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ARTICLE INFO ABSTRACT

Article history: The literature on tribological assessments of artificial hip joints usually focuses on correla-
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new pin-on-ball spectroscopy-assisted tribometer device that enables investigating also
physical rather than merely engineering aspects of wear processes using in situ Raman and
fluorescence techniques. This innovative tribometer is designed to bring about, in addition to
conventional tribological parameters, also information of temperature, stress and phase
transformations in the femoral heads as received from the manufacturer. Raman and
fluorescence spectra at the point of sliding contact are recorded durilng reciprocating hard-
on-hard dry-sliding tests. Preliminary results were collected on two different commercially
available ceramic-on-ceramic hip joint bearing couples, made of monolithic alumina and
alumina-zirconia composites. Although the composite couple showed direct evidence of
tetragonal-to-monoclinic phase transformation, which enhanced the coefficient of friction,
the specific wear rate was significantly lower than that of the monolithic one (i.e., by a factor
2.63 and 4.48 on the pin and head side, respectively). In situ collected data compared to ex situ
analyses elucidated the surface degradation processes and clarified the origin for the higher
wear resistance of the composite as compared to the monolithic couple.
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1. Introduction

Tribological studies of ceramic-on-ceramic joint components
are usually carried out using joint simulators (Saikko, 2005;
Goldsmith and Dowson, 1999; McKellop and D’Lima, 2008).
Such equipments provide phenomenological output para-
meters for describing the wear effect, namely, the friction
coefficient, the material loss rate, and the roughness of the
bearing surface upon topographic analyses at the end of wear
testing (Nevelos et al., 2001; Scholes et al., 2004; Al-Hajjar
et al., 2012), but they conspicuously ignore the physical
circumstances leading to wear degradation. In an attempt
to provide this missing information, our research group has
recently published a series of papers (Pezzotti et al., 2006,
2007; Pezzotti, 2005, 2007; Pezzotti and Porporati, 2004;
Puppulin et al., 2011), which demonstrate the efficacy of
advanced spectroscopic Raman and fluorescence (microp-
robe) analyses in obtaining a deeper understanding of the
microscopic mechanisms behind the wear behavior of bio-
ceramic bearings, as they typically lie on the microscopic
scale. A full elucidation of the physical, mechanical and
chemical state of the worn surfaces, as obtained through
advanced spectroscopic methods is believed to be particularly
relevant for further improving the manufacturing process of
ceramic-on-ceramic bearings, namely the most advanced
protagonists in joint arthroplastic applications. Building upon
the knowledge of different characterization methods, it
seemed to us a quite natural evolution in joint surface
metrology to combine tribological and spectroscopic assess-
ments, in order to obtain an advanced and more comprehen-
sive wear characterization method, which could provide not
only conventional tribological parameters but also spectro-
scopic outputs.

Surface characterization using photo-stimulated spectro-
scopy at the contact during tribological tests (hereafter
referred to as in-situ analysis) is actually not a new idea,
several attempts having already been reported in the litera-
ture dealing with different fields of research (Singer et al.,
2001; Joly-Pottuz et al., 2007, Cherif et al., 1997). In a recent
review paper, Singer et al. (2001) gave a comprehensive
discussion about a number of published investigations of
third-body wear and friction of protective coatings in which
the contacts were separated at the end of the sliding test
before being analyzed (hereafter referred to as ex situ analy-
sis). In that paper, in situ tribological studies were also newly
described, which included concurrent analyses by optical
microscopy and Raman spectroscopy. In situ analyses pro-
vided additional (and yet missing) evidences that directly
correlated third body processes to friction and wear behavior
of different low-friction coatings. Joly-Pottuz et al. (2007)
performed in situ experiments to study modifications of
nanoparticles as lubricant additives (e.g., inorganic fullerenes
and carbon nanotubes). Information on lubrication mechan-
isms and real-time structural changes of nanoparticles inside
the contact area could be obtained, which newly revealed
tribologically active behaviors, progressive exfoliation and
amorphization processes. Both the above-mentioned ana-
lyses were quite successful in bringing new physical insight
into the studied tribological phenomena. However, there was

