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Abstract: Three-dimensional crystallographic morphologies
were studied by means of confocal/polarized Raman spec-
troscopy as developed upon manufacturing in three different
types of first and second generation highly crosslinked
UHMWPE (HXLPE) acetabular liners. The impact of such
microstructural characteristics on the deformation behavior
of the liners was also evaluated and discussed from the
viewpoint of molecular chain mobility. All the investigated
liners showed similar microstructural transitions within the
first 35 um below their surfaces in terms of crystallinity,
molecular orientation, and crystalline anisotropy. Interest-
ingly, different postirradiation heat treatments (remelting or
annealing in single step or in sequential steps) led to clear
differences in the subsurface microstructure among the three
liners. Remelted liner possessed both lower bulk crystallinity
and degree of molecular orientation as compared to the

annealed liners. Sequentially, irradiated/annealed liner
showed the highest degree of crystallinity and orientation
among the studied liners. The peculiar microstructure of this
latter liner exhibited the highest restoring (shape-recovery)
force against the applied uniaxial strain. Accordingly, the
present study suggests that the sequential irradiation and
annealing offers an efficient way to obtain microstructure
quite suitable for attaining high creep resistance. However,
all the investigated liners exhibited the significantly low val-
ues of surface anisotropy, which could be equally efficient in
minimizing strain-softening-assisted wear phenomena. © 2014
Wiley Periodicals, Inc. J Biomed Mater Res Part B: Appl Biomater,
102B: 1762-1770, 2014.
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INTRODUCTION

There has been great interest by the orthopedic community
in the development of improved processing methods of highly
crosslinked UHMWPE (HXLPE) for hip joint application.’”® In
particular, the effects of radiation crosslinking have been
extensively studied as a means to improve the wear resist-
ance.” ™" The network structures achieved by crosslinking
can resist detachment of polyethylene molecules from the
liner surface induced by the chain scission during wear. Irra-
diation doses in the range of 50-100 kGy are widely accepted
for HXLPE acetabular liner.5"® Such dose can be also regarded
as an upper limit since fatigue crack-propagation resistance,
ultimate tensile strength, and elongation at break might even-
tually decrease®'?™'* This negative effect is due, on the
microscopic scale, to a loss of chain mobility (i.e., residually
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strained chains, under microstructural constraints, rather
break than deform), which in turn reflects, on the macro-
scopic scale, in a diminished material ductility.®2-*

In addition to the radiation crosslinking, a postirradia-
tion heat treatment has been commonly conducted since the
late 1990s, which enables to minimize the presence of
residual free radicals leading to oxidative degradation. It
should be noted that a postirradiation remelting [a thermal
treatment involving heating up to above the melting temper-
ature (>135°C)] can the most effectively eliminate all the
free radicals, but it might also irreversibly change the poly-
ethylene microstructure. On the other hand, a postirradia-
tion annealing below the melting temperature preserves the
microstructure, but unavoidably allows for an uncertain
amount of residual free radicals to remain trapped in the
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FIGURE 1. Comparison of photographs (a) and processing steps (b) of
highly crosslinked UHMWPE acetabular liners investigated in this
study. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

final product, thus increasing the risk of in vivo oxidation.
We have briefly summarized above the main concepts underly-
ing the present understanding of HXLPE acetabular liners (i.e.,
especially the yet existing dualism annealing vs. remelting), but
very few evidences have yet been quantitatively shown to clar-
ify the actual polyethylene microstructures at the molecular
scale in biomedical implants. Therefore, the optimum micro-
structure for HXLPE joint prostheses has not yet been individ-
uated and the choices of different thermal treatments are still
argument of controversies among implant makers. In the above
context, the purpose of this study is twofold:

i. To investigate the three-dimensional crystalline morphol-
ogy, the degree of molecular alignment, and compressive
deformation behavior of HXLPE acetabular liners manu-
factured either by remelting or by annealing processes.

ii. To discuss the distinctive microstructural patterns produced
through different manufacturing choices and their possible
implications to the in vivo performance of the liners.

