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Abstract

Itis shown in this study that polymer morphology, sterilization with or without accelerated aging, and temperature affect the fatigue crack
propagation behavior of ultra high molecular weight polyethylene (UHMWPE). Changes in UHMWPE orthopedic implants due to steriliza-
tion and shelf aging are of great clinical interest and importance. In recent years, accelerated aging has been used to simulate shelf aging anc
post-sterilization oxidation in UHMWPE orthopedic components. In order to understand the role of sterilization and post-sterilization aging,
two commercially available polymers (GUR4150HP and Hylafrieh) with distinct morphologies were subjected to one of four sterilization
techniques (gamma radiation in air, gamma radiation in vacuum, ethylene oxide gas, and gas plasma). Non-sterile samples were used as
controls for all studies. Half the groups were tested in the unaged condition. The remaining samples were aged under accelerated conditions
via elevated temperature (@) and oxygen pressure (5 atm) for 14 days to simulate five years of shelf aging. Subsequent to sterilization and
aging treatments, specimens were subjected to cyclic compression loading followed by cyclic tensile loading in order to characterize the
fatigue resistance. Scanning electron microscopy was used to provide an understanding of fatigue fracture mechanisms. Fourier transform
infrared spectroscopy and density gradient column methods were used to determine the structural changes brought about by sterilization and
aging. It is found in this work that accelerated aging causes a decrease in fatigue resistance regardless of sterilization method. Fatigue
degradation is most severe for gamma radiation in air coupled with accelerated aging conditions. The results of this study have important
implications for the design of fatigue resistant polymers used in medical applica@@d®99 Elsevier Science Ltd. All rights reserved.
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1. Introduction inception and growth of mode | fatigue cracks in UHMWPE
containing stress concentrations [2]. These compression
Although ultra high molecular weight polyethylene fatigue cracks are the result of residual tensile stresses
(UHMWPE) remains the material of choice for the bearing sustained at the notch as the polymer is unloaded from
surface in total joint replacements it also limits the life of far-field compression [3,4]. Cracks that have initiated
these components due to the generation of mechanicallyunder cyclic compressive loading are then capable of propa-
induced polymer debris. Contact between the UHMWPE gating to critical lengths under the action of subsequent
and metallic components in a total joint arthroplasty results tensile stresses. Given the complex nature of cyclic loading
in complex stress distributions on the surface and within the in total knee replacements, fatigue damage sustained in
polymer. It has been shown in a previous work that the normal gait action can lead to the inception and growth of
maximum principal stress at a point near the surface of a subsurface cracks resulting in pitting and delamination of
total condylar type tibial knee component can range from the UHMWRPE components [5]. Understanding the variables
10 MPa of tension to 30 MPa of compression as the contactaffecting the compression and tension fatigue fracture resis-
area sweeps across the surface during flexion [1]. Further,tance of UHMWPE will assist in the design of polymeric
fully compressive cyclic loads have been shown to cause theorthopedic devices offering long term structural integrity in

