FRP LB ET 4 ¥ — ORFEHE T COMMME LT 33

3
0
2 ~©
o H
2 s
HEH ”-’ H Ik 1
iz a -'\
g i ',
1 L \ Y
s " H
I, PP PP e
I TR I
s - s
/e — - P >
- - Uy a
’/” ‘-,—."’/. ':;-‘
0 1 2 3 4
f=#>#(mm})

8 ZMEFRP7AY—Oii-7:
HAMBOBK, ERFEFIZS
AEAL

0:ROTAl, a BTk, bR (23
T), ¢k (100C)

3
- -]
(100°C)
o 2 b&db ’a n‘\
& . ,‘:& !
i > | kwmne
* ", ' 403
1 P '
f, ‘
_____ L WU 4
........ ]
------ 1 '.."_...
""""" R AR IR
0 1 > 3 .
T:bt?f(mm)

39 403MEFRP 74 v —DffE -7
DAMMBOEK, EREFIZLS
mE (EAE L Dz

(AR

(2 403974+ —

912403 74X — D2tk & 100T Rt O E
—lrh AWM A ELET A Y- HEBELTRT. &¥H6
D74 X —HRHEEL DD 100C T 1R L7
DABLDIE ) HKE V. BHEZD 037/ Y-8k
FEAHETA YLD REVD, FhbAhlmmdbh
P OEHKONEET 2RV EL 20 TIIMm s
EHULA. LaL, 100C C1BEMERT s E, E0H
A —LoifELEVIROh R hot,

@ 2mmERILALF—

1022 mm TR AN ¥ — EEkRoOME %4 7.
S TIREITIT OWAER 0% & Uiz, APEitito
METAY—L 40374 Y —MzZnAETEENLHLH
7 (p<003). F /o, KFEFFREGNS L U23T

oséﬁia‘iﬁ‘ﬂ 23°CHILR

04F

e
[

&

0 403

2mmE TR ILF—(N'm)

{o monE

0 T 2 3 4 %
A E%)

10 2mmERETF N F— L AN

REIR&H BEEM
11 SHBRHRRIEOFRP 74 v -
DEER:

PEAR L HEI L CHBIIEET Lz (p<005). KBNS
(B  2mmBEBLIANLF—INE ol

4. ICHEMEERR

) AAER

HICHABRE®EOTA Y —%RT. ERESHT (£
B) TRATAYT— AN TELILTOAALERIER
B, BEEFT (G TRAALEENRS
H, FRCENET A Y — (TE) SAEL2TERSRS
(AR

2) IGHER L AE ok

122 ERAFEOEL:, BHEEBLU Yy 7Y
YIRMBOFECLDERERYT. RENTTTO 24
B BHOMERBREINTIA Y —L L8 85% L1212
BETH o720, BEEMHTIL 403 74 Y — 54 43%,
AT A ¥ —12 145% FTHRT L.

B 13 R ENTOMERIFRE AEORES7FT.
W7AY—LLMERFBROETIZAL L, AEDRE
LHEN T o, ’

B 14 ZEFE &G COMTILERE AR 054 % 7T



34

100

80f

=]
=
L

FEREE%)
E-N

201

0 1 L L 1

6 12 18 24
BB (hr)

12 WEREROER, #MEtsL
Uhy 7)) v RO RIZLE S
it

100 400

403
50t {200
R ’ | P B L
0§ 100 400
e i
{= mAa e 2
50} 4200
m L ””1][1 .
0 6 12 18 24

BT B (hr)
13 SHBMEAEL AE Ot (EHREEF

100 400

403 | 200

I

HERFE%)
2
g

AE M2 (cps)

1200
e

] l pull i
! 6 12 18 24

R (hr)
14 [SHERIRERE AE O34 (BHEEMN)

W7 A -+ L HRRBHORTHALNL A, ELH
TAX—IEHEHEPORNEETL AEXRELLD
LT, 40374 X137 /v —3 L RE LK
Tz <, AE b 6 RffhIh o iasiml /2.
15123 13, 14 OEHREARERMIBE L AE®

dift A4 # - 23 Vol 23 No. 1

10
81 e
= —
=]
g6l Wet 403
=
X
ﬁ 4
EEIE
B2l =
< Dry
— T a4
0 6 12 18 24
A ETEF (D
FE15 HRMRRIIBITEL AEEGE®
FIFEERIC e S 2L

100( r¥;m\pw
wl B =N
g w
® ooy
sl |® MOE (Wet) e @S
B 403 (Wet)
01 10 T T
AER B (count)
16 filfRIFE s AE BRI E oMY

BUFACHUI L AE BRI R R, BRATREY
AX—L ML MIHMNL, 4EBERBIZGELRTI
#1500, 403 74 ¥ — Ti2#) 800count 23 L7=. iR
FHIIBWTELEY A ¥ —CREBHRE#»LAHMT S
DIH L4037 A ¥ — Tl 6 BFHEN LML, 24 B3]
BIIRTEIAXY - I UBRERAOH~IETHEH
7000count @ AE H 5L 7.,

K16 ERIER L AERREOMEERT., 71T
D 5T AE BHHome & S I ERERIETL
7-. BT AE BRI chhid, ZREM I vEELtD
3575 72403 74 Y- X DEARET A ¥ —DiFH a8
A IR e A K A B IQURY (s -7 o I AN

5. Trbh&RFRIER

1) FRP 74 ¥ —DRHEMEAL

M3 hicElzbAMTRgHO 74 Y — %R 3. SR
FUTRANTEDIEEOAALRIRRLS ARV,
Wt R gLt 24 FrR ) TIAAZRAR SR,
BT L Y — Il KE ZEEFR SN,



FRP $:3:451E 7 4 v — OB EES T T ORI 35

N 2mmERIRNF—

-
-
-

z
g 2mmy B

-
’—’
-

L bl
1 A 1 —
Oh—— 1 2 3 4
RALERE Fz48(mm)
17 24 BERDKAPRIUE /2 b A i PR

fROFE - 72 b A li#
Hi W ZEFERT D Do (EALFR), ZRIE:
403, ML

25¢ {.

FEEE R (GPa)

0 6 12 18 24
T BERRED

& 18 HOGEMERIOAFBFNNC L 5L

2) 3 RERFIZ X S5

17 12 24 BRRIAPRIRE A MIFEREO 3 S
WRIRIZ L A E - b Mo &L RT. Elb
HEFERAC L W AAZEE L L-E8A I3 sl %
TH58, WMEIEFMLEDLIO— FELOMRIKRALE
BhELTRERSE, ZORAEBRIZAITAv—
(e #H07mm) EhHBEBRBIA Y —DIZHIHFKE
< (FHh # 16 mm), T /BULEEN Do (BEAED
A=) I2h~pEhoi

Bz 403 74 ¥ —@ 2 mm M T, BLTFZmmE
BXANF—%FRY. 2mm TRz HA 2mm ThH
LZEFOMEM, 2mmERIAALF—i2/-bA2mm £
TOWIE - 7zbAMGEI BT L LTk, o
Tedr A 2mm I2id 3 T L AT RO/ AT
REAKAERRLEINTWAL Y, Rl -bATY
SRR 2mm XD bAZWb D& LS. RAERRL
3, HESAEVABIA V-0 2 mm IFEMB L
ZmmBERIFNT—L, ELRETA YLD REWE

3.
® ENE
) 403

L 1 1 ]

0 6 i2 18 24
&R

19 2mm FWEMOAWESRIIC X 221k

2.0r
o BINE
O 403

0 3 ' 12 18 24
B (hr)

E20 AALERROHAMNEERICL ST

g L7

(1) FEHERE

FI8 icHtARoamERIc L 28 b Rmd &k
GHTIREDRBEICBVWTLHI9GPa L K& RIET
RO o2, EREGTIRITERERIIEN
HOIZTEITL, B 24 BEZICB T 28R,
HEWMFE T A ¥ — T 19GPa» 5 85GPa~, 40374 ¥—
18GPa #* & 7.3GPa ~ 2 E G LU TICET Lz, /-3
#ZOBMIIBVT IR VA Y — MBS Y -2 F
FIEIDffiz R LAz (p<005) 4%, 12, 24 BBt
HHXRZHLN LD -7 (p>005).

(2} 2 mm FFHH

1922 mm AT EEORITEFMIZL 22 RT. &
BEGTREDRBEIZBVW T 16~18N 2 k&7
ElLER oMo /zd, EBRG Cidh SRR
FEWHOIIERTL, ER2ARNEIZHEITS 2 mmirE
ik, ERBETALV—T1I6NDS 0INNEH 1/512,
40374 Y —=TILEND2LOENNEM /T L. F
R BEICBV T3 7/ Y — i EAE Y 4 v —
L DATITENEEFR L (p<001) 2%, 12, 24 R



36 WiFH ¥} - B3 Vol 23 No. 1

g.
=
1S
a
% 0.
H
S
o,
E
g
(o]
0 6 12 18 24
AR )
21 2mmZERTANF—-OfMiREN
([ %0 (4

B EERRS O d o (p>003).

