy
(7, 8].

ARECTH %, KB, WD 3, 4EDORREF, KFFs5HH
F L7z ¢STXM [13] Z W TZNZ 1 PF BL-13A, BL-19A
TEBUIARTH D,

3. FRICK ZREMMEDR ~ ERROFIG—EDER
AFETIE, FR (PAN, €y F) OERICEKS CFHOD
T WUED R L7z EE (RAALY) OGS 2= R r
PFEST B EEEMIC, STXMZHWT, [FABREOYMN
(5 5ERRIE, HHMER) ZH9 % PAN % CF & € v F %K CF
D Cross section (C Wi i) & U Longitudinal section (L ¥t
H) O C K-edge NEXAFS ¥ BV 7 %75 efERICDOW
TiBR%, ZNETNDHRZENA A > E—L (Focused
ion beam: FIB) TiA{b L, Ar A4 2T, FIBICX DX
DEA=VEZFRELDD, BEEZK 100 nm IZ7%5 K5
WA LTz, ZNENT, CWimiE L Wi OBSYHIC 11
TR 2 ERI L 72, NEXAFS A7 MVOHIE I,
C K-edge (280-315eV) DI 3 )VF—=FEATZ, —MRIC,
HFHI2ET (1) WU AT 2ECDRYE (B
N7 ML) DAEMNFATERIC, Z OuEHskOWIRA
Kiciky, EEARICRD (Ei#EEEn) iccehmsh
TW5, ZTTC, ol (C=CHR) & olfid (C-C HR)
DET ) MEORMAHZRRD7D, BHRTS2
FHEOREZHNT, 1s—n* & 1s — o* Ot 2 VF
—ICHHYT B E=2854 ¢V BXU E=292.0 eV T, C W4
PR X AR G 72 [IE L Tz

Fig. 2ICPAN RCF B X U ¥ v F 3R CF D E=285.4 eV
BLU E=292.0 eV IC I} 5 XFREIN G2 RS, —RIC
XHROWIGRE I, PEEICHRE S EINRE (u=pum
(p @ 21, pm D HRINGEED) LREHOETHRE
b, EBIC, FREEDOLAHEHKROWINE, ZDORED
BICBHEHITZ, DFD, XBEWRIGREDIY FF A
22X, RRRIRE p, ARVES ¢, (LRSS ORTIRE %,
ARFLER T W T2 U L O E#R YE %2 Fig. 2 F1IC7R (linear
horizontal(LH)) 35 X U & MiKH] (linear vertical(LV)) TR
T #RE, 150 x 150 pixel T, ¥ 7tV A X 40 nm’
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Figure 2 (a), (f) TEM (bright field) images of the cross sections of the PAN- and pitch-based CFs; (b-¢), (g-j) Optical density (OD) images obtained
using STXM at the energies 285.4 eV (1s—n*) and 292 eV (1s—c*) with LH and LV polarized X-ray beams. (f) is rotated to align with

another X-ray absorption images (g-j) [3, 11].

