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Z A Ze]olddl (Ultra—high molecular weight poly—
ethylene, UHMWPE) & 9J9g¢], F5,

=F: £ AFelMTs e ol F-EoF 7 ] AR 2R EElel’fl(UHMWPE) & dldo =
67141 mba AL el whe UHMWPES] wlAlEE: §ISHE vl #A8)3itt vPds ZAleh] ok Eejodwl
(UGD 7} nlasled, 7|2 HatAele] sldshes 571 F 2d=2olx b AR Z2]od (AR) o] Zgsles} 7l
A fefst AjolE Roln Z7sINlT Anbd ZAL 81 5 Aelx] 2] AR (AR) &F JEdEI(VR) 43S vlmst
H, ARZ} VRO Aslmt= fF2o)gt 2|7} §iglom, VRO 7l felst 20|15 Kol Zrlslolt). fnpd 24}
B4 5, Z32dHelA ) (VR 3 SA(V77) GRS vlwshy, A4shee) 7tds 25 felst 2ol7t iglth
T2, VR V770I49) 7k s AROIM Q] 7 BT 5203k xjo]= Roln S7lslgit) 37k Zvkd 24}
g3l tisle] 7 24} ol AA2|(/S) FE2 vlwsld, A3k AR/SS VR/SOIA f-28k xjo)7) glglon,
V77/Selxd= 23t 2lolg Holn 7haslgl), BEeh 7S AR/SS V77/SelA 28t lole Holn 57183l
o VR/SoflM= fr2) gt #jol7} gigitt.

Abstract: In this study, the microstructural changes in orthopaedic—grade ultra high molecular weight
polyethylene (UHMWPE) were compartively investigated for six different gamma—irradiation methods.
Compared with un—irradiation (UGI), conventional gamma—irradiation in air room temperature (AR)
induced statistically significant increases of relative crystallinity and percent crosslinking in UHMWPE.
Vacuum environment (VR) during gamma—irradiation significantly increased the percent crosslinking in
UHMWPE. Vacuum extreme low temperature (V77) during gamma—irradiation induced no significant
changes in both relative crystallinity and percent crosslinking of UHMWPE but the percent crosslinking
of UHMWPE in VR and V77 was significantly larger than that in AR. Post—irradiation stabilization process
significantly increased the relative crystallinity of UHMWPE in V77, and it also significantly increased
the percent crosslinking of UHMWPE in AR and V77.

Keywords: ultra high molecular weight polyethylene (UHMWPE), gamma—irradiation, crystallinity,
crosslinking, extreme low temperature (77 °K).
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A ), , HatAE] W 5o UHMWPES] mhi
P T QAR FRIFSIT o5 viEo R AR A
e T 7K A ke g e o] zleE| 1 Qlek 1 50) st

A5E dixllshs 55 2 Al BAAEZ} Hlofs] F550= 7o
el EgE= ARIE A soivar sle FAlolth ofe shk=
71&2] UHMWPE "2 A3MdE P71 A77) 1s8=] 1 Qlek

BE Y57 Akeell ebx Aol Ai=7] el Baiafe] 77
A2A Fot Aol 71g B o R E8EE daiS
Al ke R e 7 Qs AP A Rlolt) eSS X
% 7S 25~4.0 Mrad® FABR= Z0l =2 oA
9] = photon) 7} Fak=HA UHMWPES] 7IA(C—C band) ¥
12 A(C—H band) & #3 271 (free radical) 5= 2HIAIX]
t} o5 AH7|E0] F9] Ah YAET WSl o8 7| (C—
H-0, C-0-0-H, C=0)&5& 3JatuA] 2kslahgo] 2Asich
£3], UHMWPES] Alzz7gel 58 $A 3171 Slslo] A7ist 2
% ~Hlo}d kA (calcium stearate) ©] 2 XU ZHE 5
micron Well EA8= 31QF ] (white band) 52 ©] Aks}rRgo] w9
e e godow BT gk olesh Ak ARt
o] Aol w1 AsiItt Zebd 34} o]$ A7k 6-10d AT
¥l UHMWPE Ho1® 559] A F49e) oJshd 271 1-4d
7 73R B AP et gk Aow dEglom, Alslr)
AEEE vk QAL "olx= Aow ¥t

