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Table 2. The Related Pathways to the Pathways that Contain Any of the Genes Whose mRNA Expressions Significantly Changed
during the in Vitro Culture of hMSCs

Ingenuity Canonical Pathways | p-value Molecules
o IGFBP6, NRAS, CTGF, YWHAH, PIK3R1, IGFBP7, NEDD4, PIK3R3, JUN,
IGF-1 Signaling 1.38E-05 | £5x 03, MRAS, IGFBP3, IRS2, SEN
o ) CTGF, TGFBRI1, FGF2, SMAD3, ACTA2, SMAD7, VEGEC, FAS, TGFBR2,
Hepatic Fibrosis/Hepatic Stel- | 5 n4p 05 | MYLO (includes EG:10398), VEGFA, CSF1, HGF, IGFBP3, PDGFRA, EDNRA,
late Cell Activation EGFR
. o DNAJBI12, NRAS, PIK3R1, ACTA2, MAP3K1, DNAJCI13, GCLC, MAP3K5 (in-
ggsFi'med‘atedo’“da““ Stress | 5 63E-05 | cludes EG:4217), TXNRDI, PIK3R3, SOD2, JUN, ABCCI, MRAS, CCT7,
ponse MAP2K3, AOXI1, SQSTM1, GCLM, PRKD1
» IL6ST, TCF4, NRAS, CIS, PIK3R1, MAP3K1, SERPINFI1, BCL3, MAP3K5 (in-
Acute Phase Response Signaling | 7.76B-05 | cludes EG:4217), NR3C1, CIR, PIK3R3, JUN, SOD2, NFKBIA, MRAS, MAP2K3,
SERPINE!, SOCS5
Antigen Presentation Pathway | 1.26E-04 | PSMB9, HLA-A, HLA-B, PSMBS8, HLA-G, HLA-C, HLA-F
Virus Entry via Endocytic Path- | , o, o, | PIK3R3, FLNB, NRAS, HLA-A, PIK3R1, ACTA2, MRAS, HLA-B, APIBI,
ways ' PRKDI, HLA-C, FOLRI1
. PIK3R3, JUN, GADD4SB, THBSI, FASN, PIK3R1, PERP, C120RFS, SFN,
p53 Signaling 2.82E-04 | 1i1pK2, 'SERPINE2, TP53I3
o NRAS, YWHAH, PIK3R1, BCL3, MAP3K5 (includes EG:4217), EIF4EBPI,
PI3K/AKT Signaling 2.88E-04 | pixaR’s NFKBIA, GABI, PPP2R3A, FOXO3, MRAS, HLA-B, SFN
Neurotroplis/TRK Signling - | 3.725-04 J;ngiﬁse,s JI-IEJCI;\?QEII;)AS’ GABI, BDNF, SPRY2, PIK3R!, MRAS, MAP2K3, MAP3K5S
TGF-$ Signaling 417E04 ;gglkzthggANRAs, TGFBR!, SMAD3, SMAD7, MRAS, SMURF2, VDR, SER-
Glutamate Metabolism 7.94E-04 | EARS2, GLS, CCDC92 (includes EG:80212), GLUL, GCLC, GCLM, GOT2
LPS-stimulated MAPK Signal- | ¢ < & o, | PIK3R3, JUN, NRAS, NFKBIA, PIK3R1, MRAS, BCL3, MAP2K3, MAP3KS (in-
ing . cludes EG:4217), PRKD!
Biosynthesis of Steroids 9.33B-04 | FDPS, SQLE, FDFTI, IDII, LSS, SC5DL
Thrombopoietin Signaling 1.82E-03 | PIK3R3, MYC, JUN, NRAS, PIK3R1, MRAS, IRS2, PRKDI1
Insulin Receptor Signaling | 95E.03 1}:141;/:‘55, _1;{1{(2{}31, IAR(Sié.YS,TiIfﬁBPI, PIK3R3, GABI, PPPIR7, FOXO3, PTPNJ,
CD27 Signaling in Lymphocytes | 2.00E-03 | JUN, NFKBIA, MAP3K1, BCL3, MAP2K3, TRAFS, MAP3KS (includes EG:4217)
o CALM3, NRAS, PIK3R1, MAP3K1, BCL3, MAP3KS5 (includes EG:4217), PIK3R3,
B Cell Receptor Signaling 2.24E-03 | yi5N| NFKBIA, GABI, BCL10, MRAS, LYN, MAP2K3
Nucleotide Sugars Metabolism | 2.29E-03 | UGDH, UGP2, GLCE
NF-«B Activation by Viruses | 3.16E-03 | PIK3R3, NRAS, NFKBIA, PIK3R1, MAP3K1, ITGAV, MRAS, BCL3, PRKD1
Neuregulin Signaling 3.31E-03 | PIK3R3, MYC, NRAS, PIK3R1, DCN, MRAS, HBEGF, ERRFI1, PRKD1, EGFR
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1320 HEITA SN TH D, STK2 13 MSCGM 75 50

