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= ~ & < 3§ & (Abstract)

Wear arising from the counter-friction of UHMWPE element against
metal is one of the major causes for the failure of joint arthroplasty.
Previous studies showed promising results for some metal surfaces
modified with plasma immersion ion implantation (PIlll) technique. To
explore the feasibility of PIIl technique in such applications, one needs to
well control the distributions of the implanted ions. In this study the effects
of implantation parameters, such as the voltage pulse amplitude, rise time (t;)
and ratio of N,"/N”, on the implantation dose and depth profiles of implanted
nitrogen in Ti-6Al-4V and 304 stainless steel are analyzed using plasma and
TRIM simulations. The simulated depth profiles of nitrogen show a skew
distribution. By increasing the implantation voltage, the penetration depth
increases while the peak concentration decreases. As for the effect of rise
time, it is found that a larger value of t; leads to a higher peak value of
nitrogen concentration at a place closer to surface. It is believed that this
effect is due to the lower energy of an ion obtained during the rise time of
the voltage pulse. The results also show that there is no apparent difference
on the depth profile of implanted nitrogen for N,"/N* ratio changing from
90/10 to 50/50. The results of roughness tests demonstrate that increasing
the implanted voltage and dose, the Ra increases. Friction tests and
morphological observation show PIII treatment with 35KV for 3hours gives
the lowest friction coefficient, and the depth and dose of implanted ions are

key factors to the wear resistance property.
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. povver length votage  censty repeftion  time temp. tnze
Substrate Il t;D;e excalion test ftem teference
19 m
W ok sk O P M omn T Ao
ionsfcm ion fem
RBS, SEM,
Ti-GA-4Y ECR N GO0 245 15 45 ** 4 50400 13120 % 117 Microhardness, [18]
Friction, Wear
ERDA, SEM,
Ti-B&l-4Y ECR O 800 245 15 40 444 043 400G00 180-360 Ef 034 Microhardness, ]
Friction, Yvear
287 SE,
TiBAL4Y  RF Nt 400 133EMHz 15 a0 e 1 100 * % 055  Microhardness, [10]
Friction, Yvear
ERDA, SEM,
TiBA-4Y ECR N 350 H 6] 40 b nz b " 00600 152 Microhardness, [149]
Friction, Yvear
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lon tpye generation Power work P work T ion Energy Dose Ref.
=107
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ionfcm
10° 10"
N o o o 1KV 2o
B mBar ion/em” [22]
wx e 50KV o 125°%C 10 MeV/ o [23]
accelerator
van de
b Graaf i b 140°C 2 MeV/ o [24]
generator
o slectron 60KV = e 1-20MeV = [25]
beam
. electron o o o 10 MeV/ o [26]
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RF RS (sputtering) !t keh & fap F 2 P nF TR (Z S fpS )T E(FE/
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AAFHEMRY 0 TR Y A L E B FR5% % (nano-indentor) 2 MTS #1 %
s XP 7] 0 BIFEE AR S = B AL 9352 & 4o Berkovich 253% o &
S RERIFER 5 500 umoiFE AT RV i 0.01nm B < s 4 jm £ 7 i 500mN>
FEMRTARATES0mN. 3 7 & 43 BrrenE RIEE B |3 200nm 2 jcd B
B afskEAY EXBITARIE RO LR ERef s g
£ /#|(Continuous  Stiffness Measurement, i§ - CSM) & 12 » i& {7 4§ =~ % #icl
Ber B 2o &R0 k- ZABRAFRPIFERY 7 EDERY N hEks
P RMERRER B A o HPRRA & S8 B ¥ E I (strain rate)k
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(C)# & fe k& Pl
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f(x)5 o X B 2 FEhERY B Y M2 FREA o A oG e R PR B
Taylor Hobson z_ 112/557 %3] :& 7 ]38 » R3S 5 10mm o

(D) B =p] 3% $5 (friction tester)

Bt feplid o A% e ASTM F732-98 2 R4 > it * L K 5"
Pin-on-disk &#-= ;% > d BW 2 B p FAF R & > B 5T 280 PIER
BFRBE LR F HREFT > Fwr2t 4 53

# 5.3~ BRI § AP T LA RAF

Bl o 14 T K
B A X # ® X pin-on-flat
85 X flat-on-flat
& B & AN 64.5mm2(0.10in.2)
HEEAODERE 0.025-0.1pm(1-4pin.)
FEiEEE /cycle 50mm(2in.)
AT F K oscillatory
4 F 1 cycle/s
HELAG 50mm/s(2in./s)
$hAEAH 223 N(50Ibf)
EGiEBRE N 3.45 Mpa(500 psi)
e IR A o

(E) =42 i) & 48 (wear tester)

Bje Rz ko A B 2R ASTM F732-00 2 4 > & * % 2w
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FR A S BEITLBEPRERRT R BHEERAFL R
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total

A7 o Do A E G A 2RI Bon s RRBR >, Vom0 f
TR MZHEFIZFTE, ZRI R IREIESF L, ZREFER, & &
AT V8, q 28T T fice @y P ONTHII A2 HEF- ZH o

Er s Pl s s? > r P R A S BREFF DR A RS0
pF & (the time of raise voltage zone, t;) ~ @ BT & % & 7 F (the time of
voltage plateau zone, tp) ~ T B T "% % ¥ oopF F (the time of fall voltage zone,
t) e AR BEE S  f TRALFBF TRI 023 Voo 2184V
BBt ,itffﬁ’ Bk A Hedc 2 i B 7 AL L o ik R Keppelin % 4 [12]
Ty o 0PIl kit * § o5 185 g+ ;@b%éii?ﬁﬁ #d G A ”er]‘i
* o H ¢ 3 &5 N3 (80-90%)% N'd+ (10-20%) » F1#73 T 313:14&
Fed T A~ 0 F NI~ 3 E BN R BT 2 G Ngs - L2
e edprt o Tian EAJEE NN £ A W Wo P 203 ~ 353 2 5 Sawiwe

¥d T

4y
e
&

e S .
}\‘Z\'TF.