@ FAELERE

B 20 IS AAERROAMEMICE 2 EERT . &R
SHTIREDRBHICBLTHEILALERIRRLRE
D7z, BEESTIRITERERARVLOIZEE
FEAHIML, SFCELE Y £ X —1249 15 mm & 403
A= IR TH 2HECERNR LR

@ 2mmEEIRILF—

H21i22mmEREIA VT —ORARRIZL 2%
Y. ERARHCREOBBRRICBWTHTOMIZRE
RERIE AL Wi d o s, BESE Tl ERRER
BEVWLOIIEETL, BIHA4FEEEZEO4037 1 V-1
039N - m A8 009N - m~E§ 1/4-~, EUHT A ¥ —
T2 03IN - m A5 0012N - m~E# 1/30 1T L7

% g2

1. KADERH

BOICRIN L A BENEEoSILIIRCRA RO
A, FREHOY S 2MioBETchHiiEE L 00N
Az, ESIARLANE -hbalRET LTS L, 4
BEERIBRLA7 Ay — B3 AEEL2REILT
Wi, FRP7 A ¥ -0k X3 RERKIIH S
ZEDFEER A

2. BHEBROEH

1) WAk RB

TNFT Ty MEOEFRIMBRRIIEN-TIAT A
T, EFEPH>LHIMI»T T Co-Cr 74 ¥ —
BERAIhEZENE NV, FRP 7 A ¥ — i3 FOHEHMM
B OHEBEOBPURICEREI A EMBES R
3. FOEA30 BREOCHE, @&l CORERTHER
XhB T &L b0, BHERT CoMtaaitizo
WTOMPSLETHLE, M)y 2 LTH)w—
Z{EHTAHFRP 74 ¥ — QWAL 7w, Wokdhig
L ERAFEIC R T RADOEE R MAZ LIXEETH

B5. iz, I ABMEOKMMBIZERLLA 7T
RIS R vy AOWKFEIIRIZTEN N
F6WRmLAEdi, FRP 74X —OBRAEBE L7
B3~6 MM THRTLTYS, BAFET £ ¥ —onkx
2100% R v =T A Y- ITHEHEEIE o7 (p<
001). SHIZBAIZEID AT AMB/ ~ ) v 7 Z2HD
REMMEISEAT LD BbR b, TR0 6 150
TOL3TAV—REARTA Y — L D HTIEY (p
<005) A%, KBIZEXNI kol THiIZERHEES
B2 EGUIBRSRET L, 2o 7Y 7 0misx
HREENDHENET L, REHESET LI E
ZHh5.

2) WK - WRRERER

FRP 74X — OBMEFTICB 2 MM T
DERIEARTH LD, T, FOEETHB LD
DA A, S 6 ICAKE & BASFYE & DR E
LB I DIIRK - R A T o 7. ZOEERTIIRK
BOWRIZEDLINE - bAMEOTLE T~
REFFE L MAEOMFRERIEL:. 20&#%, H9,
WIRLAZEIIE, BART DL CHREMNETMET
5, ERICINVEMHTLZI EFbhoA, TR
AIZEDFBELAATIAMMHE/ =) v 7 ARG
A, R A I L THRRMAZREIIAFH E, irTE
W AL LT EEARIBL 0 LB TE 5,
7, 100C SBHEO7T4 Y —ERISETN L hiEL
BolORKEGELVVVOERLTHELEL LTELLA
BH, ThV vy s AOBRELLTRETLEH 1%
ZOSHE, SHIHHVPLETHS.

3) ISHEARER
THNFTTry ML HBEGHORRRNFZ 1 2 A
BEIZZRZZEHDY, TOHMPOT74 Y —I23 TR
BEEAEL, HEBHESEADIFSREBEN R
TWwBZ EBEEREATLIC s THETH L. Wk
SO ENENTIENERNAREZTI LT,
FRP 74 ¥ —HFHIFBEHOREIZL DT, BLW
AT X B SEE L7z, SRSt Clidd 6 BERILIER
OWERTIREBEAER NI LT, BMEME
TG O 3~6 BERCTRMI, FOHRIEKPe T
T L. Thid, RECBRALEARE~ M) »
FAOBY, REOFMESEIDY, BuEIOPHoT
WABHREON F AMMYPHT YIRS D BN TE S,
4) AENE

FRP 74 ¥ — i3S ADET & & b2 TH
HEDEAIRETVBETTHE. ThTTiRRRE
DEF 2 SEMBETAILTFRP 74 Y — 2RI o 72
B LTE&7:, UL, ThEHE e 20
BHESTORRTHY, BPTREITWD I 2 ol
Fak Ao TofidiF o,
FTI—AF4wr -x3Ivray (AE) i, “fk»
TWdh LHWITEIETLENL, MEMNERT THL T



FRP LML T 4 Y — o ETRS T cod i3 37

UTHAIFNF - T AR E LTRET A0E
BOEEREINTVD, AEFIZZ O M HEE
IRE LI AEERTCRBL, BE90NME LT, M
OB ZEOH, W5 e & OEREREL LIk
AT 5454 ThbH. AEREHHORBEENET AL
ANF—2EEENTITFETHLIOT, K13, 1412
PLAZE S ICENEROGMAHIEARE VT LY 4 A
WEZF—-FTHIERNTE, BELALAEZRMTAC
ETRI5, 16 IR LA X 5 IR O RITIRES, A
GNP EILEZ A EARFATAZENTE L,
5 FEilbiafTaEs

FEPR TR B o TIRITIZ & » T, B0 Z#EFzO
FERICER SR TAVY— 2 BUESETLI L34 2L
v, COERIIBURETELBENITA v -—-0ff
AMEE R —oDBETHL EER . ARBTIXTA
Y—lhtHH—Cnbiis2, B3I ST
v, BOoNWE-7-bAMS L ) HEEEERE, kA
ERE, 2mm WEME, 2mmERIANTF -2 ROF
o Avarz, F7, AR | Ko cHERE
REMEAET A0, TEEoABORBTTHI
BV Twin, 0, EhballFBRgEEHvs2
ETREDRBR LR — &M CHREBRT L LML
e o7,

6 2mmEEIFILF-—OHEH

TR TIETE - ZobAliE» 58 5N IHIELE
bR Twna, FIAISKBRETbABTHROMRN
PR A TR, MEERLL 2 mm T EMS TG
LTwas, LALEEERESR L Tho TLRALER
BARLZNE, 2omWEBLRR2-TLE. ALLED
CAARRENFRL ChoThHMERHERELNIT2
mmFEEIREL-TL B, ZDOLHiI, 100N
FCTEBE O A AENICET I RS TLOESRT
B 22 CTHERHNBEE T BEMC 1 coiETRT
L@ ELT, HbA2mm TTOFNE--bAaliRTO
EHEE 2mm BRI ETALANF - LTEETA S
Pl A

3. FRP 71 ¥ —DBFERIZDWT
ElbAMTRBOKRIIRT LI, sy TV
MEEZRTVE294 7 —ThoTh 6 BFHLUEERE R
A, RAERESEKD (H20), 2mmER &V
F—b 24 REMZICEH IAIETLTLES (F2D).
OFERTL s AER SR 7 —F 74 ¥ — O SNE
DETIREHICKEVEHRNSRSE BRICBVWTHE
Ty PATy MIBASKTHHEL (ET 2H»
TIERBEBEBTRERETHALEbRED,

4. HyTULFNBOE
INETFRP 74 ~id<w b Yo s AELTHEY A
FhAEZZYL—1 (PMMA), "L ¥ I 252
L=t (UDMA) 2#FHWwWT &7, ThoHESEAH
HLEHTERAMBE L TR EbhTwa L I vIitik

WAEARB LS EMNTTICHMONTEY, EHARRE
&AM ESEFER SN T 5. PMMA, UDMA,
Bis-GMA %27 U wv 2 RELARBEERWT, 7=h
A 2mm, BREESHT TOILHEMARTIE, UDMA 7
A Y — I35, PMMA 74 Y — i ARERIZEINL
7oA Bis—GMA 74 Y — X 24 BRI L e drn 72 (R
B, ToOERLY, BROWMAMAINEZTE S Bis-
GMA #450= b v 7 ZTHW:,

10D 2mmERLALT — LIRAKROHBEH» 555
BXHIT, BWAED 403 7 4 ¥ — i3 MAH T £ ¥ — 21t
NT2mmERI P ALF—PEETREEEZRL
(p<005) &%, ERTABIILI-oTHTIA v —L L5
REOFEFEEL, EMNS{ ol Bkt~ b
Vw P RIBRL, FIRAEME/ ) v 2 ABORE
BB LR T T I AR I v 2 XDREFH R
FTWRETHLA, 40374V —|J1dRkEL R EES
PRV EEROEEEHLBERIEL, BudBiE
HEWTE D,