ThHol, BBHKDIZD, TNZNOBIZHHIFICHIST
% TEM & (BA#E) & Fig. 2(a), (f)IC/”"J, PAN % CF
TlE, ls—=na* & 1s = o* W ORFIET 3 IVF—0D X 0k
¥ {5 (Fig. 2(b), (c) & (d), (e)) T CFWNICHHMZ I b
AN ERMERTE AN o Tz, DFD, nHuEM KM L7
RXA B, Dixd bt STXM DIREETH % 40 nm L
TOKREETCHWHEMNITT VR LSO LTV EHER
TN, Fz, D PAN R CF T& RO MM DR S
NTEY, TOaWHERHDOSAHIE, FRO PAN HED
F#MErKmMLEEDTHBEEZIENS [2,3], —/, E
v F % CF T, ls— o* O XIS (Fig. 2G), () T
&, PANRCF LWk, CHWrmmIicay M X MR
TN o7, 1s = n* ORI X ILF—"TIF, R)Eic
Ko TXHTINER (Fig. 2(g), (h) DIV kT Ak Hhiidig
LTWAZ EMNMEREENT, THIEZPANRCF EHAD,
Yy F% CF ODWERICIE, mHEDORSEDRMZE T 18
B (RAALY) BEEL, TORAALVOEARKELTI
ARDCFZERLTNB T EZRB LTV, KB, A
XARIENT D dypaio(002) D E— 7 O YAliME N BB L E
v FFH CF DEEROFET T4 X%, ¥ 10nm FEETH O,
STXM TEHIE N/ 100 nm-1 um D R AL VY DORKEZ 2
EEES LR, ThDERIE, #K XRD Tld, Bragg D
BTS2 729 B (FmT) 2R T30 L,
STXM Tid, # > BBELIT O N AEDRERTIEC EDD 4
G ELTHBILTWA O THEEEZLNS, DF
D, ¥vFRCFONBHEZBIRT 572D, AN
TIHERDME SN B K XRD RN NEXAFS Tl A+
DTHY, F/AT—=IVTORE (ET) REDORvEY
5% U CHI T characterize SN 5% T EMHS TR S T,
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7z, EvFRCFOCWIETIE, CHmEDOHLDSMHE
WU BT AL VDAL TS /5T, C WimsteE
#B13 Fig. 2(g), (h) D R ORRICHE Z TSR K XA VB
FAELTWE T MBS Nz,

— 75, Fig. 3IC PAN R CF 5 K U € v F FK CF D i
MemhC P T W (L W) OJCRBEMEE WG, KU,
E=2854 ¢V 35 X UF E=292.0 eV T D X FE W I 7% 7= 97,
PAN % CF Tl&, Wit CF IC X#gkIssg o a > +
T A B EIIHER E NIz o7z, Fig. 4 1T Fig. 3(b) & (¢) D
CF fEIE D -1 NEXAFS A X7 ML ERT, 1s — o i
2R D E=285.4 eV OWLIHED Fig. 3 (b) & (c) THEKAD,
CF I THNKERT O « #uEE Cc WimNIicimL Tna
Ehbhote, EwvFRCFICDWVWTIE, LH TaHHIL 72
X#RLU G (Fig. 3(e)) Tl&, PAN RIAME CF NiIic a Y
A NPHEINZNT EH S, CFHETAD o {iED
flrdfii-o CwdEEZ5NS, UL, LV TalllL7z
X AR T, 200-300 nm DFIRDO A b5 A SV
RE NIz, ThuE, C Wik TS Nz B XA 2D ke
HACEMUT TR 2R L TWVWa, DT &ZhER
I %728, Fig. 3(H) IRz A~ E QI %7 C
K-edge NEXAFS 27 b )L 7% [l U Tz #5517 Fig. 5 1R
T, BB, BARYT MUIE, E=292.0 eV O X FWL IR
THABLEL TV 5B, FHEEICK > T, Ls— n* Ok
DE—UENRZTS T N0, Fig 3(f) THERI N
e XERRIN > b5 2 M, fRHER 5 i O 7z o i
Bl R A (n B C Wi NICBC) DOTFTEIC K2
DTH5T xRz,

D EDRIS, FENC KD, CFND n §uER M 24
MRESEHGZBZ WD h o7 (Fig. 6)o PAN R CF I
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Visible light microscopy

STXM (£ =2854eV)
LV

@) (b)
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2.83

-0.076 -0.076

Figure 3 (a), (d) Visible light microscopy images of the longitudinal sections of PAN- and pitch-based CFs, which contain the field of view of STXM
(OD) images (red doted areas); (b-c), (e-f) The STXM images are the OD of the X-ray absorption [3, 11].
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Figure 4 Average C K-edge NEXAFS spectra of the CF areas in Figs.
3(b) and (c) [3, 11].
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Figure 5 Average C K-edge NEXAFS spectra of the areas A to E shown
in Fig. 3() [3, 11].
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(a)PAN

n orbit Graphite

=l =

Carbon fibers

n-orbital domain

Figure 6 Schematic figure of the distribution of the n-orbital-oriented
domains and the stacks of graphene sheets in a single (a)
PAN- and (b) pitch-based CF, respectively. The white and
yellow two-way arrows represent the directions of the
graphene sheets along the fiber and within the fiber cross
section, respectively [3, 11].