0 W<0.5eVy (from N'/N," plasma)

W, —W,”"*)x (2.5636 x7 +1)

1) =(0.7368 X
a,Ww, w, (Z i 06)1/3 X (77 + 1) (5'33)
0.5eVy, W<eV, (from N* plasma)
56 \pg 5/6 _
5a,wl W, — =0.7368 X W, W1/3 )x{d-n) (5-3b)
(x—0.6)" x(1+n)
#d oo oy=tte tmtott N'/N'=n:(1-n)

Tl EHm A2 B 0 TR s TR B A2 83D
Z e BEE P o P RpEmEI i BEk 0 ¥ iTa 218 TRIM fickdz ¢ o1

* o

(B)TRIM #-ft 4 42
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FIRF L EEN R M A1 i?u;iwiémﬁa%ﬂﬂ ° }1%
FRIEES S APRRPRRFEGEE TR+ R 28R AfpS L  f2
Be o »Ei3d %2 f R REFRE ¢S B A
B+ A AR > ¥ i A 3 o pe(recoll) ~ 4 = (displacement) ~ 4 1>
o g A EAAR I MR RBYT MY o
hAFT Y o w852 8850 53380~ 2 B E O BHEET 2
- TRIM 484 * SRIM = @ 2003 & 2_3x A[17] - & TRIM #ck 2 = >
)44t Ti-6AI-4V £ & 27 304 7 dhdw A+ > 127 i~ i B (5-40KeV) &
+ # P (1500-50000) » #;x » ;& & 200nm p > & {7z actt @ > 11 TRIM i
WA 3 0k R L~ SRR B T 2 ATt & (straggling) ~ AR
(skewness) ~ "4 & (Kurtosis) & % # 1% & iptk o RIRR Wbt & S ae? TR &
2B U B B o

I

”]{xﬂ’f“} PIRR R BI04 540 o JCarRR R RS 0 AL g
b 0 5 5000 A E Fl AR M B 4

[ o A4 RE ER IR SRS E RS IRER RL
SE o REEA N BAB 0 TD 2T BB 4 MEZ B4 > 40KeV FE A #X
% 10000 > 2 F1E sc BB > BB FARF > AEBIPHEE /B » T3
TRCHL T B » APEHR D o d 3N 530 » a2 i B A F e /L o NYUNT
Fﬁ;‘i s R LTRSS R > P RE T A BT 2 B A S e B
5.5°

i—r

oo

=t

A

3 5.4~ TRIM #f fc act 2% > (a)304 7 7 4% ~ (b) Ti-6AI-4V

{a)304 stainless steel
kew ion ion humber
distribution 1500 3000 5000 8000 10000 15000 20000 | 40000 50000
ion range 80 80 80 80 80 79 79
5 straggling 44 45 45 44 44 44 44
skewness 0.4768 0.4891 0.4900 0.4922 | 0.4931 0.4935 | 0.4966
kurtosis 2.8100 2.7614 2.7263 27781 2.7801 2.7803 | 2.8094
ion range 140 189 140 141 141 141 140
10 straggling 76 76 75 75 75 75 75
skewness 0.4754 0.4795 0.4431 04356 | 04372 | 0.4401 | 0.4358
kurtosis 2.7987 2.8807 2.8353 2.7936 | 2.7996 | 2.7994 | 2.7673
ion range 374 373 369 369 370 368 368 369 369
30 straggling 197 178 176 178 177 176 175 175 175
skewness 0.1723 0.1707 0.1610 0.1660 | 0.1540 | 0.1580 | 0.1674 | 0.1763 | 0.1790
kurtosis 2.4591 2.4633 2.4459 24357 | 24185 | 2.4519 | 2.4519 | 2.4878 | 2.4959
ion range 480 486 478 486 478 481 478 477 483
40 straggling 224 221 215 219 214 218 213 213 219
skewness 0.0630 0.0218 | -0.0800 | 0.0624 | 0.0044 | 0.0995 | 0.0110 | 0.0024 | 0.0917
kurtosis 2.3494 24121 2.3332 24761 2.3446 | 2.4938 | 2.3493 [ 2.3482 | 2.4880
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(b)Ti-6AF4V
ke\ ion ioh humber
distribution | 1500 3000 5000 8000 10000 | 15000 | 20000 | 30000 | 50000
ioh range 124 125 124 123 123 123 123
5 straggling 68 67 67 66 66 66 66
skewness | 04328 | 04551 | 0.4581 | 0.4636 | 04635 | 0.4728 | 0.4439
kurtosis 27428 | 2.83224 | 2.8160 | 2.8264 | 2.8441 [ 2.8515 | 2.7995
ion range 216 215 215 216 216 217 219
10 |straggling 113 111 111 111 111 111 111
skewness | 0.3653 | 0.3257 | 0.3297 | 0.3697 | 0.3602 | 0.3321 | 0.3138
kurtosis 27072 | 26902 | 26427 | 2.7392 | 2.7089 | 2.6924 | 2.6286
ion range 573 575 575 575 571 572 571 571
a0 |straggling 258 251 251 251 253 252 253 253
skewness | 0.0354 | 0.0360 | 0.0360 | 0.0360 | 0.0303 0.0317 | 0.0440 | 0.0046
kurtosis 24379 | 25149 | 25149 | 25149 | 24683 2.4743 | 2.4834 | 2.4895
ion range 732 732 733 731 734 730 732 731
40 |straggling 304 309 307 306 306 306 306 307
skewness | -0.1390 | -0.0991 | -0.0908 | -0.0698 | -0.0635 -0.0386 | -0.0436 | -0.0334
kurtosis 24780 | 24482 | 2.4503 | 2.4830 | 24787 25116 | 2.5148 | 2.5068
+ Vs 4 . A= El )\ 3 ¢ 32y 2 B
2057 HFIFSHET 2L A FEHRET I
energy distribution
| NN R
W0 10 20 30 40 S0 50 70 20 90 100
20005 75 5] 5 4 79 0 0 0 0 4
2010 75 5] 5 4 74 0 0 0 0 4.1
20020 9010 75 5] 5 4 65 0 0 0 0 36
20/5.0 99999 75 5] 5 4 54 0 ] 0 1] 5
20100 75 5] 5 4 48 0] 0 0] 0 26
20/3.0 7525 75 5] 5 4 586 0 0 0 0 977
) 50/50 75 5] 5 4 456 0 0 0 0 228
27 g 7. Ks s>
5.7 st FH Lot iRl
2 Y 2 ) o . /| 7 N + - ANl )\ LI +
B2 F AL SIMS e GDS Rl £ a S ip o imd ok

PIARAER R TIRIGE o & oo HOH R 0 1Y
o Tl B ERR S B LRSS R 0 SR T 2k o

Ti-6Al-4V & £
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A

TR -

_J.

b

-%g\?.'