WABREBI B TEHRGIERLAEHIZ3~6 BT
WARPIFIFIRT LT WS, TARIZIRLALIICE
Wt THORHBMRRIIB T HRREEIEMIC
BT 50w Thd 3~6BHITCTHEILT—H
LTED, 403 74 ¥ — il 7 4 ¥ — I EE
EL{RFLTO

AEDRERZDWTREISIRLZ L S IC|MEET 4
Y—REREES,S, 40374 Y- 68MED» S AE
DFEEFENIEICE AL HI6IRLELS I,
FTRCOEMT AR ZRREOMINE & IS R{RIERL
BT 4 5EMERTH, EREGL VEBEGDIZH M
SBEICET LA, £7-, BHEE&MFIIBWTRAL AE B#
HTITEQET £ v —i13403 74 ¥ — & Qi EEFRYS
Birof Ay 7y FXABOMBREMEERTTLY
FEEICENL I AR AN, EXobAINTRERIZB W
T, 6 TOMBERE, 2o HFEE, 2mmERT
ANF—EARTAY—L D A3 T4 Y —DHEILE
VAR LA (p<005) A%, REIEIAL L ot
AAEREIL 6T RAELAY 2 LEBUHET A Y —¢
ABTA X —DEPREL LTS, ZHiZEIES
BEEE ISy 7)) Y VRBIL Y o TREOFH A
BEATW2H, RECHFERSEHEIMETL, Haic
FEL7DEHUNTES.

oz kX, FRP 74 ¥ — iRk 3~6 BRIE
BEECHOKAET L, BBEOBH, Wik b, e
THITAEHE /<) vy 7 AMORAESNEOL T2
EH, AAERRLHEMRTEF ERI4H, Hiow bk
Yy 2 AWRTHZABEFBRIR I 2L ETHIES
WM AEREILIZA D, F, IR IzH T
YNAEEL, REMAGEORE LI, WEE
BEILCEFIND . 2ol ki, fiAtoSsVwY v
TN FREFIILY, SR ABROENR/-FRP Y



38 BiFHr T - B Vol 23 No. |

AX—HHRTEADTREEETETZ2LDTH S,
&

OEMBETFTCOFRP 74 Y — 0l ARE:, 20
BB OERMERIIRIZTEELRANL DI,
EEMR B L UM E BT 2 3 AHTRER, SIS
B Y AEEHZ 1TV, 35 EhbAMTaEomT
BEORWELLBEL, UToER%E:.

L KA T+ 2B, BHEMRBRTO AED
1A, WERFEORTAEL 2 5 3~6 BRI &
FF—E L.

2. BEOBBFIZoOWTR—4&4ToORBL i L
TEEbAMITRER % T 458, AWML EbIC
AAZTE OB, WEEEN, 2mm A EHIET
L, Shod 2mm EBTALF—2L ) BE—0gET
BERICEE TR,

3. REEET OB EE O BERIIEA TS
D, ¥ h Uy s AOWK, TEEAEL, ERICHES A
AN /7 N v 2 AMOREAM, 77 ABMEOE
D, WEBIUCHEREROET, XALBRORNE
ES i

4 AT r/RBEREHEL ML, B
YT O3 R A d - 7.

5. DOFEPICEY LB FTFRP 74 ¥ — 0
BT A BERBEBALTHN, < o 22EHy
TN FRGUKIIA T A NS, BREAOERIZS
BhHRESFHL,I LA

1

FHRALO—RiTE B EEFREBRBLEEEMNEES F
13410 H, B, S0 MAREHBEIT SR RS
CERL 1444 A, HRD), %41 B HASRBETHES0 RN
£ (PRIGE4A, B BV TREL:.

i, FMRRFERISEEREMEBMBSERTE
(BY(1) (14370685 &)} OFEBNZL DiTo .

# A%

ARMPRLBICHAD, BETEY, TREZBY Z LA
LM K 2 K2 B IO B IR B B 2 S B RHS E 27
B 5 A BRI AL BRELEL 25 RFROETIC
B, B THHECESWE L, RSESR B3
F, ASEHRETE AR, SHPHRCESCALE
.37, KHRICOEAA R GATEE, THHAS
T L7z CIRE 2 e bl 2 SR M S IR 2240 9F SRR IEELEY
BEEAUD, RKNBEHE, RE JBF 56 BHE
DL DEHCRLET. S50, AWRIHEL SHBHV
7 LR N i AHE T 208 6 L TR TR
KETEEHORERNEI I CHLE L LIF £

X #

£
]

=

1) Newman GV. Epoxy adhesives for orthodontic attachments.
Progress Rep Am J Orthod 1965 ; 51 : 901-912,

2}

3)

4)

5)

6)

7

9)

10}

11)

12)

13)

14}

15)

16)

17

18)

19)

20)

21}

Swartz ML, Ceramic brackets. J Clin Orthod 1988 ; 22 :
82-89.

MEE TR, WEER. L% HE— Quick Ligature
Placer &£ O~Ring—. BT 1983494 : 10-13.

MM E, AHBZ, KM, KBAET, LTRSS,
RENT A, BRALIAF v - U ZORTEN
¥Rz oW T, i8S 1987 5 61 183-189

METE. WHESTHRI L2 2EBEMHE R WE
wIRRFROMHEY, #ESE 1988;7:27-%6.

Louis JT. Terrence MS, Steven QH, Lewis L. Force decay
and deformation of orthodontic elastic ligatures. Am J Or-
thod Dentofac Orthop 19975 111 . 1 -11.

Talass MF. Optiflex archk treatment of a skeletal Class II
openbite, ] Clin Orthod 1992 ; 26 © 245-252.

AT 8B, BFES EIXEET, PEEE. QCM O
SEHE. BEY v —F 199410 5159,

Goldberg AJ, Burston CJ, Madjinikolaon I, Jancar J. Screen-
ing of matrices and fibers for reinforced thermoplastic in-
tended for dental application. ] Biomed Mater Res 1994 ;
28 1 167-173.

Kennedy I KC, Kusy RP. UV-cured pultrusion processing
of glass-reinforced polymer composite. J Vinyl & Additive
Tech 19951 182-186.

Kusy RP. Review of contemporary arch wires. Angle Or-
thod 1997 ; 67 © 197 - 208.

Zufall SW, Kusy RP. Stress relaxation and recovery behav-
ior of composite orthodentic archwire in bending. Europ ]
Orthod 2000 ; 227 1-12,

AR, HEIRFFER, BARRE, FHEEEE, RITEd,
ALFHBHF7 ABMBEEMOREEME. Orthop Ceram
Implant 1984 ;4 : 79-82

BMILAEEE, BARRRE, WIHEH, HTHER NIASEE
B ALFER# IR (CPSARFTIR} OMMEEERLR.
PEREEIRE 1087 5 9 1 474-476.

HullERE, BOKRI, #HETIARE, HEE, HESEE
ALBERITZA (CPSARNFA) OEMBEEABR—E T
W OAHEMARERA T hIEKEE 1987; 30 474-
476,

WHFH—, SH WM EEER BHEBRLTSAFI 2R
FEEBERTAY-ORRICHT 5 HBFR. ki
1995 ; 16 © 225-243,

Watari F, Kobayashi M, Yamagata §, Nagayama K. Imai T
et al. Properties of the unidimersionally glass fiber rein-
forced composite wire for an esthetic orthodontic wire, Bio-
ceramics (Proc9th Int. Symp. On Ceramics in Medicin)
1996 ; 469 - 472.

Watari F, Kobayashi M, Yamagata S, Nagavama K, Imai T
et al, Structure and properties of the FRP esthetic ortho-
dontic wire. Proc Int Conf on Microstructures and Func-
tions of Materials (ICMF 86) 1996 ; 141-144.

HEFE, BEES, BHEFE, HEAM—, BHEEE,
ERRiTH,, HHASEETEEEHBORR. BE2E
1997 ; 16 : 46-60.

Watari F, Yamagata S, Imai T, Kobayashi M, Nakamura S.
The fabrication and properties of aesthetic FRP wires for
use in orthodontics. J Mater Sci 1998 ; 33 : 5661 —5664.
Imai T, Watari F, Yamagata S, Kobayashi M, Nagayama K
et al. Mechanical properties and aesthetic of FRP orthodon-
tic wire fabricated by hot drawing. Biomaterials 1998 ; 19 :
2195 - 2200,



22)

23)

24)

25)

FRP #XEE 7 4 ¥ —0REEET TORMNIFEREE 39

Alfng, BEXE, 49 BOLFF— DREN. F
EMBIERN 74 Y —oXKPRMI L LETEI—F4 ¥
AT LERFE. Alpask 1998 5191 197-213.

