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Abstract

In this study the friction, wear and surface mechanical behavior of medical-grade ultra-high molecular weight polyethylene
(UHMWPE) (GUR 1050 resin) were evaluated as a function of polymer crystallinity. Crystallinity was controlled by heating UHMWPE
to a temperature above its melting point and varying the hold time and cooling rates. The degree of crystallinity of the samples was eval-
uated using differential scanning calorimetry (DSC). A higher degree of crystallinity in the UHMWPE resulted in lower friction force and
an increase in scratch resistance at the micro- and nanoscales. On the nanoscale, the lamellar structure appeared to affect the observed
wear resistance. Reciprocating-wear tests performed using a microtribometer showed that an increase in crystallinity also resulted in
lower wear depth and width. Nanoindentation experiments also showed an increase in hardness values with an increase in sample
crystallinity.
� 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Total joint replacement (TJR) is a procedure in which
osteoarthritic joints, such as the knee or hip, are surgically
replaced with an artificial device (prosthesis). Researchers
have estimated that the demand for TJR is expected to
increase dramatically in the next 25 years [1–3]. Although
these procedures are common and generally successful,
the lifespan of a hip TJR with ultra-high molecular weight
polyethylene (UHMWPE) is often limited, typically only
15–20 years. Upon use, the joints can become unstable
and fail from material wear [4]. In a hip prosthesis, a metal-
lic femoral head component articulates in a polymer-lined
acetabular cup that is embedded in the original hip socket.
1742-7061/$ - see front matter � 2008 Acta Materialia Inc. Published by Else

doi:10.1016/j.actbio.2008.02.022

* Corresponding author. Tel.: +1 515 294 1050; fax: +1 515 294 3261.
E-mail address: srirams@iastate.edu (S. Sundararajan).
UHMWPE paired with a metal (cobalt chrome or titanium
alloys) or ceramic (alumina or zirconia) are the most com-
mon combination of materials used in total hip replace-
ments (THRs) [5–11]. Low friction and resistance to
cracking make the polymer especially advantageous for
enduring the stresses that occur in the hip joint. However,
the polymeric nature of UHMWPE makes it susceptible to
wear [5], releasing tiny particles into the joint capsule, caus-
ing osteolysis which leads to aseptic loosening and eventual
failure of the implant [12,13].

The tribological properties of the articulating metal on
UHMWPE surfaces in TJRs have been recognized as criti-
cal factors affecting their durability and reliability
[5,6,8,9,14–16]. Specifically, the characteristics of the softer,
polymeric material have become an important area of study
to reduce the problem of material wear in hip replacements,
without compromising its advantages of low friction and
high impact strength. It has been documented that
vier Ltd. All rights reserved.
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adhesion, abrasion and fatigue are the primary mechanisms
of wear in polymers [17]. Studies have shown that a poly-
mer’s resistance to wear is directly related to its mechanical
properties, which have been linked to the polymer’s physical
morphology, such as crystallinity [18]. Energy caused by
viscoelastic deformation is adsorbed by cold drawing and
orientation hardening in the semicrystalline polymers,
where the chains in amorphous regions disentangle, fol-
lowed by the lamellar structures in crystalline regions
unfolding (i.e. decrease in the number of chain folds) with
tilting and slipping of the chains [18]. Hence, a higher degree
of crystallinity should give higher elastic modulus, and
require further elongation to break. Researchers have
shown an increase in yield strength and elastic modulus of
cross-linked UHMWPE with an increase in crystallinity
[6,7]. Kang and Nho [5] showed that a higher degree of crys-
tallinity in cross-linked UHMWPE resulted in higher tensile
strength with lower creep deflection, but also a higher wear
rate. Increases in elastic modulus, yield strength, as well as
microhardness have also been established through increas-
ing crystallinity in UHMWPE independent of cross-linking
[12]. Studies have compared the mechanical properties of
virgin, rod-stock UHMWPE with a pressure-induced
high-crystallinity UHMWPE, called HylamerTM, without
the effects of cross-linking, and confirmed enhanced
mechanical properties such as yield stress and elastic mod-
ulus corresponding to higher-crystallinity; however, this
material did not show significantly higher wear resistance
[5]. The relationships between friction, wear and crystallin-
ity remain unclear. Thermal processing affects the morphol-
ogy, crystallinity and mechanical properties of a polymer,
all of which can affect its tribological performance [19,20].
Understanding how morphology and crystallinity affect
friction and wear behavior should prove useful in the pur-
suit of developing a superior joint material.