vivo.
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implant. These variables include the resin type and proces-in severe embrittlement of the polymer. This is an important
sing conditions, the method of sterilization, and post-steri- finding for UHMWPE components used in total knee repla-
lization aging prior to implantation. The starting resin and cements where fatigue loading has been shown to play a
processing conditions play a critical role in the fatigue resis- critical role on the longevity of the prosthesis [20].
tance of the orthopedic component by dictating the initial ~ Shelf aging particularly when the component has been
polymer properties including molecular weight, crystalli- sterilized by ionizing radiation [17] is another factor that
nity, density and morphology. These molecular variables affects the fatigue properties and implant life. A recent
are known to have a profound affect on the fatigue perfor- tool developed to aid in the evaluation of post-sterilization
mance [6,7]. Further, the processing conditions associatedshelf aging is accelerated, or artificial aging [21-23]. The
with the ram extrusion or compression molding of the resin motive behind artificial aging is to obtain predictions of long
can alter the polymer morphology, or degree of lamellae term performance within a shortened test period. Some
stacking or texture, which can result in substantial differ- current accelerated aging protocols involve an elevated
ences in fatigue behavior [7]. temperature coupled with either a heating rate [21] or an
Once the orthopedic components have been manufac-elevated oxygen pressure [22]. It has been stated that for
tured, the device must be sterilized prior to implantation. artificial aging to be valid the material state attained via
There are three basic classes of sterilization: high tempera-accelerated aging and the mechanisms behind the physical
ture, gases, and ionizing radiation. High temperature changes must be the same as when naturally aged [23—25].
sterilization includes steam or autoclaving but is unaccep- Care has been taken to show that artificially aged
table for UHMWPE due to the low melting point of the UHMWPE specimens have similar densities, oxidation
polymer. Common methods of non-ionizing sterilization indices, subsurface oxidation profiles, and monotonic
methods include ethylene oxide gas and gas plasma. Ethy-mechanical properties; however, few tests have been done
lene oxide [8] and gas plasma [9] sterilization are known to to examine the correlation of such structural changes with
cause little or no degradation to the mechanical properties ofthe fatigue behavior of the polymer. Specifically, it is of
the UHMWPE. Gamma radiation, typically a minimum of interest to know how accelerated aging affects the ability
25 kGy from a ®°Co source, is a common sterilization of the polymer to resist crack growth when subjected to both
method used widely by the medical industry. This ionizing cyclic compression and tension loading.
sterilization method can be done in air or in an inert envir-  Testing conditions are also expected to affect the fatigue
onment. Numerous researchers [10—12] have shown gammaehavior of UHMWPE. While the majority of fatigue crack
radiation in air to be the main reason in degrading the propagation resistance research has been performed at room
mechanical and structural integrity of UHMWPE. Conver- temperature under sinusoidal loading conditions, it is well
sely, others have shown that gamma radiation in an inert known that polymer fatigue resistance is highly sensitive to
environment can be beneficial to the wear properties of theload ratio, waveform, and frequency [18,26]. Further, the
polymer [13—16]. This apparent dichotomy is due to the majority of fatigue characterization has been performed in
relative dominance of various reaction schemes and kineticslaboratory air conditions despite the fact that UHMWPE is a
of free radicals generated through ionizing radiation [17]. low melting point viscoplastic polymer whose mechanical
While scission and crosslinking always occur to some properties are likely to be affected by temperature. This is of
degree in UHMWPE subjected to gamma radiation, the clinical concern as orthopedic components are cyclically
presence of oxygen during radiation and available in the loaded in vivo at body temperature (&). To date little
surrounding environment after sterilization results in chain crack propagation data exists for UHMWPE tested under
scission mechanisms and oxidative degradation. In thebody temperature conditions [27].
absence of oxygen during ionizing radiation, crosslinking  The primary objectives of this study are to understand the
mechanisms are favored although some degree of scissiomole of polymer morphology, sterilization method, acceler-
and oxidation still occurs. If one can control the ionization ated aging, and test temperatures on the fatigue fracture
process and reaction kinetics to favor crosslinking then one resistance of medical grade UHMWPE. The two polymers
can develop a more stable polymer that resists oxidation andused for this study are GUR4150HP and Hylafhét. The
time dependent degradation. Further, crosslinking has choice of these two polymers stems from their differences in
shown great promise in reducing the wear of UHMWPE morphology, crystallinity, and density brought about
[14,15] and this has prompted many to believe that through distinct processing conditions (pressure and
gamma radiation in an inert environment is an acceptable temperature) of nominally identical starting resins. Four
sterilization method for orthopedics. While crosslinking has sterilization protocols are considered in this study: gamma
shown great promise in improving tribological properties radiation in air, gamma radiation in an inert environment,
[16], it has remained unclear whether the same benefit ethylene oxide gas, and gas plasma. Non-sterile materials
will be realized in the fatigue resistance of UHMWPE. are used as a control for both polymers. The aim of this work
Recent studies [18,19], however, indicate that gamma radia-is to determine which polymer morphologies and
tion in an inert environment may not offer any improvement sterilization methods offer the best resistance to fatigue
to the fatigue resistance of UHMWPE but rather may result crack propagation for long term structural integrity in total
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Table 1 _ each material group. Five groups were studied for the
Physical properties of GUR4150HP and Hylafhad GUR: non-sterile, 25 kGy of gamma radiation in an air
Property GURA4150HP Hylam&m environment (g.amma-alr), 25 kGy Qf gamma .radlatlon in
a vacuum environment after flushing with nitrogen gas
Molecular weight 36 million g/mol  3—6 million g/mol (gamma-inert), gas plasma, and ethylene oxide gas. For
Crystallinity 45-50% 55-60% the Hylamef-M, four groups were studied: non-sterile,
Density 0.93-0.935 0.94-0.946 : inert. and | Ethvl o
Ultimate tensile strength (2C) 42-44 MPa 38-40 MPa gamma-air, gqmma-lner » and gas plasma. ylene oxiae
Ultimate tensile strength (3€) 36 MPa 41 MPa gas was examined for the unaged Hylaftdft for compara-
Yield strength (21C) 20-23 MPa 27-30 MPa tive purposes only (ethylene oxide treatment is not a clini-
Yield strength (37C) 21 MPa 25 MPa cally relevant sterilization condition for Hylam&mM).
Elastic modulus (210) 1.0-1.39GPa  20-25GPa After sterilization, half of each group (10 specimens) was
Elastic modulus (3TC) 0.67 GPa 1.1-1.2 GPa biected to 14 d ; lerated ading A€74nd 5 at
Elongation at break (2C) 330% 370% subjected to ays or accelerate aglng_ atm
Elongation at break (3T) 375% 405% O,. The second half of each group remained unaged. The
Shore D hardness (2T) 6065 64-69 unaged gamma-inert specimens were individually vacuum-

sealed in order to minimize oxidation. A total of 18 groups
were investigated for this study.

joint replacements. It is also shown in this paper that the All fatigue tests were performed on compact tension
accelerated aging process affects the fatigue crack propagaspecimens with the following geometry [7]: width,
tion behavior. W=25.4mm; length, L=31.75mm; height, B=
31.75 mm; initial notch lengtha = 8.89 mm; notch width,
t=3.12 mm; included notch angled = 60°; notch root