hMSC ZEBRICHilaB@EEREBEOME &L TH
WAHEEERELA-ZLEEBEA (50 HELA)
THEHEL, ZOXDREHETD hMSC IT&{LA
EUBOMEIMTAND0IC, HIERE, MEOK
B EETFREICDOWTRE LR

hMSC OEFEREIZ DT STK2 D548 MSCGM
ICHRTELLSE» -7 (Fig. 1). MSCGM TIid

AoEETHON MK E | » FEREEVEE
HETHONEZ ENbhoi, /-, bhibhid
ZNETIZT MSCGM LIS\ D Ifn 75 5 123 (DMEM)
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Tid, ¥23% 50 B0 hMSClE, STK2 Tid MSCGM
LR U TR OB EE % LLEE - T,
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MSCGM TIRHRMNLUILBDRELL TWBE D
HEZaNn (Fig. 2). —7%, 50 BfE® hMSC #
H#HMPOZNENOBEGTREORLIE, STK2
DHERMSCCGM XD I EFEICAREN > (Figs. 3
and4). INFETizhbhbNnZEAPFRTHWE
hMSC L3 0EHOD v M & HWTMSCGM T
DOEFEIIBISGBETREOELICODWTHRILT
WaYH, Foowv MO MSC DEREIZBITS
MSCGM & L RERELOEBETH . £
EL50OEMERWEEETS, EEHBR & e
LTHEK mRNA BESELML LBETFHRIIEER
AIEREFELTHEML~ (Figs.3and4), 20Ok
HIZSTK2 2L 3 50 HE D in vitro 55 Ti2, #
fEDEEIC MSCGM &t L T—RE(MNA LN
BhokdbO0, BrFREIIEERBEICHERT
KRELEALTEY, 20 FMGERELBLTHE
LU EETEIIRS 4 2B BNl T 351,
STK2 12 X 5 HEICLIDERL ZE L TIE Cell
cycle, Proliferation, Cancer }Z{%&3> 2BLETHI% <
(Table 1), ¥£7-, FGF, TGF-8, EGF Iz E# & Is5k
ERFICBRLZI T FNEEZRNELLL T
(Table 2). Zh & DAL, STK2 Tid MSCGM
EB U ThMSCHEBRENER L ZEIZEET
5L THAS. STK2 TO 20 B EE % &
MSCGM O 50 HEBEBR TR EB S bR LX)
(¥ 14000 %) OMESFESNTHYO (Fig. 1) H»
DEGTFREOEIMOEEDELRINTHES 2
(Fig. 4) Z&h5HEXD. LT, MSCGM &
tbEe U T STK2 TR OBRERLIZHEDA LN
RVEEMEICBWTHHROEENELL TV
WREME S R I N, MEEBEEEB OIS L
THERBAEZE VWD =03 FOLEMEE %
BDEDIIRRNCHIIEETROH L-0bB in vitro
TOEBEEREEZFERINTIRs W, invitro
TOEED, HRECESTHIEOA LA ERSD
ZEFBASNT, FOHEMMBEWHRENWTHSD
ZERBBTEGBETES. FOH, STR2ZEEICK
D MSCGM & HE L TEHHMTZ< O#ila 2B 2
ZEMTELZORRERFIETHZEBEDNS, &
HMBRETRUMREEZESND 2 813, BF50K
BIREAZETAEGITRBCEENEIETH
L. LiLads, K0EL0oMlaziEs7=012
STK2 TOEEHMZMIL T EFNITENE