The objective of this study is to measure the tribome-
chanical properties of medical-grade UHMWPE as a func-
tion of crystallinity at both the microscale and nanoscale.
Adjusting thermal treatments between two similar polymer
samples gives the variance in crystallinity that is needed for
the study. All other processing methods are carefully con-
trolled so that conclusions drawn can be directly correlated
with the difference in degree of crystallinity between the
samples.

2. Materials and methods

2.1. Materials

Commercially available, ram-extruded GUR 1050, rod-
stock, medical-grade UHMWPE (Poly Hi Solidur, Fort
Wayne, IN) was cut into two 30 � 30 mm2 square pieces,
2 mm thick. Samples were soaked in methanol and held
in an ultrasonic bath for over 1 h to remove any residue.
They were then air-dried with nitrogen. Differential scan-
ning calorimetry (DSC) gave a peak melt transition tem-
perature of 140 �C for rod-stock UHMWPE. Samples
were separately heated in a vacuum oven (Isotemp Vacuum
Oven, model 285A, Fisher Scientific) to 200 �C and held at
this temperature for 3 h to ensure thorough melting of each
sample. After melting the first sample, the oven tempera-
ture was reduced to 110 �C, the recrystallization tempera-
ture, where the sample remained for 48 h in order to
allow chains of PE to fold and form crystalline lamellae.
After melting, the second sample was rapidly quenched in
liquid nitrogen to minimize recrystallization. Both samples
were clamped with low pressure against a clean quartz
plate while heating to impart low, consistent surface rough-
ness. Prior to all friction and wear tests, UHMWPE sam-
ples were rinsed with methanol and blow-dried with
nitrogen.

2.2. Differential scanning calorimetry

A Perkin–Elmer differential scanning calorimeter (Pyris
1) was used to characterize the melting point and percent-
age crystallinity of the polymer samples after thermal treat-
ment. Sample (10 mg) was used for all DSC runs. The
samples underwent a heating cycle from room temperature
to 200 �C at a rate of 10 �C min�1 and also a cooling cycle
from 200 �C to room temperature at a rate of 10 �C min�1.
The melting point was calculated from the crossover point
of the tangents drawn to the horizontal and vertical por-
tion of the melting peak. The percentage of crystallinity
was calculated from the ratio of the area under the melting
peak to the enthalpy of melting of a 100% crystalline sam-
ple: 291 J g�1 [21]. The crystallinity values reported have a
calculated uncertainty of 1.3%.

2.3. Nanoindentation

Nanoindentation was performed on the UHMWPE
samples with a Berkovich indenter using a Hysitron Tribo-
scope (Hysitron Inc., Minneapolis, MN) in conjunction
with an atomic force microscope (NanoScope DimensionTM

3100, Digital Instruments, Veeco Metrology Group). Two
different loading profiles were used for the test. One was
a trapezoidal loading profile with a peak indentation force
of 25 lN (loading time 2.5 s, holding time 1 s, unloading
time 0.5 s). The other was a partial loading and unloading
profile with an equal loading and unloading rate of
10 lN s�1 and 10 different peak indentation loads ranging
from 5 to 50 lN. During indentation tests, the sample
was held firmly on the vacuum chuck of the atomic force
microscope. The mechanical properties, namely hardness
and elastic modulus, were analyzed from the unloading
curve of nanoindentation using the Oliver and Pharr
method [22]. A standard Poisson’s ratio 0.36 of polymer
was used to calculate the elastic modulus.