2. Experimental methods radius, p =0.127 mm; hole diameter,d=5.334 mm;
_ distance between holes18.52 mm; and thickness,
2.1. Materials T=28.13 mm. A schematic of this specimen geometry is

provided in Fig. 1. All specimens were machined such
The materials used in this study were ram extruded that the crack growth would be perpendicular to the extru-
GUR4150HP (GUR) and Hylam&mM medical grade  sjon direction. Fatigue tests were performed in a recirculat-
UHMWPE. The Hylame@-M used was GUR4150HP that |ng deionized 37C water bath (made of Lexan) on a
had been post-processed under high temperature and presseryohydraulic Instron 8511 using a sinusoidal wave func-
sure to increase the size and amount of crystalline regionstion at a frequency of 5 Hz. In order to evaluate the effect of
leading to different properties. The room and body tempera- test temperature, the non-sterile GUR specimens were char-
ture properties are summarized in Table 1 for both acterized in 37£1)°C water, near-room temperature water
polymers. All materials were supplied by DePuy-DuPont 24(+1)°C, and room temperature air 22{)°C. Fatigue
(Warsaw, Indiana). The extruded UHMWPE was machined resistance was characterized for both cyclic compression
into compact tension specimens prior to sterilization. gnd cyclic tension loading conditions. The stress ratio or
Twenty compact tension specimens were prepared forR.ratio (Ris defined as the minimum stress to the maximum
stress of the fatigue cycle and is schematically illustrated in
_— Fig. 1) used in this study waR = 30 for compression fati-
{9‘ ] gue andR= 0.1 for tension fatigue.

<
|

% >/\e 2H ] 2.2. Compression fatigue

G} B The fatigue tests were performed using compression

[ platens to apply the far-field load perpendicular to the

I plane of the notch. The fully compressive fatigue tests
L were performed using a load ratio &= 30 (-0.22 to

—6.5 MPa). Crack growth was monitored using an Olympus

BH-2 microscope. Compression fatigue tests were termi-

nated upon saturation of the fatigue crack, dictated by the

O 80 = |Omax-Tmin zone of residual tension ahead of the notch tip [4]. Saturated

_ Tmin lengths were noted for all material groups.

o'ma X

+ _ Omin 2.3. Tension fatigue

time

Fully tensile fatigue tests were conducted on the compact
Fig. 1. Schematic illustration of the compact tension specimen used in the t€Nsion specimens with existing pre-crack lengths dictated
fatigue studies. by the saturation lengths resulting from cyclic compression.



798

Fig. 2. (a) Schematic illustration of the transition of optical translucence in
the aged polymers. Interior density was taken in region A, exterior density
was taken in region B; (b) Optical micrograph depicting the transition
observed on the fracture surface of Hylafi sterilized by gas plasma
and subjected to accelerated aging.

Tests were performed using standard pin loading using a

load ratio ofR=0.1. Careful attention was paid to locate

the inception of crack propagation and was defined as stress

intensity ranges corresponding to a crack growth rate of
107 mm/cycle @AKiep). Tension fatigue tests were
performed under constant stress amplitude conditions
throughout the Paris regime (wherea/dN= C(AK)™
holds). The slopesnf) were calculated for each data set
using a best-fit straight line through all data between®10
and 3x 10~ * mm/cycle.

2.4. Fractography

In order to provide a micromechanistic link to the fatigue
fracture resistance, fractography was performed at the
completion of tension fatigue testing. Fractured specimens
from each of the 18 groups were sputter-coated with Au—Pd
and examined using a JEOL 35CF scanning electron

[«]
*

Crack length, a

da/dN

Number of compression cycles,N

Fig. 3. Schematic of the compression fatigue crack growth behavior of
GUR4150HP and Hylam&M.
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microscope (SEM). Attention was paid to different fracture
mechanisms observed amongst the groups. Additional
microscopy was performed using a JOEL 6301 field emis-
sion microscope (FEM) to characterize the morphology. For
FEM, specimens were prepared using a standard permanga-
nate etch to preferentially remove the amorphous regions of
the polymer. All polymer surfaces were then coated with
gold prior to imaging.

2.5. Density gradient column measurements

Following fatigue testing, fractured specimens were
sectioned for density characterization using a density gradi-
ent column (DGC) of distilled water and isopropanol. The
column was prepared according to ASTM D1505-85 stan-
dard. Two samples, each approximately 2x 2 mn,
were studied for each unaged material group and four to
six samples were studied for each aged material group.
All samples from the aged specimens were taken from either
region A or B as shown in Fig. 2.

2.6. Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) was
performed on a BIO-RAD UMA 250 at DePuy Orthopae-
dics Inc. (Warsaw, IN). Three 2Q0m samples were
Sectioned from a representative fractured compact tension
specimen in each of the aged material groups in order to
determine the oxidation index of the aged specimens. These
slices were oriented under the FTIR microscope so that a
depth profile could be performed. Measurements were taken
at 50pm intervals to a depth of 20@m and then at intervals
of 100 um up to a maximum depth of 40G0m. Carbonyl
area/mil was calculated using the absorbance spectrum
between the 1800 and 1660 cirwavenumbers. Baseline
minima for the area calculation were found between the
1680-1630 and 1800—-1750 ciwavenumbers. The data
were normalized for thickness (1 mil) using the peak height
of the 4250 cm* wavenumber measured from the line
established by the 4297 crhwavenumber. Ketone absor-
bance/mil was calculated using the same baseline minima as
the carbonyl area and then looking for the maximum absor-
bance between the 1720 and 1710 ¢mvavenumbers. This
value was also normalized using the 4250 ¢ipeak height.