GCTFREFOEINIDREL BRI LHRETA
ETHAD.
FHROFEREN S, MEREMAALEEHELER
# STK21Z, invitro DERMMZEHRT Z0ICH
WTHDH, FROBICEERHFEZEET S Z&IC
S OMBEOEENE{LTHRRER DT ETERN S
Ebhol, EAMSEWROB L TE-/ME SHE
R EREOMEE L TANS MBI O
BRELELTWARWI ENERTIES 58, ]’
EWIZIE, inviro BEBRIZBLWTHIRRICED &
FIREEBEZ 2> TWREONEEBRTEIIENEE
THY, ZOET, TOEEERIRHTWASITIZ
EQESIBBEFGETHTIONIONEZBREET
RETHAD. MERBMRZLITTAL PSS #Hlg
LEVELEERSFICBVT, MEZSEHVER
EHMBERNPEENERED 1 DER>TWE, 5%
1, HARPFEEE ORI N ENFEE
AWaZ &L THEHNMIEOREMEDF AL
NEOHEDEREOFE L NIVAEbNE Z LT
B1EAS,

BiEE AW, NEDO TEMIFZE, SHEEK
RN OREE U RESNER, HERBMAzE AW
FEAEERHERLORDOBEL SOy
M WCTERSNZHFEO—ITH S,
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Fundamental study of fractography of ultra-high molecular weight
polyethylene for artificial joints.

Hideyuki SAKODA, PhD., Itaru ISHIKAWA, PhD. Shigeyuki WAKITANI, MD.,,
Keiji TENSHO, MD., Michio SATO, PhD., Atsuko MATSUOKA, PhD.

Abstract

Application of fractography to ultra-high molecular weight polyethylene (UHMWPE) for
joint prostheses would facilitate a better understanding of the mechanics of failure and long-term
evolution of the microstructure of the material in vivo. Fundamental information on fractography
is, however, still limited. In this study, two materials, virgin and retrieved UHMWPE, were frac-
tured under three controlled conditions, fracture in liquid nitrogen (LN,), under tensile loading
and under tensile fatigue. The fracture surfaces were observed by scanning electron microscope
(SEM).

The fracture surface of virgin UHMWPE fractured in LN, was always normal to the applied
load with a relatively flat appearance, indicating a homogeneous microstructure, while that of
retrieved UHMWPE tilted and showed a river pattern, indicating heterogeneity of the micro-
structure. ‘

Differences in fracture surfaces between virgin and retrieved UHMWPE were cbvious under
both tensile loading and tensile fatigue. Change in material property such as elongation to break
due to oxidative degradation in vivo was considered the major reason.

Differences in fracture surfaces between tensile loading and tensile fatigue were not clear in
either virgin or retrieved UHWMPE. It was considered that the cracks grew by mode I loading
under these two conditions, resulting in similar fracture surfaces.

Key words : fractography, joint prosthesis, UHMWPE, fracture, microstructure.
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X 1. Fracture surface of virgin UHMWPE frac-
tured in LN,. Original magnification X 150.

R i h
2. Fracture surface of retrieved UHMWPE frac-
tured in LN,. Original magnification X 75.
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[ 3. Fracture surface of virgin UHMWPE frac-
tured by tensile loading. Arrows indicate
direction of crack growth. (A) Whole area.