AT Bl B R R SRRlEE 0 IRt Pl AR 5o 0§13 Ti-6A1-4V
& £ 304 7w AH B F Lk 0 WA e

6.1.32 M Bl +7

VR A )]% WA T pe & TRIM B 8088 > » 5] 444 Ti-6Al-4V
£ 42 304-7 s - i’é‘-fﬁﬁiﬁi%&* B tr o AR tlcs 5 i TR -
Ny INT3EF 2 b F ~ 2% ek dp > 1Y %ﬁ—r’ WAt ¥ PH vl fe i 74
W2 F g

DA AR E2Z G E > RN 52, P E D AT T LA HET o %
rp m R TED 2 IZRE A E o ;'éb,i‘s S ] ”Lr?g&«.—_;m«l?‘i’?'lj%_g 7

Z 6.1~ BRSBTS TR TED TG R E 2 o

parameter  dielectre :i:np.],anted pulsed S plas:fna. iom mass pulsed p‘l.'l]s-.ed umplanted
name constant time rate density voltage  duration dose
t f n m Wa tar
: 2
symibol = (sec)  (Hz) T iowem®)  (kg)  (voltags)  (seq)  iOm/OW
10,000 175210
15,000 2 1dx10'%
20,000 2.47x10%
walue  ZEsx0lY 3600 100 1600 10000 4650102 2 00x107
25,000 2 76x10%
30,000 3.03x10
35,000 3.27x10

(B)ec g kb TR (Vo) ¥t » 4+ ER A

FAMA S e RETRAL B #FHF S NSNS - 5 5

Yo f RRTLEZ wE o WA M AR BIFEF oA B3 TRt g R

-2 3] N INTHE S vb S 2o en e R 20k A S (/1) PP B8 0 i m B B

TR AT o AT E A AR F R SET o BR NN
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90/10 > ty 5 20us * t & 3us > 12 Ti-6Al-4V £ 4 2+ 304-7 44k 5 A4

TRIM 224545 o & B4 10-40KV T 3 ~ 3g 3 BB & 7 2. 3"3*zi@xam
AT WER SRR 6. o d RS SRR T o FRIERA G S BAMY o
BRER- BAZ ST BB EITAG o FHRBINEL TR F 4
FHREFRS B A R FlHEG D S TRTEF R EZH®A
BREERZB~Ed 25 AHPEPAINEE «c FIUREFERESET  Ha3
PR AR T UFR o ATi-6A4V £ 27 > HER &S Bk 7%
BIRRE R o 5V o 2% Ti-6AIM4V £ £z % B o i 304-7 44 KT R

(Ti-6AI-4V & 4:4.38 g/om® ~ 304-7 44k : 7.9 g/cm®) -

& =3 .
gx 10° 304 Stainless steel gx10 Ti-6Al-4V. |
= : =

8 o 10KV > 10KV
N e @ 15KV S a 15KV
& b ¢ ¢ 20KV £ g e 20KV
e k& v 25KV s v 25KV
2 | - 30KV S | 30KV
= 1 B 35KV =00 @ —— 35KV
T 4 - 40KV 2 4r « 40KV
o L
= 5
2 Z
g S

Septh Angst1rg2)

(b)

6.1~ TRIM #35 Pl ASE - 3734 52 0% 600 B (Vo) F 4+ Ik & A 5 2 2%
& o (a) 304-% 4h4w ~ (D) Ti-6AI-4V & £ - ¥ = (atom/cm®)/(ion/cm?) % =+ ¥ =

A BB TZHFER o Ny/IN"33 v % 5 90/10 > t, % 20us > t. 5 3us o

(C)re 7% fbrf T B+ = B ()41 » 3 LB A
AETE A SR EET o 2 Ti-BA4V & £ 22 304-7 dhidw S A
B R Y NSN3 0 5 9010 &R arkirf L& 5 30KV T o,
201s » 2% ,(0.1- 20us) » & 7 TRIM 3% 8t » 4524 2 t % Pl & 502 s o
WS E B 620 57 UFR > AlRF2ZLERF B2F I ERZ K
S ERH T ARG BB o JHETE D TR TR AR AR A ER
TORTEFRCGDRE R d BETUER FRYBYFE TR
(DC) » # k& 4 (7 #4817 - % #74 v (Gaussian distribution) » 4& %7 %] » 2
FA BN TR R R, TR AT SR FEBER



PR T X N

-3 .
4x10 304 Stainless steel 4 107 Ti-BAI-4V
= e DC —— DC
o ~<- Tr=0.1 § e Tr=0.1
“E a2 e TrfO_S g a4 Tr=0.5
S |f ~ Tr=1.0 £ Tr=1.0
= v Tr=3.0 = v Tr=3.0
né et Tr=5.0 ) e Tr=5.0
§2 oo » Tr=10.0 | §2 > Tr=10.0 |
E e — Tr=20.0 £ — Tr=20.0
< & <
a "'
0’ I
0- ; . ol D 3
0 200 e“pQR ( Ar@ggﬂmﬁoo 1000 1200 0 Depqpl g qron‘?oo 1000 1200

(a) (b)
B 6.2~ TRIM #-3% Plll i@ > $F 332 % L § 33 kR A 5 2 50 - (a) 304-
% 44 ~ (b) Ti-BAI-4V & £ - ¥ = (atom/cm®)/(ionfcm?) % 7+ ¥ ;2 » & &~
23 ER o % f 7R 5 30KV o Na'/NTa+ v & 2 90/10 » t, 5 20ps -

(D)h‘C % N IN"3 vt Soghis ~ 3 kR & T

Gk 33 Pl xsed s RRLRL S5 No* e NYas o & No'as 4
»AHEE S - BN SRR S B NS > F - BAE AN g
B R N - 22 o #5530 3B NN v 5

T2 G R R AT oo

N

_3 A

15x10 304 Stainless Stee] 55X10° Ti-6Al-4V
_ o N2+/N+=50% : ' ‘ ‘ “N2+HN+=50%
N3 % ’ o N2+/N+=75% al 4 N2+/N+=75% ||
£ | 2 N2+/N+=90% _ = N2+/N+=90%

S G o

=25 e 1 s25
c ¥ (5]
2 |y 2
= 2 2 2
2,9

1.5¢ |
57 .
=T S oql]
s z 1
ZLost 0.5}

% 45({ 300 . 1000 1200 % 200 : 600 800 1000 1200
h ngstrom) Depth (Angstrom)
(a) (b)