3. Results
3.1. Compression fatigue

All compression fatigue cracks initiate in the plane of the
notch and grow perpendicular to the compression axis. For
all specimens, the compression fatigue cracks propagate at a
progressively diminishing rate before arresting at a crack
saturation length,a*. Fig. 3 schematically depicts the
compression fatigue crack length as a function of number
of loading cycles. The average saturation lengtas,
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Table 2
Summary of compression and tension fatigue properties: (a) compression and tension fatigue properties for GUR4150HP; (b) compressionatigliension f
for Hylamer®-M; and (c) the effect of temperature (non-sterile GUR4150HP)

Compression fatigue, Tension fatigue
saturation lengtla* (mm)

AKincept (MPa/m)? Slope,m®
(a) GUR4150HP
Non-sterile (unaged) 0.11 2.01 21.4
Non-sterile (aged) 0.08 1.80 19.3
Plasma (unaged) 0.07 2.01 23.4
Plasma (aged) 0.08 1.81 171
EtO (unaged) 0.09 1.90 19.3
EtO (aged) 0.08 1.71 14.9
Gamma-air (unaged) 0.08 1.51 24.3
Gamma-air (aged) 0.04 0.90 ¢
Gamma-inert (unaged) 0.07 1.51 23.1
Gamma-inert (aged) 0.04 1.50 46.4
(b) Hylamer*-M
Non-sterile (unaged) 0.05 251 30.9
Non-sterile (aged) 0.05 2.44 33.6
Plasma (unaged) 0.04 2.49 21.4
Plasma (aged) 0.04 2.39 29.0
EtO (unaged) 0.04 2.40 27.9
EtO (aged) - - -
Gamma-air (unaged) 0.03 2.21 38.9
Gamma-air (aged) 0.03 1.00 ¢
Gamma-inert (unaged) 0.03 2.16 48.1
Gamma-inert (aged) 0.03 1.61 295.0
(c) GUR4150HP
Non-sterile (37C, H,0) 0.11 2.01 21.4
Non-sterile (28C, H,0) 0.06 2.17 19.2
Non-sterile (22C, air) 0.05 2.20 22.4

2Defined at d/dN =~ 10°°,

® Defined for 10° =< da/dN = 3x 107,

°No slope calculated due to surface cracking and fracture instability.
4 Defined for 10° = da/dN < 3x 102,

measured from the compression fatigue tests on the agedrhe 37¢-1)°C group has the largest saturation length,
and unaged GUR4150HP (GUR) are given in Table 2(a). a* = 0.11 mm. The 22£1)°C group has the smallest satura-
The unaged non-sterile group results in the largest saturationtion length witha* = 0.05 mm.
length for the GUR, a*=0.11 mm. All sterilization
processes cause a decrease in saturation length from thg 5> Tension fatigue
non-sterile, unaged material group. Artificial aging also
engenders a substantial decreasa*irfor the non-sterile Table 2(a) summarizes the stress intensity ranges neces-
and both gamma sterilized material groups. The most sary for crack inception XKincep) and the slopes of the
substantial decrease ia* from the unaged non-sterile  growth rates for GUR. Fig. 4(a) shows the tensile fatigue
group is seen for the aged gamma-air and aged gamma-crack propagation rateattN, as a function of crack driving
inert, a* = 0.04 mm. force, AK, for the unaged GUR. It is seen in this figure that
Table 2(b) gives the average saturation lengths for both non-sterile and gas plasma specimens are the most resistant
unaged and aged HylanfeM. The unaged non-sterile to crack propagation followed by EtO sterilization. Gamma
group has the largest saturation length for the Hyldimer sterilization (air and inert) has the most pronounced effects
M, a* = 0.05 mm. Gamma sterilization results in the most on the initial AK in the unaged material groups. It is clear
notable decrease in saturation length, resulting in drop to from this plot that radiation results in a drop in crack incep-
a* =0.03 mm for both the gamma-air and gamma-inert tion from 2.01 MPa/m (for the non-sterile specimens) to
specimens. Accelerated aging causes no change inl1.51 MPa/m for both gamma-air and gamma-inert speci-
saturation length within each material group. mens. Fig. 4(b) showsaiN as a function ofAK for the
Table 2(c) provides the average saturation lengths for theaccelerated aged GUR. Here, it is seen that artificial aging
non-sterile GUR as a function of temperature. The satura- causes a further decrease in inith values for all material
tion length clearly decreases with decreasing temperature.groups, however it is most severe in the gamma-air material
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Fig. 4. Plots of tension crack propagation rates as a function of stress intensity range. The effect of sterilization is shown for the: (a) unagétigR41
aged GUR4150HP; (c) unaged Hylarfigvl; and (d) aged Hylamé&kM. The effect of temperature is shown for (e) non-sterile GUR4150HP. (Note: N&n-
sterile, P= gas plasma sterilized, EtO ethylene oxide sterilized, Ga gamma sterilized in air, GE gamma sterilized in an inert environment, andienotes

accelerated aging.)