Original magnification X 55. a : initial point,
b : slow growth region, ¢ : fast growth re-
gion. Squares indicate approximate posi-
tions of figures 3B and 3C. (B) Close-up of
slow growth region. Original magnification
x500. (C) Close-up of fast growth region.
Original magnification % 500.

4. Fracture surface of virgin UHMWPE frac-
tured by tensile fatigue. Original magnifica-
tion X 500. Arrows indicate direction of
crack growth.

IR (o) LMMELHER () 2PBE S,
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K 5. Fracture surface of retrieved UHMWPE
fractured by tensile loading. (A) Whole
area Original magnification X 50. Arrows
indicate direction of crack growth. a : ini-
tial point, b : slow growth region, c : fast
growth region, d : fibrillated region. Square
indicates approximate position of figure 5B.
(B) Close-up of fibrillated region. Original
magnification X 150.

FERAMOR R & BbLN 5100 u mO R (K
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B 6. Fracture surface of retrieved UHMWPE
fractured by tensile fatigue. Arrows indi-
cate direction of crack growth. (A) Whole
area. a : initial point, b : fast growth region,
c : fibrillated region, d : striation. Original
magnification X 50. (B) Another sample. a :

initial point, b : fibrillated region. Original
magnification X 55.
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Wear Measurement of Retrieved UHMWPE Acetabular Liner Using Optical
Three-Dimensional Digitizer.

Itaru ISHIKAWA, PhD., Hideyuki SAKODA, PhD., Nobuhiko SUGANO, MD.,
Atsuko MATSUOKA, PhD., Toshie TSUCHIYA, PhD.

Abstract

Wear measurement of retrieved acetabular liners is necessary to elucidate the mechanisms
of arthroplasty failure. This study evaluated the wear volume of retrieved acetabular liners using
an optical 3D digitizer. In order to calculate the wear volume from measured geometry, informa-
tion on the unworn geometry of the liner is needed, but the lack of this information becomes a
problem. In this study, we introduced a novel calculation method to identify the unworn geome-
try of retrieved liners. This method assumes that the geometry of the unworn sliding surface
was a sphere and the center of the sphere was on the central axis of the liner. As a result of the
verification test using test data, this method could identify the unworn geometry correctly. We
applied this method to the geometry data of the retrieved liner measured by optical 3D digitizer,
so that the unworn geometry of the sliding surface was estimated. It seemed that the unworn
part of the sliding surface which is estimated by this method was consistent with visual examina-
tion of the liner. Using this estimated unworn geometry, the wear volume of the retrieved ace-
tabular liner could be calculated. It is thought that the unworn surface estimation method pro-
posed in this study can be applied to similar geometric data measured by other devices, such as
a contact-type coordinate measurement machine or micro-CT.

Key words : Retrieved acetabular liner, Wear measurement, Optical 3D digitizer, Unworn surface estimation.
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Abstract. Ultra-high molecular weight polyethylene (UHMWPE) has been widely used as a bearing surface of joint implants.
Since wear of UHMWPE component has been the primal cause of implant failure, crosslinking of UHMWPE is now widely
used to improve its wear property. On the other hand, crosslinking degrades its fatigue property and increase of fatigue related
failure, such as delamination, is possible. However, the relationship between degraded fatigue property and implant failure is
not clear, primarily because the fatigue properties of failed and retrieved UHMWPE components are not known. In this study,
we propose a new test method to evaluate the fatigue property of retrieved UHMWPE components or final products using small
specimens.

First, the effects of test conditions were investigated using virgin UHMWPE. Then, tests were repeated using specimens
from UHMWPE components of retrieved knee implants. The fatigue properties of virgin and retrieved UHMWPE were suc-
cessfully evaluated by the new test method and a relationship was found among the extent of oxidation, the fatigue property,
and occurrence of delamination. This result suggested that evaluation of fatigue property of UHMWPE component can predict
the occurrence of fatigue related implant failure during operation in vivo.
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1. Introduction

Total joint replacement is a very effective procedure to improve the quality of life of patients suffering
from osteoarthritis or theumatoid arthritis. Because lifetime of current joint implants are limited to about
20 years, there is strong need for prolonged life of the implants.