MATERIAL AND METHODS

Investigated HXLPE acetabular liners

This study examines the three types of HXLPE acetabular lin-
ers that were prepared according to different manufacturing
procedures [Figure 1(a)]. Of the three investigated liners, one
was remelted after electron beam radiation (henceforth
referred to as Liner L), while the remaining two (Liners C and
X) were both annealed after gamma-ray irradiation, according
to a single step or to a sequential number of steps. A sche-
matic description of the processing procedures for the prepa-
ration of each investigated liner is given in Figure 1(b).

ORIGINAL RESEARCH REPORT

Liner L was Longevity™, produced by Zimmer (Warsaw,
IN), which belongs to the first-generation of HXLPE liner.
This liner has been clinically introduced since 1999. GUR
1050 (5.5-6 million g/mol) compression molded sheets was
radiation-crosslinked by electron beam with a total dose of
100 kGy and then remelted (>135°C) to quench residual
free radicals.

Liner C was Crossfire™, produced by Stryker Orthope-
dics. (Mahwah, NJ), which also belongs to first-generation of
HXLPE liner. This liner has been clinically introduced in
1998. The manufacturing procedure of Liner C also starts
from GUR 1050 extruded rod. The rod was gamma-irradiated
with a nominal dose of 75 kGy and subsequently annealed at
130°C. After being machined into the shape of acetabular
liner and then barrier packaged, Liner C was exposed again to
gamma irradiation for sterilization purposes, with the nomi-
nal dose of 30 kGy in nitrogen atmosphere.

Liner X was X3™, produced by Stryker Orthopedics, and
belongs to a second-generation of HXLPE liner. This liner has
been clinically introduced since 2005. GUR 1020 (3.5 million
g/mol) compression molded sheets were radiation-
crosslinked by the nominal dose of 30 kGy and then annealed
at 130°C. The same procedure is sequentially repeated three
times (i.e.,, the cumulative radiation dose being 90 kGy) with
the expectation that, for the same cumulative radiation dose,
a more pronounced crosslinking formation could take place
with a free radical concentration conspicuously lower than a
standard (single) irradiation/annealing procedure.

Confocal/polarized Raman spectroscopy to analyze
molecular structures

All the spectroscopic assessments in this study were made by
means of a Raman microprobe spectrometer (T-64000,
Horiba/ Jobin-Yvon, Kyoto, Japan) in back-scattering geometry.
The excitation source was a 488.0 nm Ar-ion laser (Stabilite
2017-Spectra Physics, Mountain View, CA) yielding a power of
~35 mW on the HXLPE liner surfaces. Deconvolution of all the
recorded Raman spectra into sub-bands was achieved accord-
ing to automatic fitting algorithms contained in commercially
available computational software (Labspec 3, Horiba/Jobin-
Yvon, Kyoto, Japan). Mixed Gaussian/ Lorentzian curves were
used throughout the spectral fitting computations.

The confocal configuration of the probe adopted
throughout the present experiment corresponded to a X100
objective; numerical aperture (N.A.), focal length, and pin-
hole diameter were fixed as 0.7, 6.0 mm, and 100 pm,
respectively. Individual spectra were typically collected in
10 s in both polarized and nonpolarized measurements. The
recorded spectra were averaged over three successive meas-
urements. A spectral resolution of 0.40 cm ' was achieved
by means of an 1800 I/mm grating. Spectral mapping was
nondestructively performed in order to characterize crystal-
linity from the surface down to 100 pum inside of the liners.
A spectral map (50 X 50 pm? in dimension) was collected
at each depth, z,, with an in-plane sampling of 2.5 pm
steps (for a total of 1323 spectra per each map). The aver-
age value of the map was assumed to be the crystallinity
value at each selected depth. During the polarized
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FIGURE 2. Schematic of our choice of Cartesian reference systems and of the Euler angles governing their rotations in space, as explained in
the section of THEORY AND CALCULATIONS. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