2.4. Microtribometer

Microscale friction was obtained using a custom-built
reciprocating microtribometer. Four ball-on-flat tests were
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conducted on each sample using a smooth, spherical Si3N4

probe (radius �1.2 mm) (Fig. 1) over a single stroke (length
20 mm) at a rate of 1 mm s�1 with a linear increase in the
normal load (0–200 mN).

Reciprocating-wear tests were completed on each sam-
ple using the microtribometer and a smooth, spherical
Si3N4 probe of radius �1.2 mm (Fig. 1) in controlled
low-humidity (<15% RH). A 125 mN constant normal load
was applied to the samples for 1000 cycles of 20 mm stroke
lengths at a speed of 5 mm s�1. A dry scratch test was per-
formed using a conical diamond probe (radius �100 lm)
over a single stroke (length 20 mm) at 1 mm s�1 with a lin-
ear increase in normal load (0–750 mN). A profilometer
was used to measure the depth and width of the tracks
from all wear tests.

2.5. Atomic force microscopy (AFM)

Since the crystalline and amorphous regions were actu-
ally in the range of nanometers, AFM was used to look
at the effect of lamellar structure on the tribological prop-
erties. Experiments in contact mode were carried out with a
DimensionTM 3100 atomic force microscope (Nanoscope
IV, Veeco Instruments, Santa Barbara, CA) in controlled
low-humidity (6 ± 2% RH) conditions to minimize effects
of adsorbed water vapor. Standard V-shaped silicon nitride
probes from Veeco with a quoted normal spring constant
of 0.58 N m�1 and tip radius of 10–40 nm were used. The
normal spring constant of the cantilever used was cali-
brated to have an actual value of 0.35 N m�1 using the ref-
erence lever method [23]. In order to do a comparison
across the scales, we have ensured similar contact condi-
tions and experimental conditions.

Friction force data presented are averages of five mea-
surements at multiple sample locations. The friction force
was calibrated using Ruan and Bhushan’s method [24].
The radius of the tip was characterized before and after
the experiments using a commercially available tip cha-
Fig. 1. (a) Scanning electron microscope image and (b) 20 lm � 20 lm topo
racterizer sample TGT01 (Mikromasch). The images were
analyzed using SPIP software (Image Metrology) to calcu-
late the tip radius. The tip profiles were generated using a
MATLAB code.

2.6. Scanning electron microscopy (SEM)

A JEOL JSM-606LV scanning electron microscope was
used to image the microtribometer wear tracks from both
the cyclic wear and the scratch tests. The sample chamber
was low-vacuum and accelerating voltages of 1–2 kV at
ranges of 10–200� magnification were used. These images
were used to measure wear widths and scratch lengths.
SEM was also used to image the Si3N4 probes to confirm
a spherical shape (Fig. 1) and to check for polymer film
transfer after reciprocating-wear tests. A conductive, gold
layer (�200 Å thick) was sputter-coated onto the probes
before imaging. A low accelerating voltage, 1–2 kV, was
used.

2.7. Optical microscopy

An Olympus BX51WI (Leeds Precision Instruments,
Inc.) Twin Epi-Flourescence Optical Pathway (Prairie
Technologies) microscope was used to image the wear
tracks from the diamond probe scratch test.

3. Results

The sample held at 110 �C for 48 h showed a degree of
crystallinity of 55.1% and a melting temperature of
140 �C. The sample which was immediately quenched in
liquid nitrogen had 45.6% crystallinity and a melting tem-
perature of 135 �C. These data indicate that the first sample
had a higher degree of crystallinity. Crystallinity measure-
ments were performed on the top surface layer (<0.5 mm),
the intermediate layer and the core of the sample. They
showed no significant variation in crystallinity values.
graphy map of spherical Si3N4 probe used for tribometer experiments.