group where the initiaAK decreases from 1.51 (unaged) to ilization has the most pronounced effects on the inilillin

0.90 MPa/m (aged). Artificial aging also causes a decrease, the unaged material groups. Gamma sterilization decreases
albeit less drastic, in the non-sterile and gas plasma materialAK for inception of crack propagation from 2.51 MPa
groups reducing the necessall for crack inception from for the non-sterile specimens to 2.21 and 2.16 MiRdor

2.01 to 1.80 MPgmfor the non-sterile specimens and from the gamma-air and gamma-inert specimens, respectively.
2.01 to 1.81MPgm for the gas plasma sterilized Fig. 4(d) shows the fatigue behavior for the accelerated

specimens. aged Hylamef-M. Once more, artificial aging brings
Table 2(b) summarizes theK,..,; values and the slopes about a decrease in initidlK values for all material groups,
of the fatigue plots for crack growth rates for Hylarfiev. however it is seen that aging has the most pronounced

Fig. 4(c) shows the crack growth rate as a function of crack effects on both gamma sterilized material groups. The
driving force for unaged Hylam&eM. It is seen in this most substantial reduction occurs in the gamma-air group
figure that non-sterile and gas plasma material groups areresulting in a decrease from 2.21 to 1.00 Mffa Aging
the most resistant to fatigue crack propagation and arealso gives rise to a slight decrease in the non-sterile and
followed closely by EtO sterilization. Again, gamma ster- gas plasma material groups reducing the necesskrfor
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Fig. 4. continued
crack inception from 2.51 to 2.44 MRa for the groups are shown in Figs. 5 and 6. For all micrographs,
non-sterile case, and from 2.49 to 2.39 MPa for the crack propagation is from left to right. Fig. 5(a) shows an
plasma sterilized specimens. electron micrograph of the representative fracture mechan-

Table 2(c) summarizes th&Kiycep; values and the crack  isms operating in the Paris regime for the gas plasma ster-
propagation slopes for GUR as a function of temperature. ilized GUR specimens. This fractograph exhibits the well
Fig. 4(e) shows the tensile fatigue crack propagation documented ductile criss-cross or diamond patterns
behavior of the non-sterile GUR for three temperature observed in pristine UHMWPE [26]. These same criss-
conditions: 37{1)°C in water, 25¢1)°C in water, and cross features associated with lamellae tearing are found
22(=1)°C in air. It is seen in this figure that the room inthe non-sterile and ethylene oxide sterilized groups. Simi-
temperature specimens are the most resistant to crackar mechanisms are observed (albeit at a slightly smaller
propagation while the body temperature condition results scale) for the unaged HylanféiM groups subjected to
in a reduction ofAKjncep: gas plasma (as seen in Fig. 5(b)), ethylene oxide, or no
sterilization. Gamma radiation (air or inert) results in a visi-
ble reduction in the level of ductile features in both poly-
mers. Fig. 6(a) and (b) shows the Paris regime fatigue

Representative SEM micrographs for the unaged material micromechanisms for the gamma-air sterilized GUR and

3.3. Fractography of unaged specimens
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Fig. 4. continued
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Fig. 5. Scanning electron micrograph of the fracture mechanisms in the Fig. 6. Scanning electron micrograph of the fracture mechanisms in the
Paris regime for gas plasma sterilized: (a) GUR4150HP; and (b) Hyfamer  Paris regime for the gamma-air sterilized: (a) GUR4150HP; and (b)
M. The fatigue crack growth direction is left to right. Hylamer®-M. The fatigue crack growth direction is left to right.
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Fig. 7. Scanning electron micrograph of the fracture mechanisms in the
Paris regime for the aged gas plasma sterilized (a) GUR4150HP; and
Hylamer®-M at (b) low and (c) high magnification depicting the ductile

Hylamer®-M, respectively. Similar features are detected in
the specimens that were gamma sterilized in an inert envir-
onment.

