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Abstract

Vascular stenting has received great attention from the medical community since
its introduction. The NiTi self-expanding stent is used to treat peripheral artery diseases;
however, after implantation, these stents suffer from various cyclic motions caused by
pulsatile blood pressure and daily body activities. Due to this challenging environment,
fatigue performance has become a major issue for stent design. In this study, a simple
yet intriguing concept of stent design aimed at enhancing pulsatile fatigue life was
investigated. The concept of this design is to shift the highly concentrated
stresses/strains away from the crown and re-distribute them along the stress-free strut by
tapering its strut width. Finite element models were developed to evaluate the
mechanical integrity and pulsatile fatigue resistance of the stent to various loading
conditions. Simulation results showed that the fatigue safety factor jumped to a
whopping 5.4 times that of the standard stent. The findings provide an excellent guide to
the optimization of future stent design to greatly improve stent fatigue performance.

Conventional NiTi stent design process could take a bunch of time for completion,
which is a time-consuming and inefficient process. Therefore, it is important to develop
the integrated CAD/FEA/RP (Rapid Prototyping) scheme, as this process could
potentially reduce the product development cycle from months to weeks and save
precious time for the biomedical industry in the future. The study has developed stent
core technologies including parametric design, analysis and manufacturing: NiTi
self-expanding stents were first manufactured from seamless hypotubes using Yb-doped
pulsed fiber laser, followed by sequential expansions and heat treatments to the target
stent diameter using designed fixtures and salt bath furnace. Finally, NiTi stents were

abraded with Al,O3 particles by sand-blasting and then further refined by



electro-polishing. Experimental results showed that the salt bath temperature of 500°C
with annealing time of 200 seconds were able to achieve eligible shape setting rate
without the change of transformation temperature Ar. Surface finish of NiTi stents
improve prominently after eletro-polishing, resulting in the mirror-like surface. A NiTi
self-expanding stent of 6-mm diameter and 13-mm long was prototyped for
demonstration of our novel stent concept.

In recent years, an innovative variation of the drug-eluting stent with micro-sized
drug reservoirs (depot stent) has been introduced. It allows programmable drug delivery
with both spatial and temporal control and has several potential advantages over
conventional drug-eluting stent. However, creating such reservoirs on the stent struts
may weaken the structure of the stent scaffolding and compromise its mechanical
integrity, especially the stent fatigue life. Such fatigue-related stent issues have thereby
drawn much attention within the medical field.

A novel rhombus-shaped depot stent to enhance not only the drug dosage but also
the stent fatigue life was proposed in this study. The concept can be viewed as an
extension of tapered strut stent. By creating the rhombus-shaped reservoirs on the stent
struts, a more efficient way to store energy by subjecting a higher volume of the stent
structure to the same loading was achieved. The total drug capacity of the proposed
rhombus-shaped depot stent could be increased up to 7.7 times, without any tradeoff in
its fatigue life. Therefore, this depot stent is the first of its kind and could carry more
drugs with longer service life than its drug-eluting stent counterparts, thereby opening
up a wide variety of new treatment potentials and opportunities. The genuine design
“Superior Stent” has won the international jurors’ appreciation, awarded the 2014 Red

Dot Award: Design Concept.
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Bl 2-2

Company Name Product Name Fabrication Method | C ts
Bard Memotherm Laser cut tube
| Bad Memotherm-Flexx Laser cut tube
| Badd Luminexx Laser cut tube Welded Ta markers
| BBraun Vascuflex SE Laser cut tube
Biotronik Philon Laser cut tube SiC coated
BSC Radius Laser cut tube
BSC Symphony Welded wire Sleeve Ptir markers
BSC Ultraflex Knitted wire
| Bolton Medical Sprinter Braided wire
| Campus Campus Laser cut tube
| Cook ZA Knitted wire Sleeve Au markers
| Cook Zilver Laser cut tube Coined Au markers
| Cordis SMART Laser cut tube
. Cordis SMARTeR Laser cut tube Coined Ta markers
Cordis SMARTControl Laser cut tube Coined Ta markers
| Cordis Precise Laser cut tube
EndoCare Horizon Flat wire coil
| EndoTex NexStent Laser cut tube
__Engineers&Doctors Memokath Wire Coil
FlexStent Medical FlexStent Braided wire Au coated
| Guidant Dynalink Laser cut tube
| Intratherapeutics IntraCoil Wire coil
Intratherapeutics Prot g Laser cut tube
Intratherapeutics Protg GPS Laser cut tube Coined Ta markers
Intratherapeuti EndoCoil Flat wire coil
Intratherapeutics EsophaCoil-SR Flat wire coil
Jomed Jostent SelfX Laser cut tube
Jotec FlowStent Diamond Laser cut tube DLC coated
Medicorp Expander Braided wire
Medtronik AVE Bridge SE Laser cut tube
Optimed Sinus Laser cut tube
Optimed Sinus-Aorta Laser cut tube
| Optimed Sinus-Flex Laser cut tube DLC coated (opt)
Optimed Sinus-TIPPS Laser cut tube Pre-shaped
Optimed Sinus-REPO Laser cut tube DLC coated (opt)
Vascular Archi Aspire dual rail ladder coil ePTFE covered
B 2-1 PaF Lz pdogpsEl L 2[22]

(2)34 Sk Cook ZA % % [23] (+)#& dfic¥ § 542 ¥] Cordis SMART 2

7 [24]




T & k> F T4 A f7(Finite Element Analysis, FEA)#i#8 ¢ ¥ #idi4c 8 &
UL Y BT L YRR T S H AR F R B L TR & R[25, 26] o p &4 5k 2
EFAENTRA T L RERPPRET LA A4 AR E A A b
RFEZ0PFRAAGD B @8y 2403 BEFRIATAE SRBF AR
FEREAL e A L E A o B 2000 & 0k o MIRF SR T G LA E A TEN
SRS R AR Y~ R 4 [27-30] - BB G U R A ATEARE O Beid ~ G ook Y
LR R A PRI T A > § w3 - PR L %

CRBEBRFFTTRES BT RS S OISR T ARF R - b i
FAHZRETE SRR SEFEAY -

Gong ¥ A JI* 3 XAZFAFHEHMIELK Ldp b FRS e g 2 FR
(Cordis SMART Control) » % i& {7 & % % TI#% ~ BHF(E 5 B ML T 9525 o B
2-3M A FRHELE G RRL T o0 R E Y RN AR Y AR 2 R
Bl EE[31]e v A EEALIAETAF I RYBKOTE > LT %}T}Lﬁylriﬂ

M- e 3 F AL R auER

FI2:3 4 ERERRE Y ATE LR F AL B A6 B30
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—HE T B L F ARG Vs R EBIED 0 ARSI EHT
bfhe 1 fs 0 TS EHAILIAR ) AN S A RET Y PAS AR E LR
FE G IR AUEE R SR E L P AELE FENSHIT B 24 &
Norman Noble, Inc.ch4 & 41 jifg » 42 d 12304 5 & el 2 (S AJ2 » ¥ ¢hp)
EEF SRR - pEFRS L AR AREGET e 1 ER G S
IS RN FH DTN SEFHE BRI M AR R NGRS
PHIR G GE L BRI R R AR RIE > T RR A FE R
BT BRI Rk L L a A A Bk WA B
RAZPFARS LR Rp > Aa LG F MR 4ol S35
TR FIE AT OB AR Y o ¥
oo BRABFEN L FLAE DI IR SEF S AR R E AR

e 4 [32-34] -
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Laser Machining CNC Honing and Blasting Nitinol Shapesetting

