BMP-2 4138 | - S FEREICH 1T 3 £ X > FEREESH RO

293

>

29 B IEWINEAESR  BMP100 1 g/ml

-
Z

% SR

BMP400 2 g/ml o)

TR

Y% MRS L2 35t B FEIR N

| |

0

= 11

100ug/ml 7% 400ug/ml X W HEEICE o7z (¢ <

0.01)

BMP-2 % & 100ug/ml
400ug/ml © : EEREE, A ofREE, ok
p <0.01

238 48 88
JE R UL T AT B R B L (A)

8) TRAP BEiEHEAgE

BMP-2 & Opg/ml, 100ug/ml, 400ug/ml & 12
FTRTCOBEIENIC BV CERE L BREOMICEE

EFZAS N o7z(p>0.05) (K 12).

BMP-2 IBECTORETIX, 2BLUSHETHIFL
3 BMP-2 25 100ug/ml, 400ug/ml OB THEER

(B) BMP-2 i& &

A

mm/{E TRAPBGPEMMIEE  BMPO 1 g/ml

ve

om/{# TRAPBEPEAERE%E BMP100 4 g/ml

@

mn/{B TRAPEEMEHRAREL BMP400 1 g/ml

0

218 438 8
] | |
238 438 8

(BYBMP-2 &£ 100g/ml
400pg/ml
p <0.01

23 433 838
12 TRAP BrtE#ifa%: (A)BMP-2 B Oug/ml

(C)BMP-2 i f
© EBE, A pEE, ok



294 HeERERE 48(4) 1 285—296, 2006

BN olz@p>0.06), 4 BTIIERED
BMP-2 #F 100ug/ml T 4.0 18 /mm , 400xg/ml T
5.7 /mm T3 Y, BMP-2 B 400ug/ml 758 =2
BEhol(p<0.05). *EHEIIBMP-2EERTEE
ERALNRDPo7(p>0.05), T/, BMP-2 &8
Oug/ml & 100 B X UF 400ug/ml THET 5 &, HHR
BT RTOBELM T BMP-2 i Oug/ml 7% 100
BLP40pug/ml iCHBLTHEEIE» 272 (<
0.01) EREI2HETIHAEERENALNE D o728
(p>0.05), 4, 8B TIZ BMP-2 i (ug/ml »% 100
BLU400ug/ml KB L TEEICE 272 (p <
0.01)

T B

Hughes 5®13, v ZOFHMEE BEHE Y 5 3
DIBHETTERELLE EA74+AT74+5— %
Wn$ AL, YA 74+ A7+ 5— FDBEKENIC
TRAP BHMIIAD 7 R b — Y A% FERL, BEHEBEOD
BEr MGl o8 8, SURAIIER T3 AT 4 45—
FERST L EERINSHE SN, BEMARST R
P—YALTWADPREINZEHEL TS, L
728 o TAMIZE C OB EMEOREL I T 27200
FEELTEA 7+ A7 45— S5 %21To77

Gong 52137 v PEHVIERIIBOTY R 7 #
A7 4 % — b % lug/kg/day IREDBERERNKRS 21T
v, BEMBEOBRIUEESIEl S L2 REL T
BY, APRCBUTCHRBOBEICERELL. &5
WCERAT7 4 AT 53— bORFRELEEICEES L7
DT, BEHHEKRT I TR EFMHE L. REOR
B BMP-2#% Oug/ml TEAT7 A7+ %—b%
BE5THE, B L b olB AT HE L TRFER
WIEEBWL L Doz LI oTEYRA T+ AT+
A= MBI OB T4 HIE LTk
EERZON, —HFTCEAT+ AT 53— FEHZEL
T b TP BINIED N0 C, BECHEMRE
FHROBEMELE L Tk olzbE L b/,

EAT7+ A7 43— F3&EE5LRVTEET,
BMP-2 & 400ug/ml % 100ug/ml & D ZETHEOK
FEFNSPE L Aoz, TRITHIERED BMP-2 T
STELUBLAPETEERORIIIETHT
Holr T A Miyaji bOBHED L —F LTz, &
7o, EAT7F AT 42— bEROILERBEOSIER
IR, BMP-2 i E 4% 100ug/ml, 400ug/ml \»§ 1
DFETHHRBBICHE L TEEICS R 20% T
T THIRl S Niz. BMP-2 BB B ORI £ 15 1HAL
L, BEAREaTERMAa \ CEBIER L TR BRI

BAERESER I EPHRED shTwd, Lz
HoTEAT+ A7 43— NI BMP-2 12 & - CiEME
LS N HEMETD RS2 6T L Z LT

X EL|ZBMP2BEIEELLVI ENEHL M
&otowﬁ,TRAPﬂ%ﬁu%%ﬁﬁiwﬁﬁﬁ

SIEEDETH o/ ths, CATF AT %
$~bimﬂﬂw®*ﬁ% HMEEEHIT 2 0Tl

{, RIUREEZ IS Lz #E 2 5, Murakami 50
FEX - LTV,

AHFEDORER, BMP-2 2 &M L7-SFEEHEICH
7522y PERERESERIESRTE BRI S
BICEEEI BRI R TWA DL, I TW
ZWERFEREIEEGITR SN TV 5 b OHEE
&R, Miyaji 55 OREL D OHEIT—F LTz,
BREAAIER O 5 B BMP-2 2 100ug/ml O X B EE
T IR O TR 20% A28, TRIUE O EAE
BRI 0% RETH ), BMP-2 & 400ug/ml @
st BREECIE IR E ORERLTE AL X 30% 128, IRINTHE
DIEBMIGNL 0% BETH o722 95, BMP-2
AR L 7- S FE R E ORI S8 B AR R
uléﬁ%gﬁwwﬂﬁk%<ﬁ%tfwéctﬁ%

®mahiz,

BMP-2 3 E¥MM% BEEFET 5 2 L o g™
SNTWDE, L7285 TREFFEIC B W CIERIE IS
&7zt A v NEREREE, BEEREEEoRs
Hi3% <, BFEICHEEFES N BMP-2 BT E
BHFEL WL EEZ LN, T/, FERINEICT
AIEWNERE I T X TOBEHM THE L b ICFEE
EThol2tdhs, VAT+AT75%—bit
BMP-2I2& B2 ¥ M EREEHEBOBEEN R FEIC

BEEEZRITIRVWIEFHLM 2o/ LAL
Suzuk1 530 fnvitro IO BWT, VAT 4 AT % F—
MASEEMBICOIER LTI VA 73 AT 7 7 —F
%%Uv>7xx77& EOFEEICEEL, ¥A
Tx A7 x - MO BBERSESERTEENR
®ﬁﬁmﬂiééw%%é ERRBLTWS, L7z
BoTinvivo W lBUTAVYAT 3+ A7+ 32— OB
BELREICLoTiL, BFMEPHHERTERICEEY
RIZTHEEELEZ N,

FEREE 8 B OWIHENICK§ 2 WAUE R IE, o ERE
VBB S L WER 5720 LEFoTERAT + A
7 i A= MREIC L A E MR OIS
o7, WHEBERI SN EEZ 5Nz, BE
MARLARRMRE\C & o TR AR L Z4T 72 50\ REAL R
733‘3?’&59&%%}“‘}: LTRD 2Oz N5, H—

, BOYETY VT EFBRICHEERRSBEE T 5 E
% FHF MR OB F M~ 5 bR R L 72



BMP-2 B L <8 FEREICE T 5 & 4 > NEREEST R OME 295

LEZLND, £, RFEEEITEIBMP 28D
HERFIMEICETINE I EPHEETP anTs
b, Dallas 5%, BEMBICL 2 BRIV L>TE
HERICEDATNEERTFRE &R, SRk
D OEEHESEELE N EHELTNDE I END
ST EEEPIRIL S NHE D FARICRER FH
AN L TEFMRAEEILL T, TWHESER S
NTEENEZZ b5, L2 L BMP-2 BE Ou
g/ml THRIEINA I ERBOTBRIEA SNz olT
», BT BEEEAOERERTIX I OEER TITERR
BEICHES ST, SEPEEEICEM L7 BMP-2 3
G U TNE A MBS, IR E MR
MR X AT X o T S 7o, TGS
REN-EEL NS,
AEFEOEE BMP-2 IZ L ARFEERO LAY
N AT RS, I ISR S B AR
BAEEOTVWAIENFBELRIIRD, EHITER
T4 AT A h— MESIC L o THEHEIE O
R B 2 & CHFEWRIE ORI A &
Nz kd s, BMP-212 & 5 & A v NEREARTE
B B SEERRE A AT A I LA
LY (WA
a0

AEERZDIHY, FFEOBTICIHI 2 E
F L IHEARL, RERK—E+, ABFEHLE Bk
EAER D IS BEMIO S D #LE L BT E T,
KB TOEERILE 4 BKEHAERARESERAS
(2006410 B 21 H) 2BWTHRELL. B, FWXiE
LR AFEEEEMRLTH Do

o

1) Urist MR, Strate BS : Bone morphogenetic protein. J
Dent Res, 50 : 1392-1406, 1971.

2) Wang EA, Rosen V, D'Alesandro ]S : Recombinant
human bone morphogenetic protein induces bone
formation. Proc Natl Acad Sci USA, 87 : 2220-2224,
1990.