B 6.3 ~ TRIM #$2 Pl &2 o o N INTBEF v 3§ 35 kR A 2

=
e

sy o (@) 304-7 b ~ (b) Ti-6AI-4V & £ - ¥ = (atom/cm®)/(ion/cm?) £
BT T 284S ER o ki) RBR S 30KV o t, 5 20us 0t % 3us o
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AL R NN o i~ g3 R R A 2 el PRI R
R4 30KV ty s 20us ot 5 3us e L% E 6.3 d BxET o Ny /N as
5 (50% ~ 75% ~ 0N)F LT ER A G DT EFREEBERE > 2
Ny B+ i » HRp 2 a BiagEs > T BF &4 TG RE Ngd o £ -
Lo £ 3 N3 e 2 ar N BHEREAR  FTRFRRAF L
ThFEEEEFIN ST hz BdS a8 o

6.2. 4L & & 1 iRl
6.2. L4 ik R A if ifl3

2FEF EHEHA TR PRI F e TRl > e d HR s F 1 ihd
Moemiir @Iz n BEERAG BB HE L BT dode ik - A A
B BA 0 3 EHSTRLMBE P ASE S 2 AHEFRRA G 7 3
d - g F K (SIMS) 2 MRk T A % % (GDS)ie 7R o A& F 14 Pl
GAL A F R kM hdT > AL Ti-6AI-4V & & 5 A w1525 35KV 2 5%
B R EFFREFI A c X REFEF TRIM 250 5 P RAs 1597 %
Wgo v & o SR BT E 6400 SIMS v @F Ti~Al~-V-N a3
ZARMERYERER 2 A Y R FITi-6A4V 228 A3 5 Ti 3 > t&d &
%3438 glom®)e Ti 2 # &7 A F(00wWt%) s EHAL 2 Ti A3 %A
(4.95x10% atom/cm® )it 22 5 A% > e s TiE N R T LR A Y AT 5
frzvr o dai NRFB4ERE SN & -GDS pl3#7 @5 Ti~Al- VN -
O-H-CEAZzApHhF 7 A FUFERA 24 5> & o GDS & SIMS
ZNRFIAGER2ZEFRT G ARA P ERT R B (FLRD S8
$6% GDS2Z N R+ B%ERA G od SIMS 2 GDS ipl:#» ¥ e & TRIM
Wt %% %7 > TRIM &2 SIMS § 2% vx £ B » $2%7%) GDS Bl & i 1
22 N R+ R d RATR o phoh s % B 2 Rl R SR8 G RIF
ZFBEFR ORFERSRE T MR INBE BB/ AR REL TRT
W F G RF B MBI RFRRE R d TRIM ikt % Ko (8 6.1)
B DRFOE AR E T I ERE ERMoEH T XEE R (F
6.1)> B lprktbrf TRZERAGE REE > ZEF2Z LE o 5d A5
PR BB v £ P TRIM 4258 5 - 7 % SNIpplE S R R A 5 2

\\?’;y
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10" implanted voltage: 15KV

25 @ 5x 10" implanted voltage:25KV » 5x10” implanted voltage:35KV

" SIMS data = - SIMS data = ~0 SIMS data

E . — TRIM simulation L — TRIM simulation E —— TRIM simulation

E 2 GODS data £2, + GDS data 22 + GDS data

o © | £

w5 i) 1.5

£ S S

5] = & |

=1 o £ 4

= = 8

=

a5 D5 @5 "

L& ] o

£ Q K

[ 2 Q A W O e

ok =0 i % 50 T % 500 7000 1500
dépth(Angstrom) dépth(Angstrom) &pth(Angstion)

(@) (b) (c)
B 6.4~ AF T BT o A i Ti-6A4V & & » » w2 15~ 25 ~ 35KV
2 TR BEFAF I o % SIMS 2 GDS BB F I ER A G o
Tl T TRIM AR 0% W RA T SR 2L ve £ o

6.2.2.%4 & fe kR PlF

P %ed > F 3 p 24 R EF R E WAL 27 F
# (impact) 22 & &4 (sputtering) > ¥z * A 2 o 2 kR 2 B > 7 Vv iE-
P A Bpetilicon B 22 A 1AM & (total hip)2 £ h~ > =& ISO
7206-2 22 ASTM 2033-00a #7#.4> » & Hafsp2 4 o fefdR § & 0.05um 2
T oo AFET R YRR R £ PI ESEZH > Ti-6AI-4V & £ £ 5 e kR &
FRlE * - R FEFTT PR BT 2% FEANE 6.5 7 kit TRIM
FE NN REAEER T s B a3 22 e TI~ANV B3 st
(sputtering)z_ 42 & » M A {74 o BEE Sl fe it 2 MBI > 2472 %7 T4
AL & RS 2 e 5 (sputtering yield) > H z & 5 H o~ S AT E 4 R G2
TR BRI MBI U R YL R AL RN THRI B B
RS HEEAE 6.6 ek R PEE ST ¥ Ti-6A4V & £ 12 Plll g2 ts o
oA RREF VA B FF A B2 EFRAM LA i A
B et e O ES S Mok E TR B DRBREF(TI RS
15KV:0.8287 ~ 25KV:0.7366 ~ 35KV:0.6884) > e F]3 " firf 7 B A 4 & F
rHBPFIE R REFRERALFOTIOBRE R FE VR P RIZFR
2ol Fm et BREBEIOREZAZ LA BB I EFINER
Bt R AR B 0 @R R G R A oo
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Ti-BAI-4V Ti-GAI-4V
oos 007

ATi-SAI-4V ETI-SAI4V
OUOT  mmm o m o m one R
e ettt ieieeinintl - -~ Sttt = 005
E E
i O S R R f
004
g g
= 004 | g - =
= =
] 2 onz
2 =1
2 003 [ 2
ooz f---
00z |---pAA A
ool f---
001 |- A -
o0 000

25KV Zhr 5KV Zhr (BT ET] IEKY 3hr

Cortrol

(a) (b)
B 6.5~ Plll A2+ 1% > Ti-6AAV & &2 % 6 de kB > (Q)re @M% g T R2
2l ~ (b)) B RILpE 2 vy