LR i, BEEXE &% i LHFF-- MHEER X
EABCEaMFBI TR UL T 2 &L EEER
74 ¥ —ORME iy 1999 18 | 429-440.

Imai T, Watari F, Yamagata S, Kobayashi M, Nagayama K,
Nakamura S. Effects of water immersion on mechanical
properties of new esthetic orthodontic wire. Am J Orthed
Dent Orthop 1999 ; 116 : 533-538.

AW, SH W WAEEF—, Abifik, hiESR B
Ak, RINEBH. FLEEB/EET 4 Y — 0 in vitro 3
Tn. thirEF 1996 15 (¥ 28) | 54-55.

26)

27

23)

29}

Imai T, Yamagata S, Watari F, Kobayashi M, Nagayama K.
Toyoizumi H. Temperature-dependence of the mechanical
properties of FRP orthodontic wire. Dent Mter J 1999 ;
18 1 167175,

Arfnge, (WKFF—, WRER, 5H i, diHEE, &
R —E, RNEEE, FRE, B &, BRAXkE. #
FAEIER 7 4 Y — OB BRI T RPEOEE.
HH 2% 1097 5 16 (4% 20) © 163

RBrspd, WOHEE, eimE, -, mera=, o
AL, AEOHH. BRLFR 7a-2549 2 - x3 v
avoRREEE. 11 3044 1976 p.30~55.

i —. HRWAERE. 2 WHESMET ; 1980, p59-63.



382

Chemistry Letters Vol.34, No.3 (2005)

X-ray Absorption Fine Structure Studies on the Local Structures
of Ni Impurities in a Carbon Nanotube

Kiyotaka Asakura,’ Wang-Jae Chun,”!" Kazuyuki Tohji,”"" Yoshinori Sato,'" and Fumio Watarit*!*
YCatalysis Research Center, Hokkaido University, Sapporo. Hokkaide 001-0021
¥ Core Research for Evolutional Science and Technology, Japan Science and Technology Corporation,
Sapporo, Hokkaido 001-0021
" Graduare School of Environmental Studies, Tohoku University, Aoba, Sendai, 980-8579
Y Graduate School of Dental Medicine, Department of Biomedical, Dental Materials & Engineering,
Hokkaido University, Kita 13 Nishi 7 Sapporo, Hokkaido 060-8586

(Received October 21, 2004; CL-041243)

Local structure around Ni impurities in a carbon nanotube
was studied by X-ray absorption fine structure (XAFS). The Ni
was present in the form of Ni particles before the purification
process. After the purification Ni content was decreased (o a
few hundreds ppm. The NiK-edge XAFS could be measured
by a 19 element solid-state detector. The Ni species was strongly
bound to the carbon of the carbon nanotube with a Ni-C covalent
bonds at 0.173 nm.

Carbon nanotubes draw much attention as new materials,
which have wide applications to many fields such as electric de-
vices, hydrogen storage materials, field emission display, AFM
tip, and so on.! Since carbon nanotubes are composed of only
carbon atoms and are expected to have biocompatibility, the re-
searches for the biological application have been started such as
a drag delivery system, scaffolds for cell engineering, artificial
bones, dental roots, and cell culture media.? Chemical vapor
deposition (CVD) synthesis method using catalysts such as Ni,
Fe, Fe-Ni, and Ni-Mo is one of promising methods for large-
scale production of carbon nanotubes.? Ni is one of the best cat-
alysts to produce carbon nanotubes but it often shows toxic prop-
erties to a living body. Although most of Ni in the carbon nano-
tube can be removed by the HCI treatment, it is important to
know the metabolism, chemical state, and structure of Ni impu-
rity left in the carbon nanotubes after the HCI treatment in order
to apply the nanotubes to medical and biological fields safely. In
this paper, we report the characterization of the chemical state of
residual Ni species before and after the purification processes of
a carbon nanotube by XAFS (X-ray absorption fine structure)
technique. Because the amount of Ni species after the purifica-
tion is about a few hundred ppm, it is difficult to estimate the
Ni chemical state by conventional techniques. We carried out
fluorescence XAFS analysis of Ni impurity in the carbon nano-
tube. We found that the Ni species was strongly fixed to the car-
bon of a carbon nanotube through a Ni—C covalent bond.

Carbon nanotube was synthesized by a CVD method using
Ni catalyst. It was purified by a calcination followed by 6 M
HCI treatment for 6 h in order to remove the carbon nanoparti-
cles and Ni catalysts.

XAFS measurements were carried out at BLOA of the Pho-
ton Factory in Institute for Structure Material Science (KEK-PF)
using a Si(111) double crystal monochromator.? (99G280,
2001G287) The incident and transmitted X-rays were monitored
by ionization chambers filled with nitrogen. The fluorescence X-

ray was detected by a 19 element SSD (solid state detector)
(Camberra Co.) The dead times of SSD were corrected accord-
ing to the literature.® The XAFS analyses were carried out by
REX2000 (Rigaku Co) using phase shift and amplitude func-
tions derived from FEFF3.%7

Figure 1 showed the Fourier transforms of Ni K-edge XAFS
oscillations before the purification over & = 30-150nm™~!, We
measured the XAFS oscillation in a transmission mode because
we had an enough edge jump. We found several peaks, The first
and main peak appeared at 0.25 nm, which corresponded to that
of the Ni-Ni distance in the first shell of Ni metal. The longer
Ni-Ni peaks clearly appeared, which were corresponding to
the 2nd, 3rd and 4th shells in the Ni fcc strizcture. The curve fit-
ting analysis showed that the coordination number and bond dis-
tance of the first shell Ni-Nit bond were 12 and 0.248 nm, respec-
tively, indicating that the Ni was present in a metal particle larg-
er than 5 nm judging from the coordination numbers of the first
and the higher shells which were almost equal to that of the bulk
Ni species.®

When the Ni metal particles were removed by the HCI treat-
ment, we could not observe NiK-edge in a transmission mode
any more. Thus we used a fluorescence mode to obtain Ni XAFS
osciflations. According to the Ni Ko flucrescence peak intensity,
the amount of Ni can be estimated to be about a few hundred
ppm. Figure 2 shows the X-ray near edge structure of Ni species
in the carbon nanotube before and after the HCI treatment to-
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Figure 1. Fourier transforms of XAFS oscillations for Ni cata-
lysts in the carbon nanotube and Ni foils.
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Figure 2. NiK-edge XANES of (a) Ni foil, (b) Ni species in the
carbon nanotube before purification, and (c) that after the purifi-
cation. (d) and (e) in the inset showed XANES spectra for NiO
and Ni(NO3)2+9H,0.

gether with reference compounds. The XANES (X-ray absorp-
tion near edge structure} spectrumn after the HCI treatment was
completely different from that before the HCI treatment and
Ni foil, indicating that the metallic Ni particles were completely
removed by the HCI treatment. The XANES spectrum of the
sample after the HCI treatment was different from those of
NiO and Ni{NO;);3-9H,0. The residual Ni species was not sim-
ple oxide or aquo complex ions. Peaks in the XANES spectrum
appeared at the similar positions as in the spectrum of the deac-
tivated Ni catalyst after the CH, decomposition reaction though
the peak heights were much stronger in the present spectrum.?
Figure 3 shows the Fourier transforms of Ni K-edge XAFS
of Ni species in the carbon nanotube after the HCl treatment.
Peaks appear at 0.16 and 0.22 nm. We carried out curve fitting
analysis for the first shell assuming Ni-C bond. The bond dis-
tance and coordination number were 0.177 nm and 1.5, respec-
tively. The second shell peak could be assigned to Ni-Ni at
0.247nm with its coordination number 0.8. Ni—C distance
0.177 nm was smaller than 0.186 and 0.184 nm found in Ni;C
and Ni(CO)4, respectively. Thus the Ni species was fixed strong-
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Figure 3. Fourier transform of NiK-edge EXAFS for the Ni
species in the carbon nanotube after the HCl treatment.

ly to carbon nanotube through a covalent bond. Since carbon
nanotubes were stable in the living body, Ni impurity may stay
there for a long time and may bioaccumulate. We recommend
that the Ni catalyst should not be used to the production of the
carbon tube if it is used as a biomaterial.
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We have measured a frequency shift of the noncontact atom-
ic force microsocpy (NC-AFM) cantilever above Au islands
when we scanned the X-ray energy around the Au L3 absorption
edge. We have found a clear peak of the frequency shift just
above the Au L; absorption edge. This novel phenomenon sug-
gested that the combination of energy-variable X-rays and NC-
AFM provides us 2 new way of nano level chemical mapping
of surfaces.