DWW, CFliTmIcy o7 >y — MG O #
mAMAC, CWimlk, P& & E 40 nm LLFO o fiEH
B LI RAAL VYRSV E LS L TS T bbb
o7, TORMIE, FRTHS PANHRKDEDTHS &
EBEZTW0W5, —FH, EvFRCFZ, CHmicBLTI,
100 nm—1 um F2ED n HUEMDE Uiz K XA 2 OHESEKT
JERENTWABZ Ehbhol, EHIC, TDORAALVIE,
fkHEsE T (L W) 1, 200-300 nm OFSHRITHTTVS
TR Uz, CORMIL, FERTHZ Yy FOHER
A PAN % CF ICHERTEWT &5, CF 2T %5
OB T OREIHN PAN RO ZNICLERTRKENT &
ERMLTWS EHERIE N,
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4. 2 RTEF (9F) IEERREFHAOSHDOFEHEER R
WA —DRHE

HETIE, ERT2EMECZHNT, B (1) #l
BOEMMN R Az id&im Uiz, AR T, EEMICS
THUBEDRLAED 2 Ko<y T RIS 2 701z L
TeiRHEEL R L B —DFHIC DWW THRE S %, Fiz, T0D
MEREZ A % 72bic, “REMOEMMFICHNENT
WA RIRERIRESAD 1s = ¢ FBX U 1s — o* FEEHKD X
RN SR D EIFRARAEEZIE L, o8 (C=C H¥)
MBI L7z R AL 2Dt (RNE—1) Z#id L7RiRIc
DT HIBRS,

ARV A —1F, 59 7 UVSOR BL4U TR 5 A B FE
LTz BRIV R — (14, 15) ZBEI/ERR LTz, Fig. 7(a) ICBAFE
Ll RV B —TRT, 785, ARV E—DORGH R CHIE
3, MhEEESR St A TEML L, E—2 -3,
7% % S O AM1020RC018008+10/1 (Faulhaber Co., Ltd.
) ZHEHLUE, EEHICIE 7 02A0—5—xX7Y 5
(REV2008CCOP5S, THK Co., Ltd. &) Z4H L, FHE
HRIRFIC R )L X — [aldis il & Yl oD AT D2 b2 itk 3 % K
SNCFE Lice ARIVE—DEEREEIZ 0.1° LU T, 360°
[A)fE & BTz RI)VE — DAL BT %8 E 9 i,
5um LR THo T, RN EYElIDOFITEE, XARTIN
BOEMGDRICKREREE 52 %, IORRETN TV
FIVE—ORE TR, Y VOREEEHIC A w T T3 L
ME L, FEMIED 100m DL EREL T NE T &N 5.

AEERTIX, MHEBRC T4 XA — RERHERE LT
B Uz, BIEIE, ARV A—h 5/ bERD, v 2F
L—ya VRS TRIIITE 2862725 TV 5, Fig. 7(b)
IZ, cSTXM 22535 T NizibklEliE RV X —DEERIRT,
BL-19 D APPLE-Il XA 7D 7 Y 2 L—&—i%, KEB
K URBEOEFEEE— FOMGEXREERTES (M
R, RS AT . AT, FREELA 0,13
0° 5 90° DFIPHT, 2 DDEAS L ZERMRE X (LH,
LV) Z{HH L7z (Fig. 7(b) FICKIR). DD, FHEMIC
AR C 2 DDt (BHANT ML) OAER 0
M5 180° DFEIPHTH %, Fig. 7(c) 1<, [EIEHIE RS ZR
WKL 2 (RS R0 wt @EHX7 ML) o)
M7ZmRS, £z, HEEFATICIE, aXis2000 % V72 [16]