~ BE+E aTi gunw aTi
£ 7E415 < £ 0BT o
g 6B N\ — 5 J0EHE
Eeeis '
£ 4EHE — § A0E«9 N
ki | i
o JEHE 2 40EH15
= 246 =
§_1E+15 — EQ- 2 00E+16
"0 Z ' * D00E+0D T  — 77z
156 2howr Ak 2hour Bk Zhour 25K Thour 25K Thaur 25K 3hour
implantation valtage(ky) irplantation fire(Haurs)

(a) (b)
Bl 6.6 ~ ¢ TR|MﬁEE\’f3—J}%EﬂfC%Wfﬁr§)ﬁpﬁawgfﬁ—r s BN dow
Ti~ Al ~V & =+ & 5 (sputtering) 2 A2 & > (a):c "% frf B2 22k ~ (D)2 ¥
19 i 23T

6.2.3. B 5 4 R 3

(A)sesgii » " irf TR

Pl S 3 Mt G A& > e frid g2 g et b - a2 Fr &
o oG 2 Al i > TA o @%ﬁﬁﬁﬁ¥EW¢MH&E%1
Loz o AR A U 45 Pl AT 5 15 0 R Ti-6A4V & &2 Bl § 4
#4255 Pl Au2 2 Ti-6A-4V & & > & 7 B i RIE > T he s £ 8 ik
Lo MR F L 25 HEELAREFRE > BERI67 2R 684 LF
BBBEZRLE L2 A3 BRE2 BRCHEPE 25 5 24 P IR -8R
A2 FREZ B4 BELEPFSRET A5 22z Ti-6A-4V & £ 8 &
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B th o Wi mdF A 10 B ) p5(36000 cycles)z v 2 fs Bkt ik B 3-4

I'F‘. o

(b)
B 6.7 ~ 25 Plll eg2 2. Ti-6Al-4V & £ &2 UHMWPE 2. ¥ 4 5 -k § & ficst
BELEE - (a) Ti-BAH4V £ & K B#ER# - () TIF-BA4V & £ A% 5 - (C)

# 2. UHMWPE % 5

urrtreatnent 15t run static

02 urrtreatrnent 15t min kienetic
0.18 —+— UrHreatrment 2rd run static
L 016 —=— urHireatment 2nd run kienetic
so4 —_+fr -
L]
% 01z ; e — ~ e — —
S 01 ————c——— =2 ===
E N I e e e e e e D amn
E 006 - -
o0 yeeeeSe—w“".n,s7s9sysy o _
oo? —m——or — -
D 1 1 1 1 1 1
] 500 1000 1500 2000 2500 3000 3500

time(min)
B 6.8 ~ & = Plll 222 Ti-6AI-4V & £ 22 UHMWPE 2. B fadics % o

v PHEFghs > 2 Bk irf TRT > 27 Ti-6AI4V & £2 £ 5 3% e
RERFL 2 fﬁrﬁ”'&@ 29 MEICE SRR 6.9;'5?%] 6.10 - & st
G5BT G2KV 2 [ FRIEZ & £ R M EIRBE 2 BR o Bk
SR 0 A5 PH Agzer 2 15KV A2 2 34k 0 & 10 B -] p#(36000 cycles)
2o BB Ayt 2 15KV irm Bl Ar . B GlkcE e A Pl Aarz
Ti-BAI-4V & £4p3T > #777 15KV & 2H4g § 2 a2 Sodic o IR G 4R 8720 5 425

FEIFERECGE (X 50nm) G B o 12 256KV i TR 0 H MBERGEE T A
23



43 ] P5(157200 cycles) » # 15KV & » & SIMS %% %1 2 3% /%R 5

80nm - 12 35KV it 7 Pl id® » o % 81 0 5iF 48 -] (172800 cycles)
2R Rt 2. Ti-6AI-AV & &2 Bl > MV A 2@ HBEF
BEE 130nm - a5 72 0 I B2 FRE o B A G 2 BitikE

(@) (b)
B 6.9 - PlIl A2 (25KV » 2 | p¥)2 Ti-6Al-4V & 4 &2 UHMWPE 2 B#:4
LEMMBARERY c@QFEFABEHEFED)E ERHERSCHEL
UHMWPE % &

urrtreatment 2nd run static —— urdreatmert 20d run kienetc
016 —— 18k 2hr static —=— 1515 2hr kinetic
—— 251N 2hr static —— 25N 2hrkinetic
0 14 _| —— 35k Zhr static —— 33k 2hrkinetc
012
5
S 01
4=
qn
= 003
[
2 0.06
=
~ 0.04
0.0z
0
0 500 1000 1500 2000 2500 2000 3500
time{min)

B 6.10 ~ Plll i@ # {5 Ti-6Al-4V & & B ith Bopl#

(B)ec %7 » M) £ 2 20

o

d SIMS & B Bcplid S % G F FE 2 FRA P EH L6 2 i
BAWT - 2T 8- HHEFLAPFFEFAT > R~ AL HEHD

24



Bz pefls o LB E L 3BKV i 7 P g2 » 2 » PR 5 1,23 [ P o e P
KB R BB A G 0 BF L 26X REA TR 6.11 2 E 6120 & *
;$ 5.2 J‘zlﬂ';ﬁfﬁ Fle RS ET 0 AN 2 HE o BEEEAIL 6204 4
SAET 0 B & 35KV T o i~ & E A 0.491-1.47x10" ion/cm® R
&3 48 /| p(172800 cycles)z B=pliF » = Bifit307 AF KBk
B BERGHEETF I OMERFH TE o 30KV 3 pF B2 B
faficie o &b i 25KV > 2hr 22 35KV » 1 /| prz_ dicdp - 7 8 LB 2R 25KV > 2hr
AR B R 0 R H A ArRE o o A E Pl itz Ti-6A4V & &
Fom e A A RMEFE O BmS T AT LRLBEFR FHL
hod ¥R REEREES ST P A2t Az dadeit > TARAE
BaicEy PR HRS o

(@) (b)
B 6.11 ~ Pl AJ2(35KV » 3 | p¥)2 Ti-6Al-4V & £ 2 UHMWPE 2 B4 &
EFHMEBRER Y c@QELEABRBERFED)E L BETSHC)HEL
UHMWPE % &

007 —— I35k 1 hr static —m— S35 kM Thr Kinetic
: —a— S5k 2 hr static —e— S35 kM 2hr kinetic
0 0ES — — — | —/— 35k~ 3 hr static — 35k 3hr kinetic