-4 R&D Dept. for prototype requirements - Proprietary honing process for ID -4 Superelastic or Shape-memory Nitinol

s . dross removal
-4 Proprietary laser processing

technologies

<4~ Fluidized bed, salt bath, and muffle

~- CNC blasting for uniform finish furnace

<4~ Minimum tube ID of .004" <4 Testing equipment for thermal analysis

0..01——.0004——00004/

®oe0 of—0 000 ® 0 0 04— 0 0 0 0 ....4—-0.../

Automated Electropolishing Automated Annealing
“+ Proprietary automated systems < PLC controlled with 3 temperature zones
< Available for Stainless Steel, Nitinol, 4+ Capable of temperatures up to 1100
Cobalt Chrome, Tantalum, and more degrees Celsius

2000 | o000 —o 000t

\Aoooo—booo :

Final Inspection & Quality Assurance Cleanroom Packaging
<4 Automated systems for 100% <4 1SO Class 8 Certified
dimensional inspection
-4~ Controls temperature, humidity, and microbial
-4 SEM for metallurgical analysis growth

- Process validation per ISO 13485:2003 <4 Lot specific Endotoxin {(Pyrogen) reporting

%l 2-4  Norman Noble, Inc. 4445 & & & ¢ £ 78 @Wig /n42[35]
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i E L B AETRS 7 BRRING) S 270 = hie ik LS H 0 @ %
AIE B H A A% 2 e E4F 7 A 2ot b B A2 58 24 (UnitCell) -
B A2 i &~ %7 Crown Strut;Crown 5 p b3 B e [F]982) & e d 304

Strut 5 i 4% A4p 4% Crown 2 354 1 54 Strut £2 Crown J ik £ 714 & 5 & 4p 4% 9

% > #£ % Ring; @ Connector f]#-Ring & Ring # % > = 5 - R Fefdk g A% o0
FAEIEL G BB 31
Crown
Strut

Connector

=
@
'_\
&
W
[
F

}u-
¥
"3H-

’}#( )2 H ﬂf#ﬂ 18 AE(L)T R
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FErlgifpd sha & ~d > AARE L § 4 DT 2 [T aeid ¥ F Qg
Lk ¢ o blde Crown Liif et F AR A2 RF R AN HEDLE > A
AR X EEMGH I EFE SR R-B 325 - R g AT
Hk 2 440 ¢ 32 Crown % Ring sh#ic® ~ Crown X /= ~ Strut #h+ £ & ~ Strut %

K ~ Connector fihe & & o ¥ *hde Strut B & 2 gh4v g Mt B H B Sl Bgoared

TR EE-EA TR

Crown Radius

@x @% @X Strut Length

- Y
2 )u \~/ j -/ /Z 7 ~ N Connector
Length

2 $<m N A A (A A e
Z (Y YY) -

i Strut Width

YD \T —l
Crown Number

2\ \&

DEVINES FE T St s 2 &

312 A F $HIM KV TRAEEM S

S B K3 A R YeH Bt g Bl 388 (Computer Aided Design Software, CAD)-
T A FEEORTHE T o A RGE/A CAD it P T AR W L A PR BE IR
KT FE MRS RING /T‘t»r* ATE AR P TR A EFFR A GF

PRI R NTARET - BE SR R RF FEE A F DY
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-\
\-u

B 40" B B st 3D AP Rl B Ak T F B fach Y i B )
BT RABDE 0 FR- 2RO R AR AT RE o AT
SolidWorks2010 (Dassault Systems SolidWorks Corp., Massachusetts, USA) #x 48 = i) »
TN AE S A A E SRR

FHch DG - RUE §ER R FERRH o HMWT Y A o
SEEM G BEM AN X URETEIREREDE FW AR R e

A2 @ F 2 FH M G

Crown [l 9% & = pi * Tube Diameter / Crown Number
Connector ¥ « 2L/ 38 £ = (Crown Number /5) * pi * Tube Diameter / Crown Number

Connector # « ghfhe B BE = Strut Length + Connector Length

# ¢ Tube Diameter & # + 7hiT o = = B B 358K e - H A4 St I H

MERIE R R R MBS pd R SR FRE S R CRIE S 4oB 330

SBHE - 2mm-Self_Expanding_paremeterized SLOPRT

=z =+ | [ FRw F
i
9.4mm
2 FEZTE. I [
13.6mm .
0.16mm B0 1l J
37mm I
12mm #EO) W
0.04mm "
0.16mm m
025333,
1mm L W
3mm
0.135mm I
2mm

in o
in
ich
u H
37 “ConnectorNumber” 4mm - L]
- m a v

aEmesEn z= | [ = | (=80 ]
4

El

=0 \H

i

e SIS SSISISISSISISISISE

— =
-
=

@ 3.700

| \‘ @ 0.160

]
]
%
.
(1
F
g
B

4

I_. __ | 20524
E

B13-3  H AR S HcH BN R A Ui 2 (8 2 )
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Ji

TR R A o I RN 22 & Ak 2D Flo i A 3D 7 A

FREATH SUUL B & SBCRFE AR ST AT AR R S8 ¥ L BT WP e

’ﬂﬁ

W T Rl fe 0 Aol 34(2) 0 BBt A lcE B il (o d =) 0 &

B R EREA N T L (F34 ) 6 RFREGRR T EE

FTAE o BHE T B A KT B AR R R L BRI e

AEDH
DI04 : 2 Bomg seeenad

e
el M
Tl & W
ST——

-
v ey D W

o 7

P 3 M

-
'ﬂ

FER S S OILEEE TR 228

R © o i ()

1'

313 AlFFRPHEL

>

B R AREID R F L hp BN F A E R RRA T R 5D
BT A R e T R SRR 2 R R TR 0 B RE A BISERY
BP0 - SRR PR AR ¥ en 5 T 2 Crown s TR Strut shE & -
LSS BRT D SAFEDART LG orE RGP ELREEAL DR ER
R PREIGRE o Ra o A BRI N AR L SR SRR 4 e
B # i R AR LT -
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% Crown Xz 4 pf > § 3 & 4 28 = +f (Profile, s e @ & 3w F 43 AR
AN 2B )Y PRERFR A B35 75 A 57 F Crown i %
MBHEIS 2 LB o EF A F AL o ApAs2 Crown § 4% kAR T o Ao Y
L2 2 Crowny © B T ARRLMf-5 7 @ L HRED HF P RRFHBHETE

&G IARAAEAE L 0 B G ik Crown 2T end 2 R AR & D] ko] ¢
—>r

Bl 3-5 Crown & jEsf4vid = o g £ 78 Profile % <

£ Strut £ & kA RS % RP €KL % § R F 5 (Scaffolding)