measurements conducted for the assessment of molecular
orientation, a parallel polarization filter and a half-wave
plate were placed between liners and detector, which were
set to pass the scattered Raman radiation horizontally to a
CCD camera. A schematic of the spectroscopic measurement
protocol is given in Figure 2. The liners were placed on a
rotation jig and polarized Raman spectra were collected at
19 different azimuthal angles within the interval 0 <y <
180°, with sequential in-plane rotational steps of 10°. The
focal plane was eventually shifted toward the material
inside in order to nondestructively screen the subsurface
regions of the liners. Mathematical data treatment, accord-
ing to the theory described in specific publications,’>™*” was
performed with the aid of commercially available software
(Mathematica 7; Wolfram Research, IL). In the conventions
adopted for this study, 0, represents the out-of plane tilt
angle with respect to the local direction parallel to the sur-
face plane of the polyethylene bearing. The details of the
theoretical backbone of this article are briefly summarized
in the section of THEORY AND CALCULATIONS.

Characterization of residual deformation properties and
chain mobility

In the present study, we compare the time-dependent
deformation of Liner L, C, and X as obtained by uniaxial
relaxation tests followed by strain recovery, which takes
place in a non-negligible amount. The amount of strain
recovery is an important parameter in the deformation of
HXLPE liners, because it has a direct impact on the amount
of residual plastic deformation stored during service and it
is a direct measure of the molecular chain mobility avail-
able in the engineered HXLPE microstructure. In these
tests, a residual plastic deformation was induced in samples
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purposely prepared by cutting the acetabular liners as
received from the maker into rectangular prisms 4 X 4 X
8 mm? in dimension. The samples were obtained from the
bottom area of the liner. Furthermore, particular care was
taken in order to smooth down only the four corners of
the slightly concave surface of the sample. This latter pro-
cedure enabled us to flatten the originally concave surface
to match the compressive surface of the jig while preserv-
ing the original microstructure of acetabular component at
the central area of the sample, thus reproducing as closely
as possible the conditions encountered during in vivo load-
ing. One-dimensional relaxation tests were performed using
the uniaxial compressive jig. The residual strain in each as-
received material was assumed as ¢ =0 and an increasing
compressive load was applied stepwise. At each step the
material was subjected to a sudden compressive strain of a
predetermined magnitude, which was kept constant for at
least 24 h in order to allow the full development of inter-
nal deformation allowed by the microstructure. The load
was then released and the sample allowed recovering of its
inelastic strain for at least 24 h, a time interval sufficient to
obtain a nearly full recovery, especially at low and moder-
ate levels of deformation, as in the case of the present
investigation.lg'19 At each step, the engineering strain was
measured along the sample long axis by means of a micro-
meter caliper both before and after recovery, henceforth
referred to as ¢ and & respectively.

THEORY AND CALCULATIONS

For the assessment of crystallinity («.) of HXLPE liner, we
used the intensity of vibrational bands located at 1296, 1310,
and 1418 cm™ %, as obtained from unpolarized Raman spectra.

HIGHLY CROSSLINKED UHMWPE FOR HIP JOINT
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A broad band at 1310 cm ™, which is assigned to the amor-
phous phase of the polymer, results from C—C twisting vibra-
tional mode. On the other hand, the bands at 1296 and
1418 cm ™%, which arise from the crystalline phase, possesses
CH; twisting and bending modes, respectively. Computation
of o was made according to the following equation®®?*:

l1418

= ms 1
0.46(I1296 t11310) o

Qe

where [ is the integrated intensity of the Raman band
whose wave number is identified by the subscript.

IAngB’lg =

In Eq. (2), A and T represent numerical constants that
only depend on the instrumental configuration and on the
spectral band employed; vis a fitting parameter that takes
into account the contribution of A, mode to the observed
Raman band. On the other hand, the statistical molecular
distribution around preferential orientation axis can be
described by means of orientation distribution function
(ODE, f(f)). Taking into sum of the scattering intensity from
all the individual molecules exist within the volume of laser
probe, the overall polarized Raman intensity (I!Xp) for
HXLPE products is provided as'®'":

y=21 pa=2m1 =21
[ s 00 Brsin pdpdacy
IH _Jy=0 Ja=0 B=0 (3)

. r:zn r:h JHH £(B)sin pdBdady

v=0 Ja=0 Jp=0

where 0 and y, were expressed as functions of a new set of
Euler angles (0p, ¢y, #p) locating the (average) preferential
axis of the polymeric chains, according to the following
equations (derived by means of simple Euler angle rota-
tional transformations in space!®7)