a common denominator in the experimental setup adopted
in the above investigations: in the pin-on-disk configuration
of the in situ tribometer placed under the microscope for
spectrophotometer analyses, one of the sliding counterparts
was made of a transparent material (e.g., glass or sapphire) in
order to allow focusing the laser on the contact counter-
surface. In other words, for the selected in situ tribometer
configuration, the choice of at least one of the components of
the sliding couple was mandatorily constrained by laser
transparency issues. Cherif et al. (1997) used a different
approach to investigate in situ wear processes in alumina-
zirconia composite. Those researchers measured the tem-
perature in the mid-thickness of the disk during tribological
tests using a thermocouple fixed by alumina cement in a hole
drilled in the worn disk. In their experimental set-up, how-
ever, serious issues arose, related to measurement accuracy.
Since the temperature field in a ceramic component decades
rather quickly in space away from the contact point, the
measured temperature was far from representing the real
contact temperature of the sliding surfaces. In summary, the
so far presented outputs of in situ tribometry approaches
(Singer et al., 2001; Joly-Pottuz et al., 2007, Cherif et al., 1997)
have been either lacking of accuracy or resulted severely
narrowed in their significance by the constrained choice of at
least one “artificial” sliding component.

Keeping in mind the basic notions mentioned above and
being aware that tribological characterizations of hip joints
should not be hindered by the above limitations, we have
attempted developing a new tribometer device that could
enable concurrent tribological and spectroscopic character-
izations in situ at the contact point of sliding wear with high
accuracy and without altering the nature of the sliding
counterparts. Besides conventional tribological outputs, this
new in situ device is shown capable to monitor phase
transformation fractions, local contact stress and tempera-
ture, as these parameters develop at the contact point with
increasing sliding distance. A detailed description of this
advanced device is reported for the first time in this paper
together with some preliminary results collected on two
different types of commercially available ceramic-on-
ceramic hip joint bearing couples.

2. Experimental procedures
2.1. Photo-stimulated spectroscopy-assisted tribometer
device

A detailed description is given hereafter of the new instru-
ment designed to concurrently perform tribological tests on
ceramic femoral heads and collect Raman or fluorescence
spectra by means of an in situ confocal spectrophotometer.
The tribometer, schematically shown in Fig. 1(a), consists of
several component parts (labeled (aa)-(hh) in Fig. 1(a)). The
selected sliding configuration foresees a rotating and a fix
element (i.e., henceforth referred to as the femoral head ball
and the pin, respectively). A stainless steel taper (aa), 74 mm
in length, was used to tightly grip the ceramic femoral head
(bb) to its rotating axis. The taper (conical) head profile was of
an interchangeable type and could be specifically shaped to
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Fig. 1 - (a) Schematics of the tribometer (a) and of the interaction between laser beam and sliding couple (b). In (a), the
function of each component part (labeled (aa)-(hh) is explained in the text.

match the different standard tapers adopted by the femoral
head maker. A driver system (cc), which rotated the femoral
head, was attached to an AC electrical servomotor, namely an
engine capable of giving a controllable sliding speed that was
stable under the influence of the frictional forces generated
during testing. The angular velocity could be varied either in
continuous or in step mode. The ‘step mode’ provided a
useful way to keep the sliding speed constant (e.g., equal to
0.1m/s, in the case of the present experiments), while using
different ball/pin contact angles. The contact angle, namely
the angle between the axis of the rotating ball (i.e., head) and
that of the non-rotating pin, could be adjusted in the angular
interval 0°-60°. Motor and belt transmission were selected to
minimize the vibrations transmitted to the femoral head and
to keep the fluctuations of the contact point between ball and
pin in the radial range of < +5 pm. The loading mechanism
(dd) was designed to apply a controlled load to the pin holder
through a lever-arm device attached to a dead-weight loading
system. Such a mechanism could be rotated with respect to
its vertical axis to vary, as already mentioned, the ball/pin
contact angle. The load pushing the pin against the femoral
head could be applied in three different magnitudes, namely
10, 20, and 30 N. A biaxial load cell (ee) was used, which was
capable to concurrently measure the actual axial force, F,,
and the frictional force, Fy, (i.e., the forces perpendicular and
parallel to the head surface) developed during sliding on the
femoral head within a range of 0-50 N. The selected load cell
possessed excellent thermal stability (+0.05% R.0./°C), good
load/volt linear response (<2%) and low hysteresis (+0.1%
R.0.). The load cell also allowed for off-centering the applied
load (X-Y: +2.5mm and Z: +5mm) without significantly
altering the measurement outputs. The tribometer stage (ff)
had the only function of firmly fitting the tribometer equip-
ment onto the X-Y-Z stage of the spectrometer device. As a
tool for obtaining independent positioning on the spectro-
meter stage, the tribometer stage was equipped with three
adjustable studs (gg), which served to regulate height in an
interval of +10 um, as well as the tribometer inclination in
the interval 0°-10°. In the control panel, the operator could
set recording of rotating speed, sliding distance, and F, and Fy
values. Because of the rapid fluctuation of the involved
forces, the tribometer controller needed to be connected to
a data logger that sampled and stored the mechanical