Table 1
Summary of physical parameters of UHMWPE as a function of
crystallinity

Sample Crystallinity
(%)

RMS surface
roughness (nm)

Elastic
modulusa (GPa)

Hardnessa

(GPa)

HC-PE 55.1 4.58 ± 0.18 2.42 ± 0.014 0.25 ± 0.03
LC-PE 45.6 3.18 ± 0.18 1.71 ± 0.03 0.14 ± 0.004

a Measured using nanoindentation at a peak load of 25 lN.
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Topography images of both samples were taken by AFM
and are shown in Fig. 2. The surface of the higher-crystal-
linity (HC-PE) sample displayed a distinct lamellar type of
structure that is indicative of crystalline regions in semi-
crystalline polymers [9]. The lower-crystallinity (LC-PE)
sample did not display a comparable lamellar structure at
this scale for the given imaging conditions. We note that
LC-PE may have a thinner lamellar structure that is not
well-resolved by our AFM imaging. For the purposes of
this study, we therefore assumed, based on our observa-
tions, that the lamellae are relatively thicker and evident
on the HC-PE than on the LC-PE. We note that by using
permanganic acid etching [25], one could improve the res-
olution of thin lamellae. The final surface root-mean
square roughnesses (RMS roughness) of the HC-PE and
LC-PE samples were 4.58 ± 0.18 and 3.18 ± 0.18 nm
(1 lm � 1 lm scan) respectively, as measured by AFM.
The difference in roughness levels between the two samples
is small, and hence can be considered to have negligible
impact on the observed difference in the tribological behav-
ior at either scale. Physical parameters of UHMWPE as a
function of crystallinity are shown in Table 1.

Fig. 3a shows the typical load–penetration depth curves
of nanoindentation tests on two UHMWPE samples with
Fig. 2. Topography maps of high-crystallinity and low-crystallinity samples at
force microscope.
different crystallinities using the same trapezoidal loading
profile with a nominal peak indentation force of 25 lN.
Indentation on the HC-PE has a higher peak load and shal-
lower penetration depth compared with the LC-PE sample.
The average elastic modulus and hardness of five indenta-
tions for the two samples are listed in Table 1. Clearly, the
HC-PE has a higher elastic modulus and hardness than
LC-PE. We note that the maximum penetration depths
for nanoindentations on both samples are over 10 times
deeper than the surface roughness, thus negating any
roughness effects on the results. Fig. 3b shows the typical
load–penetration depth curves of nanoindentation tests
with partial loading and unloading profiles with nominal
peak indentation forces ranging from 5 to 50 lN. The elas-
tic modulus and hardness are determined from the partial
(a) 5 lm � 5 lm and (b) 1 lm � 1 lm scan sizes obtained using an atomic



Fig. 3. Load–penetration depth (P–h) curves from nanoindentation tests
on both low-crystallinity and high-crystallinity samples with trapezoidal
loading profile (a) and partial loading and unloading profile (b).

Fig. 4. (a) Elastic modulus (E) and (b) hardness (H) as a function of
indentation contact depth (hc).
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unloading curves at different peak loads. The variations of
average elastic modulus and hardness with the average
indentation contact depth of five indentations for the two
UHMWPE samples are shown in Fig. 4. As can be seen,
both elastic modulus and hardness of HC-PE and LC-PE
decrease with an increase of the indentation contact depth.
For contact depth less than 80 nm, the elastic modulus and
hardness of HC-PE are higher than LC-PE. For contact
depths greater than 80 nm, both samples give almost the
same elastic modulus and hardness. For accurate determi-
nation of the mechanical properties of polymeric and visco-
elastic materials using the nanoindentation test, the creep
effect, which often results in a bulging ‘‘nose” in the
unloading curve, must be accounted for before applying
the Oliver and Pharr method. This can be done by either
introducing a sufficiently long holding segment [26] or
using a sufficiently fast unloading rate [27]. In this study,
both an appropriate holding segment and a fast unloading
rate have been employed to reduce the effect of creep on the
measured mechanical properties. No bulging ‘‘nose” is
observed in the nanoindentation unloading curves, which
indicates that the effect of creep has been effectively
eliminated.