A AT A T o d AL e > A H P It s B

- \¢
%
—=\
Yia
=l
P

LELF A A SHARRT LRI G AR > RIS B RS
FHL DAy 4 S RIS o B 3-6 A4 A e Strut £ AR A T LB H ISR

A F A A R R F A PR R o

AHA R SUut e SR TN F L E SUUtE R Ha fis 3
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Br L PRE B T OUFIRE FORE Strut sl 2 H ISR T P BEIRA -
i AT A I A A E R TRALE A B B A2 s
B FAERF R AA B REPEAMER PN IR P e FPk e ot

B AR A T LAY A ERE R R LR E R TR

B13-6 Strut & i+ g RhEFEMN PRI LFS

A ZERE R A F RGBS P R Crown 22 Strut pid A58 5 B¢
FpFs L8575 TR 2 EA iz o 4p¥>t Crown F %% i 4
B FAT Strut ¢ BINA g AR L 0 AT R AL B R

j
FEehf 4 e 225 + ?‘ll?r Flob o FACH S X E IR Y AR 4 0 &
iniE T AERRFRRBEF DL LS YA NEERRET R
¢ i s o

FEIABBREFOLE I P FIIOBREY R A B R
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- BH® B2 RIEA  QAEStrut? LR R P E M D S Ad Strut
¢ qin s Crown Apr o B bR R g A B 4o B 3-7 1on o e f ¥ Strut A7k
e g P AR 28 Strut chgp & i e 5 Crown AL & 4153 0 SRR A PR BT

M2 Strut @ & 384 do s WS FE] S A E -

| |
= 3} | |
| | Original
| Strut Width
| | | Harnmcwed |
Strut Widih

%N |

B 3-7 (Z)X¥teL t FitStrut P KE AT ME RS - K d A S 3 Crown i

B(F)P AR A R D 2 AT R Strut & 2 d - b A Strut

B 3-8 5 fEi =+ & 2y f5Tk 22 Tapered Strut £ 28 0T G X2 B) o d

JenCrown X fZ 3 4c 2 Strut £ B 4c £ &5 firc 23 R

L)

R ™ vt it R B G
R e Ry o TP A e A B eha & B4 < < > 2 Crown X jZ§T Strut £ &
WREE L A o~ s TRk M f Ao A SR N A A e

b kg i
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A AL 2R StUL Y BLANE R 1RV A2 W ol SR RAURE A 2
%00 10% 5 BBERR I AR S b2 - o BB 2 AR I R Gl

B R A L A R ek

B13-8 (Z)H&i = - & % g7 (L )Tapered Strut £ 283K 342 1t i

32 3 LA H T

kv ttiE ez FOURAHAY 0 R P ET A LA A 5 F L M

"\

3

2 G P E B9 5 &4 A B AR T AL R B 2

T
-4\
-‘J‘jf

W ZfRkBipd hap 2 u L /m 1l mm2aREGEF -~k FAENE L0
mm 2 5k E F o kAR - F R gL O A U o (TR
RREFOE IR DA M2 R F R AL LR AR R E R

kit f7 -
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B30 Aoy @72 A %EE FH

=L RS S S

A0 e R BT L RARD S B P 20

*B%iﬁiﬁ%’%%%ﬁﬁﬂ&iﬁm&%i@W@%éiﬁﬁﬁ@J’ﬁ

PREH R ERROAF I RERYE S AT o AP EH B ARAT

B~ i F A ERED N Amm £T

KIS DM F A EFEI P S 6mm DT

\

K= LK F R ERHFEIP S EmMm FI L o

N

FFpw A F A EHFED NS 10mm BT

N

HAIT ek F A RREET HE 2mm ¢

N

L R
BT g F A e 43002 LR BRI 2 AL

2 Ph R .LF"J;_7mm7Jn-’F."F\/§""°

i
po

A e i@ * ABAQUS/Standard £ % 5 "I A45en1 & o d W g AL E
MR GHES @a o Fpd 22 ] 3B RIiNg G & o B - Dl

oY M EF R P RN AL I ke LS R RN E

FAREEHEDTT - PHRM LT 10mm G0
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LE, Max. Principal

0
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00

1

B13-10 s F AZEHFT Amm(F )2 IV (T)REAS T B

d 3> Crown sl g if > Flpt L 2 B FIREPT H P Rl € KX s B (4
B 3-10 ) FH - S #& ZEH P 2 2mm4EsE 2 10 mm > Crown p @] # i F1% 25
ExAm A2 PR o dopt - RIT A HAgEP R Flet A8 Y 0 7 2mm

E-Hixod pE2mmeEEI 10 mm iR 0 s gF 4 Crown Rl R * =

B® o Ahis- IHEE IV L EELHY PRI AT MEFELRA
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ek S e pleh S kil o ARG WD p T 10 mm 2 e Ak

RO FILEP 0 S FRARGIFEN Y FERED P R
Fooo AT NHAY A bR E - B 1l mm2 2 d S p REE . R
EBAEI 2mm o 2 A FF D o d G F P T ET 2mm o Bigenig
GASESE S K i SR A TR A KR e A e
B LR ARRET 2 EL R FAH ARGEMLY LR ot S IR
Cm AL PR P RPE L ETRZYEI LS o B 3L )T EE

ﬁ%#ii#’ﬂ%mﬁ&A&<76%m@%

»

L] BEMEIANG HEF Y R A E T EI AL F R

S5 str 4= )4 Lo - = sEm w3k L — [ RS o 1 Br
%A IRE o 7 kl?gfﬂﬂzﬁﬁﬁ%ﬂﬁfﬁ s HOph R g F]A,\LL,L, poETA R B A I

0% T s 1 B L +2.8%[36] 0 FE B % L +2.9%[37] ¢ B % 2ATR o AT G
Bhoc 2 s Ta3%(k F A E O E RS FRH S 6.79mm T 7.21mm) > R AR

A2 6,1 RSIN(T)EERIEATMME A ERES TR -
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LE, Max. Principal
(Avg: 75%)
+6.200e-02
' +5.800e-02
+5.200e-02
- +4,500e-02
+4.000e-02
+3.500e-02
- +3.000e-02
+2.500e-02
+2.000e-02
+1.000e-02
+5.000e-03
+1.000e-03
+0.000e+00

B3-11 o 3 £ ZRAFI iz 2mm(d)s {2l 7Tmm e F (TR EEAS T

321 &5 & EHBEFT AL

et R REREET- B RTRRAENEEF L)kl
(Shape Memory Effect, SME)#2 4z 58 }4 (Superelasticity) & ##L 7 52 # (d R IL 2
,}i °

TR AR AT A P ALE & AR ATHR B R FI A R B F AR R
R R o 4e (Martensite) i % ik 3 * 4p (% #79 #4p, Austenite) =g B s 25k v
IR % [38] 0 - AL 2 5 A GE M v 48 % £ (Thermoelastic Martensitic

Transformation) & + % #cAj kb & £ 5 F TAIFE > o AP E AR
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(Ordered Structure) ~ % & ¥ i 2 # B o St RLE ~ f AR 7 5
(Self-Accommodating Manner)%* i = AR £ 2% - B 3-12 3 k&R
FEFIERARA 3 ARETZ R AT LW A AP A AT o A e STt R]
EAjE T o AT R A NG - R EEA S BT Ms/ Mr 5 fFe ST R L R A/