One of the major reasons of implant failure is aseptic loosening caused by ultra-high molecular weight
polyethylene (UHMWPE) wear particles generated at the bearing surfaces. Oxidative degradation of
UHMWPE after gamma irradiation sterilization in air has also been found to increase wear and wear-
particle generation [1]. Improved sterilization methods for better stability and crosslinking of UHMWPE
for better wear resistance have been introduced [2]. A short-term clinical study of such highly crosslinked
UHMWPE was favorable [3] and prolonged life is expected.

The manufacturing process of highly crosslinked UHMWPE includes gamma- or electron beam-
irradiation for crosslinking and thermal treatment for stabilizing, both of which have been shown to
degrade the fatigue property of the material [4-7]. UHMWPE components are exposed to the cyclic
stress of more than 107 cycles over the lifetime in vivo and have projections and notches as a design,
which are potential sources of fatigue failure. Thus, the fatigue properties of UHMWPE may become a
factor that limits the lifetime of the implants.

To evaluate the fatigue property, two test concepts, namely total life tests and fatigue crack growth
tests, are used.

In the total life tests, as long as a conventional tensile fatigue configuration with a dumb-bell shape
specimen is adopted, the displacement easily exceeds the working range of fatigue testing machine due
to large plastic deformation of UHMWPE, which is usually more than 400%. Defining a certain amount
of strain as a failure is one way to overcome this problem [8], but a large plastic deformation does not
necessarily mean failure and its suitability is unclear.

Compact tension (CT) specimens and center-cracked tension (CCT) specimens have been commonly
used for fatigue crack growth tests [9]. The characteristic of these tests is that parameters which describe
the fatigue property of a linear elastic material can be obtained as absolute values, independent of the
specimen’s shape or applied load by obtaining the relationship between the fatigue crack growth rate
(da/dN) and stress intensity factor range AK, which expresses the stress level at the crack tip under
the cyclic load. Cole and co-workers reported that the minimum stress intensity factor range at which
a crack starts grow (AK'th) decreased as the radiation dose of gamma-irradiation increased and that the
specimens irradiated at 100 kGy showed a 30% decrease in AK th compared to virgin specimens [5].

Howeyver, this test method is not without limitation. First, it is difficult to apply to retrieved components
or final products due to the required specimen size. As a result, data relating the measured fatigue prop-
erty to clinical outcome is not sufficient at present. Second, the method necessitates precise machining of
the test specimen, special jigs, and special equipment for observation of crack growth, such as a traveling
microscope or video camera. Third, it is based on linear fracture mechanics and elastic—plastic materials
such as UHMWPE should not be tested. Thus, there is a considerable scattering in results from different
studies [4-7,10,11] and dependence on specimen size was also seen [6]. Therefore, an absolute value
for fatigue property parameters of UHMWPE can not be obtained from the fatigue crack growth tests.

We developed a simple new test method to evaluate the fatigue property of UHMWPE using a con-
ventional fatigue test machine and small specimens that can be machined from retrieved components
or final products. First, the effect of test conditions such as specimen size was investigated using virgin
UHMWPE. Then, the test method was applied to retrieved components, and the relationship between
clinical outcome and the fatigue property of the components was investigated.



H. Sakoda et al. / Fatigue property of retrieved knee implants 105

2. Materials and methods
2.1. Development of test method

Sheet compression-moulded virgin UHMWPE (GUR 1020, Quadrant EPP Japan, Tokyo, Japan) was
used to investigate the effects of test conditions including specimen size, initial crack length and magni-
tude of load.