A surface chemical mapping on an atomic level is very im-
portant in nanoscience to understand the chemical processes oc-
curring at the surfaces of catalysts, sensors, and electronic de-
vices. Since the invention of the scanning tunneling
microscopy (STM)! in 1982, atomic-level spatial resolution of
conductive material surfaces has been achieved and the inven-
tion of the noncontact atomic force microscopy (NC-AFM)? in
1995 has made it possible to measure insulator surfaces. Howev-
er, it is still difficult to distinguish chemical species directly by
these STM and NC-AFM. Many efforts have been done to obtain
chemical information by developing techniques of scanning
probe microscopy (SPM) family such as STM inelastic tunneling
spectroscopy,® STM light emission spectroscopy,™ infrared
scanning near-field optical microscopy,® X-ray excited STM.’
In this brief communication, we report a novel phenomenon that
will be a base for a new elemental analysis at the atomic level by
SPM, named “X-ray Aided Noncontact Atomic force Microsco-
py (XANAM).”

‘The NC-AFM has a wide applicability to insulator inorganic¢
oxides and organic polymers.® Atomic level observations of in-
sulating oxide surfaces have recently been reported.>!> NC-
AFM imaging is attained by detecting the frequency shift of
the cantilever, which can simply be explained by the value pro-
portional to the attractive force gradient between a tip of the can-
tilever and the surface atoms.'* Theoretical and computational
analyses show that the forces are not only physical forces such
as van der Waals force and electrostatic force but also chemical
bonding force such as a covalent bonding. The chemical bonding
force may depend on the electron density of bonding and anti-
bonding orbitals. If the electron density of these orbitals can
be controlled, one may control the interaction between the sur-
face atom and the cantilever. X-ray is one way to alter the elec-
tron density of bonding or antibonding orbitals by exciting core
electron. The core electron has a binding energy specific to ele-
ments and their chemical state. Thus one can get a chemical
mapping using the NC-AFM aided by X-ray jrradiation. To test
the above hypothesis, we carried out a simple experiment to see
how the frequency shift depends on X-ray energies near the ab-
sorption edge. We found a sudden frequency shift of the NC-
AFM cantilever just above the Au Ly X-ray absorption edge de-
scribed later,

The experiments were performed at BL7C of the Photon
Factory, Institute of Material Structure Science, High Energy
Accelerator Organization (KEK-IMS-PF). A noncontact atomic
force microscope was operated under ultrahigh vacuum (UHV)
conditions with a piezoresistive AFM cantilever (NIKON),
The tip apex of the cantilever was composed of silicon nitride,
A typical resonance frequency and force constant of the cantile-
ver were 88kHz and 150 Nm™!, respectively. The partially Au-
covered sample was prepared by vacuum evaporation of Auon a
Si substrate through a 1000 L Ni mesh put on the substrate. The
sample was set on the microscope stage with its surface standing
vertically. Two X-ray entrance and exit beryllium windows were
placed at the front and backside of the UHV chamber. The mi-
croscope stage had three kinds of freedom to set the sample sur-
face on the X-ray pass: x- and y- horizontal movements and a ro-
tation around vertical (z) axis. We focused an X-ray beam on the
sample position by a sagital focusing Si{111) double-crystal
monochromator.!* Because of the beam time limitation, we
could not optimize the NC-AFM imaging conditions. The spatial
resolution of the microscope was a few nanometer, which was
confirmed by the observation of a PZT layer sample surface
composed of fine particles with diameter from 10 to 20nm, as
shown in Figure 1.

The NC-AFM observation of the partially Au-covered Si
sample was carried out in a constant frequency shift mode with
constant excitation amplitude of the cantilever with X-ray irradi-
ation at 11850 eV, Figure 2 shows a typical NC-AFM image of a
sample surface observed at room temperature. Au-deposited re-
gion and Si region were clearly distinguished by their height dif-
ference. The Si region was probably covered with native Si ox-
ide layer because no treatment to remove oxide layer was done in
the UHV chamber. The constant frequency shift of the cantilever
was —20Hz during the observation. Then we put the cantilever
above the Au island, as shown in Figure 2 by a square, and stop-
ped the scan feedback routine of the cantilever. We started to
measure frequency shift dependency on the X-ray energy around

Figure 1. A NC-AFM image of PZT layer sample under X-ray
irradiation, 70 x 70nm?, Af == —20Hz, A, = 27 nm.

Copyright © 2004 The Chemical Society of Jaipan
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Si region

Figure 2. NC-AFM image of partial Au-deposited Si surface,
3.5 x 3.5um?, Af = —20Hz, Ag = 27nm.
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Figure 3. Frequency shift spectra normalized by J; on both Au
(a) and Si (b) regions together with absorption spectrum of Au
foil (c).

the Au Ly absorption edge. For comparison we carried out the
same experiment on the bare Si surface in the same energy
range.

Figure 3 shows the frequency shift spectra above both Au
and Si regions together with an absorption spectrum of Au foil.
The frequency shift signal was integrated by a F-V converter cir-
cuit with duel time of 2 s, and was normalized by incident X-ray
intensity which was simultaneously recorded by the ionization
chamber in front of the NC-AFM chamber. We plotted the abso-
lute value of the normalized frequency shift. Generally, the fre-
quency shift is negative in the attractive force region. Increasing
the absolute value of the shift corresponded to the enhancement
of attractive force between the cantilever and the sample surface.
Each spectrum was recorded with increasing the X-ray energy.

When the X-ray was irradiated, the sample was heated by
the X-ray and changed its position gradually related to the tip
apex by the thermal drift. Consequently the monotonous varia-
tions in the background were found. In addition to these back-
ground variations, we found a distinctive peak around the X-
ray energy of 11925¢V in the Au region, while no peak was
found in the Si region within the same epergy range. We ob-
served repeatedly the peak at the same X-ray energy at different
Au regions but no peak was found at Si regions. The presence of
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the peak clearly demonstrates that the X-rays around the absorp-
tion edge energy affect the frequency shift of the NC-AFM can-
tilever. Generally, the frequency shift is negative in the attractive
force region. Thus, increasing the absolute value of the shift cor-
responded to the enhancement of attractive force between the
cantilever and the sample surface. Note that the normalized fre-
quency shift did not follow the absorption spectrum of Au foil,
narnely, the spectral feature of Au region did not have an absorp-
tion edge but a peak. It means the phenomenon is not simply re-
lated to the photoabsorption process.
The following origins to enhance the attractive force be-

tween the cantilever and the sample surfaces can be proposed.

(1) Excitation of photoelectron to a bonding orbital to

strengthen the covalent bond, as mentioned above,
(2) Local electric field enhancement around cantilever apex
like Surface Enhanced Raman Spectroscopy (SERS).

We are planning to measure element-selected NC-AFM image
by this system soon. Although the detailed mechanism and phys-
ics are unclear at the moment, the phenomenon suggested that
NC-AFM could distinguish Au from Si under the X-ray irradia-
tion tuned at the absorption edge energy. This phenomenon will
lead to a new nano-level element-selected imaging method aided
by X-ray called as XANAM,

This work was supported by the New Energy and Industrial
Technology Development Organization (NEDO) and the Japan
Science and Technology Corporation (JST). The experiments
were carried out under the approval of Photon Factory Advisory
Committee (PAC: Proposal No. 2003G301).
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We have shown the possibility of a Wien filter as an energy analyzer for the energy-filtered X-ray photoemission electron
microscopy (EXPEEM) by obtaining images of Au islands on a Ta substrate using an inner shell phetoelectron excited by an
X-ray with a photen energy of 2300¢V. When the photoclectron with kinetic energy of nearly 0 eV was selected, brighter Au
islands were observed. When the kinetic energies of photoelectrons passing the Wien filter are set at those of Au 3ds;y and Ta
3ps;2 photoelectrons, the Au and Ta regions appeared brighter, respectively, indicating that the chemical imaging was

successful using a high energy X-ray and a Wien filter energy analyzer.

[DOI: 10.1143/1JAP.43.7682]

KEYWORDS: energy-filtered X-ray photoemission eleciron microscopy, PEEM, XPEEM, EXPEEM, Wien filter, Au, Ta, Surface

imaging, spectromicroscopy, XPS

1. Introduction

A photoemission electron microscopy (PEEM) can pro-
vide a promising approach to the real-time investigation of
nanoscale {approximately 10nm order) surface chemical
processes such as diffusion, adsorption, desorption and
reaction. Rotermund and coworkers observed unique spatio-
temporal concentration patterns of adsorbates during the CO
oxidation reaction on Pt(100) and Pt(110) surfaces by
PEEM, which have offered new information about the
surface nonlinear processes.!” They used a Deuterium lamp
(with a photon energy of about 6eV) to excite the photo-
electrons and thus the PEEM is sensitive to the surface work
functions, One can identify the surface chemical species
directly only in a simple system where the work functions of
chemical species are well known and are significantly
different from each other. Application of X-rays, which can
excite inner shell electrons, will provide us with chemical
information such as the kind of elements and their chemical
state by analyzing the absorption edge energy or the kinetic
energy of emitted photoelectrons as summarized in Table I.
In the category I, the element analysis is achieved with a
tunable X-ray source such as synchrotron radiation, and
spatial resolution is attained by a conventional PEEM
method.> This gives an image with good contrast as
mentioned below, but the use of synchrotron radiation is
essential. Category II is a combination method of PEEM and
well-known X-ray photoelectron spectroscopy (XPS) meth-
0ds.8 This is called EXPEEM (energy-filtered X-ray PEEM)
in this paper. The EXPEEM has the merit of being able to
realize chemical imaging of the surface using an X-ray
source with a fixed energy such as bremsstrahlung radiation.