BRER A AJAR LSRR ERRR -

Austenita (Parent)

rypically 200

T

Eleclrical
Resistanece

Temperatwe —

Bl 3-12 kel b }ﬁ‘” TR ER DIEEHERM '4‘@[39]

Bl 3-13 7 &3 & E B ML & R &y )R eoronk2 4] - § ERA P2
Mg 12 ™ B o Jew 578 % o o (Variant) 2 F &2 2 p 343 BRI % o] 3-13(7 )#fr o B

B ke ol & 2 45T o B EL9]

(1) A48 3 Mert™ > A4 Fro ST G Lo St s hAasd p o
AFTE o RE RS EA R
(2) WAv— b4 B HA

(3) *HA B A REG b

(4) Se = B3 Arrtt o BRETE S AGRTAR -
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P s T e 2 & NRA R Rk 0 %R ;}_),'ﬁg FCRARE 4t 4 > I A

FF IR L R R A TR RFEI REAERE A

i "

Fineh 4 FheenE 3o w4 X R KA
Macroscopic
cool deformed
above Af below Mf below Mf below Mf
[ | — | —>

ove -

\'\83‘ 0 ab

I ] Strain Recovery Typically ~ 7%
original undeformed
shape
O+(O20

Microscopic CAYALOR

¥ N2t

S Toh

/1 SENNNNY Heat

Austensit \\M\ Recovery
Cool I/’/’/’/, ustensite  \\\\\
A ANAAY

Martensite
(Deformed)

Martensite - &
(Twinned)

§3-13 (1) ee oo WA (T )R Scl 5 fo B SRR 5 [39]
AGALdg PR ARl 7 F A A R R RE - M- EHA T o R
HRRE N5 02% @ A5kl £FF 7% L 7 w4 % o AE{LH 4 g
B% A Mot b M B (L @ * AR P14 @ 343 Fro Sl i ende 3 BA)LT >
HIBPFI5 G BAFER > ARERE XY g AL B4 A8 fre ATl
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(Stress-Induced Martensite, SIM) » H 58 4 §_SIM 222 fpep o 50 £ > &4 a0

St d T W - A AU KRS B R AR A

#ico e
2% B 314 55K E £ Mo R chfd — Y R LS TERR

o N
b =

P A4 gt T SIM )80 A T S L g b pE s SIM R g %

Ao WY s TN BEONERET R TR

125 F 77°C

|

I —= SIM

_'/——

{060 - —
B [ s 2

I SRS ]

> |
e // i —=— SIM
-+ S() —
- - |‘,
JoH
|
N VR R "
9 : 4 6 N ()
52
W 3-14 Ajfkiefh & £ MR A b 4 — % v A[38]

R SIM TF TR kG EFRAL A A S

Clausius-Clapeyron Eq. % #5 it 40T @

do AH
ar — Toeo (3-1)

B Toi Bt o™ > *FAnE o SeMAR 2 TR R O AHZ B 8 ff 2
APRRER g RAPFILLFRY w2 K% od 317 ad 4 SIM il &

P HBERETRAMM G R0 EEAREM 2 3 SIM2Z TRl B4 ST HEA
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AFE L TRh T A P PIERIPDFS A FIARANE VRS F oA
S > 2 (B 3-15) -

R BVEEIET c.}%g$]v+?ﬁ/‘ﬁ” ML !Fmtﬁﬁl“j‘?*”’*ﬁwlfi VR
T<Msz X-Y T 5 BEo7 445 & & Rt v 4THARPE B4 — %M T B4 fcis+
#1 ATAZ ’},@%iﬁgs‘z;ﬁf??ﬁ S T>MsRIE B ZF P T 5" — %
BAjerdg i 7 5 > 4Bl P B2 XY Ta 0 FREAE®RS(T>Mo)RERZ7 FlAHE

(EARNIE G AR M P X SO

I Shope Memory Effecr
RIR Ve | 2 K

Temperature ——»

B 3-15 A ReRIcBEAREE 2 EAE-RA %P7 2 B[18]
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A
600%‘ Below Mf

v
§ 200
500 ° / l
g 100 g j
- A "’
3 - £ 200 {/7 / J e
b " Z / l/ /' g =~ Strain € (%]
: o c
’ 200 '% 7 A
-
0 4
100 Strain € [%)
0 ) 1 A

4
Strain € [%]

B13-16 4458 £ 67 FiE AP R BRIETLE[38)]

322 445 & EHHER T

BaEEL G - MEB LA RDPB T > Flt 7 2 * ABAQUS it p &
2 AR R ¥ & A25" UMAT(User-defined MATerial subroutine) » & 7 2% 2
HAL & IR Sl TF BOEAE fe2 A8 4x & AATSE AL 7 S [40, 41] - & 3-1 ¢ A
A2 Lom g A7 L RELY TR 31T P Y R hE Bk

B-[42] -
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B 3-17 40465 £ACEM B AU AcB[43]
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% 3-1 HiEE2ZHHEET Sk

Parameters Value
Austenite Young’s modulus, Ea 70000 MPa
Austenite Poison’s ratio, va 0.3
Martensite Young’s modulus, Em 47800 MPa
Martensite Poison’s ratio, vm 0.3
Transformation strain, - 0.063
Loading start of transformation stress, o} 600 MPa
Loading end of transformation stress, of 670 MPa
Reference temperature, To 37 C
Unloading start of transformation stress, o; 288 MPa
Unloading end of transformation stress, o 254 MPa
Loading start of transformation stress (compressiong), o2, 900 MPa

323 #HZ2 FRFEER T

AR e RS o n § A 03] * C3D8 ~ % (8-node Linear
Brick Element)[44,45] > * X 2E Strut 52 %2 B R A B*7 2 8 B % 4 et £ 2
Bt icd 9 5 350,000 BB 3-18 7 #r7 L i fs 2 & 2 H A HCrown IR o
E Pl * 25 =% SFM3D4R (4-node Quadrilateral Surface Element with

Reduced Integration) - -3 ¢ #1i¢ * i ¥ (Contact Pair) 4 %] 5 @ (1)3% 5% pr £ 2¢
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PRAGEBEEF PR~ (QBHFE AR FROLENR LG ARGE F L

FITRS

PRIZG AP ELGEELTENT  ARMEHELG T T RE

2 By e

(‘,'.
&
W &
Sk
& "
™ "(' -
L
- =
= -
Tt
L
= I
|
&l T T
e e
o
-d‘__*_‘ o

B AFAEAMY LRARIF LN ORE LR FLIRSEIIRY 7

a

BHEH G AL AL F R 2 TR G F R
FREEEER o 2 WG S2 ¢ 24 (Food and Drug Administration, FDA)#& 3%
% Goodman R ¥ At kT L 2z g A R > T UL E2 1 FE MG ERG

B2 % > [46] - FFd PG VARG E LA R IR ERE

v A~

7 d Goodman HpliEE HR ¥ % >%lice Py FFIHIRET A G

Goodman & 5 % & fhfe ko~ 47 & 3 F o B2k ¥ 3 & [47-49] -
Goodman & § 4 41 £t fo & R T I L B IFR KR FEE 0 8 0