3) TsurugaE, Takita H, Itoh H, Wakisaka Y, Kuboki Y :
Pore size of porous hydroxyapatite as the cell-sub-
stratum controls BMP-induced osteogenesis. J
Biochem, 121 : 317-324, 1997.

4) Isobe M, Yamazaki Y, Mori M, Ishikawa K,
Nakabayashi N, Amagasa T : The role of human
bone morphogenetic protein-2 in PLGA. capsules at
an extraskeletal site of the rat. ] Biomed Mater Res,
45 : 36-41, 1999.

5) Okubo Y, Bessho K, Fujimura K, Konishi Y,

6)

7

8)

9)

10)

11)

12)

13)

14)

15)

16)

Kusukoto K, Ogawa Y, lizuka T : Ostecinduction by
recombinant human bone morphogenetic protein-2
at intramuscular, subcutaneous and intrafatty sites.
Int ] Oral Maxillofac Surg, 29 : 62-66, 2000.

King GN, King N, Cruchley AT, Wozney JM, Hughes
FJ] : Recombinant human bone morphogenetic
protein-2 promotes wound healing in rat periodontal
fenestration defect. ] Dent Res, 76 : 1460-1470, 1997.
Kinoshita A, Oda S, Takahashi K, Yokota S,
Ishikawa I : Periodontal regeneration by application
of recombinant human bone morphogenetic pro-
tein-2 to horizontal circumferential defects created
by experimental periodontitis in beagle dogs. J
Periodontol, 68 : 103-109, 1997.

Saito E, Saito A, Kawanami M : Favorable healing
following space creation In rhBMP-2-induced
periodontal regeneration of horizontal circumferen-
tial defects in dogs with experimental periodontitis.
J Periodontol, 74 : 1808-1815, 2003.

TANET]  NASERE , JINRIEYG  thBMP-212X %
HEESES L B EETREORSANEIE  HiE
JE&E | 44 - 376-386, 2002.

PARAETS  AKE, JIERS  RERYE - vK
|2 thBMP-2 268 Lz A 0mEMRELE . il
EEE | 45 1 3342, 2003.
ANHEEE, REBEA N
K/ ESF VAR VEGHEEEEL L TRV
A0 hBMP-2 Ik At X v FPEEEREBIUE
HEBEOFLEFECHT2H% . HEAEES, 41
392-408, 1999.

Zaman K, Sugaya T, Kato H : Effect of recombinant
human platelet-derived growth fator-BB and bone
morphogenetic protein-2 application to demineral-
ized denitn on early periodontal ligament cell
response. ] Periodont Res, 34 : 244-250, 1999.
BIGHEH, B4, g R rhBMP-2 THRE L
STEVRABREFHAROT VA VET A AT T
& — CiEN L BRI R TRE . BB
, 42 : 247-254, 2000.

PSS, BiRHEE, ERM, INRHES  BMP-2 0
BRSFEERE~OBHICL 2EREEEL . HiF
FEIEE | 46 : 278-287, 2004.

Miyaji H, Sugaya T, Miyamoto T, Kato K, Kato H :
Hard tissue formation on dentin surfaces applied
with recombinant human bone morphogenetic
protein-2 in the connective tissue of the palate. J
Periodont Res, 37 : 204-209, 2002.

Miyaji H, Sugaya T, Kato K, Kawamura N, Tsuji H,
Kawanami M : Dentin resorption and cemen-

R ILBRKES

N S

tum-like tissue formation by bone morphogenetic

protein application. ] Periodont Res. 41 : 311-315,
2006.




296

H#REEE 48(4) : 285—296, 2006

17

18)

19)

20)

21)

22)

23)

24)

25)

RELR—, BElgHE, BESW, B . T EHE
FALEH| &V BMP-2 12 & B TEEAIER & &iF
BRI BT BB, 47 : 269-279, 2005.
Parfitt A M : The mechanism of coupling: A role for
the vasculature. Bone, 26 : 319-323, 2000.

Lener UH : Bone remodering in post-menopausal
osteoporosis. ] Dent Res, 85 : 584-595, 2006.

Dallas SL, Rosser JL, Mundy GR, Bonewald LF :
Proteolysis of latent transforming growth factor-8
(TGF-B)-binding protein-1 by osteoclasts. J Boil
Chem, 277 : 21352-21360, 2002. '
Udagawa N, Itoh K, Li XT, Ozawa H, Takahashi N :
Expression of osteoblast differentiation factor in
mature osteoclasts. ] Bone Miner Res, 17 : S344,
2002.

Kanatani M, Sugimoto T, Kaji H, Kobayashi T,
Nishiyama K, Fukase M, Kumegawa M, Chihara K :
Stimulatory effect of bone morphogenetic protein-2
on osteoclast-like cell formation and bone-resorbing
activity. ] Bone Miner Res, 10 : 1681-1690, 1995.
Kaneko H, Arakawa T, Mano H, Kaneda T,
Ogasawara A, Nagasawa M, Toyama Y, Yabe Y,
Kumegawa M, Hakeda Y : Direct stimulation of
osteoclastic bone resorption by bone morphoge-
netic protein (BMP-2) and expression of BMP
receptors in mature osteoclasts. Bone, 27 : 479-486,
2000.

Fleisch H, Russel R G G, Fransis M D
Bisphosphonate inhibit hydroxyapatite dissolution in
vitro and bone resorption in tissue culture and in
vivo. Science, 165 : 1262-1264, 1969.

Coxon P F, Helfrich H M, Robert V N, Said S, Ralston
H S, Hamilton A, Rogers ] M : Protein geranylgera-
nylation is required for osteoclast formation, func-

26)

27

28)

29)

30)

31)

32)

tion, and survival: inhibition by bisphosphonate and
GGTI-298. ] Bone Miner Res, 15 : 1467-1476, 2000.
Murakami H, Takahashi N, Sasaki T, Udagawa N,
Tanaka S, Nakamura I, Zhang D, Barbier A,Suda T :
A possible mechanism of the specific action of
bisphosphonate on osteoclasts: tiludronate preferen-
tially affects polarized osteoclasts having ruffled
borders. Bone,17 : 137-144, 1995.

Flanagan M A, Chambers J T : Inhibition of bone
resorption by bisphosphonates: interactions be-
tween bisphosphonate, osteoclasts, and bone. Calcif
Tissue Int, 49 : 407-415, 1991.

Hughes D, Wright K, Harry L UY, Sasaki A, Yoneda
T, Roodman G, Mundy G, Boyce B : Bisphosphonate
promote apotosis in murine osteoclasts in vitro and
in vivo. ] Bone Miner Res, 10 : 1478-1487, 1995.
Gong L, Hoshi K, Ejiri S, Nakajima T, Shingaki S,
Ozawa H : Bisphosphonate incadronate inhibits
maturation of eptopic bone induced by recombinant
human bone morphogenetic protein 2. ] Bone Miner
Metab, 21 : 5-11, 2003,

Suzuki K, Deyama Y, Nishikata M, Matsumoto A :
The effects of bisphosphonates on tyrosine phospha-
tase activity of osteoblastic MC3T3-El cell
Dentistry in Japan, 37 : 35-38, 2001.

Bessho K, Tagawa T, Murata M : Purification of
rabbit bone morphogenetic protein derived from
bone, dentin, and wound tissue after tooth extrac-
tion. J Oral Maxillofac Surg, 48 : 162-169, 1990.
Finkelman R, Morhan S, Jennings J, Taylor A,
Jepsen S, Baylink J : Quantitation of growth factors
IGF- 1 , SGF/IGF- II , and TGF-f in human
dentin. ] Bone Miner Res, 5 : 717-723, 1990.




REVIEW OF SCIENTIFIC INSTRUMENTS 78, 013305 (2007)

Electron gun using carbon-nanofiber field emitter
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An electron gun constructed using carbon-nanofiber (CNF) emitters and an electrostatic Einzel lens
system has been characterized for the development of a high-resolution x-ray source. The CNFs
used were grown on tungsten and palladium tips by plasma-enhanced chemical-vapor deposition.
Electron beams with the energies of 10<<E <20 keV were focused by the electrostatic lens and
impinged on a W target for x-ray radiography. Analyzing the recorded x-ray radiographs, the focal
spot size of the electron beam extracted from the CNFs was estimated to be D <50 um in diameter.
Superior performance was realized by using CNFs with larger fiber radii (100-500 nm) grown
sparsely on the metal tips, which were installed in a holder at the short length L=0.5 mm. © 2007
American Institute of Physics. [DOI: 10.1063/1.2430650]

1. INTRODUCTION

In recent years, carbon nanofibers' (CNFs) and carbon
nanotubes” (CNTs) have been widely used as field electron
emitters, due to their excellent physical and chemical prop-
erties, such as their small tip radius of curvature, high aspect
ratio, mechanical toughness, and chemical stability. Although
there is no strict classification between the CNTs and CNFS,3
nanofibers with diameters ranging from 30 to 1000 nm are
tentatively classified as CNFs, Since high-resolution trans-
mission electron microscopy has revealed no parallel (001)
fringes on the fiber sidewalls, our fibers might be more rod-
like than tubular. Electrons extracted through field emission
(FE) processes from the CNTs and CNFs have been success-
fully applied to x-ray sources.””’ X-ray radiography (XR)
has been used over a broad area of medicine and industry. In
XR, a small source size of x ray is required to obtain high-
resolution images. Since field emission provides a narrower
energy distribution of electrons and a smaller emission area,
the field electron emitter is expected to be suitable for focus-
ing electron beams into a small spot. Thus, the CNF and
CNT emitter will make it possible to develop a high-
resolution x-ray source operating in a nonultrahigh vacuum.
To develop a high-resolution x-ray source using an electro-
static lens system, one has to fully understand the field emis-
sion and focusing characteristics of electron beams. Micro-
focused x-ray tubes with CNT emitters have recently been
reported.8‘9 Our previous study concerning the FE from
CNFs grown on Pd wire indicates that CNFs with diameters
Jarger than 100 nm provide intense and stable emission
current.'® In this study, field emission processes from the
CNFs grown on etched metal (W and Pd) tips have been
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extensively investigated, and focusing of electron beams
with energies of 10<XE<C20 keV extracted from the CNFs
was studied by inspecting x-ray radiographs.