shi, 7k ZAPF UHMWPES] AkslE A o7 |A]RE FAlel 7hn
JE(relative crosslinking) & F7MA X1tk dapdel SJaia gtolzl
AREES olE/do] woAL i AEE7E] AlddEE BgelA
sleH4] TtwAErt oA 3 nA AT A7 do] ok 50% A% =
© UHMWPES] A431z (crystallinity) 7} 7151 ®ck o2l &
7Vt 7MA S BE IaEAL ARkl v AR v 23S
WAL v Al e Ak S8 g =t A
(¢} 5 o) gl wmebA APy Ert AsiAHA] 271 7k
55 A8 Zeta weHAl Fhash, o]9 FAlel vk A3d
o] fAZsA| taghs Aotk T

7% (conventional) UHMWPE?®] A135}E AAska 7 ss =
o]7] fIgk W ow 15o7d el 7idel AN1A) 127} (highly
crosslinked) UHMWPEE #2F ¥l ZARE S0 TAKES &2
ARER 3L AE-G(remelting) “dEiollA] 7hd g AT Ao
2 ou] 8~9d Ao 2483lE et et 71Ee] UHMWPE® H]
3lo] 71712 B3} E3), ¥ = (fatigue) AEHdo] Wolx= FAHS
7L Qlek oglell = ek ZAKE $F & AR v EA=lE
7 (stabilization process)= A A7 15S AASIA Ak51E oA
S S FAA7E RS AT el 240
o 27ln UHMWPES.Z B]e}] E(vitamin E ¥+ alpha—
tocopherol) & X3t 1171w UHMWPEZ}F G531 i) o)==
vitamin E9} tocopherol®] SALeA|Z 2gslo] A13lE oA|sh=
Row dugon upy AgAdo] del QAo waww gk
olgfst 17k UHMWPE= A 4t & Bt E ohA] e
Ak A AH7]E0] AAE DL o= QISH AlSlrL HAdEkA
P2 F7Z ethylene oxide(EO) gasE ©o]&3F HdAEE sl Q)
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TP Z2AE A1) S WEoR skl AR A9 B o
AThs FA2(77 °K) 7394 UHMWPE?] 41315 #4318 4=
Q= Bazk Ak e o) Sl b Al up
UHMWPE?] wAl 72 (A3 2 7l gds) Wl digt dxprt
Ba1EA] kot

B ool 2k AL s o R 3719k XF A, Ao} =
A2, Ak 22 o) AAE] el we At U 7w W
315 gz o nlu ¥AE] ABlE Aadlehal Tl es 57
A7) #A2) Fmbd det S AX Stk gk
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A, UHMWPE AJ#H-& GUR 4150HP IAFz Al 4d
)38 UHMWPE #-4) (Orthopaedic—grade Ram—extruded rod)
23E Ay @Ak A(AE 10 mm, 4o 10 mm pin) < A2k}
o ARgSISITE UHMWPE 9 AJRS f2] izl Wil 2% 248
91ek F2] chamberell Wol 7mbdE ZARISITE IARES ARG
26 KGy/nrZ % 2.5 Mrad7} 952 A}tk

Znpd =AL 8. Tubd 2AF 83 R die ulRE 379k 21
F(107° torr) 07 FAJ8k, L5 25 T AR AxAA el
o] FAR 77 K& AAsIelth 7] 5 25 T 332 7|E2] 7
upi Hpxalel| sdshd, K 25 T 82 Anpd AL 3}
A9 2E BFEE] fgt ddolw, WE 5 77 "Ke] 3 g
ZARE AR A7 D58 oAlsl] 913 27300 sy

Zo AL Z gR2l. I 24 F ART1ES AANT)
H3kd 2] thE-2 oil bathel]l Y32 1 C/min®=E 120 CT7H4] 714
S - WZAAN GAEE AABISIEE 3714 ek ZAF g elA
B AP o] 5S FAE]g AlE Ytz (contro) O 7R &
AlHA] oke- Al 5 TV Fe] AR ok AMES the 2t
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Figure 1. Diagram showing sample preparations for irradiation,

crystallinity, and crosslinking analyses.
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(3) AF F AN ZAHVTT)