MEE Bk - DY H Rk A 19[42,50-52] - A2 f1* 4 TR E A
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BEEI LA BTAEFTEAIL U H e FAELRY X >l E RSN
XEFORA G4 RV REER o
KRS PP @ AR EBHABEZ B AEH w2 RRE

lﬂ’# T F'Xﬁ"f'f-'rli;’[@%'ﬁ €im £ 7@:%%@'@&@ €ia -
. t+e
3=iﬁ%iﬁﬁﬂz$ (3-2)

azﬂ@%ﬁmaﬂ@$ (3-3)

em = 7\ E1m — €2m)% + (e2m — £3m)? — (E3m — E1m)? (3-4)
1
&q = \/_E\/(Sla - €2a)2 + (€24 — €3a)2 — (&30 — gla)z (3-5)

EFL A2 4R % (Ultimate Strain) ey £2 % % & *2(Fatigue Endurance
Limit) e #-em 22 ga it 1 o & Goodman % ~ 47 ¢ > ™ emley 5 X fh > galee 5 Y
fho HOTF A B2 B TR R EE EoRRER TR N 36 FH AL

FHRFARR > FHABEE R AN FERNY PR AL g AF AR

o A2 2 4458 £ M ZBURES 10% -~ RFHE'TLS 1% -
£a Em
() + (&) =1 (3-6)
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SMREFRAUE AN M RTARY S DA REEFEA CER

FARIUE 2 b

FSF =Z¢ (3-7)

Ea

FBTP O FRFL2GENL A AL FAEELI A RS AR FRAY S 2
Gt 3 1o AT g L FIRF A g S B IAURT LT O T AR RIS
AEF FEFIRS A AK o 2 F A RY T 20 A AEY W BT B2

i
Belf o P HCE TR R WL ] T TR A AL BRI S

33 Y EH1FREDHE L
331 9 5 B

T H W A E S B A F RS ARETLE S E I H3 T
BN F RIp A Pt B2 RTARRIE  BFW UG A G IR
BARRKEREL PR AL H o F LB R o REAAF TR

BEIEL FAFAIFI T AT Al E2 A 55% 0 Tt 4

Bt hi FARDL A S 56 BAHI AEASOHRE ST 0% 2 2

“‘«

WREATIE o FRAGEE AT ARG BB HIF R B oo
RS G ART F R T A - B AT R AT S 6
B o

AREH G g AERTED GRS RO 8 Lo
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7] Tt 1 R AR 4o B 3-19 #17

FRIE LR R

'

SR R

B 3-19 4456 £ 2 F AT S AR

EHFHATILT L BB R RREE L SR RS ED R

BRIk BRI &2 B A6 BT 0 1R PR g

332 4e1 HRTER
BA S 1 PR L ARETH G - o AW I 2mm B A

0.17mm > 2 % ¢k 6 mm -~ & & 0.35mm > 4@ 3-20 -
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| 10 %

F13-20 4e1 7 40453 H2 b aR(2)E RAR(T)F

T 2 mm gh4kE H kR A2 Minitubes > H 28 L E R ALERE €
(American Society for Testing and Materials, ASTM) ¥} FRhEHE A e~ 2B R
§2- ASTM-F2063 « 3% 44 30 ML chit 8~ $r 7L 2 {40 S LT 483 P AR & 2
F e F 0 b4 F2063 #u 444 5 B 450 BA55T W%kt £ & 0 SR
B TiE 35011 1 b 41 B 2 9N PRI o CURE R M R R 2 R o

AFRE o ke P L FHE AR BRI Fhed 322 4 33 4 -
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# 3-2  Minitubes ¢ # ~ % = &

Item Ni Ti C H @) Fe Co
Wt.(%0) 56 Bal. 0.024 0.002 0.021 <0.05 <0.01
% 3-3  Minitubes & +f 2+ 12
Properties UPS at 4% LPS at 4% UTS Elongation
Value 447 Mpa 175 Mpa 1436 Mpa >10%

Vo emmasE R s Bl EF T HFREY vt kod WE R &R
Pup R BE AW R R ASEE L T NS
EE R TR - 50 8- HEAZEHETES B HAR > FHRY I
TA Instrument Auto Q20 % -t # 47 £ # i (Differential Scanning Calorimeter, DSC)> 14

10°C/min 2_ = %38 3¢ 5~ ip] TR A § §1-150~150°C > Rl & A F HAR R A Ms
Asf > % 7k j\;:L-

P S AN (BTC)h A T ¥V B SR R A A2 & F LK
POt RN B R R E £ a2 G 0 VB NL g T
7% EJ2(Solution Treatment) : 44t 3 950°C#§ = /| PFis k%3 38 » #4014 %
WA LA BRI FB MY & FY DSCFApREEAZR > Bk 6 mm
FH2 L £ b

3.3.3 T &+ HH e

B AR AT BRI T SRR L R R

B [fl‘-‘-ﬁ;l\:—a‘égl

N3
N
=%
F_‘~
hnS
HY
=
_‘J‘ﬂ‘\
|-
i

E RN P S I
SRRE N1 G 0 MRETHI ] o AP R TR I ELBEAHK L2
A2 STC-300 > H #hjLa N 210 % S8 & 4] 3-21 #7 o
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Fiber Laser

A3200 » PSO
Cantroller

> —— ] R 1

— * PC Air Ar

B13-20 2 s b o ()R N IR AR S (T)F AW

73 s4ea s o F AR Y BricsCAD v12 gt g Wl = e WS T 6 [ o

w3k 37 CAD/ICAM 408 » #-T o Bl 4% = Flio i {83 p &
§2AANA T AR

:}%"ﬁé—ﬁg” - \:K

4 % Geode MiEfFA TN FEIIHEL RS

G RR AL & R - o A

Fd #kfg»l]%%frﬁ?%@ﬁgfr 5 l_}‘]%_g;zﬁ -y
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ek * Rofin 100 X ¥% e k4 3 54 » H 4 2 J5 (P46 W4cd 3-4 #7m o 5K 5
B e iEBBe L @ CO2 % YAG AL T &3 & B VAR 165 - R 25 5 4p
RTBRFLET R A B LG T g (DRERAF L § RO
FH O RTRPEE MO  B T R E (2R F ST § 741000 nm~2000

nmen7 fe gk £ gy FTOUR N B EER ()T M REN B R &Y

P10

EABE S Ll RARSRER T30 a T A 10 ¥ pFr 2 [53] - 7

kRGBT R AN T O S RE R

# 3-4 Rofin 100 X 7 &% k2 R4

Laser Source Rofin StarFiber 180
Type Yb-doped Fiber Laser
Wavelength 1070410 nm
Power Range 10-100 W
Power Stability <+3%
Pulse Repetition Rate (PRR) 1 Hz-170 kHz
Beam Parameter Product M?2<1.1
FRR - BTG Gl o FARARF BRI TREFSET AR

ZOEgE s P ARA fhenFE LAt 4 o B¢ i@ * e Aerotech LaserTurn 1 i & % &
BET S(B32) FEAESBET DRI R AMEE  BET SHY = >3
NE o S RT AT AR A a kA B R o o RN IR A ek s
AEAAMEE R AT EABT 52 ERAF S FEREE > { LBl
BEyTIe ZREEVRESTMESH - AFERH LRy > A FaE