However, until now, the EXPEEM has been realized with an
undulator of the 3rd generation synchrotron radiation as a
light source.™'" The kinetic energies of photoelectrons are
often analyzed using a conventional hemispherical energy
analyzer. The problem of using the conventional energy
analyzer is that it has a nonlinear electron optical axis, which
hinders easy operation of the system. Thus an energy
analyzer in a collinear arrangement is preferable. Recently
energy analyzers retaining a linear electron optical axis have
been developed, such as a time-of-flight analyzer and a
retarding field energy analyzer.!?-!%

We use a Wien filter type energy analyzer which has a
linear electron optics and can remove higher order aberra-
tions in an energy filter.'*183% In the Wien filter, the electric
field (E) and magnetic field (B} are applied perpendicularly
as shown in Fig. 1(a). Consequently, the forces from the
electrostatic and magnetic fields are applied oppositely. The
Lorenz force (ev x B) from the magnetic field has an
amplitude proportional to the velocity (v) of the electron.
When these forces are balanced, i.e., E = v x B, an electron
passes through the Wien filter without changing direc-
tion.'®!? This condition is called the Wien condition. When
a slit is placed after the Wien filter, one can select electrons
which satisfy the Wien condition. To observe an energy-
filtered image, the Wien filter should have a lens function in
addition to an energy analyzer function. This is accom-
plished by the superposition of the quadrupole electrostatic
fields. Finally, the projection lenses are adjusted to give an
energy-filtered image on a screen as shown in Fig. 1(b).

Compared with the standard hemispherical energy analyz-
er, the advantages of using the Wien filter as an energy
analyzer are as follows: 5161835

Table 1. Summary of element-specific XPEEM system.
Category Spatial resolution Element specificity Photon Energy Detector Energy Analyzer References
I electron optics absorption edge tunable spatial resolution nene 3-5
bt electronic optics kinetic energy fixed spatial resolution imaging type 8,10,11
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Fig. 1.

Schematic view of the principle of the Wien filter. (a) Dispersion mode: Electrons coming from the left with velocity v travel

in a straight line when F = ¢(£ — v x B) = 0 is satisfied. Otherwise the electrons are bent up or down according to their velocity.
(b} Imaging mode: Observing an energy-selected image with a selected kinetic energy. In this case, istand A is composed of element
a. When a photoelectron characteristic of element a is selected, island A appeared bright in the image.

(1) A collinear arrangement of the electron optics sim-
plifies the optimization processes of the optical axis
and imaging conditions. The electron can pass through
the filter when no electric and magnetic fields are
applied. Thus it is possible to increase the fields of the
Wien filter by monitoring the electron beam at the
screen continuously, which makes it much easier to
adjust the energy filtering conditions.

Corrections for the second and the third order aberra-
tions in the energy analyzer are possible by adjusting
the Fourier components of the electric and magnetic
fields, though the correction of the second order
aberrations in the hemispherical type energy analyzer
is difficult.

The Wien filter has been used in the metastable electron
emission microscopy (MEEM).}323-28) The MEEM performs
chemical imaging through the distribution of vacant and
filled electron states near the Fermi level. Yamamoto et al.

(2)

observed energy-filtered MEEM images of the Si/Si0,
using the Wien filter. The accumulation time and the lateral
resolution for the 7 eV kinetic energy electrons were 10 min
and 0.2 pm, with the energy width 2eV, respectively.?® On
the other hand, the core electrons with higher binding
energies have much smaller cross sections and thus the
emission probability of the X-ray photoelectron became
smaller. Yamaguchi et al. attempted to obtain an energy-
filtered image using a conventional Al K, X-ray source, but
could not obtain the element-selected image.'%29 Therefore,
we have brought the EXPEEM system to the Photon
Factory, a 2.5 GeV synchrotron radiation facility, to explore
the possibility of using the Wien filter as an energy analyzer
for the EXPEEM. In our previous communication we
showed the possibility of obtaining the EXPEEM image
using the Wien filter energy analyzer.?® In this paper we
report the experimental conditions and the results of the Au
island deposited on a Ta substrate in greater detail. We also
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Fig. 2. Photon energy dependence of total electron yield XPEEM images. Size and separation of Au islands are 10pm and 25 pm,
respectively. Accumulation time was 2 min. Incident photon energies were 2300eV (a), 2240¢V (b), and 2195eV (c), while the
absorption edge energies of Au and Ta are 2291 eV for Au My (3ds2), 2206eV for Au Ms (3dsy0), and 2194V for Ta Mz (3pa;). (d)
schematically explains the slit effect of the Au islands when the Ta 3p;» photoelectrons are used for imaging.

add new data for the EXPEEM image using an undulator
beam line. Oxide-supported Au small particles have recently
drawn much attention as a low-temperature oxidation
catalyst.?2-2 The interface between Au and oxide is
suggested to be the active site’? and the EXPEEM may
provide the chemical state at the interface region.

2. Experimental

2.1 Instrument

The EXPEEM system used in this work was originally
developed as a low energy electron microcopy (LEEM)-
MEEM system,'>?-28 which was improved to obtain the
EXPEEM system.'>2) The instrument consists of a sample
preparation chamber, and a measurement chamber equipped
with an emission electron microscope as described else-
where.’®®) For the EXPEEM measurement, we used
synchrotron radiation emitted from a bending magnet at
BL11B of the Photon Factory (KEK-PF) operated at
2.5GeV-300mA. In order to excite the core-level electrons
of the metal species, we chose the X-ray beam line with a
variable photon energy between 2000-3900eV. Although
the excitation of the photoelectron by a high-energy X-ray
has a disadvantage in terms of the EXPEEM imaging
because of the high secondary electron background and the
small photoemission cross section, one can obtain well-
separated photoelectron peaks contrary to the YUV-excited
EXPEEM image.3'® The beam was focused to 7mm x
2mm using a Ni-coated bent cylindrical mirror. The X-ray
was monochromatized by a Ge {111) monochromator. The
higher harmonics were rejected by a total reflection mirror
after the double crystal monochromator. Photon flux was
estimated to be 10! photons/s at maximum. In order to
reduce background electron emission due to the undesired
irradiation of the sample holder or other parts of the

mstrurnent, an incident X-ray slit was narrowed and the
sample was illuminated by a 1 mm x 1 mm beam. Thus the
effective photon flux at the sample was approximately 10
photons/s. The incidence angle of the X-ray beam was 70°
with respect to the surface normal. We also used X-ray in the
same energy range emitted from an undulator beam line
(BL2A). The 5th order higher harmonics emitted from the
undulator was monochromatized by another Ge(111) double
crystal monochromator. The photon intensity at the sample
was one order higher at BL2A than that at BL11B.

2.2 Sample preparation

We have prepared Au square islands on a Ta plate by the
vacuum evaporation of Au. The base pressure of the
evaporation chamber was 5 x 1073 Torr. The Ta plate was
covered with a Ni mesh. The thickness of the Au island was
measured to be lpum by a laser morphelogy analyzer
microscope (LT, Keyence Co.). The mesh had 10 um square
openings with a pericdicity of 25um. The sample was then
transferred to the UHV chamber and sputtered with an Ar*
jon. By this treatment, the Ta oxide layer could not be
removed, although the clean Au surface was recovered.?”)

3. Result and Discussion

3.1 Total electron imaging using an absorption edge

Figure 2(a) shows the total-electron yield XPEEM image
of Au islands on a Ta sheet, to which the Wien filier was not
applied. We did not use the angle-limiting aperture.
Accumulation time for this image was 2min. In Fig. 2(a)
the photon energy was fixed at 2300V, just above the Au
My edge (Ep = 2291 eV, 3d;3;3). Consequently, the bright
region corresponds to the Au-deposited area and the dark
region corresponds to the Ta area.