6=arccos [cos Bcos 0, —cos (a+@,)sin B sin 6] (4)

x = arcsin{[cosa cosy,, sinp sing, + siny,,
(cosB sin6, —cosb, sina sin sing),)

+cos@, sinp (cosy,, sina—cosa cosb, siny,, )]/ )

\/17 [cosp cosb, —cos (at@,)sinB sinb, | B!

where the independent set of Euler angles (o f, 7y
describes the rotations in space of the Cartesian frame inte-
ger to the molecular orientation axes, (XmoWmolZmol), Within
the polarized Raman probe, with respect to the axes of pref-
erential orientation of the molecular structure, (xp, yp, 2p)

ORIGINAL RESEARCH REPORT

For the assessments of preferential molecular orienta-
tion (0,) and its orientational order (<P, (cos f)>), we ana-
lyzed the polarized spectroscopic behavior of the Raman
band located at 1130 cm ™ *, which is related to the C—C
stretching vibration (4, + B;; mode). For individual poly-
ethylene molecule, the parallel polarization intensity (I(pr
on crystallographic orientation (i.e., the c-axis orientation
of the orthorhombic structure) was expressed in terms
of Euler angles (0, ¢, %) and Raman tensor para-

meters (a=0.260, b =0.202, c= —0.898, and d= —0.664)
3515—17:

I v[csin 20sin 2y +a(sin gcos x+cos Bcos @sin ) +b(cos pcos y —cos Bsin @sin 3 )] or @
+(1—v)[—2d(sin cos y + cos Bcos @sin ) (cos pcos x —cos Bsin @sin y)]*

(cf. Figure 2). The orientation distribution function, f{f}),
was then set as?*"%%:

f(B)=Aexp {—[hzP2(cos B) +14Ps(cos B)[} (6)

where A is a constant and the parameters A, and /, are
referred to as Lagrange multipliers.?*** Note that in the
computational procedure, we considered the Euler angle, ¢,
as a constant equal to ¢, namely, we neglected any tor-
sional rotation of the molecular chains around their c-axis
of the crystalline cell. In addition, we assumed the existence
of a uniaxial symmetry with respect to the preferential ori-
entation of the molecular chains, which is only dependent
on one polar angle, f (Figure 2) (i.e,, angle, o and y do not
enter the expression of molecular distribution).

A mathematical procedure was performed by using Egs.
(2-6) to find the best-fitting curves to a data set of polar-
ized Raman intensity collected at different in-plane orienta-
tion (y). After the computational routine, 0, and f{f) can be
determined, and the degree of molecular orientation also
can be calculated using the following equation.?*?*

y=2n pa=21 B=2n
j J J f(B)sinBdBdady=1 (f(B)>0) (7)

v=0 Ja=0 Jp=0

y=2n pa=21 =21
J J J P (cos B)f (B)sin BdBdady=(P; (cos B))
vy=0 Ja=0 JB=0
(8)

where <P,(cos f/)> represents the degree of molecular ori-
entation called Harmans’ orientation parameter. Its value 0
indicates that the molecular orientation is fully random (iso-
tropic), while value 1.0 represents a perfect orientation
to the preferential orientation axis, respectively. For the
partial molecular orientation, the value should be 0 < (I‘e‘xp)
< 1.0. The Hermans’ orientation parameter can thus be con-
sidered as a quite indicative parameter for quantifying the
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degree of molecular alignment in UHMWPE crystalline
lamellae.

EXPERIMENTAL RESULTS

Depth profiles of crystallininity

Crystallinity (o) was calculated using Eq. (1) as given in
the previous section. Figure 3 represent the depth profiles
of average o, as detected in Liner L, C, and X. As seen, the o,
values on the surfaces (zp,, = 0), which were always lower
than those in the subsurface regions, lie between 40 and
54%, being the lowest in Liner L. On the other hand, Liner C
and X showed the similar values of surface «. In addition,
all the liners experienced a nonlinear gradient of «. along
the first 35 pm toward the subsurface, after which the pro-
files reached a nearly constant value. The lowest o, value
measured in the bulk of remelted Liner L was 51.3%, while
the bulk o, value in Liner X was the highest (62.3%) among
all liners. The «. of Liner C reached nearly constant in its
bulk at an intermediate value of about 57.3%.