4) 371 T &=olM A 5 DA (AR/S)
(6) ¥ T &eolM A 5 DA (VR/S)
(6) JF T A2 A5 AA(VT7/S)

N

(7) ZARIA] 3-(UGD

AYEIE. UHMWPE A AlES Adly oo 300 um
AZ 5709 gk 22hE W A0 Z27kE °F 10 mg k9] ¢
& A|EE THEo] gaHEAlY] (differential scanning calorimeter,
DSC, Perkin—Elmer 7 Series Themal Analysis System) “4H
o] Ytk o] UHMWPE Al5%& 10 C/min®® 30~180 C 94
oA 7Hdskar 1083 4411 $- 10 C/min® = 30 CT7H4] ¥7t
AlA heat of fusion A5 ATk S4¥ AHE kst AY &
ol &l (crystallized polyethylene) 2] heat of fusion #4Q1 289.74
J/g o0& o] UHMWPE A|52] A4} (relative crystallinity)
£ 43t} DSC Ao =25 e #7140 % g4 (melting tem—
perature, 7y) AE Ltk AHYsIE S AP 53] WHESIS
tH(n=>5).

7108 . UHMWPE AP A doldgko® 100 um 771
10709 gk 27ke Wea A7) 27kE 0.8 mme] ARRAS.
= 231 dapA] AE(chopped) AlEES THESIYE o5 UHMWPE
A189] 0.1 g2 279 48] A A8 A](glass wool sponge) Alole]]
Y3 o] {8 A 28X E 7] &7 (glass thimble) of] ¥l
UHMWPE Al=E E3het f2 2582 7] FAE AAAE2
St & olF 559 w2171 (soxhlet extractor) o] ¥ $- 140 C
Z A3 23U (reagent—grade xylene) S ARg-alo] ok 1559
37 AlRHreflux time) =2 6A1XF 59 UHMWPE A& 59 Wl
th o] & f2 FFES 100 C AF 2E-(vacuum oven) ol ¥l
12413} oA A7) 3 A%7] (desiccator) Yol Ao 2 vz}
A7 F ARAER FAE S48te] Holls UHMWPE A=
2] ok RS ST ©]9} 0] hot xylene extraction Z}
S E3lo] UHMWPE A& W] 54 ¢k A A (insoluble gel
content) = A W3lE Z7gslo] 7l g% (percent crosslinking) &
AR} o] WS ASTM D2765-903} fAKsH W o= €}
Aol BT ThdE E S-S 43] WSt n=4).

HlW 2A. 3714 $7el Zirpbd ZARE Al ol5S A

T} mbd Z2ARH] R APHES tVde R AXsly, 7t
BEE SAsle] 7wPd A WRel] wiE UHMWPE mlal228] ¥
| EAEISITE EARARS 337 (student ¢—test) = ©]&3k
Ao, 1<0.059] 79 fodk 2lol7t Sl Alow st
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37K Fmbd AL S0l A Al o] 55 A AlE st
thzt (control) 0= Fh ZARHA] o2 Al 5 77 Sl A
3 b Ao RE S 5, 2shs, 7hrdee] 49 Table
Ll HERAITE

8 Hisl. DSCE o183 w443, UHMWPES] &3 7t
A AR o2 Aol Hlsto] 6714 730X 9] kil 2A) o]

E2|H, A34¢ A5%, 20109

Table 1. Melting Temperature (7,,), Relative Crystallinity (R.C.), and
Percent Crosslinking (P.C.) of UHMEPE Gamma-irradiated under
6 Different Environments and Ungamma-irradiated Control

Sample 75, (C) R.C.(%) P.C.(%)
AR 138.72+£0.63 51.79*1.49 91.62%+1.19
VR 137.93£0.27 51.86%+1.34  94.18*+1.03
V77 137.73£0.27 51.05%£0.60 94.72+0.52
AR/S 138.62+£0.26 50.95+0.57  93.35+0.68
VR/S 138.99+t0.40 52.34+£0.40 94.53*+1.20
V77/S 137.69+t0.16 50.39+t0.38  95.25%+0.16
UGI 136.01+0.18 47.43*1.11  65.52+577
100 ,
O vai
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80 -
< 6o E
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20}~ .
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Crystallinity Crosslinking

Figure 2. Percent of crystallinity and crosslinking of UHMWPE
before and after gamma—irradiation.