3.4. Fractography of aged specimens

Representative SEM micrographs for the aged material
groups are shown in Figs. 7—10. For all micrographs, crack
propagation is from left to right. It should be noted that all of
the aged fracture surfaces exhibit to some degree a white
inner region and a more translucent outer ring as shown in
Fig. 1. Accelerated aging has little effect on the non-sterile,
gas plasma, and ethylene oxide sterilized material groups
but results in drastic alterations to the gamma sterilized
groups. While these optical discolorations are not detectable
in the SEM it is evident that different fracture mechanisms
operate in the interior of the gamma radiated specimens. No
such mechanistic distinctions are made for specimens not
subjected to ionizing radiation. Figs. 7(a) and (b) demon-
strate that the classic diamond-like features are preserved
for materials not subjected to radiation. Fig. 7(a) depicts the
Paris regime mechanisms for the aged plasma sterilized
GUR specimens. Fig. 7(b) provides a low magnification
image of the Paris regime mechanisms for the aged plasma
sterilized Hylamef-M specimens. Fig. 7(c) is a high
magnification field emission fractograph of the gas plasma
sterilized and accelerated aged Hylafhét depicting the
ductile tearing of polymer fibrils. Unlike the non-ionized
groups, substantial changes in micromechanisms associated
with accelerated aging are noted in the gamma sterilized
materials. Fig. 8(a) shows the entire fracture surface and
the distinct micromechanisms from the near surface to the
interior of the gamma-air sterilized GUR specimen. Higher
magnification images of the scallops and cellular-like
features associated with gamma radiation combined with
accelerated aging of GUR specimens are shown in
Fig. 8(b) and (c), respectively. Similar features are observed
for the Hylamef-M specimens subjected to gamma radia-
tion in air and accelerated aging (as shown in Fig. 9(a) and
(b)). Radiation in an inert atmosphere results in a reduced
severity of the transition zone as seen in the full fracture
surface of the GUR and Hylam®&M specimens
(Fig. 10(a)). However, the inert atmosphere does not dimin-
ish the propensity of scallop markings on the fracture
surfaces (Fig. 10(b)).

3.5. Morphology

Fig. 11(a) and (b) are field emission micrographs depict-
ing the lamellae structure of the GUR4150HP and

tearing of polymer fibrils. The fatigue crack growth direction is left toright.  Hylamer®-M, respectively. Note the larger crystalline

structures in the Hylam&M associated with the higher
temperature and pressure process. The larger crystalline
lamellae correlate with the increased crystallinity, density,
modulus, and yield strength of this polymer (Table 1).
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Fig. 9. Scanning electron micrograph of the (a) fracture surface for the aged
gamma-air sterilized Hylam&M. Note the change in micromechanism
from the surface through the interior and the presence of the (b) cellular
structure. The fatigue crack growth direction is left to right.

3.6. Density gradient column measurements

Densities taken from representative fracture surfaces in
each material group are summarized in Table 3. For the aged
specimens, densities are measured for both the inner (region
A) and outermost (region B) areas of the fracture plane as
denoted in Fig. 2(a). The densities are determined for the
cross section in an attempt to correlate the discoloration
associated with accelerated aging (Fig. 2(a) and (b)) and
the density of the polymer. Substantial differences in density
Fig. 8. Scanning electron micrograph of the (a) fracture surface for the aged are found between the inner and outer regions in both the
gamma-air sterilized GUR4150HP. Note the change in micromechanism GUR and HyIame‘?-M when subjected to gamma radiation
from the surface through the int_erior and the presence of (b) scallop r_na_rk- in air and subsequently aged. Fig. 12 clearly demonstrates a
ings and (c) cellular features with the remnants of numerous, small fibrils L . Lo .

substantial increase in density in the outer region of the

oriented orthogonal to the crack plane. The fatigue crack growth direction is .
left to right. gamma radiated samples.

.0U MEME
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4. Discussion

For all material groups, the compression fatigue cracks
advance at a decelerating rate until reaching a characteristic
saturation lengtha*. The driving force for crack inception
under cyclic compressive loading is the generation of resi-
dual tensile stresses ahead of the notch [4]. As the crack
progresses it eventually saturates due to the combination of
crack closure and the imposing far-field compressive loads.
Once the residual tensile field is exhausted, the crack has
insufficient driving force for crack advance. The magnitude
of the saturation crack length is dictated by near-tip stresses
and levels of retained permanent or plastic strain upon
unloading from far-field compression. The saturation length
is strongly affected by local micromechanisms and levels of
damage sustained at the notch tip. Thus it is expected that
different yield behavior between the two polymers and for
different temperatures will affect the saturation lengths. Itis
apparent from Table 2 that for identical loading conditions
Hylamer®-M exhibits substantially less crack growth than
the GUR4150HP. Further, the lower temperature tests result
in smaller saturation lengths. This behavior is the result of
the increased yield stress associated with the modified struc-
ture (resulting in enhanced lamellae thickness, crystallinity,
and density) for the Hylam&M (Table 1) or associated
with a decreased temperature. The higher yield strengths
result in a reduction of plastic strain at the notch tip. The
reduction in retained permanent deformation results in a
decrease in the residual tensile stresses upon unloading
from far-field compression. It is expected that any treatment
which reduces the near-tip strains for the same notch
geometry and near-tip stresses will decrease the level of
crack growth under fully compressive fatigue conditions.

Fig. 10. Scanning electron micrograph of the (a) fracture surface for the This trend is seen in the gamma radiation treatment of the
aged gamma-inert sterilized HylanfeM. Note the presence of (b) scallop . .
features. The fatigue crack growth direction is left to right. UHMWPE and is further affected by aging.