Specimens 4 mm x 8 mm X 24 mm were machined from UHMWPE. We consider that it is not
always possible to manufacture specimens with the same dimensions from every retrieved component
due to their widely varying shapes and sizes. Therefore, the effect of specimen size was investigated
by preparing various specimens ranging between 3—6 mm x 6-10 mm X 24 mm. The initial crack
was created with a cutter (Olfa, Osaka, Japan) at one edge of the centre of the specimen (Fig. 1). The
initial crack length was also varied between 0.64-2.46 mm to investigate its effect on the results. The
precise length of the initial crack was measured after the tests from optical microscope observation of
the fracture surface, as will be described later.

Both ends of each specimen were fixed to a conventional fatigue testing machine (Thervopulser, EHF-
LV010K1-A10, Shimadzu, Kyoto, Japan). A sinusoidal cyclic tensile load was applied along the long
axis at 1 Hz. The maximum load was between 160 and 640 N and the load ratio was fixed to 0.1.
The duration of the test was 100,000 cycles in most cases, except a few cases that were continued
for 1,000,000 cycles. The stress intensity factor range AK was calculated according to the following
equation:

AK[MPam®?] = Ac(ma)?? f(z),

r= -

w

f@) = _2_ an n_a:O.752 +2.02z + 0.37{1 — Sin(‘rcx/Z)}2
=N\ Tz 2 cos(nz/2) ’

where a is the initial crack length, W is the width of the specimen and Ao is the stress range applied to
the specimen [12].

Initial crack
0.64-2.46mm N_ 24mm

1

3-6mm l I

6-10mm

Fig. 1. Dimensions of fatigue test specimens (virgin material).
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Crack shapes during the tests were recorded using a digital camera (Ixy digital 55, Canon, Tokyo,
Japan). Observation of the fracture surfaces was carried out using an optical microscope (VH-8000C,
Keyence, Osaka, Japan) and scanning electron microscope (SEM, JSM-5800LV, JEOL, Tokyo, Japan).
The initial crack length was measured from optical microscope images of the fracture surfaces. Three-
dimensional surface topography was obtained using a scanning white-light interferometer (New View
5032-2, Zygo, Middlefield, CT, USA).

2.2. Retrieved components

Knee implants were retrieved during revision surgery at Shinshu University between 1994 and 2005.
Seven tibia components and seven patella components from eleven knee implants (1 to 11) were used
in this study. The samples were stored in air at room temperature until the tests. No clinical information
was used in this study.

Each sample was visually inspected for any features including fracture, scar, deformation, wear and
delamination, and recorded by the digital camera.

Each component was sawed in the sagittal plane into pieces at approximately 5 mm thick by a band
saw (K-100, Hozan, Osaka, Japan). The pieces were used as specimens for the fatigue tests by creating
an initial crack at their center. The size of cross-section (2.8-5.4 mm x 3.8-11.0 mm) and the initial
crack length (0.62-2.04 mm) were similar to those of virgin samples. The fatigue tests were carried out
in the same manner as those on the virgin material described above.

Analysis by a Fourier transform infrared spectroscopy (FTIR, SPX200, JEOL, Tokyo, Japan) was
carried out using 100-200 um thick samples cut from each component perpendicular to the articulating
surface by a rotary microtome (PR-50, Yamato Kohki Industrial, Asaka, Japan). The measurements were
carried out in transmission mode using a microscopic unit (IR-MAU110, JEOL) with aperture size of
100 um x 100 pm. The oxidation index (OI) was calculated by normalizing the peak area at 1720 cm™!
to the peak area at 1370 cm™! [13]. Crystallinity was calculated according to the following equation:

A1896/A1305

Crystallinity (%) = A1896/A1305 + 0.25

x 100,

where A1305 and A1896 are peak areas at 1305 and 1896 cm ™!, respectively [14].

The trans-vinylene index (TVI) was calculated by normalizing the peak at 965 cm™! to the peak at
1370 cm™! [15].