006
0055
on0s
0.045
0.0 : :
0.025 e e e _ T g,
003 e i ———— s
aoozs b ]
a0z

friction coefficient

[l 1000 200 2000 =000
time{min)

B 6.12 ~ s/ » B E # A G
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%\,6_2~J‘J‘,_;4;,;‘J—.n%]15,1)x]§l§ﬁ‘*£ g”"’}i NER: B <R
parameter  dielectric  implanted pualsed — plasma . pulsed i lanted do
narne constant tirne rate FomEtan density 1oL A voltage duration — = ==
t f n m Wa
symbel = (sec)  (Hz) 1 (ionfem3) (kg (voltas) ion o’
7200 15,000 & .d42x1 018
7200 25,000 £.20x10%°
value  gg5xl00* 3600 100 1exd0®  100x101"  465x10% 35000 32 00x10°° 491x10%
7200 35,000 o 18x101°
10200 35,000 1.47:10%
(C) seit » RREHEHT b 17T F AH Al ik
ﬁPW‘k%%fz% %ﬁ?’ﬁﬁ@$ﬂ$’uﬁﬁpm&?ﬁﬁ%
* 5> Ti-6Al-4V & & 2. ﬁip’%#ﬁ_lz’“ﬂ°‘<‘L§=§«E-’r"‘“§]613°«?]?é‘*% )
r2 35KV g 7 PIIl & & 22 F > 7 5 »2*% i< Ti-6Al-4V & £ 2 BPRfE4 5 ¥ EEY
AR B¥RGER TR ARF o H £ % 2 Co-Cr-Mo & £ 4pi7(® 6.13-a,
6.13-c) - m 304-7 4&4p & 5 & PII )%@El_%éé v H OBgRre 4 Bty X Hl AR
SRR BT 1&§$(ﬂ613 -b) -
0.14 = Co-Cr-Mo 0.14 8 Co-Cr-Mo
012 b BS.S5304 o 012 BmS 5304
LG T S B S— @ TiBAlAY g 0.1 aTiBAMY
008 A T 008
& &
R B 2 006
5 004 N e e . 5 0.04
=002 PN A Y - = 002
0 0 |
un- 15kv 2hr  25kv 2hr  35kv 2hr un- 15kv 3hr  25kv 3hr 35ky 3hr
treatment treatment
(a) (b)
014 B Co-Cr-Mo
B |S.5.304
& 1 b A aTiGAILY
=
5008 proormoof e
3
= Q06 | f e
R R 7 e
= po2 ENLA e H
0 1
un- 35ke Thr 35ke 2hr 35kv 3hr
treatment
(c)
B 613~ i » TREAFMEH T b T BERE2 k(@) 2% T

H Ti-6AI-4V & £ 2 »
» &£ ¥ Ti-6Al-4V & £ 2

BT

&

e ~ (D)F i » TR HF 304-7 A 2 2~ (C) &L



6.2.4. B2 A Boip| @R

304 # ihsw 2 Ti-6AI4V £ & > B EJE® (52 Frfs GROPEG % > B
B 6.14 - % % &t > 12 35KV ~ 3 /| F= ¥t Ti-6AI-4V & £:2 7 Plll & & =25 >
AT R L2 Ti-6A-4V & £ > 3 PR RGBT > 25 4 s Pl
AR ALA IS EH~E %‘rif;;%o

= 304 Stainless steel un-reatment
1.4E-03 ® 304 Stainless steel 25Ky 3hr
1 ZE'US A Ti-84-4% untreatnent
O Ti-BAIY IS 2hr
1.0E-03

8.0E-04
6.0E-04
4.0E-04
2.0E-04
0.0E+00

wear factor

cycle(million}

B 6.14 ~ 304 7 &hdw &2 Ti-6AI-4AV & £ bjed@ e {5 20 B fe G licp3E 5 %
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Abstract

Wear arising from the counter-friction of UHMWPE
element against metal is one of the major causes for the failure
of joint arthroplasty. Previous studies showed promising
results for some metal surfaces modified with plasma
immersion ion implantation (PIII) technique. To explore the
feasibility of PIII technique in such applications, one needs to
well control the distributions of the implanted ions. In this
study the effects of implantation parameters, such as the
voltage pulse amplitude, rise time (T,) and ratio of N'/N,", on
the implantation dose and depth profiles of implanted nitrogen
in Ti-6Al-4V and 304 stainless steel are analyzed using
plasma and TRIM simulations. The simulated depth profiles
of nitrogen show a skew distribution. By increasing the
implantation voltage, the penetration depth increases while the
peak concentration decreases. As for the effect of rise time,
it is found that a larger value of T, leads to a higher peak value
of nitrogen concentration at a place closer to surface. It is
believed that this effect is due to the lower energy of an ion
obtained during the rise time of the voltage pulse. The results
also show that there is no apparent difference on the depth
profile of implanted nitrogen for N," / N" ratio changing from
90/10 to 50/50. The surface roughness of the specimen
treated under various PIII conditions are also tested. The
results suggest a strong correlation between these properties.

Keywords- plasma immersion ion

nitrogen, Ti-6Al-4V

implantation  (P1II),

. INTRODUCTION

Titanium alloys have wide range of applications in
biomedical implant, such as cage, pedicle screw, tibial base
and stem, due to its good biocompatibility, non-toxicity, and
high strength [1]. However, the relatively poor abrasive wear
resistance of Ti-6Al-4V has limited its use as a counter-face
element, such as a metal head of total joint replacement and
artificial heart valves, against the motion of friction. Literature
reports indicated that nitrogen implantation could effectively
harden the material and improve its wear resistance [1, 2].
Plasma immersion ion implantation (PIII) is an advanced
technique for surface modification, which is promising in
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improving surface properties of such as hardness and wear
resistance. Previous ERD (elastic recoil detection) analysis
demonstrated that the hardness depth profile is dependent on
the dose and distribution of the implanted ions [3]. Enhancing
the source power and implanted dose tends to increase the
surface micro-hardness of a material and the increasing
tendency will level off at a saturation dose [4]. In general, by
increasing the implantation does can harden the material and
reduce its wear rate [4]. However, the high-energy ions also
cause surface sputtering and therefore roughen of the material
surface after PIII treatment [3]. Results demonstrated that the
friction coefficient is closely correlated to surface roughness
[5]. It is therefore necessary to better understand the effects of
implantation parameters of PIII technique on the dose and
distribution of the implanted ions in order to improve the
performance of the materials.