The number of emitted photoelectrons is decreased when
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Energy-filtered XPEEM images of Au on Ta subsirate. Kinetic encrgies of the images are 0 eV (a), 60eV (b}, 102eV (c), and

112eV (d) and accumulation times were 305 (a), 1 min (b), 10min (¢), and 10min (d}. Photon energy was 2300 eV. Photoelectron
energy of (b) mostly corresponded to Au 3ds;2 while that of (c) corresponded to Ta 3py;.

the X-ray energy becomes lower than that of the absorption
edge. Figures 2(a)-2(c) show the photon energy depend-
ences of XPEEM images. The incident photon energy was
varied from 2300eV [Fig. 2(a)] which was just at the Au
My edge, to 2195eV [Fig. 2(c)] which was just at the Ta
Mjn and at less than Au My edges. In Fig. 2(b), where the
incident photon energy (hv = 2240 eV) was greater than the
Au My (Ep = 2206eV, 3ds/;) and Ta My (Eg = 2194V,
3p3s2) edges, the Au island was still slightly brighter than the
Ta area. In Fig. 2(c), the contrast of the image was inverted.
Bright regions corresponded to the Ta area and dark regions
corresponded to the Au area, since the incident photon
energy (2195eV) was greater than the Ta My edge but less
than the Au My edge. The apparent size of the Au island in
Fig. 2(a) was approximately 15 pm, while the real size of the
Au island was 10pm. This was due to the poor spatial
resolution of the system. Because we would like to have an
image with sufficient intensity, we removed the angle
limiting aperture and the spatial resolution became 2-
3um. On the other hand, the size of Au in Fig. 2(c} was

10 um which was the same as the real island size, even if the’

imaging conditions are the same in Figs. 2(a) and 2(c).
Figure 2(a) did not give the Au island because of a type of
artifact.3*3? Since we did not use an angle limiting aperture,
the EXPEEM system could accept many electrons from Au
islands with large emission angles in the case of Figure 2(a),
which increased the spherical aberrations. Because the
spatial resolution in this case was mainly determined by
the spherical aberrations of the objective lens, the Au islands
appeared larger than their real size. On the other hand, in the
case of Fig. 2(c), more electrons were coming from the Ta
substrate than from the Au islands so that these electrons
made images. Half of the electrons coming from the Ta
region at or near the boundary of the Au islands were cut by
the side walls of the Au islands as shown in Fig. 2(d). In
other words, the Au islands played the role of the angle-
limiting slit and this effectively decreased the spherical
aberrations of the image in Fig. 2(c). This explanation was
confirmed by the EXPEEM observation of Au islands at
BL2A using an angle-limiting aperture, which is described
later. In this case we could observe the 10pum Au islands.
As Tonner er al. have pointed out, the monochromatized
and continuously energy-varied X-ray can provide chemical
contrast due to the local difference of the X-ray absorption
edge energies by measuring the total electron yield.*® In this
case, a synchrotron radiation source is essential and an in-lab

X-ray source cannot be applied. Moreover if one wants 1o
measure carbon, nitrogen and oxygen which are important in
chemical reactions, their binding energies appear at around
300-600eV, a range which cannot be covered by a crystal
monochromator; therefore, one has to change the beam line.
From these viewpoints it is more desirable to develop the
EXPEEM, which can give the chemical contrast by selecting
the kinetic energy of photoelectrons.

3.2 EXPEEM imaging using a Wien filter

After obtaining the total electron image, we gradually
applied the electric and magnetic fields to the Wien filter
while observing the image. Figures 3(a)-3(d) showed the
energy-selected images of XPEEM. The incident photon
energy was fixed at 2300eV. The pass energy of the Wien
filter was 880eV and the width of the selected electron
energy was estimated to be 15eV. First, the lens conditions
were established for the photoelectrons with kinetic ener-
gy = 0eV, as shown in Fig. 3(a). We changed the retarding
voltage of the retardation lens to select the kinetic energy of
photoelectrons passing through the energy selection slit. In
order to determine the focus conditions, we adjusted only the
potential of the second electrode in the cathode objective
lens. The kinetic energies of the selected photoelectron in
Figs. 3(a)-3(d) were 0OeV, 60eV, 102eV and 112eV,
respectively. The accumulation times for obtaining each
image were 30s, 1 min, 10min, and 10min, respectively.
When photoelectrons with Ey, = 0eV were selected [see
Fig. 3(a}], the brighter regions comresponded to the Au-
deposited areas and the darker regions corresponded to Ta
areas, since the Au 3d;/; photoelectrons were mainly used as
a contrast formation. In Fig. 3(b), the kinetic energy of the
photoelectron was set at 60eV, which was higher than the
kinetic energy of Au 3dss. Au-deposited areas were
observed to be slightly brighter than Ta areas because the
emission of inelastic photoelectrons, and secondary elec-
trons arising from Au 3ds,; photoemission were present in
this encrgy region. Figure 3(c) showed the EXPEEM image
at Ey;, = 102eV, which corresponded to the Ta 3psgp
photoelectron peak. The contrast of this image was in
reverse to those found in Figs. 3(a) and 3(b), with the bright
and the dark regions corresponding to the Ta and Au areas,
respectively. Figure 3(d) shows the energy-filtered image at
E\in = 112¢eV, the kinetic energy of which was higher than
that of the Ta 3ps;2 photoelectron peak. The image contrast
between. Au and Ta was negligible. Thus the image in
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Fig. 4. Intensity plot across the Au island with photoelectron kinetic
energies (a) OeV, (b) 60eV and (c) 102 eV, respectively.

Fig. 3(c) was obtained using the Ta 3pj;» photoelectrons.
Figures 4(a)—4(c) show the intensity plot of the Au island.
The line profile clearly indicated the contrast inversion
between Fig. 4(b) and Fig. 4(c). The apparent sizes of Au
islands differ between Fig. 4(a) and Fig. 4(c), which is due
to the slit effect of Au islands, as mentioned above, when Ta
3p3s2 was used for imaging. The resolution estimated from
Fig. 4(b) was 3—4 um. The worse spatial resolution may be
due to the limited beam time and insufficient adjustment of
the lens conditions as well as the removal of the angle-
limiting aperture to increase the photoelectron intensity.

In order to obtain the better imaging, we observed the
same sample using an undulator beam line (BL2A). Figure 5

Fig. 5. Secondary electron image of Au islands on a Ta substrate using an
undulator. Photon energy was 2300 eV, Selected energy was OeV and the
energy width was [7eV.
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shows the secondary electron image of Au islands on Ta
substrate obtained using an angle-limiting aperture and the
OeV kinetic energy electrons. The angle limiting aperture
reduced the spherical aberration and hence the sizes of the
Au islands are the same as those of the real ones. The spatial
resolution evaluated from the Au islands is 0.9 pm. Figure 6
shows an energy dispersion image of photoelectrons meas-
ured by using the energy dispersion mode depicted in
Fig. 1(a). The kinetic energy range was 50-140eV. The
lower panel shows the intensity plot of gray scales integrated
in the direction perpendicular to the energy dispersion
direction. There are two peaks which correspond to Au 3ds;,
and Ta 3p;p. Figure 7 shows the X-ray photoelectron
spectra using (a) a standard hemispherical analyzer (Rigaku
Co.) and (b) a Wien filter after the the background removal
from the spectrum as shown in the lower panel of Fig. 6.
Spectrum (a) was accumulated at BL11B with the photon
energy of 2400eV and the band-path energy for photo-
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Fig. 7. Comparison of XPS spectra measured with a hemispherical energy
analyzer (a) and the Wien filter energy analyzer (b).
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Ta

Fig. 8.

Energy-fillered XPEEM images of Au on Ta substrate measured at BL2A (undulator beam line). Energy slit width

corresponded to 1 eV. Kinetic energies of the images were QeV (a), 50eV (b), 90eV (c), and 102 eV (d). Photon energy was 2300eV.

electrons fo be 100eV. There were two peaks corresponding
to Au 3dsy; and Ta 3psje. Peak positions were shifted in
order for the Au peaks to agree with each other ia Fig. 7, and
to compensate for the charge up effect and the different work
functions of the instruments. The peak width
(FWHM = 7eV) measured with the Wien filter was almost
the same as that measured with a hemispherical analyzer,
indicating that the Wien filter functioned as well as a well-
established hemispherical energy analyzer.