Zip EAL GEF b AR ok AIE(UGD 2} 712] 3
Aol siFshs 371 5 Ad2olA] Fnbd ZAKE AFH(AR) & i
°F Zpbd AP UHMWPES] mlAltze]] njxl= 93-S Figure
20 JERISTE 2k 2AF & AAstEE 9.2% ST A
(10.001), 7HAEE 39.8% 7135101 (p<0.0001) o3t xfo)=
HAth olefst S7h= 671 Zhmbd Z2AF 3l Adagle] s
Agkow Al om| o= kel Slaia Fokl AKEEo] ©olF
do] EoH|aL FE AkEE 7B AR ERE TelM A Jo]
N8k, 88 Tl ol g A7t Anfen 2 A
ol

ZOm AL 8 Pk b 2AF 3 5 AR abkh B
s wAs) QA AR VRS nlwshd Agstes fost
27} §iglom 7= felst xlojE Ho | 3% 57 Hp=0.0087)
a15it}(Figure 3). Gsell?] 4k} AT Autel] oJahd,® 213 Abejel]
2] UHMWPE AFFY % (oxidation index) &= b ZAFSHA] 9
2 A58 T £ fR8KE b, Akk $olAE 2~3ulle]
AP E7F A ek w7k ZAb A1) X3V Akt
= AT FAlO v ARPIE PRI RIS Eole A
O 7 AlgEnt o= 37] Felk] #nkd el UHMWPES] 413l
A& ofsligh o] %=, UHMWPES] AkslE A8 ] $18k A HA =

[¢]
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Figure 3. Percent of crystallinity and crosslinking of UHMWPE
gamma—irradiated in AR, VR, and V77 environments.

07 7mpd AR Al AF e A4 o2 B3V 71| (inert gas)
=2 AWMgAY, A Qtol] Aka 24 (oxygen scavenger) S W1l
Znpd Bahs AAE 2] AREES] A Y WEks ol gt
ol AFS 371 F 7wk Hst UHMWPE R} v A& o)
it Zow WauEgle P
ZOR A Al 25 Hek 0ol e] b ZAF Al 25
o] = W) Slsid VR V772 vlwshd, SAe 77 Kell
A AAsles) 7l & B st Zol7t glgickFigure 3). 12
U VR¥} V77149 7fud s AR Q) 7w A ew e} £-23 b
015 Holu FTIBIATHp<0.01). Lee?] electron spin resonance
(ESR)% o]&3t Zf7]0l| thgt A7t Aol oaha? upd A
Al Zd20llA] AAJgE VReK = 7711] Bt A ER] (septet spectra)
< 71 o} (allyl radicals) 7} #H2HE 0™, V77ollM= 6712 WL
=3 ~HEH (sextet spectra) 2 7F 47| (alkyl radicals) 7} 3%
et ARl o ® A7) TR AkAg) Hhgste] #itEl)
(peroxy radicals) & B/Jat Atslel Jaks FARE X3V elellA
kst 715 BAEHA Zetal AldEshs A o® HuEgich o=
VR V772 2k} A% (oxidation index) 7} 70 ZAVEA] 9k
759} Bo AT 707 Bk Gsell] AHF A Aol
Aol Qirt ols AHEHH P AL Al X3dEle] 2
A2 g7d0] UHMWPES] AllE AAlstar Z Akee] Alds
= T 7 EE A AloE B 5 vk

ZOkd =AL & GHMe| Gk 371 7wk ZAF 3ol thisto]
b A o] % AA Y QS vlwehd (Figure 4), AY3sies
AR/ST VR/SelA] frelgt xjol7} glglont, V77/Selr= felst &}
015 Kol 7k3IATk(p=0.037). T3k 7k i AR/SS] A5
o3t 2JolE Kol Z7IB19 0 (p=0.026), VR/SS] 7% #2st
217t GSlom, V77/S2e] 7= felgt AlolE Holw Sttt
(p=0.048).

olejgh 7l ZA} el e UHMWPES] wialx Wsh= ot
52} o] AE 4= Qlt} fhnkd AR QJsix] UHMWPES] C—
C A% 4 C—H Afe] Eolzl F gkl AKEe] olsAdo] ol
3, AR Jo7} nldgd o] AAlIA o2l Add gl

AR O vr O vz
B Arss B VRS B vrus
100
80+

T TTTTTTT
T
T
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N
2\
| 3
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20~
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Figure 4. Percent of crystallinity and crosslinking of UHMWPE
gamma—irradiated and stabilized in AR/S, VR/S, and V77/S.