If. EXPERIMENT

The CNFs were grown on etched tungsten (W) and pal-
ladium (Pd) tips by the plasma-enhanced chemical vapor
deposition (PECVD) method.’’ The metal tips were prepared
by electrochemical etching of 0.5 mm diameter wires. The
etching was performed in 1 mol KOH solution for W and in
H,PO, solution for Pd. The W tips prepared in this way
usually had radii of curvature of 1-2 um, while the Pd tips
had radii of curvature of 3~20 um because of greater diffi-
culty in the etching.

In the case of the W tips, after ultrasonic cleaning, a
palladium (Pd) film serving as a catalyst of CNF growth was
deposited on the tip by argon sputtering of a Pd disk. The
film thickness was approximately 100 nm. CVD gases in the
CNF growth were acetylene (C,H,) at a pressure of 60 Pa
and ammonia (NH;) at a pressure of 140 Pa. During CVD,
the W tips were resistively heated, and the temperature of the
substrates near the end of the tips was monitored with the aid
of a radiation thermometer. By applying a negative dc volt-
age of 600 V to the heated tips for 20 min, CNFs could be
synthesized on the tips. For the Pd tips, CNFs were grown
directly on the tips in almost the same way as in W tips, but
the CVD gas pressures were somewhat lower than those for
W, i.e., 20 Pa for C,H, and 40 Pa for NH;. The morphology
of CNFs thus prepared was determined by scanning electron
microscopy (SEM).

The experimental setup employed in the present study is
schematically shown in Fig. 1. The vacuum chamber was
pumped down to 1.5X 1077 Pa with both a turbo-molecular
pump and an ion pump. By applying negative high voltage to
the as-grown CNF emitter, FE electrons were extracted from
the CNFs. In our measurements, no preheating of the CNF

© 2007 American Institute of Physics
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emitter was attempted in order to remove the catalyst Pd
particles. The electron beam extracted from the CNFs was
accelerated to a desired energy of 10—-20 keV and focused
on the W-target by the electrostatic lens. Bombarding the
W-film target (1 um in thickness) with the focused electron
beam, x rays were made to radiate from the target. They
passed through a beryllium (Be) window with a thickness of
200 pm and escaped into the atmosphere. X-ray images of
the samples were recorded by a charge-coupled device
(CCD) camera, with a resolution of about 80 um/pixel. The
electrostatic lens system consisted of three parallel elec-
trodes. The first one in the lens was also used as an extractor
electrode, the second one for focusing, and the third corre-
sponded to an accelerated electrode. Each electrode was
separated every 3 mum by ceramic spacers and was perforated
in diameter 2 mm at the center. The W target was located at
a position 10 cm apart from the CNF emitter, which was
fixed in a metallic tip holder and placed 5 mm away from the
extractor electrode. The distance L between the end of the tip
and the holder indicated in Fig. 1 was varied, which allowed
us to investigate the emission and focusing properties of
electron beams as a function of L. In this study, the charac-
teristics of field electron emissions from the CNFs were mea-
sured extensively, and the spot size of the focused electron
beams was estimated by measuring the resolution of x-ray
radiographs.

Hl. RESULTS AND DISCUSSION

Figure 2 shows the SEM images of the CNF emitters
used in this study. Figures 2(a) and 2(b) exhibit CNFs grown
on etched W tips at the substrate temperatures of 400 and
800 °C, respectively. As seen in the figures, the CNFs were
grown on the entire substrate surface and were well aligned,
but their diameters depended on the substrate temperatures.
As estimated from these images, the CNFs grown at 400 and
800 °C were 50-100 and 200-600 nm in diameter, respec-
tively. Thus, the CNFs grown at higher temperatures on the
W tips had larger diameters. Figure 2{(c) shows the SEM
images of CNFs grown around 700 °C on an etched Pd tip.
Those CNFs had diameters of 50—1000 nm and were grown
vertically from the substrate surface and sparsely distributed
at the end of the Pd tip. These results may suggest that the
spuiter deposition of catalyst film leads to relatively uniform
CNF growth. Since the catalyst nanoparticles were always
observed at the top of CNFs, they presumably grew through
the so-called tip-growth mechanism.

12 mm L
' R o xmray CCD Camera FIG. 1. Schematic drawing of appara-
Tip Holder T tus used for characterization of
es—rf—rié electron beams extracted from CNF
emitters.
<> -V W Target Sample
v, L =T =
v =

The emission characteristics of the CNF emitters de-
scribed above are exhibited in Fig. 3. Figure 3(a) shows the
total emission current / measured as a function of the voltage
V applied to the emitter. The measurements were performed
for the tip lengths of L=3 and 0.5 mm (see Fig. 1) without
operating the electrostatic lens (Vy=0 Fig. 1). In the figure,
curves 1-3 are the data at L=3 mm, and curves 1'-3" are
those at L=0.5 mm. Curves I and 1’ correspond to the CNF
emitter in Fig. 2(a), curves 2 and 2’ to that in Fig. 2(b) and
curves 3 and 3’ to that in Fig. 2{(c). The total emission cur-

FIG. 2. SEM images of CNFs grown on metal tips. (a) CNFs on W tip at
400 °C (emitter 1). (b) on W tip at 800 °C (emitter 2). (¢} CNFs on Pd dp
(emitter 3). Inset shows image around top of emitter.
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FIG. 3. Field emission characteristics of CNFs. (a) Current-voltage (/-V)
curves measured for tip length L=3 and 0.5 mm. Curves 1-3 are for
L=3 mm, and curves 1'=3’ are for L=0.5 mm. Curves 1 and 1’ are for
emitter 1, curves 2 and 2’ for emitter 2, and curves 3 and 3’ for emitter 3.
(b) FN plots for total current, and (c) relation between target current /, and
total current [.

rent was measured up to 50 ¢A. In all the curves, the current
exponentially increased with elevations in the applied volt-
age V. As the figure makes clear, the magnitude of the field
emission current strongly depends on the tip length L, and
the voltages V for the L=0.5 mm are 1.5-4 times higher than
those for L=3 mm. The L dependence is especially pro-
nounced for the CNF emitter on the Pd tip. With any
decrease in L, the electric field around the CNFs is strongly
suppressed by the tip holder shown in Fig. 1. Hence, higher
applied voltages are necessary to obtain certain emission
currents. This L dependence of electric field strength is more
effective in the emitter with a large radius of curvature R at
the tip end, which might be the reason underlying the strong
L dependence of the I-V characteristics for the Pd tip in
Fig. 3(a), the radius Ry of which was as large as 14 pm.
The L dependence could not be observed at L>1 mm, but
was strong at L<1 mm. According to our simple esti-
mation, this L dependence can be roughly presented by

Rev. Sci. Instrum. 78, 013305 (2007)

V~ V[ 1+A(R,/L*)] where Vj is voltage for a certain inten-
sity at L>1 mm, and the constant A is given by 1.5
X 107°% m3,