AR EFRERFABHARLE D F BN AT 0B R E E(0.1-7.9mm) ¢ F ik
FEE YO ) o T AR HAR LA 35
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# 3-5 Aerotech # & T L3422 M R

LaserTurn 1 Linear Axis Rotary Axis
Travel 100 mm Continuous
Max. Speed 300 mm/s 600 rpm
Accuracy +2 um +25 arc sec
Repeatability +0.2 pm +4 arc sec
Straightness +1lum N/A
Collet Runout N/A <30 pm

A3200 :F - 441 B2 d Aerotech p (7B #2454 kst 5 % ¥ i 32 dhle H F
BB O6PINHUSBAE 45> f F LaserTumn 1 #& T 5 ~ Z RS £ 11 2 30
ARl e g0 - LR F N T MO ER ﬂ}ﬁig?l 41 (Position

40




Synchronized Output, PSO)  PSO A & @& 34 A SLea F 4w ac 4 > & M@ 41
SRR L At AP EORN E B 3-22 = 5P PSO Bt R e R RRAE T S
7§ (Fixed Distance Firing) #-3% > d B ¥ =& - F S 2 0% Brpedeip & > F)pt
WAk e 3§ T gk Y oA ERAFEY
YESk o JEd PSO - A % B AR EUE S dol5E B E BN @I (B )

% (B 3-22+%)-
Position 1 _—
7
,/ i 4 ‘
‘& 3
PSO
OQutput
-l —-l —l t )
\ﬂ_d ‘
0.1 s Minimum

Fixed Distance Triggering

Bl 3-22 (=) XIEHT S35 7 & BI[54] (3-)PSO 7 ¥ [l 5% -5 [55]

34 T &

FF R D D o FE RSP <2 10 ps(Ap § A B EpE ) T 4
Bt AR AR ERTHERREAB N ERA R T AMAEL FER
WA AL o L F A - fE[53]  FH AN L BT A G & F %I b (Fusion

Cutting)# § £+ 1+ *» #|(Reactive Fusion Cutting) - 4- ] 3-23 77 » @& 4 & % L

s

K

y.

BANH MBI BN SR A e F F A S F 4

=y

RGN Byl g §F R WA @ 3 % 1B % (Sideways Burning)
BT AR BT K AR R T I HEE LR E -
€ 0 MBS G R LR 8 fr 3 e A E 2S00 A (Dross) o Flpt i@

*é@.i‘?ﬁf“*fﬂ'njié’%ﬁ ;#—néspgg%@g—‘ h2FE s oo
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1 nscr beam Laser beam
(a) -g:u Jet (b) O,-gas jet
vy‘ { ,”'
\ i
\ J
Cutting '\ l l' Cutting
dlmuon I directmn
S TR, o
A
| — ]
Cut kerf l ?
Dross :‘. Melt film Oxide layer .‘ Melt film
wie o0
l Ejected drops % Ejected drops
|
v

B1323 &5 4 (2)% § 245 (2)> 17 L F[56]

BE s Y ¥ Y RAE km s ] (SpotSize) 2 ¥ 4e 1 Fo ] 0 4 r‘j*u%rl
£.i7%(Depth of Focus, DOF)# 3% o — i * 2 Gt {8 = F AL Lo H > 75 %

R ST I X2 E e S IOER Sy P R TR

\

bR

d
Kf - T RELE(R 3-24) Hkprh o] RE2 g m BUET R Tl kA ]

Enh)

L B M e

4Af
dspor = M? x —y (3-8)
1 d?
Lpor = IVEReRT] (3-9)

O {(RAW BEAM DLAMETER) FOCUS OPTIC

INTENSITY

M2 (BEAM QUALITY FACTOR)
f (FOGAL LENGTH)

L L (DEFTH OF FOCUS)

B 3-24 7 &R E S¥com & BI[57]

DIAMETER
d (SPOT SIZE)
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ASBE AR AT S BT T F AR 2 P AR 2 Rk

FHLEFR B G Sl T AAIFTR YL P L A MRA S o
341 & A EAIHIAL

s &’4—*7 Wi # g

i o Hao1 ST R T T A S BEE (1) H R

i f A
FroRe fMTAL 0 EEGHES AT A E 4T K8 M)

R

S
FROBWRERT S B LIFEZF Qe F A E & 0 FBRE % (Heat Affected
Zone, HAZ) - 4 1 % 5 e @3 3 % @ #08 RS H S Ee® 0 KE
WFLFPRET - T B BEALIT LARILZ LB 5 ) VIR G %
BoARRER 0w B A EA G A TEEE NS AR F N F A Sl i
TELHER A FAEPFHFB AL EEE A F T AT H I ERES
ikt A AL ETRE T AR PG IR R D F A e
Kleing % ¢ § £ { N #-k BT S p* *0u F 2 41 B2 BAFLF S4e 1 4
v ] s (X 18-20 pm) 2 { fE #ehk 5 H[58] 5 Liu % 4 1245 Kleine % ¢
FR o R S STRCA] e 3 Py V] S8R T F(B) 3-25) 0 TR A R

WPE R R E 0 % F 2 R AKE S B R ek [59] -

Average power 20W 50 W
Pulse width 0.05 ms -1 ms
Frequency 0.5 kHz -5 kHz

Cutting speed 5 mm/s - 15 mm/s

Bl 3-25 kT ST se ¥ 4 1 Bk 2[58, 59]

Meng % ¢ g bk A g % » S 417 RT3 SF2 7 it 316L s §

4 %401 [60] -
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AT BAG Sl 0 RRFEA L EF S LR REmNIREET RS
o BREAFA A EIHRT ok FIR PR AR E LK TR A
%3 »xf#id- o Muhammad % % 3% 2R ARA YRR P F R R RERRNE
77 &k 316L o f A A1 > 4R 3260 Highk 2 WA gRALEN G S0 4

i NI pE A 4 2 MR [34] -

Laser Beain Laser Beam H

+ + L
Ny gns My s T

] 1
], i
\ : ’/ Cutting direction \ ;[" Culting directon
— ——
v s Cut kerf Tube wall ! Cut et Tube wall
! i thickme=sa ! thickness
o u.-"‘":"""'[ril' D g -tr
Dross < 8 = s @ Il - e
! Indner - ) . | Water flow
- ® .D.DG: dimmeter e &--.0 '
; O e 1y I ’ - 1}_|_l.~,,', I
N — Bnemaws
Bjected inaterists Backwall demage Tube wall Ejected materials Clesm Backwall “Tube wall
hickmss thickness
1
¥

1, = Initial bearn iritensity |
[; = Beam intenzity after passing through the matenial x -
z =

Bl 3-26 — A d|(2)erine A (%) 1 [34]

342 41 2“&?5&’

ks
kg
o
.‘3‘3}
P

AL EFaRFZEY 5o P RP 2 FEAS I BT R

o

2T AF WA N e BLEFFE KRR L9 41 S AP HREFHER
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T H R