The friction responses of the UHMWPE at the micro-
scale and nanoscale are shown in Fig. 5. For both of the
samples across scales the friction force increased with an
increase in normal load. The data indicate that HC-PE
results in a lower friction response than LC-PE at both
the micro- and nanoscale.

Optical microscopy showed that the friction experiments
completed with the Si3N4 probe on the tribometer had no
visible wear prior to 75 mN on either sample. Friction
coefficients for each sample at the microscale were calcu-
lated for two regions, before and after the observed onset
of damage, as shown in Fig. 5a. Linear fits in region 1
showed the friction coefficients for HC-PE and LC-PE to
be 0.31 and 0.42, respectively. Fits from region 2 gave a
coefficient of 0.17 for HC-PE and 0.23 for LC-PE. Four
such measurements were taken on each sample and an
average value of the coefficient of friction is reported in
Table 2. For the AFM friction experiments, no discernible



Fig. 5. (a) Microscale (tribometer) and (b) nanoscale (AFM) friction
response as a function of normal load for both the high-crystallinity and
low-crystallinity samples. Friction response is higher for the low-crystal-
linity sample in both cases.
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wear was observed for loads of up to of 60 nN. Friction
increased with increase in normal load in a slightly non-lin-
ear fashion. This non-linearity is attributed to the contact
area dependence of friction that is observed in AFM exper-
iments at the nanoscale [14,28,29]. In the absence of wear,
the mechanism in AFM experiments can be assumed to be
Table 2
Summary of friction coefficients and wear measurements as a function of UH

Sample Microscale
coefficient of
frictiona

(before damage)

Microscale
coefficient of
frictiona

(after damage)

Interfacial
shear strengthb

(MPa)

bb W
d

HC-PE 0.28 ± 0.02 0.15 ± 0.02 8.27 0.0098 0
LC-PE 0.39 ± 0.03 0.22 ± 0.01 7.13 0.036 0

a Measured using a Si3N4 probe on the microtribometer over a normal load
b Calculated from fit of Eq. (1) (according to DMT contact mechanics) to A
c Measured using a Si3N4 probe on the microtribometer for 1000 reciprocat
d Abrasive wear using a diamond probe on the tribometer for a 0–750 mN

maximum load, 750 mN.
e Measured using AFM at a normal load of 80 nN and 40 cycles.
adhesive in nature. The adhesive friction is then given by
[30]

F ¼ s0Ar þ bL; ð1Þ
where s0 is the interfacial shear strength, Ar is the real area
of contact, b is a factor for friction dependency on the ap-
plied normal load, L. In order to determine the appropriate
contact mechanics theory to be employed for Ar, the Tabor
parameter was calculated. Based on the Tabor parameter
values (HC-PE, 0.82; LC-PE, 1.03), the Derjaguin–Mul-
ler–Toporov (DMT) [31] model was chosen to be appropri-
ate. Upon fitting Eq. (1) to the plots shown in Fig. 5, s0 and
b were calculated and are given in Table 2. HC-PE showed
higher interfacial shear strength than LC-PE.