In PIII, a technique evolved from conventional beam-line
ion implantation, the object to be implanted is immersed in a
plasma of predetermined species and then subject to repetitive
high negative voltage pulses. A plasma sheath is formed
between the target surface and the plasma. Plasma ions are
then accelerated through the sheath and implanted into the
target surface at an energy determined by the bias voltage.
By controlling the plasma parameters, including plasma
density, ratio of ion species, and implantation parameters, such
as the voltage pulse amplitude and rise time (T,), one can
control over the two important features of the implant, i.e. the
implantation dose and distribution of the implanted ions.

Kaeppelin et al. [6] characterized plasmas generated by
an industrial PIII reactor and found that the plasma density
increases with the increase of injected power as well as the gas
pressure. For N, plasma, densities between 107 to 10'° cm™
can be easily achieved and it is composed with 80-90% N,"
and 10-20% N'. Tian et al. in a series of work developed
various theoretical models to predict plasma implanted
nitrogen depth profiles in iron [7, 8, 9]. They developed a
1-D analytical model based on the Child-Langmuir law to
describe the relationship between the plasma parameter and
implantation parameters on the implantation dose [7]. Since
the ion implantation in PII through a plasma sheath in a
pulsed mode, the shape of the sample voltage pulse will affect
the energy spectra of the incident ion. Tian et al. consider
plasma sheath expands in accordance with the Child-Langmuir
law under collisionless and developed a model to predict the



energy distribution of incident ions received from the applied
voltage. [8]. Utilizing these plasma models and TRIM
simulation, they were able to simulate the effect of
implantation parameters on the implanted nitrogen depth
profiles in iron [9].

In this work, theoretical models developed by Tian et al.
to predict the implantation dose [7] and the energy distribution
of implanted ions [8] are applied in TRIM simulation to
predict the implantated nitrogen profile in Ti-6Al-4V and in
304-stainless steel. The effects of pulsed voltage, rise time
and ratio of N'/N," on the implantation dose and depth
profiles of implanted nitrogen are analyzed. The results of
theoretical simulations are also compared with the nitrogen
profiles measured by SIMS.

1. Methods

2.1. Theoretical Simulation

In the present work, two analytical models established by
Tian et al. are implemented to calculate the implantation dose
[7] and the energy distribution [8] of the implanted ions.
According to Tian et al., the implented dose of ion can be
described by the following equation:

Dtotal (ions/mz)

_ 134,102, 173 Uy, 23y, 6 ns 120, 13
=(2/3)"x27 xg, Txtxfxq P xn, " xmT XV X,

()

where n, is plasma density, V, is pulsed voltage, m is mass of
ion, t is total time of implantation, f is pulsed frequency, t, is
pulsed width, &, is dielectric constant, q is constant.

In pulsed plasma system, the pulsed duration can be
divided into three zones of time: the time of raise voltage zone
(Tr), the time of voltage plateau zone (Tp) and the time of fall
voltage zone (Tf). It is assumed that the applied voltage rose
from zero to Vj in Tr and then maintain at V, for Tp. In the
time of fall voltage zone (Tf), the energy ions received are
ignored. According to Kaeppelin et al. [6], a typical nitrogen
plasma in PIII reactor consists of multiple species, mainly
N, (80-90%) and N* (10-20%). Since all ions in the plasma
are implanted, based on Tian et al. [8], the depth profile of
implanted nitrogen will be broadened because each N atom in
N," is with half of the total energy. Therefore, the fraction of
the incident atoms with energy between Wiand W, is

0 W<05eV, (from N"/N," plasma)

Siwiw2=0.7368 ><(W25/6_ W15/6)

x(2.5636>xn+1)x(x-0.6)"" /(n+1) (2a)
0.5eVy, W<eV, (fromN" plasma)
3iw1.wa=0.7368x(W,”*- W,¥%)
x(x-0.6) " x(n-1) /(n+1) (2b)
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where &;wi w2 represents the fraction of the ions with energy
between wiand wa.  x=Ty/T,, Ty =T,+T; and N"/N, = n:(1-n).

By applying these models, the number of ions and the
energy distribution of the implanted ions received from the
applied voltage can be calculated and used to construct input
files for the subsequent TRIM simulations.

TRIM is a program which calculates the range of ion-atom
collisions in the substrate base on physics of collision cascade
[10]. In ion implantation process, incident ions receiving
energy from applied negative voltage. After entering into the
substrate, ions start collision with atoms of substrate. There
are probably with recoil, displacement, and vacancy of the
atoms occurred in the substrate. The incident ion stops when
the energy is used up. In the TRIM program, Monte Carlo
method is applied to calculate the range of ions collision and
travel. In the present work, the implantation dose and the
energy spectra of incident ions were calculated based on eq.(1)
and eq.(2) respectively. Convergence tests have been carried
out to determine the minimum number of injected ions
required in the TRIM simulations. Utilizing this program,
the effects of pulsed voltage, rise time and ratio of N'/N," on
the implantation dose and depth profiles of implanted nitrogen
in Ti-6Al-4V and in 304-stainless steel are analyzed.

2.2 Experiments
(a) Sample preparation and Pl implantations

Samples made of medical grade Ti-6Al-4V alloys and
standard 304-stainless steel were machining from a rod into
discs of 60 mm in diameter and 3 mm in thickness. All
specimens were ground and polished to keep the roughness,
Ra, below 0.03um before use.

Nitrogen was implanted on the finished specimens using a
RF PIII system built by the Institute of Nuclear Energy
Research (INER), Atomic Energy Council, Taiwan. In this
PIII system, nitrogen plasma was generated by a RF pulsed
ICP with power of 350W (180V, 18.7A). The initial bursted
gas flow was 200 sccm and then was hold at 50 sccm. During
the implantation, the N, pressure was held at 10~ Pa. The
plasma density was 1x10'° ¢m™ monitored by a Langmuir
probe and the ratio of N, /N" was 90% measured by an energy
selective mass spectrometer. The maximum operation pulsed
voltage of the system was 40KV. Pulsed duration and the
voltage rise time are 20us and 3us respectively. Pulsed
frequency is 300 Hz. In this work, the effect of applied
voltage of 15-35 KV was studied. Following the PIII
treatment, the nitrogen depth profile and surface roughness
were measured.