outputs. The pin (hh) was a 5 x5 mm? section cut obtained
from the dome of a separate femoral head made of the same
material of the tested one. The peculiar design of the
tribometer was specifically conceived to focus the laser on
the contact point between the pin and the femoral head, and
to collect the backscattered signal during the tribological test,
as shown in Fig. 1(b). Schematics of the head and of the pin
used in the present experiments are shown in Fig. 2(a) and
(b), respectively. Note that, in the adopted experimental
setup, both pin and head rigorously keep the sphericity and
all the other surface characteristics of the original hip
implant, so that the wear phenomenon occurs on real
components rather than on model materials. Nevertheless,
we deal here with a (more severe) convex-convex surface
configuration as compared to convex-concave one. Moreover,
in a real joint, there is a continuous variation of the contact
point due to joint clearance, while in the present test sliding
occurs rigorously along the same geometrical trajectory.

It is a general issue that all tribological tests performed in
laboratory conditions, especially those aimed at clarifying the
intrinsic wear properties of the sliding couple (e.g., pin-on-
disk testing), operate under conditions that might greatly
differ from the conditions experienced by bearings during
clinical use. However, in the present testing procedure, a
series of geometrical and mechanical parameters including
sliding speed, ball/pin contact angle, and the magnitude of
the applied load could be adjusted for compensating the
effect of different curvatures in order to match international
standards for wear testing, as better explained in the next
section. Moreover, operating under conservative (i.e., more
severe) conditions as compared to in vivo tribological condi-
tions represents a correct testing approach. In support to this
latter point, we notice that one generally assumes the contact
between the sliding counterfaces in vivo to be mediated
through a fluid film (i.e., a particularly relevant feature for
ceramic-on-ceramic bearings with high wettability). However,
ceramic-on-ceramic hip joints have also been reported in
several cases to actually operate in ‘dry-joint’ conditions
(DelaValle and McCook, 2008; Chevillotte et al., 2010; Currier
et al.,, 2010). This is a consequence of the fluid film thickness
decreasing or being interrupted, with the ceramic compo-
nents coming into contact essentially unlubricated. From this
viewpoint, one might regard to be appropriate setting the
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Fig. 2 - Schematics with the dimensions of the head (a) and of the pin (b) used in the present wear experiments.

conditions for in vitro wear testing to a necessarily higher
degree of severity as compared to ideal conditions in vivo.

2.2. Wear testing procedures

Before testing the femoral head and the pin were washed
ultrasonically in high purity acetone for 0.5h, and then
immediately rinsed with high purity ethanol and dried for
additional 0.5h at room temperature. Prior to clamping the
sliding parts to their respective holders, their weight was
accurately measured. After mounting both pin and femoral
head in the tribometer machine, the eccentricity of the
rotating ball was checked using a profilometer and adjusted
using a bolt to <10 um. The pin and the attached weight
system were then rotated to form the desired contact angle
between pin and ball head (i.e., 45° in this study). The
tribometer device was finally allocated inside the spectro-
meter equipment, and the incoming laser beam focused
through a long-focus objective lens at the contact point
between pin and ball, as better explained in the following
section. Throughout all wear tests described in this study a
load of 10 N was applied to the pin in contact with the ball
and the sliding velocity of 0.1 m/s was set on the tribometer
controller. The tests were always divided into two steps: (i) a
pre-testing step lasting about 30 min, in which sample
positioning and various other adjustments were performed
in order to allow all test parameters reaching stability; and,
(ii) the main tribological test that lasted for about 6 h and was
terminated when the sliding distance reached the value of
2x10®m. All wear tests were on self-mating couples and
were carried out at room temperature under dry sliding
conditions. The dynamical conditions selected in the present
pin-on-ball wear testing configuration were fixed in order to
obtain a precise correspondence with the recommendations
given by international standard for the pin-on-disk wear
testing configuration (i.e., ASTM G99/G95, DIN 50324 and
ISO/FDIS 20808:2003(E)).