FEME
tIERE
HEALE

i fc i - N g

REKF H e FoaE

S Bl FdY o TS FAREEE 2 e b M TR T Dk g > F
kG b N (R E R E K S RRUE RSP B AR B K FFEE H 4 5 0.3 mm
Bd A e FMER el o ieiF L 3R] 4oB] 3-28(2) 0 B il kH A
Mo NS %  F5# S 35W> 1215 W 5 %FERE 2 55 W % g & B
A0 KHz » & 10 kHz % s pE# % 7 100 KHz » &7 5 48k 8 B2 § ot § o
RARh G Sl T THPFEIRF BT RFRGFARERAFE TR L

FHTHREENEHAG A AT EEEEE H A G 0.3 mm A 402 10 pm
SBBEL TR LG R F 0 Y LS MM AT R RIZ LR
R -

R4 LR E (ST - K T PSO 2 TIEH T S Sl L AT B R E(*

m)* -] 2 PSO Zpedgfd s S¥cd 2 M % 5 ks € & 3 (Pulse Overlap, PO) :

PO = (1- —) x 100% (3-10)
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¥ DEMR(RmD F)e B4R £ 4oB 3-28(L )57 > F dABITHE > kmd
WFH A PG TE > Ao RER N A0 @R RS § ERNE P
FEoNBEAYEAF RS RBERH L ERALTE S0 IL -
Pl g MRl (TR E S o il bl e 2 APERL S < FB
BT o F ki PO=20% R 4 > 10% 5 & BEERN > & 4% Fh T 5 ks

((Scanning Electron Microscope, SEM)ge. %7 4138 s 525 11 i 2 4t koa € fp 3 o

Bl 3-28 (z)tFHie 48l (v)kmE T L H

ALE R G AR L e d > F R ey

PR T Er BT A RARER 2 GHEER R TR AL LR

Ak}

IR e FHTRIBEN T T R NER o B F W
FHFHETE  @LF BBl da s R8st dns 2% g
Frleavadrda A RBne TING Mk > 2 {412 7[61] FIt 29 %EH
EFELOVINS M BE N R RF R R R ehde i W

LB AERFTIHEN L2 A 0 — BaEk A 10 bar 12 [62] -
3.4.3 484kxn ‘?i A -

FI% PP kS T AP 2 MM E He Sl HY PR F M RE
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5 12bare 7 I A2 5 o d NEAE ERIIET FA M E M 2 Y 2
Fridas  FEAR- RERFFAH L Flu e Fack o E R ERT
SAFH AL L GRS F RN AL LG L 6 mm/s > T A F AL Sl
EEo6mm g HINA Y B N E T 2l KA EE HEERERT U T

PR 1 ring 0B A AT B R K A LA S R R e

3 Sfde 1 P k2 iRATACR] 3-29 “i

P

<«
P
<«

b R

=

[
iy
A

A= &

\4

Bgki § A %A

B 3-29 T b+4r 1 F i AR E)
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35 A F A # I

F o 44 E H ASTM-F2063 0 # 44 7 12 56 wt%(/R + | 4 - 4 5 50.9
atn) > B m 2 s b o - a3 HFHZHKE ECEE Y BRIBILES € T
TisNigehfr i 8 Z 04 2 d g+ * PR Pofra 4Tlipahz fip - 27 RAp

~ # % Pre-martensitic Phenomenon» £2 % L2 % =+ v HJR & 4845 & & cp PR

x‘i

FrA AR o FLRAs S A A R RARAES 0 F AT RS BT i S

SH L ETEE & E T

351 H442 445 L s rn B AT

HAZ B EHPREEREL I EERARAM B 330(2)E T RLEER
Ms 5848 R 5 1L G 4o @ Boid YRR 0 % 0t 4238 51.5at% > Ms © "% 3 0 K *417[63] -
RAREEREE LG AR F I B TE L ot B R
AR S A tgR S o FIR G RN IR 2 RIE A SR I R
WO R 2 444 E A PR ER[64] 3% 2 F S RIS I Eakas I F R o
®RAFPRSEL D GaiEefrinfis 2 o W ERTA R KA R RLR A
oA BRI BRI & £ R RE R RR 2B ERTR R

M Rdet Al m B o) 3-30(F )T e

48



R Aging at 713K
Y — AL L L :
L2 330 R
E 320_‘..... .............. F i A - PR {7 W s R, g..._‘.
- 3 310 T
i 300 & T Ms 1
g 2904 o 3 ]
L 2 2804 A ]
uy J e 2 J
= 2701 e R(Ti-5IND |
T 2607 - S| e M (Ti-BIND | ]
& 2501 2 | o RI(Ti-526Ni)| -
501 o Wasllewski " & p4p] o M (Ti~52.6Ni)|
4 Smith 1. . o . , |
0 T 1 ] L 1 T ] 230
0.48 0.49 0.50 0.51 0.52 1 10 100 1000 10000
Mole-Fraction Ni Aging Time (h)

B 3-30 (=)Ms-& &4 7 £ 8 RBI()& PR P2l 8 8 R 2 %1 [63]

YKL AL FARH T > N AP 2D BRI BB LT
FHI AR RAPBRET LA EE RS £ o 7 dt rcens 2 L)% 5
BB AIE R R @ SIM 2 §RR B4 oBf e D R E 4 T e

-

BPILP> 05 ) 0 A R BB RIE 45 b B h b1 2 53R S

Rl

SABAILS T 7 EHTATRE] AR B ERG  HERTL
PSP AT REARY LA PREY - FRHLHKL LT

Al g A 1 TisNig 47 11 > 5 »cde 2 oL TlH7
kg o thgb b e BEHEAN & ARIRE R TR 2 ) R
FASASARE FAP T A 20% 0 44458 £ ¢ TMAMPATENL Y 2EFR

BB em 3 = < mgit > Hor B o 2 35 % % (Deformation Hysteresis)[19] o

9L S B Been P BT SN A 2 2 mm ok F L RS s A

Vg EFAHFERI P E6mMmM e 2 flE 6emm F AR BASEFTA F S
AP B A K S R R BB AE Sl R -

AFHREF pFRLAT AR TS LR E > Bl EE 0.6 mm - 46
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B i FAEIANLM G L F A FBAILLY S B R - 0 AN E
B 382 RTFRFEFTEI > FZ I VEF IR L BBRZATR AR
ii‘ﬂ"‘,f e P AETACE > IR ERT - BIRAERBEREG ARG
R B BPFEFEER TR R MR T E e 2 IR R

PR RARIZ TR - B> AV - BERFF > BJIZRARF 5 &

BEFFR L F A AR L N F N EF I RIEEF SO

fa

A AP RBAIE R Bk A FBEIR IR P RREF AR L

153

Shape setting rate = —=sent. (3-11)

Prixture

2o |Dstent§~i§i}"p¥:ﬁ§;’3ﬁ?§?\ & o o fixture i %E_’é,fiok,f") A 2R A% o R
fRE gAY - BERERLE F R R4 2 mm p Bk L 222 DSC

AT AT R
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353 & EAZEME R %

ﬁﬁ"‘@f&?h EhE B iR A

Flgt 2 3]0k 4 B R P i

BIAEM « R %P DLk E- P

AT E M A @@’1]9 ’ '?_gm.l% ’]‘j"}l'g‘:}% '5"7“51 ?