Fig. 8 12, RIRERIRELFHD TEM 1§ (BEHHE) BXUX
RN G 7279 TEM % (Fig. 8(a)) D IR AR D E
g, AR 0° TO XFRRING L M—HIFTH %, Fig
8(b), (c), (d)F, ZNZF1280.0eV (pre-edge), 285.7 eV
(Is—=7*), XU 2920eV (Is—>o*) TDLH TDXHR
WRIRTH B, BOIY NT A ML, BROKRIC, EF
HENT DB Y R ILDTTH & RIRERIRE ST D
n HE D) & DRI X > T2 ke %,

Fig. 912, WL RIHRMAIHIG L Tz 285.7 eV TD XHR
WINGDZ b2 £ LTz, HEFIE 9 um x 9 pm, EZ )V
P4 X 90 nm” TH oz, ZETVIICBTZESHHT
D dwell time (X 40 msec TH > 7z, 2F5R1F, wANTHIEL

Detector

Figure 7 (a) Azimuthal-rotation sample holder developed for cSTXM. (b) Photograph of the holder used in cSTXM. (c) Direction of the electric field
in the LH and LV modes applied to the sample during the measurements (viewed from the detector side) [3, 12].

high

Aysuap jeando

low

Figure 8 (a) TEM (dark field) image of natural spherical graphite. The red dotted line shows the FOV of an X-ray absorption image obtained via
c¢STXM with a rotation angle of 8 = 0° in the LH mode. X-ray absorption images at 6 = 0° (LH) with energies of (b) 280.0, (c) 285.7, and (d)
292.0 eV. When the intensity of OD increases, the color of the image changes from black to white [3, 12].
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Figure 9 X-ray absorption images of natural spheroidal graphite at 285.7 eV, measured at a wide range of polarization angles, § = 0°-180° for the LH
and LV modes; the FOV is 9 pm x 9 um with a pixel size of 90 nm [3, 12].
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Figure 10 C K-edge NEXAFS spectra in domains #1, #2, and #3 for
condition in Fig. 9(j) [3, 12].

T By L ZIFA CHEF (00) THIE L7,

Fig. 101Z, Fig. 9G) DRIV T A MHEKED 3 DD
fEE (#1, #2, BXU# 3) TODC K-edge NEXAFS A
7 MV7RY s 7z, Fig. 111, Fig. 9G) DfEl# 1, # 2,
B XU #302857(1s = %) B & T 292.0 eV(ls = %)
O X KRR E D L (n/o* Lb) D RIFEARA{EE 2 RT,
285.7 eV TO XFRUGRE L, BHEEKO nHuEDmE &,
S XAROME (BT V) & OSBRSS CT
ZE{b LTz, Fig. 9 D (a) & (), (e) & (D&, kK& IRIED
HFIBARDNE C Dz, Z O XARRINERIZZNZTNTIE
EAERUTH>Tee —MRIC, BADECDRE (BHY
ML) & afiEDHEEDONRY ML E DB DAED 0 DG
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Figure 11 Rotational dependence of n*/c* ratio (absorbance ratios
at 285.7 and 292.0 eV) in areas #1, #2, and #3 shown in
Fig. 9(j). The three solid-line curves are the results of the
nonlinear fitting based on equation (1) [3, 12].

B, XN OSREE T cos’0 I HMIT B T EHIBN T
% [17 AT, 2920eV (Is — n*) DFEEET 285.7 eV
(Is > o*) OmEZRS L LztimEz T (K1) T,
TAwT 4V TT BT ET, SEEOEE R A ZEH U
Tz Fig. WICRT 3 DOMBRDIEIE T + v T4 >V JIC
XD, Fig 9G) D# 1, #2, # 3 DFZMEMICET S FHE
MR, ZNZFN 134.2°, 89.5°, 29.8° LEME N,

I(1s -» m*: 285.7 eV)

— 200 _ . S
I(1s > o1 292.0 ev) _ A X €08 O-6,)+B (1)

*
; ratio =

EERD K S iR 2 SE Y REIE THE L, 5 X ERIRUN
BROETVIVTITD T EIZED, 90 nm ZFD5EE Y ix il
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Figure 12 Maps of (a) amplitude (4), (b) orientation angle (6,,), and (c) background (B) of natural spheroidal graphite [3, 12].
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