Another remarkable fact about the experimental I-V
curves 1-3 is that the applied voltages V for the emitter on
Pd (curve 3) with a radius of curvature of Ry=14 um were
appreciably lower than those for the W tip (curve 2) with a
small radius of Ry=2 wm, possibly suggesting that the elec-
tric field depends not only on the R, but also critically on the
surface structure around the CNFs. Here we would like to
focus our discussion on the experimental results at L
=3 mm, aside from the L dependence on the applied voltage
V discussed above. An analysis using the well-known
Fowler-Nordheim (FN) theory'* provides valuable informa-
tion on the local electric field on the CNFs surface. Figure
3(b) gives the FN plots [In(//V?) vs 1/V] evaluated from the
experimental /-V curves 1-3 in Fig. 3(a). Since all the plots
lie along nearly straight lines, one can approximately evalu-
ate the local electric field F on the CNFs from the slopes of
these lines. According to our approximate calculations of the
electric field around the substrate tip, which was assumed to
have a semispherical structure with the radius Ry on a cylin-
drical shank, a macroscopic electric field E on the tip can be
given by E~V/2R, for the radius 1=R;=20 um."” Using
the proportionality factor 8 giving field enhancement, the
local field F on the CNFs is given by F=BE=pV/2R,
Slope « of the line in the FN plot is given by a=136
X 107R,®¥*/ 8 [kV],"? where ® denotes the work function
of the CNFs, with R, in meters. The theoretical and experi-
mental values of ® reported so far for CNTs range from
4.2 t0 5.1 eV."*"® This wide discrepancy might be due to
differing respective evaluations of the CNT surface state.
The FE electrons are considered to be emitted not only from
the CNFs but also partly from the catalyst Pd on top of our
CNFs. The work function of the Pd is approximately
5.1 eV."” Therefore, we may employ ®=5.0eV in our
analysis, a value nearly common to both CNTs and Pd. By
assuming a work function of ®=5.0 eV, the enhancement
factors are B~ 14 for emitter 1, 8~ 6 for emitter 2, and
B~75 for emitter 3. The local electric field largely depends
on the growth density of CNFs; the electric field around a
CNF in a densely populated area is strongly shielded by
adjacent fibers.'” This may be the reason why 3 varied from
emitter to emitter. The 8~ 75 for the Pd tip was much larger
than those for W tips. The remarkably lower applied voltages
in the I-V curve 3 in Fig. 3(a) for the CNF emitter on the Pd
tip is due to a larger enhancement factor of 8~75. As seen
in the SEM images of Fig. 2, the CNFs on the Pd tip (emitter
3) have a lower density and a larger diameter size than those
on the W tips (emitters 1 and 2). These findings should con-
firm the origin of the larger value of B(~75) for emitter 3.

To develop a fine-focusing x-ray source, one needs an
electron beam with a higher brightness. The brightness is
given by B=J/Q, where J and ) are electron density and a
solid angle for the beam spread, respectively. Figure 3(c)
shows the beam intensity /, measured at the target located
behind three electrodes for the lens system in Fig. 1. These
are the results for the tip length of L=0.5 mm. The ordinate
in this figure indicates the beam intensity /, and the abscissa
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shows the total emission current /. The experimental results
in Fig. 3(c) suggest that the beam intensity 7, is nearly pro-
portional to the total current /, allowing one to immediately
estimate the transmission rate of y=dI,/dI from the slope of
these lines. The rates y evaluated from the data in Fig. 3(c)
were 0.008 for emitter 1 on W tip at 400 °C, 0.06 for emitter
2 on the W tip at 800 °C, and 0.35 for emitter 3 for the Pd
tip. Thus, the transmission rate for CNF emitter 3 on the Pd
tip was especially large, whereas the rate for emitter 3 mea-
sured at L=3 mm was approximately y=0.03, which was
much smaller than the y=0.35 at L=0.5 mm, confirming that
the transmission rate y can be appreciably enhanced by de-
creasing the tip length L. To interpret the experimental re-
sults, the FE patterns for emitter 3 have been observed using
a phosphor screen installed in another ultrahigh vacuum
chamber. According to the subsequent experiments, the an-
gular spread of the FE electron for the tip length of
L=0.5 mm was 1/3 smaller than that for L=3 mm. This is
why the transmission rate for emitter 3 was appreciably
increased by reducing the tip length L. These results for
emitter 3 on the Pd tip indicate that the CNFs grown sparsely
on the metal tip with a larger radius R, provide a well-
aligned electron beam. Since the spot size D of the focused
electron beam strongly depends on the spread angle A#, D
o (A 6)3,”° the CNF emitter on the Pd tip might have a small
spread angle A6, and is expected to provide a focused beam
of a smaller spot size and a higher resolution for x-ray
radiography.

Using the spread half-angle A6, beam intensity /, and
effective emitting area S, the brightness B for the circular
beam is written by B=J/Q=1/[#S(A6)?]. According to ad-
ditional observations by a phosphor screen, FE pattems are
composed of countable numbers of bright spots, and the dis-
tinguishable spots typically have spread half-angle of A¢
~60 mrad, which is nearly the same as the previous
observation. '’ Accordingly, one cannot directly determine
the effective emitting area S. For an electron emitter com-
posed of a single CNT, the effective emitting area § has been
successfully evaluated using the FN formula.’® In this study,
as a trial evaluation, we have determined the S by analyzing
the I-V curves with the FN formula. The constant value A
determining the magnitude of the ordinate In(J/ ¥?) in the FN
plot [see Fig. 3(c)] is given by A=In(3.85 X 1077 %S/ ®RY).
The spread angles A@ of the electron beams were estimated
to be about 100 mrad for emitters 1 and 2, and 90 mrad for
emitter 3, which will be discussed later. The brightness
evaluated at the maximum applied voltage V is approxi-
mately given by 7% 10'" A/(m? sr) for emitters 1 and 2, and
8 X 10'2 A/{m? sr) for emitter 3, respectively. Thus, emitter
3 has the largest brightness B among the emitters character-
ized in this study, and is expected to give the best x-ray
radiography performance. The brightness B=8X 10"
A/(m?*sr) for emitter 3 gives the reduced brightness B,
=B/V=6%10® A/(m?sr V), which is somewhat lower than
the values of B,=(1.3-2.5)x10° A/(m?srV) reported in
the early studies using CNTs."

Luminescence on a phosphor screen originated by elec-
tron impact was first used to observe the focusing character
of the electrostatic lens system. For this experiment, the W

Rev. Sci. Instrum. 78, 013305 (2007)

target in Fig. | was replaced by the phosphor screen. The
focusing voltage V; applied to the second electrode in the
lens system was approximately determined through the ob-
servation of luminescence on the screen. For the acceleration
voltage of V,=15 kV(=-V,), the focusing voltage yielding
the minimum spot size was V,~-11kV (V;/v,~0.73),
which was weakly dependent on the extraction voltage AV
=V, -V, {changed by the emitter). The optimal focusing volt-
age V; was finally determined by observing the x-ray radio-
graphs for each experimental condition of the emitter, the
extraction voltage, and the accelerating voltage. The inten-
sity of electron beams impinging on the W target was almost
the same as those given in Fig. 3(c).

Figure 4 shows the x-ray images of a test chart com-
posed of lead (Pb) lines with their line profiles measured to
evaluate the spot size D in diameter of the focused electron
beams. Under our experimental condition, electron spot size
is considered to be nearly equal to the focal size of x ray
radiated from the W target. By taking x-ray images of the
vertical and horizontal Pb lines, the spatial resolution of an
x-ray source can be estimated. Figures 4(a) and 4(b) show
the x-ray images for emitters 1 and 2 on the W tips, respec-
tively. The exposure time for these images was 180 s. The
width of the observed Pb line in Fig. 4(a) for emitter 1 was
62.5 um. The three stripes in the figure are sufficiently sepa-
rated. The Pb linewidth in Fig. 4(b) for emitter 2 was 50 pm,
and the three stripes here are also well separated. As a result
of those measurements, the spatial resolution on the x-ray
images was estimated to be roughly 55 and 40 um for CNF
emitters 1 and 2, respectively, on the W tips. Figure 4(c) also
exhibits an x-ray image of Pb lines 50 um in width and its
line profiles for emitter 3 on the Pd tip. The exposure time
for this image was 300 s. As can be seen in the figure, the
three stripes are quite well separated. By analyzing the blur
structure of the Pb line edge in the x-ray image,ZI the spot
sizes D for emitters 1, 2, and 3 were evaluated as approxi-
mately 60, 50, and 40 wm, respectively. As the next step, the
x-ray image of Fig. 4(c) was simulated by assuming the cir-
cular intensity distribution given by I=I,exp(~1.7 X 10°%),
where /, is a proportionality constant, and r is the distance in
meters with respect to the beam axis. As a result of the simu-
lation, the spatial resolution on the x-ray image was evalu-
ated as approximately 25 um for emitter 3. The performance
of emitter 2 on the W tips was somewhat poorer than that of
emitter 3. If emitter 2 was used with a smaller tip length than
L=0.5 mm, e.g., L=0.25 mm, better performance would re-
sult. Since the CNF emitter 3 on the Pd tip and emitter 2 on
the W tip delivered superior performance, they may be used
as an electron source for a high-resolution x-ray tube.