2.3. Spectroscopic procedures

The design of the new tribometer was specifically conceived to
enable focusing the laser beam at the contact point between
pin and femoral head, and to collect in situ the backscattered
Raman or fluorescence signals during the tribological test. The
interaction between laser beam and sliding couple is schema-
tically shown in Fig. 1(b). Raman spectra were collected with a
triple monochromator spectrometer (T-64000, ISA Jobin-Ivon/
Horiba Group, Tokyo, Japan) equipped with a charge-coupled
detector (high-resolution CCD camera). The laser excitation
source was the monochromatic blue line emitted by an Ar-ion
laser at a wavelength of 488 nm and the power on the surface
was set at 400 mW. The spectral integration time was typically
60 s for collecting zirconia and alumina Raman spectra, while
1s sufficed for collecting the fluorescence signal emitted from
substitutional Cr’" elements contained in the alumina lattice.
All the spectroscopic experiments were conducted with focus-
ing the waist of the laser beam on the material through an
optical lens. Raman and fluorescence backscattered light was
then re-focused onto a pinhole and transmitted into the
spectrometer via the same optical lens used to focus the
incoming laser. Backscattered light dispersion onto a CCD
camera finally allowed displaying Raman or luminescence
spectra. The spatial resolution of the measurements was
greatly affected by the cross slit (pinhole) aperture. Reducing
the pinhole diameter enabled cutting the light scattered from
substantial portions of the probed volume above and below the
selected focal plane. The highest spatial resolution (in the order
of few microns) that could be obtained corresponded to a cross-
slit diameter of 100 um. Such aperture diameter was found to
represent a threshold value. Increasing the pinhole diameter
above this threshold increased the intensity of the collected
signal, thus reducing the integration time needed for collecting
a Raman spectrum of good quality, but also involved signifi-
cantly larger probe volumes. On the other hand, further redu-
cing the pinhole diameter led to unacceptably low efficiencies,
and thus far too long spectral integration times, for collecting
clear signal intensities.
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Monoclinic zirconia volume fractions, V,,, were quantita-
tively evaluated from the relative intensities of selected
Raman bands belonging to the tetragonal (145 cm™) and to
the monoclinic (178 cm~* and 189 cm™") polymorphs. The
following equation was used, according to Katagiri et al.
(1988):

_ osagm i
= (m)
0.5(Igs +

1)+ 2215 "
where I is the intensity of a Raman band belonging to the
polymorph indicated by the superscript in brackets ((m) and
(t) for monoclinic and tetragonal polymorph, respectively)
and spectrally located at the frequency given in the subscript.

Residual stress assessments on the surface of the worn
samples after the end of the tribological test were made by
means of a piezo-spectroscopic approach on the frequency
shift of the chromophoric fluorescence bands emitted from
the alumina phase (Ma and Clarke, 1994). The temperature
increase at the contact point of the sliding couple was
determined from the increase of the full width at half
maximum of the chromophoric fluorescence emitted by
substitutional Cr** elements in the Al,O; lattice (McCumber
and Sturge, 1963). The latter assessment required a deconvo-
lution procedure to be applied to the raw experimental data
in order to eliminate the effect of the finite size of the
fluorescence probe. Such procedure is computationally com-
plex and requires preliminary calibrations of the interaction
between the laser probe and the sliding couples. The full
computational details, the calibrations, and the algorithms
enabling stress and temperature measurements from fluor-
escence spectra are described in a companion paper (Zhu
et al., in press).