(b) Depth profile and roughness measurement

Nitrogen depth profiles were measured by SIMS
(Secondary ion mass spectroscopy, Cameca IMS-4f). In
SIMS measurement, the primary Cs' micro-beam of 5.5 keV
energy and 40 nA beam current was rastered over an area of
96.7x96.7 um on the surface of specimens. The roughness was
measured by a roughness tester (Taylor Hobson 112/557).



I11. Results and discussion

3.1 Theoretical Analysis

The present study analyze the effects of pulsed voltage,
rise time and ratio of N'/N," on the implantation dose and
depth profiles of implanted nitrogen in Ti-6Al-4V and in
304-stainless steel. The predictions of implantation dose
obtained from eq. (1) for various applied voltages are
summarized in Table 1. As one can see, the implanted dose
increases with the increase of applied voltage.

TABLE I. THE SUMMARY OF SYSTEM PARAMETER AND
IMPLANTED DOSE WITH 10-35KV
parameter  dielectrie i.mp.lanted pubsed — phsm I pulsed pu.lsz.ad implanted
name constant tirme rate density voltage  daration  dose
t f n m Va 1p ) P
gl f ) Y (owed) () (b ey RN
10,000 17510
15,000 21410
20,000 24704
vive g0 MO0 100 1ear™ 10ma0" gm0 et T
25,000 276x10
30,000 3034108
35,000 3274108

Theoretical analysis showing the effects of pulsed voltage
on the implanted nitrogen profiles in a substrate of
304-stainless steel and of Ti-6Al-4V are given in figure 1(a)
and 1(b) respectively. The simulated depth profiles of nitrogen
showed a skew distribution. By increasing the implantation
voltage, the penetration depth increases while the peak
concentration decreases due to increasing the energy of
incident ion obtain from the pulsed voltage. It can be observed
that under the same implanted voltage, the nitrogen profile of
Ti-6Al-4V  has lower peak concentration and deeper
distribution than that of 304-stainless steel, which should be
due to the lower density of Ti-6Al-4V than 304-stainless steel
(Ti-6A1-4V:4.38 g/cm’, 304 stainless steel : 7.9 g/em® ).
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Figure. 1 Theoretical nitrogen depth profiles predicted by TRIM simulations
for (a) 304 stainless steel (b) Ti-6Al-4V. The ratio of N2/N"was 90% and
the pulsed rise time was 3ps.

The effect of changing voltage rise time (Tr) from 0.1 to
20us on the nitrogen depth profile are given in figure 2(a) and
(b). The pulsed voltage was 30KV, the pulsed duration was
20us and the ratio of N, /N"was 90%. It is found that a larger
value of T, leads to a higher peak value of nitrogen
concentration at a place closer to surface. It is believed that this
effect is due to the lower energy of an ion obtained during the
rise time of the voltage pulse. The DC voltage of 30KV
showed a near Gaussian’s distribution, which is believed to be
due to the uniform ion energy obtained from the continuously
applied voltage. Compared to the influence of applied voltage
given in figure 1, the effects of Tr on nitrogen distribution is
relatively insensitive.
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Figure 2. The effect of rise time on depth profile of implanted nitrogen in (a)
304 stainless steel and (b) Ti-6A1-4V. The pulsed voltage was 30KV and ratio
of N,"/N" was 90%.

By using a nitrogen plasma in a PIIl system, plasma
usually composed of N," and N' ions. As N," ions implanted
into substrate, a N, ion decomposed into two N ions and each
one carries only half of energy of N, ion. Based on equation 2,
the ion energy distributions for the ratio of N,"/N" = 90/10,
75/25, 50/50 are calculated. The pulsed voltage was 30KV and
rise time was 3us. By substituting these various ion energy
distribution functions into TRIM program, one can then
analyze the effect of N,"/N" ratio on the depth profile of
implanted nitrogen. The results are given in figure 3. This
result indicates that there is no apparent effect on the depth
profile of implanted nitrogen for N,"/N" ratio changing from
90/10 to 50/50.
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Figure 3. The effect of ratio of N'/N," on depth profile of implanted nitrogen
in (a) 304 stainless steel and (b) Ti-6Al-4V. The pulsed voltage was 30KV
and rise time was 3ps.

3.2 Experimental results

To validate the depth profiles predicted by the plasma and
TRIM simulations, specimens of Ti-6Al-4V treated by PIII
with the same implantation parameters set in TRIM simulations
were prepared. The depth profiles of nitrogen obtained by
TRIM simulations and measured by SIMS for specimens
treated with three different pulsed voltages (15, 25, 35KV) are
given in figure 4. All three specimens show good agreements
between the theoretical and experimental data. This result
suggests that TRIM simulation is suitable for the prediction of
the depth profile of the implanted ions by a PIII treatment.
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Figure 4. Comparisons of nitrogen depth profiles obtained by TRIM
simulations (solid line) and SIMS measurement (data Points)  for
implantation voltages of (a) 15KV, (b) 25KV, (c) 35K V. The ratio of N,"/N*
was 90% and the pulsed duration and rise time are 20us and 3pus

Surface roughness of Ti-6Al-4V specimens before and
after PIII treatment was showed in figure 5. The results show
that PIII treatment severely increases the surface roughness of
the specimen, which should be due to the sputtering of the
surface atom caused by the impacting of the high energy
implantation ions. The extent of the increase in surface

22

roughness is to the

qualitatively.
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Figure 5. Surface roughness of Ti-6Al-4V before and after PIII treatment.

IV. SUMMARY

The effects of implantation parameters of PIII on the depth
profile of nitrogen in Ti-6A1-4V and in 304-stainless steel are
studied theoretically and experimentally. Theoretical analysis
indicated that by increasing the implantation voltage, the
penetration depth increases while the peak concentration
decreases. Under the same implantation voltage, the nitrogen
profile in Ti-6Al-4V has lower peak concentration and deeper
distribution than that of 304-stainless steel. The influences of
voltage rise time Tr are relatively small. There is no apparent
difference on the depth profile of implanted nitrogen for N, /
N ratio changing from 90/10 to 50/50. The good agreement
between theoretical data obtained by TRIM simulations and
experimental data measured by SIMS suggests that TRIM
simulation is suitable for the prediction of the depth profile in
PIII. The present roughness measurements showed
substantial increases in surface roughness by PIII treatments,
which will counterbalance the enhancement on wear resistance
by increasing surface hardness. An optimal design on the
implantation parameters of PIII process is therefore necessary
for the future development of the PIII technique.
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