For further understanding of the focusing action by an
electrostatic lens, focal-spot sizes for the used FE emitters
have been simulated by employing a simple model
program,’” which calculates trajectories of FE electrons and
makes for broadening of focal-spot size due to spherical ab-
erration. The simulated results only weakly depend on the
radius of curvature R at the tip end, and the focus-size di-
ameter for the emitters used in this study is approximately
given by D, =0.054(A6)> m, where A is in units of radian.
Connecting this calculated D, and the experimental beam
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FIG. 4. X-ray images of test charts and their line profiles for electron beams
extracted from CNF emitter at acceleration voltage of V,=15 kV. (a) For
CNF emitter 1 on the W tip at 400 °C. Stripe width is 62.5 um. (b) For
emitter 2 on W tip at 800 °C. Swripe width is 50 um. (c) For emitter 3 on Pd
tip. Stripe width of test chart is 50 um.

sizes determined in this study (D=60, 50, and 40 um for
emitters 1, 2, and 3, respectively), one can estimate the
spread half-angle A of the electron beams. The results are
A @~ 100 mrad for emitters 1 and 2, and A6~ 90 mrad for
emitter 3. According to the trajectory analysis, the electrons
entering the electrostatic lens with the angle A#<<200 mrad
can pass through the lens and reach the target. If one esti-

Rev. Sci. Instrum. 78, 013305 (2007)

10mm

FIG. 5. Typical x-ray images taken with electron beam extracted from CNF
emitter 3 on Pd tip. (a) LSI image (V,=—15 kV, T=300 s), and (b} image of
a small raw fish (V,=13 kV, T=450s).

mates focal size D" using the maximum angle Af
=200 mrad for the fully spread electron beam, one has D’
~400 um, which is much larger than the experimental sizes
of D=40-60 um. Thus, performance of the electron gun is
significantly improved by using FE electrons with narrow
angular spread. For further improvement of the focusing,
however, it is desirable to fabricate the electron gun by em-
ploying an electrostatic Einzel lens composed of asymmetric
electrodes.” According to our computer analysis, the asym-
metric Einzel lens provides a focal-spot size smaller by a
factor 1/10 than those for the lens obtained here.® The
asymmetric Einzel lens has been very recently applied to a
microfocused x-ray source with CNT emitter,”* which has
better resolution than that for symmetric lens.’

Figure 5 shows typical x-ray images demonstrating the
performance maintained with the electron beam extracted
from CNFs grown on the Pd tip. For the LSI image shown in
Fig. 5(a), its interior structure, such as Cu wires (~30 um in
width), could be readily observed nondestructively. The im-
age of the small raw fish in Fig. 5(b) also sharply delineated
such inner structures. X-ray images were also taken of the
CNF emitter 2 on the W tip, and though not shown here, they
are of nearly the same quality as those shown in Fig. 5. Thus,
the images provided clear structural views of the biological
as well as nonbiological materials. These results indicate that
the CNF emitters grown on the etched metal tips can be
successfully applied in the electron gun to develop a finely
focused electron beam and a high-resolution x-ray source
constructed with electrostatic and magnetic lenses.

Finally, we refer to the microfocused x-ray tubes using
the CNT field emitter reported by other groups,&g’24 In their
x-ray sources, electron emitters have been prepared in forms
with a large diameter of 1-2 mm using CNT bundles, and
provide intense electron emissions of around 1 mA, which is
higher than the intensity in our electron gun. The x-ray spot
sizes maintained in their sources are lower than 100 um,
which is comparable to our results. From the standpoint of
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the beam intensity, the larger size of emitters thus assures
better performance, while an x-ray source with fine resolu-
tion (i.e., nanofocusing} will be realized by using a smaller
CNT and/or CNF emitters with higher brightness.

IV. SUMMARY

We have synthesized CNFs on etched W tips at substrate
temperatures of 400 and 800 °C, and on etched Pd wire at
700 °C by the PECVD method. For the W tips, the CNFs
were grown vertically over the entire tip with diameters that
were dependent on the substrate temperature. For the Pd tip,
the CNFs were grown sparsely and their average diameters
exceeded those for the W tips. The performance of CNF field
emitters equipped in the electron gun has been extensively
evaluated by repeated experiments. As for the field emission
characteristics, CNF emitter 1 on the W tip and emitter 3 on
the Pd-tip emitted electrons at lower voltages, while emitter
2 on the W-tip emitted electrons at somewhat higher volt-
ages. Among the three emitters used in this study, the CNF
emitter 3 on the Pd tip had the highest transmission rate. To
investigate the focusing characteristics of the electron beams
extracted from the CNF emitters we also recorded the x-ray
radiographs using a CCD camera. From x-ray images of the
x-ray test chart and their line profiles, we have confirmed
that the CNF emitter on the W-tip grown at 800 °C and on
the Pd tip at 700 °C have a focal spot size of less than
50 um. Better performance could be realized by using CNF
emitters 2 and 3 with large fiber radii (100-500 nm) grown
sparsely on the metal tips, which were installed in a holder at
the short length L=0.5 mm. These CNF emitters would be
suitable for an electron gun of a high-resolution x-ray source
equipped with electrostatic and magnetic lens systems.
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Abstract

A mixture of 6 mol of CaHPO,-2H,0 and 4 mol of Ca(OH), was reacted to produce hydroxyapatite (HA) by spark plasma system (SPS).
The reaction was carried out at 300-1200 °C under pressure of 20-670 MPa for 10 min in a vacuum. HA formation started at 300 °C at
600 MPa and was completed at 500 °C at 670 MPa, the same product being obtained at 1200 °C in air using a furnace. The temperature of the
HA formation increased with decreasing pressure and was 1150 °C under 20 MPa. There was a linear relationship between the reaction
temperature and pressure. The crystal size of the HA prepared at 500 °C at 670 MPa and that at 600 °C at 600 MPa by SPS were less than 1 and

2 pm, respectively.

© 2005 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Powder sintering has been based on sintering at atmo-
spheric pressure or sintering under high pressure. Although
these techniques have enabled the manufacture of various
kinds of useful products from metal and ceramics, their
limited effectiveness for the production of advanced
materials has recently become apparent. The spark plasma
system (SPS) was developed for sintering metal and ceramic
powders in plasma as well as in an electric field [1]. SPS is
characterized by a pulsed direct electric current, which is
similar to that of an electric discharge machine. Unique
products which cannot be made by ordinary methods have
been created from ceramics, metals and polymers by SPS
[2]. The formation of these products is based on the effect of
the pulsed electric field, where spark plasma is generated
between powders and a skin current can run on particle

* Corresponding author. Tel.: +81 22 217 7524; fax: +81 22 217 4311.
E-mail address: m-omori @rift.mech.tohoku.ac.jp (M. Omori).

surface. The spark plasma activates some chemical bonds,
and crystal growth is enhanced by the skin corrent [2]. The
mobility of dislocations is accelerated in the pulsed direct
electric field [3].

Hydroxyapatite (HA, Ca;o(PO4)s(OH),) is one of the
most bioactive ceramics {4]. The chemical composition of
HA consists of OH groups which are eliminated at high
temperature. The stability of HA depends on the partial
pressure of H,O [5]. The HA powder can be stably sintered
at 1300 °C in air using a furnace [6]. On the other hand, HA
is stable below 1050 °C in a vacuum [7]. The decomposition
temperature of HA is lowered till 800 °C by the catalytic
action of Ti [8,9]. The majority of HA syntheses are carried
out under the influence of water as follows: (1) precipitation
method [10,11]; (2) hydrolysis method [12]; (3) hydro-
thermal method [13,14]; and (4) hydrothermal hot-pressing
method [15]. HA is synthesized from 6 mo! of CaHPO,
(DCP) and 4 mol of Ca(OH), (CHO) without water by solid
state reaction [4], although the synthetic condition has not
been clarified.

0272-8842/$30.00 © 2005 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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In this study, 6 mol of CaHPO,-2H,0 (DCPD) and 4 mol
of CHO were reacted to produce hydroxyapatite by SPS. The
reaction was carried out at 3001200 °C under pressure of
20-670 MPa. The HA formation was investigated by X-ray
diffractometry, and the grain size of the prepared HA was
observed by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM).

2. Experimental
2.1. Materials and reaction

The starting powders were DCPD and CHO (Wako Pure
Chemical Ind., Japan, reagent grade), 6 mol of DCPD and
4 mol of CHO being mixed with an agate mortar and pestled
for 20 min. These two materials were reacted by SPS
(Sumitomo Coal Mining Co. Ltd., Japan, SPS1050). The
mixed powder was put in a graphite die or a hard metal die
and heated from 300 to 1200 °C at 20670 MPa in a vacuum.
The heating rate was controlled toward the goal temperature
of 1000 °C as follows: from 20 to 900 °C at 100 °C/min,
from 900 to 980 °C at 20 °C/min and from 980 to 1000 °C at
5 °C/min. The holding time at the goal temperatures was
10 min. For comparison with the SPS sample, the mixed
powder was reacted from 500 to 1200 °C in air in a furnace
without using SPS.

2.2. Decomposition of materials and characterization of
the reacted product

The decomposition temperature of DCPD was deter-
mined by differential scanning calorimetry at a heating rate
of 0.67 °C/s in air (Seiko Instruments, Japan, SII DSC 6300).
The reacted products were subjected to X-ray diffraction
(XRD) by an X-ray diffractometer (Rigaku, Japan, Rotaflex,
RU-200B) using the Cu Ka line. The surface of the reacted
product was polished to make a mirror surface and was
etched at 1000 °C for 30 min in air. The etched surface of the
sintered product was observed by a scanning electron
microscope (SEM) (JEOL, Japan, JXA-8621MX, and
Hitachi, Japan, S-800). The microstructure was analyzed
by a transmission electron microscope (TEM) (JEOL, Japan,
JT-007).

3. Results
3.1. Reaction in furnace

The results of the DSC measurement indicated that
DCPD lost water and was transformed into DCP at 149 °C.
DCP was decomposed at 460 °C. It was confirmed by X-ray
diffractometry that CHO was stable until 900 °C and then
decomposed into CaO over 1000 °C. The mixture of 6 mol
of DCP and 4 mol of CHO was reacted in air in a furnace, not
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Fig. 1. XRD patterns of the products reacted in furnace for 1 h in air: (a) at
600 °C and (b) at 1200 °C.

using SPS. The reaction of DCPD and CHO did not occur at
500 °C, but started near 600 °C. Fig. 1a shows that HA with
impurities was formed at 600 °C for 1h. The diffraction
peaks of the product was not sharp and exhibited the
formation of a small crystallite, i.e. nucleus. This nucleus
was unstable at this temperature and disappeared after
heating at 600 °C for 10 h. The nucleus did not grow to
stable size at 600 °C in the furnace.