The measurement was carried out repeatedly from the articular surface to the back side at intervals of
100-500 um. An OI profile was created and the maximum value (OInax) Was used for further discussion.
The average values were calculated for crystallinity and TVI and used for further discussion. Fourier
ripping tended to interfere with the small trans-vinylene peak at 965 cm™~! and such measurements were
removed from the calculation of the average values. Samples gamma-irradiated at various doses were
also prepared to estimate the approximate irradiation dose from TVL

3. Results
3.1. Development of test method

Crack tip blunting was observed during the fatigue tests on virgin UHMWPE (Fig. 2a). The fracture
surface was deformed due to necking near the fracture surface (Fig. 2b). SEM observation of the fracture
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EaERG R

Fig. 2. View of virgin UHMWPE. (a) Growing crack showing crack tip blunting. (b) Fracture surface showing deformation
from original rectangular cross-section due to necking. The sides were painted black for a better view. Direction of fatigue
crack growth: left to right. (¢) SEM image of fracture surface showing diamond pattern and striation. Direction of fatigue crack
growth: left to right. (Original magnification x500.)

surface revealed a diamond-like pattern and a striation-like pattern perpendicular to the direction of crack
growth (Fig. 2¢), both of which are characteristic of the fatigue growth tests of UHMWPE [4-6,10].

Figure 3a shows the relationship between the initial stress intensity factor range AK and the number
of cycles to failure N (K-N curve). Some scattering can be seen in the results and some isolated data
were also found. Figure 3b shows the relationship between the initial nominal stress ¢ and the number of
cycles to failure N (S-N curve). Compared to the K~N curve, the scattering was small and no isolated
data was found. The S—N curve was a straight line with a negative slope and with a horizontal line
beyond 10° cycles.

No effect of specimen size or initial crack size was found. It was thus considered that this test method
is applicable to retrieved specimens with various specimen sizes within the range tested in this study.

3.2. Retrieved components

The results of visual inspection and FTIR analysis are summarized in Table 1.
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Fig. 3. Results of fatigue tests of virgin UHMWPE. (a) K-N plot. (b) S—N plot. ® — failed, O — did not fail.

Table 1

Summary of visual inspection, FTIR analysis, and fatigue test of retrieved components. “P” and “T” in sample ID indicates
patella and tibia component, respectively

Sample ID Maximum  Crystallinity =~ Average  Estimated Visual inspection Fatigue property

Ol (%) TVI irradiation relative to

dose (kGy) virgin (%)
8P 39.9 66.8 0.012 32 Delamination s
8T 314 73.9 0.028 75 Delamination ~ Severe wear —
9T 31.2 724 0.030 79 Delamination = Severe wear 2
3P 20.1 76.7 0.017 46 Delamination =
7T 13.8 75.1 0.041 109 Delamination e
6P 10.8 75.3 0.023 63 Delamination -2
5p 8.8 712 0.018 49 Delamination 3
o 7P 7.0 72.7 0.026 69 Delamination 40
A 1P 5.4 71.4 0.013 34 Delamination 65
) 2T 4.2 71.9 0.021 56 Delamination 72
] 10T 1.6 58.6 0.024 64 110
A 4T 1.4 66.4 0.011 29 105
11T 0.9 60.5 0.003 8 Delamination ~ Severe wear .
4p 0.2 67.6 0.017 45 e
[ J Control 0.0 54.5 —0.001 -2 100

Notes: "' Too fragile to manufacture specimens. *2Not tested due to insufficient material.

The maximum oxidation index (Oly.x) ranged between 0.2 and 30. Samples could be grouped into two
categories. The low Olp,, group, which had an Ol,x between 0.2 and 1.6, showed a peak at 1740 cm™,
which corresponds to esters, but no or small peaks at 1712 and 1718 cm™!, which correspond to acids
and ketones, respectively. The high Ol group, which had an Oy, of 4.2 or higher, showed large
acid and/or ketone peaks and the contribution of the ester peak to OI was negligible. The ester peak
in retrieved components is considered to be due to diffusion of lipids [16] and components of the high
Olax group were judged to be oxidized in this study.

Crystallinity ranged between 58 and 77% and a component with a higher Ol . tended to have higher
crystallinity.