FEY B BLenig %

FPATEMEST F R EH LT o FHASAIA D AKRA L EHASE ~dpy ot
U EACTAOES Sk AU A N2 iy S S AR
EEASE »F A K Arzok? TEAF L B
Grdv 6 £ A LA HGLT B2 ALhe§] 3-32 4T
B
v
U E R~ PERRIGE
v
Al 2 A R
B 3-32 44454 & F 4 % T AFAILY HinAZH
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PO RAAFZASAPFN B S E B A IR B v 0

M

AFERIHBL AL 2 LK EHHT I~ KE > 2 P Ap 3 1Hdi 2 =)

TR ABRFZEAEYRERL IR A A F LS B[S nEr XKEH LG &

B+ Bhd FAAREY FLE A g F g2 - [66, 67] - Flet4psc s £
H AL EE LG he kR R BUF A 4 e i EnineenE gk o

i FAEAG MRS REF L AL FRRF LT R AR TRA

fo BRARA R o Flpt - BERe PAEAGREAER RiERE 02 um 11T K

[68-70] - ¥ ¢t > R AT ¢ BHEFTHAMIF 2B ERBL G 0 FHK

é‘«féﬁ:sﬁx, EE R RN ) :Wgﬂﬂg_/»‘%ﬁ;agg:‘,jgkiégcg{gig@:jﬁ;%‘
EE Y Rl 5—kmb&; [71, 72] - % %% J}Li_;l’l‘/‘{' =R A %i#géf‘?%\"i@
PRI R AEAG A A HaF CAE(TO:A) ERBBHREMINLEEGH

Sk o EE R G B L2 2 H[73] -
AT AR p FRF DB RERFOE G D IL U E T PR
nF A ARG AERER R LA 4 2ok o

361 LAk REE BE

Panfisr RRPeknRIZ A 4 SR k- B RRARR LR X DEd
B 1 Az fF Pierre Jacquet »+ 1935 # & J1 2 4RI o5 223 ihdp ) AR fRPE K B AR
Vo Btz 1A BRERI A g AL - T K o FE RS (Anode Film) o
d A G X AR AR BRI B A 0 Y BT RS TR Ehin s
GG BRI BB ERAP R ER T g TR A A G T2k

% 0 e 3-33 #ror o
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15 Fo B
va g Bﬂﬁ"li,‘g{ ;;_'.” '.f' ﬁﬁ

i 3-33

W 832 3 o R B [74]

WIpFBRh o T fafekiEiey Bigl &7z

Curve)#-% - ¥ ¢t 4o 3-34 - & AT 2k

£ A-BE A& 4 4% (Etching)(F* » & & B A 2 ; B-C R

R REE Y ¢!

iC-D Be 4 ABIBEY AT

7 oD-E ® ¥ r]@l

R B EA  A BT

E W/
5B R AL T L K

h .
o/

FAQIE T 8773 ek S8t T R —

THBAA I ® W NG wplcehe o e R T

FOARET B el RE G b THE 4

ok kBF[75] -
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E
5
By
AL
3
|- B C D
A | Etching ‘ Polishing Pitting
N T T
1 l ! | ! ! ! ! ! !

Bl 3-34 TRk TR—Tind m[74]

e* Tiafek L4458 £n F A A0 RJIL D 25 37 5 RE > bldevT < if

=
AR

@%ﬁﬁﬁﬁ’@ﬂﬁaﬁ%:%%i#%ﬁﬁ%wn%&ii%%‘%%@%

EORDARFAERE RRI 10 AR T AR ZERTR AL R

Es

A PSR KPR A R AIL S A R R TR RS2 44t

B!

En FAEE AN - F M2 E > A A RAE A SnE o A
SWFI LR F N2 RRFEF AL BRAE AT AR P EEERE S

2 F R A o ABRNEF frheT 45 [76] :

2H,0— O +4H +4e" (3-12)

Ti+02—>TiO2 (3-13)

PRI RSS2 SRR AR C AR RS R S Fe R
EE iR b R s L 2B A £ BoARAER ~ A B Pk R E o Chu # 4 1% 21 vol.%

s

f

\

I

i & [ (HCIO4, 70-72%)% 79 vol.%7k s e (CHsCOOH, 99.5%)2 2 % iz 5 3 if it

#4574 (50.8at.% Ni) T ek » T EZ Tt e LF - PGS HT 13
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Yok g T AR A5 - B R Y 10 nm 2 T F F 45§ i K [77] - Lengyel % «
DB R s F L ek 4 B (B 3-35)cd ik A BN Ao R e

Bfig > PekprE F g i%TﬁE'L{ﬁﬂmmm "‘;’-‘]"5"5"'%35—”}? %E—%—Lﬁ:_[[78]o

B335 MBS ¥ 4 Ak 4 BT R [78]

3.6.2 o Byt A

TRPe B R s L L fukd R 0 RET NS E BB A FHEIR
FHE R A A rird TR R 0 T DR AR BRI
B DT FARR O E LT ST o BB R G RJE S SRR A e 0
TRETRLPRES c AL D REKE L FAELG T RIEIET Y 2
PSSR

AR ERCE R R LR P ¥ SERTE R R IR A 7 F -kl R
SR BRI A e B F > Bi e AL IR R 2 A A o B
% o om f— F2F R OHBARBEE RAIE AR EFR AR
i@ @B AS-110 B R 455V L AlE R 48 (R) 3-36) 0 TR o P £ (FRIGRA 4

EhiF AR ¢ FOHAREY  FRA L FHEDE
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B 3-36 ‘@ AS-110 +f #) B A% %

363 TRk £8P %

PRI HR 0 P s —‘ﬁi%"‘f‘:’i:}?— TREM o R 77 WER TP

Bt 2 B R A BIG E2 P F IR 45 AL ok (] 3-37) -
BRI
N
.
3ot | S
R S O il Il

W3-37 T kdska i
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Bt AF R 2 445 S & Bt (4 50.9 at.% Ni)£r Chu % 4 2% 4p it s 7]
Pk A N S R ) s MR T R TR T & 420-550 rpm > iLH B4

EAARRA D WA F RIS A S I BE T D R VA

mr

MAE UEF 1 B - BRAGKR S RiRfrFER LS ORI E R 0 58

FoREE T RL R RGN AR EREFREFE AE

TREFRFAIAL CPTFERFRT BT BE TN ERSET kT E S F

A[79]od dra B R ER P BEAFI AR ARFPRGE 2 I AHEFLZ LR

R R HE RS E L WA AL RSN LR kT LR g

ERPPHEL EL FARL R AILRTE FURALT C EFTEL 2%
W

HALEE 2 331 LW R 5 R ARTEAckR > w2240

o

FJLP e R § EHT FREFE S R % -

Bac s ko AR R G ALY %2 T AR 3-38 417

\ 4 \ 4 \4
(VAR % B ALk Yok pr R
A\ 4

B13-38 44458 £ 8 4 %45 AJLY B inAZH



Frd RHRSEAUH
41 IRTRFHFFERRL 3 2%

PRERFART L G A BRESL AR TSI TR LA %
MErRERA SR FARLER A F D o AF - BEAZY 0 AR

g2 an g L Crown Bep [SA G o@ St % 8725 ¥ £ D
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3D Surface profile before (left) and after (right) surface finishes (1.2x1.2 um?)
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