The formation of HA from DCP and CHO was indistinct
below 1000 °C, but was distinguishable at 1200 °C. The
reacted product consisted of HA and a small amount of the
impurity which was not identified, as shown in Fig. 1b. It
was clear that preparation of HA was possible in air by solid
state reaction. Judging from the half-value width of the
diffraction peaks, the crystal of the product which prepared
at 1200 °C was not a nucleus, The HA crystal was stable and
did not decompose after the reaction at 1200 °C for 10h in
air. The impurity neither decreased nor increased after the
long reaction.
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Fig. 2. XRD pattern of the product reacted at 300 °C at 600 MPa for 10 min
by SPS.
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Fig. 3. XRD patterns of the products reacted at 500 °C for 10 min by SPS:
(c) at 670 MPa and (d) at 20 MPa.

3.2. Reaction by SPS

The reaction by SPS was different from that conducted in
air using a furnace. The X-ray diffraction pattern shown in
Fig. 2 suggests that DCP and CHO started reacting at 300 °C
under high pressures. This reaction occurred at 600 MPa, but
it was not completed within 1 h. The low pressure of 20 MPa
did not induce the reaction between these two compounds.
The HA formation was clear for the product reacted at
500 °C at 670 MPa for 10 min. This product was composed
of HA and a small amount of impurities, as shown in Fig. 3c.
The impurities were not identified. The X-ray diffraction
pattern shown in Fig. 3d indicates that the impurities
increased at 20 MPa. SPS enabled production of HA at
500 °C, despite under the high pressure. The HA formation
temperature increased with decreasing pressure.

Fig. 4e shows that the product reacted at 600 °C at
600 MPa was the nearly same as that prepared at 500 °C.
The impurity was not removed after the reaction at 500 and

«; Impurity
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20 (degrees)

Fig. 4. XRD patterns of the products reacted for 10 min by SPS: (e) at
600 °C at 600 MPa; (f) at 700 °C at 480 MPa; (g) at 1000 “C at 120 MPa and
(h) at 1150 °C at 20 MPa.

Fig. 5. SEM image of the product reacted at 500 °C at 670 MPa for 10 min
by SPS.

600 °C for 1h and persisted in the product. A pure HA
product was obtained by the reaction at 700 °C at 470 MPa
for 10 min, as shown in Fig. 4f. The crystals of those
products were stable and different from the nucleus
synthesized at 600 °C in the furnace. HA was prepared at
1000 °C at 120 MPa and at 1150 °C at 20 MPa. X-ray
diffraction pattern of the products reacted at these two
temperatures is shown in Fig. 4g and h. The reacted product
contained unidentified impurities. The impurities remained
in the product reacted at 1200 °C at 20 MPa.

Fig. 6. SEM image of the product reacted at 600 °C at 600 MPa for 10 min
by SPS.




620 M. Omori et al. /Ceramics International 32 (2006) 617-621

The diffraction peaks were broadened in the products
reacted at 500 °C compared with those of the products
prepared at 1200 °C in the furnace and from 600 to 1150 °C
by SPS. This broadening suggested that the crystal size of
the product was small or that the crystallinity was not good.

The crystal size was measured on the etched surface of
the product reacted at 500 °C at 670 MPa for 10 min. The
SEM image shown in Fig. 5 indicates the crystal size to be
less than 1 um. Fig. 6 shows that the crystal size of the
product reacted at 600 °C at 600 MPa was less than 2 pm.
TEM observation of the HA crystal reacted at 1150 °C at
20 MPa for 10 min revealed its size to be less than 2 pm.
The crystal size of the products reacted from 500 to 1150 °C
was not greatly affected by the reaction temperature.

4. Discussion

DCPD lost water of crystallization at 149 °C and became
to DCP. The real reaction of DCPD and CHO is that of DCP
and CHO over this temperature. The reaction of these two
compounds starts at 600 °C in the furnace after decom-
position of DCP, and HA nuclei with impurities are
produced. The nucleus is unstable and decomposed without
water. Time is required for the nucleus to change into a
stable crystal at the low temperature when using the furnace.
The water supply based on the decomposition of the two
compounds cannot last for a long time, and the nucleus is
transformed into other stable compounds different from HA.
The product reacted at 1200 °C for 1h in the furnace
contained the impurity, and its amount did not increase nor
decrease by the long reaction for 10 h. This impurity is not
derived from decomposition of the formed HA because B-
Ca3(PO,), is not included, but it is produced in the course of
the reaction of DCP and CHO.

The Ca/P ratio of hydroxyapatite is not constant and
varies from 1.65 to 1.72 [16]. The product fabricated from
the mixture of 6 mol of DCPD and 4 mol of CHO must result
in the composition of 1.67, and the one reacted at 700 °C at
480 MPa corresponds it not accompanied by the impurity.
The impurity in other products suggests that the composition
of the product differs from that of the mixture. There was an
impurity peak at 26=29.6° in the XRD pattern shown in
Fig. 3c. The mixture was synthesized from 3.9 to 4.1 mol of
CHO for 6 mol of DCPD and reacted at 500 °C at 670 MPa
to eliminate this impurity. The XRD patterns shown in
Fig. 7i and j, which were obtained from the inside and
surface of the same product pellet, were due to the product
synthesized from 6 mol of DCPD and 3.93 mol of CHO (Ca/
P = 1.66). The intensity of the impurity peaks was the least
among the products reacted in that composition variation. As
shown in Fig. 7i, that impurity peak at 26=26.9° was
removed, and new weak ones appeared at 20 = 20.4°, 26.6°,
31.2° and 34.5°. The feature of the impurity peaks indicated
in Fig. 7j was not same as that of the inside and revealed that
the Ca/P ratio varied from the surface to the inside. The

+: Impurity

Intensity (arbitrary units)

15 20 25 30 35 40
26 (degrees)

Fig. 7. XRD patterns of the products reacted from 6 mol of DCPD and
3.93 mol of CHO at 500 °C at 670 MPa for 10 min by SPS and measured: (i)
at the inside and (j) at the surface.

impurity does not mean that the reaction is not completed at
each temperature and pressure.

SPS can enhance the reaction of DCP and CHO, and HA is
produced at lower temperatures under higher pressures. The
reaction by SPS is different from that in the furnace. DCP was
not damaged at 20 and 670 MPa at 300 °C by SPS. On the
other hand, CHO was slightly decomposed at 20 and 670 MPa
at 300 °C. The reaction of DCP and CHO is initiated at 300 °C
by degradation of CHO. High pressure enhances the reaction,
and HA is formed at 500 °C under the pressure of 670 MPa,
which is near the endurance limit of hard metal. The product
reacted at 500, 600, 1000 and 1150 °C consists of HA and
small portions of impurities, and they comes from the excess
DCP or CHO. There is a liner relationship between the
reaction temperature and pressure, as shown in Fig. 8. The
high pressure causes the isolated particles to come into tight
contact. Furthermore, since mobility of dislocations is
enhanced in the pulsed electric field [3], it is possible that
the compound particles are plastically deformed at lower
temperatures. The contact area (or necking area) is effectively
widened under high pressure by plastic deformation. The

800

600 |-

400 |

200 -

Reaction pressure (MPa)

0k (24

400 500 600 700 800 900 1000 1100 1200
Reaction temperature (°C)

Fig. 8. Temperature vs. pressure for HA formation by SPS.
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molecules of the two compounds can diffuse through the wide
contact area.

One of the SPS effects is based on the skin current,
which appears on the surface of particles in the pulsed
electric field and results in acceleration of crystal growth
[2]. If the skin current is determined by the voltage applied
to the graphite die, its density varies with the free surface
of particles excluding the contact area. The volume of the
free surface decreases at high pressure because of the
increased contact area. The migration of Al atoms in the Al
film is accelerated through direct current {17}, but there is
no evidence regarding the accelerated migration of
molecules in the pulsed direct electric field. The skin
current may carry the DCP and CHO molecules on the
surface of the particles. The wide contact area and the
enhanced migration enable the reaction at the low
temperatures and result in the linear relationship between
the reaction temperature and pressure.

The half-value width of the X-ray diffraction peak
suggests that the crystal size of the product reacted at
500 °C is less than that of the ones synthesized from 600 to
1150 °C. However, the size observed by SEM and TEM is
almost same, i.e. less than 1 and 2 pm. The crystals
prepared at 500 °C contain many of crystal imperfections,
such as lattice defects and stacking faults, and the
diffraction peaks are broadened by them. The crystal size
of the products reacted at 600 and 1150 °C is not different.
This result is contrary to the fact that growth rate of crystal
is faster at higher temperature. HA molecules can be
carried on the surface of the HA crystal under higher
pressures by the dense skin current, and the crystal growth
is promoted by it.