Microscale ramped-load scratch tests using the diamond
probe caused damage in the early stages of the tests for both
samples. For both samples, the rate of friction response to
normal load was non-linear, as shown in Fig. 6, correspond-
ing to deeper probe penetration into the sample at higher
loads. Using an optical microscope and SEM the damage
onset for the LC-PE sample occurred at lower normal load
(50–70 mN) than for the HC-PE sample (90–100 mN). LC-
PE exhibited higher scratch depth at all applied normal
loads, as measured with a profilometer. The scratch depth
and width at the maximum load of 750 mN (Fig. 7) were
measured on both samples and are reported in Table 2.
The LC-PE sample exhibited a scratch depth that was about
100 nm larger than that of the HC-PE sample. In the case of
AFM scratch tests, LC-PE exhibited higher scratch depths
than HC-PE at all applied normal loads at certain locations,
and comparable scratch depths in other locations as shown
in Fig. 8. This was attributed to a variance in lamellar struc-
ture at the surface (inset of Fig. 8). Since UHMWPE is a
semicrystalline polymer, there were certain regions where
the lamellar structure was pronounced and other regions
where it was not so pronounced for the given imaging con-
ditions. In the latter regions, the scratch depths of HC-PE
were comparable to those of LC-PE. This suggests that at
the scale of the AFM tests, the observed wear resistance is
directly proportional to the degree of lamellar structure at
the surface. It also suggests that the thermal processing
employed does not create a uniform lamellar structure in
the case of the HC sample.
MWPE crystallinity

ear
epthc (lm)

Wear
widthc (lm)

Scratch
depthd (lm)

Scratch
widthd (lm)

Scratch
depthe (nm)

.12 ± 0.030 85.0 ± 5.9 0.46 ± 0.01 85.2 ± .01 3.98 ± 0.99

.21 ± 0.016 113.5 ± 9.3 0.52 ± 0.01 102.3 ± 0.01 6.55 ± 0.37

range of 0–180 mN.
FM data in Fig. 5.

ing, 20 mm cycles at an applied load of 125 mN.
ramped-load scratch test. Depth measurements shown represent those at



Fig. 6. Microscale (tribometer) friction response of UHMWPE using a
diamond probe as a function of normal load for both the high-crystallinity
and low-crystallinity samples. Friction response is higher for the low-
crystallinity sample.

Fig. 7. Optical images of dry scratch tests with diamond probe performed
with the microtribometer on (a) high-crystallinity and (b) low-crystallinity
samples.

Fig. 8. AFM scale scratch depth measurements on two different regions of
HC-PE. Region 1 corresponds to HC-PE, which shows a qualitatively
more defined crystalline lamellar structure than region 2.
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The dry-sliding, reciprocating-wear test performed using
the microtribometer with a spherical Si3N4 probe showed
the LC-PE friction response to level-off at around 27 mN
compared to the lower friction response of HC-PE, which
leveled-off at about 15 mN (Fig. 9). The profilometer
revealed wear depth measurements of 0.21 ± 0.016 and
0.12 ± 0.030 lm, respectively. These are consistent with
the LC-PE exhibiting more damage than the HC-PE.
SEM images of the wear tracks are shown in Fig. 10.
SEM images of the probes taken after wear tests revealed
no polymer film transfer. The results of the tribological
tests are summarized in Table 2. The data show that the
wear resistance of UHMWPE increases with an increase
in crystallinity, resulting in higher hardness and elastic
modulus [32], and hence enhanced resistance to surface
damage.
Fig. 9. Microscale (tribometer) friction response of Si3N4 probe (radius
�1.2 mm) on high-crystallinity and low-crystallinity samples and a
function of sliding distance in a dry, reciprocating-wear test with a
constant load of 125 mN.
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4. Discussion

After completing DSC, the thermal treatment per-
formed proved to be effective in controlling differences in
crystallinity. Turell and Bellare observed that at the nano-
scale, the lamellar structure of semicrystalline UHMWPE
can be identified [9]. In a comparison between images of
the slowly cooled and nitrogen-quenched samples, the
lamellar morphology is much more apparent in the former
sample. Turell pointed out that the size of lamellae is
increased with slow cooling and annealing, and decreased
by quenching, which accounts for the differences in detail
of the crystalline structures. In the present study, AFM
images confirm that the UHMWPE samples indeed display
different crystalline morphology, and that the slowly cooled
(and predicted higher-crystallinity) sample demonstrated a
Fig. 10. SEM images of tracks from reciprocating-wear tests with Si3N4