The energy selection slit was placed after the Wien filter
and it selected the photoelectron peak. The slit width
comresponded to 1eV. In order to increase the spatial
resolution we set the angle-limiting aperture with an aperture
size of 25 um. The projective lens conditions were adjusted
in order tc obtain a real-space image as shown in Fig. 1(b).
Figure 8 shows the energy-selected image. We selected the
kinetic energy of photoelectrons by changing the sample
bias. The selected energies were 0, 50, 90 and 102eV. The
latter two comresponded to the kinetic energies of Au 3ds;n
and Ta 3ps;, respectively. In Figs. 8(a) and 8(b), the Au
islands were brighter, as mentioned in the explanation of
Figs. 3(a} and 3(b). The upper and lower regions of the
images were brighter than the rest. This is due to the
inhomegeneity of the incident X-ray beam intensity. The Au
islands in Fig. 8(a) were smaller than those in Fig. 3(a), as
we used a small angle-limiting aperture that reduced the
spherical aberration. Since the amount of photoelectrons
decreased significantly in the higher kinetic energy region,
we needed the higher MCP voltage to amplify the contrast
and longer accumulation times for the measurement of
Figs. 8(¢) (0.5h) and 8(d) (6h). Figure 8(c) showed the
surface image obtained by selecting Au 3ds;; photoelec-
trons: the Au islands were brighter. The picture in Fig. 8(d)
was taken using Ta 3ps;; photoelectrons. Although we
required a long accumulation time (6 h), the contrast became
much better than that in Fig. 3(c). In Fig. 3(c), we measured
the image with the energy resolution of 15eV, which may
involve the part of Au 3ds 2. On the other hand, in Fig. 8(d),
we measured the image with the energy resolution of 1eV.
Thus we could only select the Ta 3p;;, photoelectron.
Consequently we could increase the signal to background
ratio and achieve a better contrast, though it tock a much
longer time to measure Figs. 8(c) and 8(d) than in BL11B.

The spatial resolution of Fig. 8(c) was estimated to be
approximately 1 pm.

The Wien filter energy analyzer has the advantage of
allowing easier operation of adjustments in lens conditions
owing to the collinear arrangements. Because of the low
sensitivity of the analyzer, it is rarely used as an energy
analyzer. However, we have demonstrated that the Wien
filter energy analyzer can provide energy-selected XPEEM
images. Further development in the lens and the analyzer
systems will provide a brighter EXPEEM system. The
objective lens using magnetic and electrostatic fields will
allow higher resolution imaging of high-energy photoelec-
trons.>” A Wien filter can be enlarged by removing the
magnetic cores. In this case, aberrations in the Wien filter
will become a serious problem. A multipole Wien filter
energy analyzer offers the possibility of reducing aberrations
in the energy analyzer by correcting higher order Fourier
components in the aberrations.!”!%3%} By these improve-
ments one can perform nanometer-scale chemical imaging in
a reasonable time-scale and carry out EXPEEM experiments
to identify the chemical interaction between the metal
particles and oxide.

Finally we mention the possibility of the in-lab EXPEEM
system. The photo flux we used in this study is 10'°
photons/s at BL11B and 10!! photons/s at BL2A (undu-
lator). Recent improvement of the in-lab X-ray source and
optics one can get 10'°-10!! photons/s.*¢>" Therefore, it
will be possible with a spatial resolution of 1 pm with the in-
lab EXPEEM if one uses the present Wien-type filter
EXPEEM system. If one uses an improved objective lens
and an energy analyzer as mentioned above, one will
achieve a spatial resolution of !00nm or less. The in-lab
EXPEEM will provide important chemical information in
many material science flelds such as catalyses, corrosions,
electrodes and polymer surfaces.
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- KEYWORDS S Summary Objectives. X-ray scanning anatytical microscopy (XSAM) makes it possible to
X-ray scanning analytical - analyze small specimens in air without pretreatment. The purpose of this study was to
microscope; Elemental . | utilize XSAM for the rapid analysis of metallic dental restorations by microsampling.
analysis; Fluorescent X- Methods. Six different dental alloys were scratched with brand-new silicone points
ray analysis; Dental alloy - to obtain metal on the silicone point for compositional analysis. The fluorescent

. spectra of XSAM were measured to determine the metal attached to the specimen.
Results. The major components of the six dental metals, except for palladium, were
clearly detected. The identification of palladium was difficult since the.fluorescent
X-ray of palladium is quite close to that of rhodium, which is the source metal of the
incident X-rays. However, with a slight modification of XSAM, patladium was also
identified. The total time required for sampling and analysis with XSAM was less than
10 min. The amount of the attached metal was estimated to be less than 30 ug. This
amount of sampling does not damage metal restorations.
Significance. XSAM analysis using the microsampling technique is useful for the rapid
analysis of metallic restorations.
© 2004 Academy of Dental Materials. Published by Elsevier Ltd. All rights reserved.

Introduction point and disc, and compositional analysis using
X-ray photoelectron spectrometry (XPS).*® This
In recent years, allergies related to dental restor- ~ method makes it possible to analyze metallic

ations have been a matter of concern.'"? For the  restorations with little damage. The X-ray fluor-
identification of allergens, patch testing using escence spectrometer is also used for similar metal

diluted aqueous solutions and petrolatum of metal ~ analysis.”””

salts and composition analysis of metallic restor- The recently developed X-ray scanning analytical
ations are employed. In order to avoid functional ~ Microscope (XSAM) enables elemental mapping
damage to metal restorations set in the oral cavity ~ analysis for Na to U without pretreatment by
during the analysis, a method for analyzing metal ~ means of energy-dispersed fluorescent X-ray spec-
restoration without removal and damaging, is Y2 in air. XSAM makes it possible to obtain

required. The microsampling method uses asilicone ~ €leémental mapping imag%s and high-resolution
X-ray transmission images.'” The analysis is carried

*Corresponding author. Tel./fax: +81-11-706-4251. out in air without pretreatment even if it contains
E-mail address: uo@den, hokudai.ac.jp water, unlike electron probe microanalysis (EPMA)

0109-5641/% - see front matter © 2004 Academy of Dental Materials. Published by Elsevier Ltd. All rights reserved.
doi:10.1016/j.dental.2003.08.002
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and energy dispersed spectrometry (EDS) in elec-
tron microscopy which require a vacuum and
electro-conductive coating. This feature is appro-
priate for biological specimens. The authors pre-
viously reported the application of elemental
mapping analysis by XSAM for unstained soft
tissue.’ 13 With a XSAM it is also possible to
analyze the desired position of the specimen by
monitoring with a charge-coupled device (CCD)
camera. Using the microsampling technique with
the silicone point, elemental analysis of the
sampled point was performed simply by setting
the sample in the appropriate position in a speci-
men chamber, aiming at the metal-attached point
on the monitor and analyzing it for a few minutes.
Since the whele procedure can be finished in a
shorter period than for the other methods men-
tioned above, it is very easy and suitable for the
rapid analysis of metallic restorations. Watanabe
et al." reported that quantitative analysis of
metallic restorations could be carried from trace
sample using XSAM and a scraping technique.

In this study, the fluorescence X-ray spectra from
the dental metals obtained by XSAM were estimated
with the aim of applying XSAM for the rapid analysis
of metallic restorations by using microsampling.

Materials and methods
Sample preparation

Six different dental alloys were tested. The
compositions of the alloys tested are shown in
Table 1. Alloys except for amalgam were used as
received. Amalgam was mixed and kept in dry air
at room temperature for more than 5 years. Brand-
new silicone points (type M, Shofu Inc., Kyoto,
Japan) were used for the sampling of metal
specimens. Metal specimens were scratched with
silicone points for 2, 5 or 10s at low revolutions

Table 1 Compositions of alidys tested (at.%).

(approximately 1000 rpm) and pressure (less than
10 gf) for attachment onto the silicone point. One
sample was prepared for each metal specimen.

To evaluate the amount of attached metal, pure
copper plate (as received) was polished under the
same conditions. Silicone points with pure copper
were dipped into 2 ml of 10% HCl aqg. to dissolve the
attached copper. The solutions were diluted to
25 mland the concentrations were quantitated with
inductively coupled plasma {ICP) analysis {P-4010,
Hitachi Co. Ltd, Tokyo, Japan). The amount of
attached copper was estimated from the concen-
tration and volume of the solution.

XSAM analysis

Both metal-attached and brand-new silicone points
were analyzed by XSAM (XGT-2000Y, Horiba Co. Ltd,
Kyoto, Japan). Incident X-rays were generated from
a rhodium cathode irradiated by electrons at 50 kY,
1 mA. The X-ray guide tube (XGT) diameter, which
is equal to the X-ray beam size, was 100 wmd in this
experiment. The parts to which metal were
attached were a different color from the other
parts of the silicone point, therefore it was easy to
aim the XSAM camera at the metal. The flucrescent
spectra were measured for 100 s for each part and
each specimen was analyzed once. In the same
position, a silicone point without attached metal
was also analyzed to remove the background
fluorescent X-rays originating from the silicone
point.

Results

Metal particle attachment was easily confirmed by
the change in color. The following fluorescence
X-ray spectra measurements were made using
metal-attached parts. The amounts of attached
metal estimated using pure copper were 10, 30 and
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New gold-pattadium?® (0802039) Au-Ag-Pd 63 19.6
18k Gold® - Goldalley  55.8 -
Protor 3° (27657) " Goldalloy 489 5.2
- Betalloy™. Ni-Cralloy - -

¢ Milosilver? (040951) - Sitveraltoy - -
‘Dispersalloy® (81-710) - i Amalgam - -
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" 3 Ishifuku Metal Co. (Tokyo, Japan).”
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