Itis apparent from the tension fatigue data (Fig. 4(a)—(d))
that the inception for crack propagation occurs at signifi-
3.7. Fourier transform infra-red spectroscopy cantly greater values of stress intensity range for Hyldmer

M for all sterilization conditions. This indicates that the

Table 4 summarizes the FTIR data for the aged material enhanced crystallinity is beneficial for fatigue resistance.
groups with unaged non-sterile used as the control. It can beFurther, the stable crack growth regime for Hylaff
seen through examination of the peak carbonyl area/mil thatis shifted to greater values of stress intensity range over
the Hylamef-M exhibits the least amount of oxidation the GUR4150HP. This indicates that for an identical crack
when compared to the GUR material group counterpart. length and loading condition, the rate of crack propagation
Similar trends are noted for the ketone absorbance/mil. will be substantially lower for HylamérM. Further, it is
This is expected due to the larger crystalline lamellae of evident that the gas plasma sterilization and ethylene oxide
the HylameF-M. For both the GUR and Hylam&¢M, the sterilization methods do not significantly reduce the fatigue
non-sterile and non-ionizing sterilization methods result in resistance while gamma radiation results in a substantial
very little oxidation after accelerated aging. This is in degradation of the fatigue resistance of UHMWPE. One
contrast to the ionizing sterilization methods that show an interesting finding of this study is that gamma sterilization
increased level of oxidation after aging. Specifically, the in an inert environment provided no substantial improve-
gamma-air sterilization and subsequent aging lead to severgment over the gamma radiation in air for both unaged
oxidation. Both the GUR and Hylam&M aged gamma-air ~ Hylamer®-M and GUR4150HP. The detrimental effects of
and gamma-inert specimens exhibit subsurface oxidationionizing radiation in the unaged condition are most likely
peaks. due to the embrittlement associated with initial oxidation



806 D.A. Baker et al. / Polymer 41 (2000) 795-808

Table 3
Density of GUR4150HP and Hylami&mM for the unaged and aged
conditions
Sterilization (aging) Density g/ctn

Interior section (A) Exterior section (B)
GUR4150HP
Non-sterile (unaged) 0.932 0.933
Non-sterile (aged) 0.924 0.933
Plasma (unaged) 0.932 0.932
Plasma (aged) 0.919 0.933
EtO (unaged) 0.933 0.935
EtO (aged) 0.926 0.932
Gamma-air (unaged) 0.934 0.936
Gamma-air (aged) 0.933 0.969
Gamma-inert (unaged) 0.938 0.938
Gamma-inert (aged) 0.935 0.936
Hylamer®-M
Non-sterile (unaged) 0.930 0.936
Non-sterile (aged) 0.934 0.941
Plasma (unaged) 0.930 0.936
Plasma (aged) 0.930 0.935
Gamma-air (unaged) 0.939 0.938
Gamma-air (aged) 0.949 0.972
Gamma-inert (unaged) 0.940 0.942
Gamma-inert (aged) 0.950 0.945

brought about through accelerated aging. An interesting
finding is that accelerated aging does result in a slight degra-
dation of fatigue properties of the non-sterile groups and
groups not subjected to ionizing radiation. This suggests
that microstructural evolution is brought about through the
SR accelerated aging process.
LA All the aged material groups exhibit two distinct regions
of optical translucence as shown in Fig. 2. This transition in
Fig. 11. Field emission micrographs showing the lamellae structure of: (a) Optical translucence is seen optically but not during SEM.
GURA4150HP; and (b) Hylam&¢M. Note the larger crystalline structuresin ~ However, micromechanistic transitions between the interior
the Hylamef-M. and near surface portions of the fracture plane are observed
for the gamma sterilized specimens. Near the surface
and scission for the gamma-air condition, and the crosslink- (region B in Fig. 2), the fracture surface of the gamma-air
ing associated with the gamma-inert condition. specimens appears cellular in nature with the remnants of
The accelerated aging strongly affects the fatigue resis- many small fibrils orthogonal to the crack plane (Fig. 8(a)
tance of both polymers. Drastic embrittlement (and surface and (c)). The cellular structure increases in size as it
cracking) is found for all specimens gamma sterilized in air approaches the less oxidized interior. The interior region
and subsequently aged. For both polymers, the effect of exhibits the more familiar scallop markings often observed
accelerated aging in combination with gamma sterilization in retrieved knee components [28,29]. It is of interest to note
in air results in severe degradation of the fatigue crack that the scallops opened up in the direction of crack growth.
propagation resistance. Additionally, as previously Fig.8(a)shows thatin the Paris regime, the scallops open up
mentioned, the fractured specimens reveal that the accelernearly perpendicular to the direction of crack growth. This
ated aging results in a clear transition of near-surface andindicates that the crack effectively propagates from the
interior fracture micromechanisms possibly linked to the outer, more brittle region, to the inner region and then
profile of the sterilization induced free radicals and diffusion along a left-to-right path. The Hylam&M gamma-air ster-
of oxygen in the accelerated aging process. Gamma sterili-ilized material exhibited similar behavior. These specimens
zation in an inert environment followed by aging results in a have an outer ring of highly embrittled material as seen in
decrease in fatigue resistance in comparison to the unaged-ig. 9(a). This results in the cellular appearance of the
condition but offers substantial improvement over the fracture surface (Fig. 9(b)) and a change in micromechan-
gamma-air aged condition (Table 2). Further, it is evident ism from the surface to the interior (Fig. 9(a)). This gradient
that EtO and gas plasma are highly resistant to degradationof cellular texture might be an indication that the crack