probe (radius �1.2 mm) performed using the microtribometer on (a) high-
crystallinity and (b) low-crystallinity samples.
more evident presence of lamellae. As anticipated, the
slowly cooled sample resulted in a higher degree of crystal-
line volume and the quenched sample came out with a sig-
nificantly lower crystalline volume. Rod-stock control
UHMWPE and methods of high compression molding
[20] and annealing [6] of the polymer below its melting tem-
perature have proven to prepare samples with crystallinities
as high as 60–75%. However, in order to control the sur-
face roughness parameter, it was necessary in the current
study to melt the UHMWPE samples to eliminate varia-
tions from milling effects.

The mechanical properties of semicrystalline polymers
depend on many variables, including the degree of crystal-
linity and operating temperature [18]. Results of nanoin-
dentation show a 41.5% higher elastic modulus and a
78.6% higher hardness value for HC-PE over LC-PE.
The lower wear of HC-PE in cyclic and abrasive scratch
tests can be linked to it enhanced mechanical properties,
resulting in increased wear resistance.

HC-PE showed a slightly lower coefficient of friction
than LC-PE. Ho et al. observed a similar correlation on
UHMWPE and suggested that the increase in coefficient
of friction with decreased crystallinity could be due to
the decreased storage modulus caused by the decreased
crystallinity [20]. Friction responses of the diamond scratch
test performed by the microtribometer indicate that as
wear depth increases, coefficient of friction will increase
as well. LC-PE experienced a higher friction response than
HC-PE, corresponding to deeper wear tracks. Wear
profiles of diamond scratching on each sample revealed
plowed grooves and lipped edges characteristic of deforma-
tion from abrasive wear. SEM images confirm the occur-
rence of ribbon-like debris that is often observed in the
case of abrasive wear on the low-crystallinity sample
(Fig. 11).
Fig. 11. SEM image of wear ribboning occurring on the low-crystallinity
sample at the initial onset of deformation during scratch test with a
diamond probe.
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During reciprocating-wear after the initial static friction
response, friction dropped dramatically for both samples as
shown in Fig. 9. In the case of the LC-PE sample, the fric-
tion response increased until the sliding distance reached
about 10 m, at which point the friction response appeared
to level-off at around 27 mN. It can be expected that the
probe continued to groove the sample until it reached a
maximum level of deformation at that load, causing fric-
tion to become nearly steady. The friction response of
HC-PE only showed a decreasing trend, even with the
occurrence of plastic deformation. Although the plot seems
to level-off at around 15 mN, a slight downward slope
remains, even after 1000 cycles.

Wear depths showed that LC-PE had deeper tracks than
HC-PE, indicating that that higher-crystallinity is more
resistant to wear from fatigue mechanisms. Kang and Nho
[5] also showed lower microscale wear of a slowly cooled,
higher-crystalline sample of cross-linked UHMWPE com-
pared to a quenched sample, which they attributed to the
formation of larger lamellae and mechanical reinforcement.
Comparing the effects of cyclic stress on the experimental
samples, it is reasonable to conclude that long-term stress
on a higher-crystallinity UHMWPE cup lining would lead
to less friction in vivo than that of a lower-crystallinity
lining.
5. Conclusions

The results indicate that increasing the surface crystal-
linity of UHMWPE decreases the friction response of the
polymer at both the microscale and nanoscale, even for
the small difference in crystallinity achieved between our
samples. Increased crystallinity also resulted in an increase
in scratch and wear resistance, which is attributed to an
increase in hardness and elastic modulus. On the nanoscale,
the degree of lamellar structure appeared to affect the
observed wear resistance, with the wear resistance being
higher in regions of more pronounced lamellae than in less
pronounced regions. Although the experiments were per-
formed in air, this study suggests that increasing the crys-
tallinity of UHMWPE may be beneficial to the durability
of a TJR that uses this polymer. Evaluation of wear behav-
ior as a function of polymer crystallinity in the presence of
a lubricating medium is currently being conducted.
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