5. Conclusion

CaHPO42H,0 (6 mol) and Ca(OH), (4 mol) were
reacted at 1200 °C for 1h in air using a furnace and
produced HA. Using the spark plasma system, HA formation
started at 300 °C at 600 MPa and was completed at 500 °C at
670 MPa for 10 min. The temperature of the HA formation
increased with decreasing pressure. HA was prepared for
10 min at 600 °C, 700, 1000 and 1150 °C under pressures of
600, 470, 120 and 20 MPa, respectively. There was a linear
relationship between the temperature and pressure of the
SPS rteaction. The effects of SPS, namely, the plastic
deformation enhanced in the pulsed electric field and the
skin current generated on particle surface in an electric field,
enabled the reaction of the two compounds at lower
temperatures under higher pressures. The size of the HA
crystal reacted at 500 °C at 670 MPa was similar to that of
the one formed at 1150 °C at 20 MPa. The skin current under

the high pressure was responsible for the crystal growth of
HA at the low temperatures.
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Se localilzation in the human oral mucosae which contain
dental amalgam or dental silver alloy particles was analyzed
by X-ray scanning analytical microscopy (XSAM). Se distribu-
tion was visualized, and the localization in the neighbor of amal-
gam or silver particles was confirmed. The chemical state of Se
was analyzed by X-ray absorption fine structure (XAFS) analy-
sis. Se was estimated as the low valency state. The possibility of
using XSAM and XAFS for the analysis of the distribution and
chemical state of rarely contained elements in biological tissue
was suggested.

Selenium (Se) is an essential element in humans. It is impor-
tant not only as a cofactor in enzymes but also in detoxification
of heavy metals such as mercury. The relationship between the
level of Se and heavy metals, especially mercury (Hg) and silver,
had been studied.! A positive correlation between Se and Hg in
blood was reported. As the detoxification mechanism, the forma-
tion of Hg-selenoprotein complex was suggested. However, the
current study of the interaction of Se and heavy metals employed
macroscopic analysis. The distribution of Se in the areas sur-
rounding heavy metals in the human body has not yet been stud-
ied, because the concentration of Se in human body is very low,
making it diffucult to measure the elemental distribution.

The authors employed the X-ray scanning analytical micros-
copy (XSAM) for the analysis of metallic elements in soft and
hard tissues.? XSAM enables elemental distribution analysis
from Na to U by energy-dispersive spectroscopy of fluorescent
X-rays in air without pretreatment even if the sample contains
water. This feature is desirable for the analysis of biological
specimens. XSAM also has higher sensitivity for heavier ele-
ments than elemental distribution analysis with electron micro-
scopic methods. The authors also employed the X-ray absorption
fine structure (XAFS) analysis for human tissue containing
metallic elements in low concentrations. XAFS analysis using
synchrotron radiation makes it possible to analyze the state of
eroded metal in the human body at low concentrations of around
1 to 100 ppm by using fluorescence XAFS.3 In this study, XSAM
and fluorescence XAFS were employed to determine the seleni-
um distribution in the human oral mucosa containing metallic
dental restoratives.

Two oral mucosa specimens excised from two different
patients, which contained particle-like foreign bodies, were sub-
jected to XSAM and XAFS analyses. These specimens were ex-
cised for pathological diagnosis for pigmentation. The speci-

mens were fixed in 10% neutral buffered formalin and embedded
in paraffin by the conventional method. The embedded tissue
blocks were sliced. The residual blocks of tissue embedded in
paraffin were subjected to elemental distribution analysis using
XSAM (XGT-2000V, Horiba Co., Ltd., Kyoto, Japan). The
XSAM observation was carried with the incident X-rays gener-
ated from an Rh anode under conditions of 50kV and 1 mA. The
incident X-ray was passed through the X-ray guide tube (XGT)
100 pm in diameter. During the XSAM observation, the speci-
men stage was scanned in the air. The mapping images were in-
tegrated 100 times (scan speed was 3000 seconds per scan).

The XAFS spectra were measured at BL-9A of the Photon
Factory, Institute of Material Structure Science, High-Energy
Accelerator Organization (KEK-PF). The electron storage ring
was operated at 2.5 GeV with 300-500 mA. The synchrotron ra-
diation was monochromatized with an Si(111) double-crystal
monochromator. The incident X-ray was focused using two bent
conical mirrors into 1 mm in diameter and the specified area of
the specimen where Se was enriched was irradiated. The XAFS
spectra of the Se K-edge were measured in a fluorescent mode
using a multielement solid-state detector (Camberra). I signals
were monitored using an N; filled ionization chamber.

Figure 1 shows the transmission X-ray image and S, Hg, Ag,
and Se distribution images of specimen A with XSAM. The S
distribution image shows the shapes of specimens. In the frans-
mission X-ray image, spotlike untransparent parts were found. In
these untransparent spots, Hg and Ag were observed. Se was ex-
isted in the vicinity of the Hg and Ag localized spots. Usually, Se

Figure 1. Elemental distribution images of dental amalgam-
like particles in human oral mucosa (specimen A).

Copyright © 2006 The Chemical Society of Japan
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is not detected in the tissue by XSAM image because of its low
concentration. Therefore, Se localization would be caused by the
existence of Hg and Ag. Dental amalgam consists of Ag-Sn-Cu
alloy powder and mercury. The foreign bodies in specimen A
were considered to be dental amalgam. After trituration of the
alloy powder and mercury, the mixture is applied in the oral cav-
ity. In the initial stage of trituration, there are large amounts of
unreacted mercury and alloy powder, and the mixture shows lit-
tle fluidity. The mechanical strength of the dental amalgam in
the initial state is low. After 24 to 48h of trituration, most of
the mercury is amalgamated. In Figure 1, Ag and Hg show dif-
ferent distributions. This suggests that the debris of dental amal-
gam formed in the filling or polishing process in the earlier stage
was dispersed into the oral mucosa. Selenium was concentrated
in the tissue surrounding the dispersed foreign bodies.

S

Figure 2. Elemental distribution images of dental silver alloy-
like particles in human oral mucosa (specimen B).

Figure 2 shows the Ca, Zn, Ag, and Se distribution images of
specimen B obtained by XSAM. Ca localization caused by the
calcification was observed. Ag and Zn were localized in the
same positions. This means the foreign body consists of homo-
geneous materials such as alloys. In the fluorescent X-ray spec-
trum from the particle indicated by the arrow in Figure 2, Ag, Zn,
and Cu were detected. These are typical components of dental
silver alloy. Se was localized in the vicinity of the silver alloy
particles, but the Se concentration was lower than that of
specimen A. In Figures 1 and 2, the Se was localized in the
vicinity of Hg or Ag, but their distributions were not same.
The reason of the difference in the distribution was assumed
as follows. The XSAM images mainly show the distribution of
alloy particles, which were encapsulated by granulation tissue.
The Se would be reacted with the dissolved Hg or Ag outside
of the granulation tissue, the Se distribution would be differ from
those of Hg or Ag.

The parts indicated by arrows in the Se distribution images
in Figures 1 and 2 were measured with the fluorescence XAFS
method. The Se K-edge XANES spectra of the above specimens
and those of Se compounds are shown in Figure 3. Yamamoto et
al. reported that the absorption edge of Se shifts toward higher
energy with the increase of valence of Se.* The absorption edges
of the spectra of specimens A and B were slightly shifted to high-
er energy than that of metallic Se, and there is shoulder structure
at 12.66keV in both specimen A and B. This suggests that the Se
in those specimens would be mostly in the low-valence state
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Figure 3. The Se K-edge XAFS spectra of oral mucosa speci-
mens A and B and standard specimens (* after Yamamoto
et al.%).

(nearly zero) and there would be some variety in the valency
of Se.

Previously, the relationship between the Se and Hg concen-
trations in blood was reported.’ The detoxification of Hg by se-
lenoprotein was suggested as a possible reason of this phenom-
enon. In this study, the localization in the vicinity of dental amal-
gam which contained Hg and Ag and dental silver alloy was
clearly visualized using XSAM and their chemical states were
estimated using XAFS. Areas with high concentrations of Se
were observed within 1 mm from the amalgam or silver alloy
particles. Thus, the Se localization towards the Hg and Ag was
revealed.

The XAPFS measurements were done with the approval
of the Photon Factory Advisory Committee (Proposal No.
2004G084). Part of this study was supported by Northern
Advancement Center for Science and Technology, Japan.
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Yttria partially stabilized zirconia (YPSZ) ceramics are suitable for dental and medical use because of their high fracture
toughness and chemical durability. The purpose of this study was to examine the bonding behavior of a dental YPSZ ce-

ramic, Denzir.

After being subjected to various surface treatments, Denzir specimens were bonded to each other using an

adhesive resin composite, glass ionomer, or zinc phosphate cement. Bonding strength was then determined by the shearing
test. No significant differences (p>0.05) were observed between SiC- and Al;Os-blasted specimens. In all surface treatments,
the shear bond strength significantly (p<(0.05) increased in the order of adhesive resin composite cement > glass ionomer
cement > zinc phosphate cement. Moreover, silanization with methacryloxy propyl trimethoxysilane slightly increased the

bonding strength of the adhesive resin composite cement.