(b)
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Fig. 12. Bar graph showing the effect of accelerated aging on polymer density of specimens sterilized by gamma radiation. Samples were measured in the

interior (A) and exterior (B) portions of the specimen (Fig. 1).

advances inward to the interior before moving in the left-to- ture abruptly and exhibit a drastic increase in the fatigue
right direction. Extensive surface cracking is noted during crack propagation slope (Table 2).
fatigue testing of both gamma-air sterilized polymers  Fatigue degradation brought about by gamma radiation
supporting the fact that the crack grows along the brittle and accelerated aging is accompanied by structural evolu-
surface of the specimen, then into the interior. This phenom- tion of the UHMWPE. Density gradient column measure-
enon results in severe embrittlement and brittle fatigue ments indicate that density increases as a result of gamma
behavior of both polymers (Fig. 4(b) and (d)). sterilization and that accelerated aging enhances this effect.
In contrast to the large zone of embrittlement observed in FTIR demonstrates that oxidation levels increase substan-
the gamma-air sterilized condition, the zone in the inert tially as a result of ionizing radiation and aging. Further
gamma sterilized groups is a fraction of the size. This accelerated aging results in a gradient of density and oxida-
could be due to the fact that the inert environment allows tion level through the specimen thickness. The increased
for crosslinking to occur near the surface reducing the free oxidation in the aged specimens leads to embrittlement
radical population and diminishing the propensity for oxida- and deterioration of fatigue fracture resistance of
tion during the aging process. No cellular features and little UHMWPE.
to no gradient of micromechanisms are observed in the inert  Another important finding of this study is the effect of
specimen subjected to accelerated aging (Fig. 10(a)). Opti-temperature on fatigue crack propagation. It is clearly
cal micrographs show no evidence of surface cracking. Theshown that specimens tested at lower temperature (room
scallop markings are present in the interior region although temperature) will have greater resistance to inception of
they do not tend to open in any specific direction crack propagation. The reduction in crack growth resistance
(Fig. 10(b)). For this material (Hylam&M gamma steri- observed in the body temperature tests is believed to be
lized in an inert environment and aged) the specimens frac-associated with enhanced viscoelastic mechanisms. At the

Table 4
Oxidation indices of GUR4150HP and HylarfieM for the unaged and aged conditions. Standard deviation in parentheses
Material group GUR4150HP Hylam®&v

CA/mil Ketone abs/mil CA/mil Ketone abs/mil
Non-sterile unaged 0.180 (0.016) 0.027 (0.002) 0.098 (0.020) 0.017 (0.002)
Non-sterile aged 0.137 (0.012) 0.041 (0.009) 0.071 (0.009) 0.015 (0.002)
Gas plasma aged 0.210 (0.055) 0.045 (0.010) 0.178 (0.016) 0.028 (0.004)
EtO aged 0.156 (0.042) 0.015 (0.005) - -
Gamma-inert aged 0.818 (0.038) 0.300 (0.011) 0.758 (0.029) 0.274 (0.010)

Gamma-air aged 5.848 (0.979) 1.788 (0.043) 3.698 (0.979) 1.233 (0.059)
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crack tip, the level of ductility and local creep mechanisms Depuy Orthopaedics, Inc. and the National Science Founda-
are enhanced by elevated temperature conditions and cartion grant #CMS-9624978 to the University of California.
assist in near-tip fracture processes. These enhanced

mechanisms render the polymer less tolerant to crack propa-
gation at body temperature in comparison to room tempera-
ture. Th!S finding has important implications a_s the majority [1] Bartell DL, Bicknell VL, Wright TM. J Bone Jnt Surg 1986;68:1041.
of published fatigue data on UHMWPE is for room 5 puit L, Koo J, Rimnac CM, Suresh S, Wright TM. J Orth Res
temperature (air) environments. Fatigue predictions based 1995;13:143.

on room temperature data could result in an overestimation [3] Pruitt L, Suresh S. Phil Mag 1993;67:1219.
of the implant life. [4] Pruitt L, Hermann R, Suresh S. J Mater Sci 1992;27:1608.

. . . 5] Bartell DL, Rimnac CM, Wright TM. In: Goldberg VM, editor.
Such degradation of fatigue fracture resistance of the 5] . 9 9
Controversies of total knee arthroplasty, New York: Raven Press,

orthopedic polymers when subjected to sterilization, subse- 1991. p. 61.

quent aging and body temperature environments increases [6] Sauer JA, Hara M. Adv Polym Sci 1990;91/92:71.

the likelihood of cyclic damage in vivo. This is of critical ~ [7] Pruitt L, Bailey L. Polymer 1998;39:1545.

concern for UHMWPE inserts used in total knee replace- [8] Ries M, Weaver K, Rose RM, Gunther J, Sauer W, Beals N. Clinical
. : h Rel Res 1996;333:87.

ments where complex cyclic stresses are known to exist and Orthoped Rel Res 1996;333:8

. . . L [9] Goldman M, Pruitt L. J Biomed Mater Res 1998;40(3):378.
where fatigue mechanisms can result in delamination and [10] Dole M, editor. Radiation chemistry of macromolecules. New York:
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