A AAA3Hrecrystallization) 7} Lojubeis AA3IE7} ol A
o= AbEdh =S o2 @R oM s Jlat
wAslo] 7k =t Sk Zloleh Akt wiel] 7hpd AL <
FHRC 2 vk 25k ] AT gelrd= AP G n)
A 2] AN gkl Aksse] AdTsHE #geld A4
37t dofubA] ok 371491 518k 7t whlstel AAshes
23]e] o skl 7l AT U STshe ZloE Als )

apd 2AF Al Jaah SA g0 Ak Aute 2 AVdH x|
F7159 FES AAlslol UHMWPES] A13lE Hasker 4= Qluh=
Aol 2 o] B3palst o] ol Qlrk Waat S $do] A}
7152 S BhE g glom, o589 EFS AR
o5 ¢ AlA (neutralization) Sh= 2= o7 wiito|c}. @iz
Pgo] oI5 Ui AL A% Hot Q= AMfrlEe] ARle] A
}eje] UHMWPE Uit grlelo] 5ol e Akas) whgalo] 4lst
2 07)A| =& Aot} o]} ¥ ATAIEE B s ey

a3BZ Fnpd 241 Al s AT TES HulR AAE 5
Sz 719 o] B asi oleh ke o] Ydko® ZlEE|al gl
= PBHIR vitamin EE 2-85h= A24t) 17k UHMWPE S
A 2 A Ane] HEo] Hasith

2 AT e T, ABkE Haslela sl 2 7t
S5 G538 4 Q= V77, VR/S, V77/S 370] Agkst Zlow st
ok o] 7 A ARFAYAL 2gE sk SA g0
Ago] dA| 7] witel, VR/S gdo] Absls #Haslshaa] 7k

S

=

it

lo,

F

58 ol vk AP ¥ 5 Gl Aok 4§50 A
@ Z0% ARe,

M

=

T AdrelMes A vlolY Fmo 7P 2y ARE=
UHMWPES thdo2 67H4] mbd AL el uhe UHMWPE
O] wAlT R WSS Bla 4slo] vt 2 AEE Aol

(1) #vPd A A9 @0 37]eh W A, g2 =4,
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Zhb Ak o) A2 Aol webq UHMWPES] 24 3hws)
P A7} ek Zlo] BRI,
(@ 7Pl ZARHA $ke UGS nlmslol, 71| witxelel

T o3t zlolE Holw F7sISih

(3) 7 AL B Z, Adollxl o] Akane} FadE] S vl
P ARY VRO A4 sk {108t lol7t §lglom, VRE 7}
AT 23 2ol & Holv T8It

(4) T 224 3 5, AadElel e 2% JEe vluskd
ARk} 7t g T 5 203 o7k gie) ek VR V77
o] 7t Es AR 7Fr g EH 208t xjolE Holw] F
7¥al3itt.

(5) 37HA Fhkd ZAL 87l tiste] Zhkd 2t o] F dAe
J3kS- ulwshd AA3IEE AR/SSF VR/SOIA fr2)3t xjo)7} §)
oL}, V77/Selrd= frelst Alolg Holn kst ek 7k
AT AR/SSF V77/SelA f2l8t 2ol Holn Frtselom,
VR/SelM= f2ldt 2o]7} glolt.

(6) o1& A= 7mha Z2AF Al AE dEgl A4 870)
UHMWPE®] 2lslE AAlshar] g Akze] Addhs g3l 7Hg
55 P BOE AlEEY, 2k AP FellA VT7/S
sh7g0] 7V =2 7t =E YERILE

ORI

ZEARel 2: o] E=E-2 20079 AR (S| o Aoz
iAo X198 wol S=ald 7] 2 A4 (313-2007—2—
D00966) o2& o]of] ZIAF== Ut}

X =
(SN
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