Stereological arrangement at the molecular scale

Figures 4(a-d) show the angular dependences of normalized
Raman intensities as obtained along the subsurface depth of
Liner L, C, and X. Pronounced differences among different
liners could be noticed in both intensity variation and pe-
riodicity (from 180° to 90°) of the angular profiles. Figure 5
shows the depth profiles of the zenithal angle, 0, (cf.
Figure 2) describing the preferential (average) molecular
orientation in the laboratory coordinate system, as calcu-
lated from the best fitting of the data set in Figure 4. The
salient notions that can be extracted from the plots in
Figure 5 can be summarized as follows:

(i) In all types of liners, the molecular chains at the sur-
face are mainly aligned along a direction parallel to
the liner surface (6, =90°), but these tend to reach
the direction perpendicular to the surface (0, =0°)
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with proceeding along the subsurface. The common
trend of orientation parallel to the surface is inter-
preted as being a direct consequence of the machin-
ing process.

(ii) In the annealed Liner C and X, quite similar trend of
preferential molecular orientation angles was
observed along the subsurface, and these depth var-
iations from parallel to perpendicular to the liner
surface more quickly occur within the first 20 pm
along the subsurface, as compared to Liner L.

Orientation distribution functions (ODF) and degree of
molecular orientation

The ODFs, f(f}), obtained along the depth direction are
shown in Figure 6a-c for Liner L, C, and X, respectively. The
interpretation of the complex data patterns in Figure 6 can
be facilitated by noting that, for the same preferential orien-
tation angle, HP, the broader the ODF the less statistically
aligned the structure. With this understanding in mind, it
immediately appears evident that Liner X exhibited signifi-
cantly sharper f{f§) as compared to both Liners L and C, thus
experiencing by far the most statistically aligned structure.
The results of the calculation based on the formalism
described in the above section are given in terms of plots
<P, (cos f)> vs. zg, in Figure 7. The salient notions
obtained from the plots in Figures 6 and 7 can be summar-
ized as follows:

(i) Surface degree of molecular orientation observed in
Liner L, C, and X showed an in-plane trend that is quite
close to randomness (0.13<<P; (cos f$)><0.20).

(ii) Upon proceeding toward the liner depth, we
recorded a relatively steep (i.e, within an interval
Az, =~ 20 pm) increase in the statistical degree of
alignment of Liner X (up to <P, (cos f)>=0.51),
while only a slight increase in degree of alignment
with increasing z,, was found in Liner L (up to <P,
(cos ) > =0.38). The trend recorded in Liner C was
somewhat intermediate between the two above types
of liner (up to <P, (cos f§) > = 0.43).

Compressive deformation and strain recovery behavior
Mechanical properties are expected to vary depending on
microstructure and anisotropy of UHMWPE. Figure 8 shows
plots of true strain after recovery, ¢, as a function of exter-
nally applied strain, ¢, for Liner L, C, and X. For all the
investigated liners, the results revealed a linear dependence
between ¢ and ¢;, but also a clear difference in the slopes of
the three fitting lines. In fact, Liner L showed the highest
slope (&/e;=0.52), Liner C an intermediate value (e
& = 0.46), while Liner X possessed the lowest slope (&
&= 0.42).

DISCUSSION

Confocal/polarized Raman spectroscopy clearly confirmed
that all the obtained microstructural parameters (o 0, <P
(cos f)>) showed gradual transitions from surface down to
subsurface regions (cf. Figures 3, 5, and 7) within the first
35 um below their surfaces. A lower crystallinity and

HIGHLY CROSSLINKED UHMWPE FOR HIP JOINT
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FIGURE 4. Experimental plots of the angular dependence of polarized Raman scattering intensities recorded upon in-plane rotation, y, at different
depth of the as-received Liner L, C, and X. Full lines represent the results of best fitting to the experimental data according to Eq. (3).