Key words: Bonding strength, Surface treatment

INTRODUCTION

In recent years, the demand for dental restorations
with more esthetic and biocompatible properties has
increased. As a result, various ceramics have been
widely studied and applied as dental materials'™®. In
particular, yttria partially stabilized zirconia (YPSZ)
is a ceramic that exhibits superior fracture toughness
and chemical durability compared to other
ceramics®”. Due to these advantageous properties,
YPSZ has been extensively employed for medical and
dental uses®™¥.

However, manufacturing of dental restorations
requires complicated machining of various shapes and
dimensions — and it is difficult to achieve accurate
machining. Through recent advances in the CAD/
CAM technique, YPSZ ceramics can now be employed
for complicated dental restorations such as inlays,
copings, and fixed partial denture (FPD)
frameworks®™?. Dental restorations using YPSZ can
be made by milling enlarged restorations out of ho-
mogenous ceramic green-body blanks of zirconia,
which are then sintered and shrunken to the desired
final dimensions”. Alternatively, restorations can be
milled directly with the final dimensions out of high-
density, sintered, prefabricated YPSZ blanks —
known as hot isostatically pressed (HIPed) zirconia
blanks®®™ 9.

In an earlier report, the authors investigated the
_cytotoxicity and bonding property of HIPed YPSZ'!.
In that study, HIPed YPSZ showed no cytotoxicity
and exhibited high bonding to glass ionomer cement,

but relatively low bonding strength to adhesive resin
composite cement'”’. Kern and Wegner, however, re-
ported that a durable bond to YPSZ was achieved by
using a phosphate monomer-containing resin compos-
ite bonding cement'?. In their study'?, as in most of
the earlier studies evaluating the bond strength of
various luting agents to YPSZ ceramics® ™, speci-
mens were made out of homogenous ceramic green-
body zirconia.

Since HIPed YPSZ blanks have been successfully
employed 1n the fabrication of dental all-ceramic
crowns and FPDs*™', the bonding properties of this
type of zirconia ceramic present an interest. How-
ever, in a survey of the published literature, only one
article’ was found that addressed the bonding prop-
erties of HIPed YPSZ. The purpose of this study,
therefore, was to evaluate the bonding properties of
various bonding cements to HIPed YPSZ and the ef-
fects of surface roughness and pretreatment on bond-
ing strength.

MATERIALS AND METHODS

Preparation of HIPed YPSZ specimens

Twenty HIPed YPSZ (Denzir, Cad.esthetics AB,
Skellefted, Sweden) specimens were machined into a
rectangular shape (14 mmX14 mm X5 mm) using the
Cad.esthetics CAD/CAM system (Cad.esthetics AB).
Some specimens were then sandblasted with 70- y4m
ALO; (Hi-Alumina, Shofu, Kyoto, Japan) and the re-
mainder with 125- xm SiC powder (Carborundum,
Shofu, Kyoto, Japan) — all with 0.3 MPa for 30
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seconds at a distance of 10 mm.

Thereafter, SiC-blasted specimens were etched
with a phosphoric acid gel (K-etchant gel, Kuraray,
Kurashiki, Japan) for 10 seconds. In addition, the
etched specimens intended to be cemented with an ad-
hesive resin composite cement were silanized in one
of the following ways: (i) treatment with Clearfil
Porcelain Bond Activator (Kuraray, Kurashiki,
Japan) mixed with Clearfil Linerbond IIS (Kuraray,
Kurashiki, Japan) for 10 seconds in accordance with
the manufacturer's instructions; or (ii) heating with
10% methacryloxy propyl trimethoxysilane (MPTS,
Tokyo Kasei Kogyo, Tokyo, Japan)-toluene (dehy-
drated) solution at 60°C for one hour, followed by
drying in a vacuum.

Bonding procedure

Cements used for the bonding test were: (i) a zinc
phosphate cement (Elite Cement, GC, Tokyo, Japan);
(ii) a glass ionomer cement (Fuji I, GC, Tokyo,
Japan); and (iii) an adhesive resin composite cement
(Panavia 21, Kuraray, Kurashiki, Japan). Using one
of the abovementioned cements, the surface-treated
specimens were bonded to corresponding specimens
with a similar surface condition. The bonding area
was 14 mmX5 mm. Bonded specimens were then
stored at 37T, 100% RH for one hour. Seven repli-
cates were prepared for each condition. The abbre-
viations of surface treatments and cements are given
in Table 1.

Surface roughness and bond strength measurements
Surface profile and mean surface roughness (Ra)
were determined using a surface profilometer
(Surfcom 2000, Tokyo Seimitsu Co. Ltd., Tokyo,
Japan).

Bonding strength was determined by the shear-
ing test method using a universal testing machine
(Model 4204, Instron, Canton, USA). Apparatus for
the shear test is shown in Fig.1l. Shear force was
applied at a crosshead speed of 0.5 mm/sec. Results
of the shear test were then analyzed statistically
using ANOVA and Scheffé’s test at a significance
level of p<0.05. After the bonding test, YPSZ blocks
were polished with emery paper (#80) until the at-
tached cement layer was removed. Then, the polished

blocks were surface-treated again and used for the
next bonding test.

SEM and EDX analyses

After the shear test, the fractured surfaces were ana-
lyzed using a scanning electron microscope (SEM)
(S-2380, Hitachi, Tokyo, Japan). Then, with an en-
ergy-dispersed X-ray detector (EDX) (Genesis,
EDAX Japan, Tokyo, Japan), the elemental distribu-
tion image of the observed surface was acquired.

RESULTS

Mean surface roughness

Fig. 2 shows the surface profiles and mean surface
roughness levels (Ra) of Al,O;-blasted and SiC-
blasted cum phosphoric acid-etched YPSZ specimens.
The SiC-blasted surface had a clearly rougher profile
than the Al,Oj-blasted surface. Mean surface rough-
ness (Ra) of the SiC-blasted surface was 0.86 ym,
twice that of the Al,Os-blasted surface (0.43 m).

Shear bond strength

Shear bonding strengths of Al,Oj-blasted and SiC-
blasted cum phosphoric acid-etched YPSZ specimens
luted with the three types of cement are shown in
Fig.3. In all surface treatments, the shear bond
strength increased in the order of adhesive resin

Load

0.5mm/sec

l Cement

Fig.1 Apparatus for the shear bond test. ‘

Table 1 Abbreviations for surface treatments and cements

Abbreviation Cement or surface treatment

zp Zinc phosphate cement
Gl Glass ionomer cement
AR Adhesive resin composite cement
AB Al,O;s-blasted
SB SiC-blasted
PE Phosphate gel-treated

PBA Treated with Clearfil Porcelain Bond Activator

MPTA Treated with 10% methacryloxy propyl trimethoxysilane-toluene solution
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composite cement > glass ionomer cement > zinc
phosphate cement. Among the three cement types,
the bonding strength differed significantly (p<0.05).
Between the Al;O;- and SiC-blasted YPSZ specimens,
there were no significant differences (p>0.05) in
shear bond strength. Thus, bonding strength de-
pended on the cement type, since neither surface

roughness  significantly  affected the bonding
v T T g T T L T i i ]
2k Al O blasted |
~ 0
E
e e . Ra=0.43pm
{ ]
ﬁ“ SiC blasted |
L 4
=
-2

o 05 T 15
Position (mm)

Fig.2 Surface profiles and mean surface roughness (Ra)
levels of YPSZ specimens blasted with Al,O; or
SiC.
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Fig.3 Shear bond strengths of Al;O;-blasted and SiC-
blasted cum phosphoric acid-etched YPSZ speci-
mens in combination with the three cements stud-
ied.

strength.

Fig. 4 shows the effects on the bonding strength
of surface treatment using phosphoric acid, PBA, or
MPTS in combination with the various cements.
Statistical significance of the bond strengths of SiC-
blasted specimens is shown in Table 2. In all surface
treatments, the shear bond strength increased in the
order of adhesive resin composite cement > glass
ionomer cement > zinc phosphate cement. With the
adhesive resin cement, the MPTS treatment yielded
the highest bonding strength but their difference was
of low significance (0.1>p>0.05).

SEM and EDX observations

Fig.5 shows the SEM and elemental distribution im-
ages of the fracture surfaces bonded with zinc phos-
phate, glass ionomer, and adhesive resin composite

cements. The surfaces of the zinc phosphate-
18
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Pat
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gl g BA MPT
Zinc Glass == i MPTS
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Fig.4 Effect on the bonding strength to SiC-blasted and
phosphoric acid-etched YPSZ specimens of various
surface treatments in combination with the three
cements studied.

Table 2 Summary of the statistical analysis of the bond strengths of SiC-blasted specimens.
Results of ANOVA supplemented with Scheffé’s test (n.s.. no significant differences;

*. p<0.05; **: p<0.001).

Cement ZP GI AR
SE SB
Cement tsu;ffci . SB gg SB 1S>§ SB ISD?] PE  PE
reatmen PBS MPTS
SB
zp SB-PE n.s.
SB * % * %
GI SB-PE ** ** .s.
SB * * n.s. n.s.
SB-PE * * * n.s. n.s.
AR SB-PE-PBA ** ** *x * n.s. n.s.
SB-PE-MPTS *x ** ** * n.s. n.s. n.s.