anisotropy were found in the same regions as compared to
their bulks, indicating an effect of decrystallization induced
by surface finishing (i.e., lathe machining and polishing).
Moreover, the near-surface molecular orientation parallel to
the articulating surface also can be the structural evidence
for initial existence of plasticity layer formed in the manu-
facturing stages. The differences of the maximum o, values
can be interpreted mainly as a consequence of the post-
irradiation heat treatments [i.e, a reduced crystallinity by
remelting (in Liner L) vs. substantial preservation of the as-
irradiated structure upon annealing (in Liner C and X)]. In
fact, the annealed Liner C and X differ by about 5% in their
bulks despite annealing combined with a comparable dose
of gamma-irradiation, which can be mainly related to the
difference of the selected types of starting resin (i.e., GUR
1050 vs. GUR 1020). In the unirradiated and unheated
states, the average o. values of compression molded GUR
1050 and GUR 1020 were reported as 45.0 and 51.6%,
respectively.?® The high fraction of crystalline phase in the
Liner X is expected to lead to an improved strength and
deformation resistance.

According to the strain-recovery behavior shown in Fig-
ure 8, the microstructure of Liner X is more resistant to
plastic deformation as compared to Liner L and C, consider-
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ing that for the same applied constant strain, ¢;, the three-
step annealed material showed a higher capacity of recov-
ery, thus incorporating a lower amount of residual plastic
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tation (0p) investigated in the as-received Liner L, C, and X.
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respectivelyl.

strain, ¢ The ability to recover is actually enhanced by a
higher crystalline phase content. Nevertheless, the improved
resistance to compressive strain observed in Liner X might
be relevant to the difference in not only higher crystallinity,
but also a higher degree of molecular orientation (cf.
Figures 6 and 7) and crosslink density.*?¢ It is well recog-
nized that an increased degree of crosslinking restricts the
mobility of the molecular chain in the amorphous region,
thus resisting molecular reorientation during compressive
loading (i.e., increased ability to undergo shape recovery
after plastic deformation).

Schematic drafts that attempt to summarize the stereo-
logical assembly of the molecular structure for Liner L, C,
and, X are given in Figure 9. We shall refer to these simpli-
fied drafts for the purpose of interpreting the impact of the
observed microstructural features on the wear and creep
deformation of the studied liners.

As far as the molecular orientation patterns of HXLPE
acetabular liner is concerned, early studies by Wang
et al.?”?® already documented in great details the interac-
tions between contact stresses and the molecular structure
of worn polyethylene surfaces. A strain softening-assisted
adhesive wear model was proposed by which those
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researchers have successfully clarified how crystalline ani-
sotropy in the UHMWPE structure (i.e., as induced by differ-
ent modes of sliding) could be responsible for a molecular
reorganization process at the wear surface during sliding.
This process is driven by plastic strain accumulation at the
surface and arises from repeated cyclic asperity contact.
Unlike simply linear sliding contacts, in which UHMWPE
molecules are stretched along the direction of sliding and
undergo significant strain hardening, in multidirectional
sliding contact such as that experienced in the natural
human joints, molecular orientation actually leads to strain
softening and weakening of the liner surface. According to
this model, the mechanism of wear debris generation in
UHMWPE (in the absence of third-body particles) can be
described as the sequential combination of rupture of trans-
versely softened (oriented) molecular chains and shear rup-
ture with formation of fibrillar wear debris. From the
microstructural viewpoints, this suggests that a lesser sur-
face orientation (higher degree of orientational randomness)
is preferable to alleviate strain-softening-assisted wear in
the case of hip joint component. In addition, the adequately
high crosslink density in amorphous regions, which can
resist crystalline orientation during wear, is necessary to
preserve its structure with low anisotropy for a long period
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FIGURE 8. Experimental plots of the compressive deformation and
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HIGHLY CROSSLINKED UHMWPE FOR HIP JOINT



Liner L

Liner C

ORIGINAL RESEARCH REPORT

Liner X

(Surface) 0
=

10 —
ask ek

Plasticity
layer

M
A
W1

70
L A NI
90 — l ' '

100 —

v

Liner sub-surface depth, z;,;, [um]

o 2 2 1 :
LA A I 1
60 — , ' ' '

|

FIGURE 9. Structure models for the as-received Liner L, C, and X, which represent the preferential (average) orientation of UHMWPE molecular
chains. Plasticity layers induced by machining were observed in the near-surface regions within z,, ~ 20 um of Liner L, C, and X.

of in vivo time. In the current study, all the investigated lin-
ers, which are highly crosslinked polyethylene, exhibited a
comparably low degree of surface molecular alignment
which is likely due to a consequence of surface machining
process. Therefore, highly crosslinked Liners L, C, and X
could all be equally efficient in minimizing microscopic
wear phenomena as aforementioned.

Recent hip simulator studies with 32 mm Trident ace-
tabular components showed the improved wear perform-
ance in Liner X in comparison with Liner C, and the
volumetric wear rates were 3.6 and 1.3 mm?/million cycles
for Liner C and X, respectively.3'26 Thus, Liner X has ~62%
lower rate in in vitro wear than Liner C. In addition, early
clinical studies showed that the in vivo wear rates were
0.036%° and 0.015 mm/year®° for Liner C and X, respec-
tively. It indicates that the in vivo wear of Liner X is about
58% lower than that of Liner C. Nevertheless, long-term
clinical studies of Liner X are still underway, and a concern
arises from its less oxidative stability compared to the
remelted Liner L, due to the existence of residual free radi-
cals (even at the substantially low concentration, <9.0 X
10™* spins/g™?°) in its microstructure. As a matter of fact,
wear rates of Liner L was reported as 0.005 mm/year with
28 mm femoral heads,®’ and 0.007 mm/year with 32 mm
Trilogy acetabular components at 8-year follow-up.>* Direct
comparison of wear rates among these three liners is
actually beyond the scope of this study, and longer clinical
studies are required for an accurate comparison.

Creep resistance of UHMWPE is mainly dependent on its
crystallinity, crosslink density, and also bulk anisotropy. Con-
cerning the effect of the degree of crystallinity in polyethyl-
ene structures on the macroscopic deformation behavior of
the material, high volume fraction of rigid crystalline phase
is known to lead to a high resistance against creep deforma-
tion. On the other hand, a substantial reduction in the mag-
nitude of creep deformation should be observed in highly
oriented UHMWPE microstructures (i.e., rather than in iso-

tropic ones), according to the study by Philip et al.>* More-

over, they confirmed less creep deformation in a molecular
orientation pattern of UHMWPE with the long polymeric
chains parallel to the applied stress component, because of
an increased stiffness as compared to a perpendicular orien-
tation. In our microstructural models, as shown in Figure 9,
Liner X possesses the highest perpendicular molecular ori-
entation in its bulk regions below the articular surface,
which could be considered as the preferable orientation pat-
tern in order to maximize (compressive) creep resistance.
Data in Figures 3-7 clearly demonstrate that Liner X pos-
sesses a surface microstructure oriented in plane (6, = 90°)
with a random texture and its bulk regions have a quite
high crystalline structure ((¢¢)max = 62.3%) perpendicularly
oriented with respect to the articular surface (0, =0°) with
a high degree of molecular alignment. The positive effects of
these microstructural improvements is reflected, in Figure
8, in an improved restoring (i.e., shape-recovery) force
against the applied uniaxial strain, which should be consid-
ered as the important features in minimizing the risk of
femoral head migration in vivo.

CONCLUSION

The impact of the selected heat treatments (included either
remelting or annealing procedures) after ionizing radiation
on the HXLPE microstructure was nondestructively eval-
uated by confocal/polarized Raman spectroscopy. Our data
indicates that remelting procedure decreased both crystal-
linity and degree of molecular orientation, while annealing
procedures preserved (or increased in the case of three-step
annealed liner). In addition, these effects provided the dif-
ference of shape-recovery force against the applied uniaxial
compressive strain. The present study suggests that the
sequential irradiation and annealing offers an efficient way
to obtain microstructure quite suitable for attaining high
creep resistance. However, all the investigated liners
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ibited the significantly low values of surface anisotropy,

which could be equally efficient in minimizing strain-
softening-assisted wear phenomena.
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