2.4. Specific wear rate and coefficients of friction

At the end of the wear test, both femoral head and pin
samples were ultrasonically cleaned to remove ceramic and
metal debris formed at the taper joint. Then, the weights of
the worn pin and ball were measured and subtracted from
the respective pristine weights before wear test. In addition,
the worn surfaces were observed by optical microscopy in
order to visualize the elliptical scar on the pin and the
longitudinal scar on the femoral head as created during the
dry-sliding process. Optical inspections served for the quan-
titative evaluation of the length of the elliptical axes of the
pin scar and of the average width of the longitudinal scar on
the femoral head. These geometrical parameters were neces-
sary for quantifying the average volume loss and calculate
the specific wear rates. The worn-out volumes of the pin, V,,
and of the femoral head, V, are given by following equations:

rna’b
P~ G4R 2)
Vy, = 2arS 3)

where a and b are the lengths of the short and long axes of
the elliptical pin scar, respectively; R is the radius of curva-
ture of the pin; r is the radius of the trajectory of the wear
scar on the head sample, and S is its average cross sectional
area. Note that Eq. (2) can only be used in the case of b<1.5q,
otherwise the wear volume must be calculated by accurately

profiling the wear scar with a profilometer. The difficulty in
detecting a reliable value of the scar depth in the femoral
head due to the high wear resistance of the two materials led
us to assess the volume loss by measuring the mass loss and
dividing it by the density of the material. The specific wear
rates for the pin, W,, and for the head, W), could then be
computed according to the respectively measured worn
volumes, as follows:

Vp(h)

Woty =

“
where F is the applied force (i.e., 10N) and L is the sliding
distance in the wear test.

The coefficient of friction, p, a function of sliding distance,
could be calculated as the ratio of the measured frictional
force to the axial force component. In the characterizations
described in this paper, we will present both the coefficient of
friction in the transient period of initial sliding and its value
as successively reached at the steady state of the wear
process.

2.5.  Investigated materials

The investigated sliding couples were obtained from two
kinds of commercially available ceramic biomaterials
employed in artificial hip joints: BIOLOX ®delta and BIOLOX®"
forte (both manufactured by CeramTec, Plochingen, Ger-
many). BIOLOX"delta is a composite material, which
consisted of 80vol% Al,03;, 17 vol% ZrO,, and 3 vol% stron-
tium aluminate. Y,0;, and Cr,0; were added to the raw
materials in quantities of 0.6 and 0.3 wt%, respectively, in
addition to a small amount of SrO. After sintering, Y and Cr
elements were mainly solved in the grain structure. No
porosity could be observed in the microstructural arrange-
ment, and the sizes of alumina and zirconia grains were 1.0
and 0.3um, respectively. The BIOLOX"forte material was
made of monolithic (high-purity) polycrystalline alumina.
The average size of the alumina grains was 1.4 ym. Compo-
site and monolithic self-mating biomaterials are henceforth
simply referred to as delta-on-delta and forte-on-forte sliding
couples, respectively. All the analyzed femoral heads were
32 mm in diameter, and were self-worn against pins with the
same surface curvature of the femoral head.

The surface of the samples before and after wear tests
were observed by field-emission-gun scanning electron
microscope (FEG-SEM, SE-4300, Hitachi Co., Tokyo, Japan)
in order to provide the microstructural details of the wear
damages.

3. Results and discussion
3.1.  Wear testing results

The outputs of wear tests on the two different self-mating
ceramic-on-ceramic couples, namely the monolithic forte-on-
forte and the composite delta-on-delta couples, are summar-
ized and compared in this section. Fig. 3(a) and (b) shows
optical micrographs of the damaged zone and the related
width measurements on the ball side for the forte-on-forte
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Fig. 3 - In (a) and (b), optical micrographs of the damaged zone and related length measurements on the head side for the
forte-on-forte and delta-on-delta couple, respectively, as observed at the end of the respective wear tests conducted for a
sliding distance of 2 x 10°> m. Wear damage in delta-on-delta femoral head was detectable only at higher magnification, as
shown in the inset of (b). In (c) and (d), micrographs of wear scars, as observed after wear tests on the pin side for the

monolithic and the composite couples, respectively.

Table 1 - Tribological results of the wear tests.

Biolox ®forte Biolox®delta
Scar width (pin side) [um] 325 355
Scar width (ball side) [pm] 366 388
Specific wear rate (pin) [mm?®/Nm] 9.671x10°° 3.67 x 107?
Specific wear rate (ball) [mm?®Nm] 1x10°1° 2.23x 107!
Coefficient of friction (initial) 0.38 0.43
Coefficient of friction (regime) 0.41 0.52

and delta-on-delta couple, respectively, as observed at the end
of the respective wear tests using the same magnification
(250 x ). While for the forte-on-forte the location of the scar
was easily detectable, in the case of delta-on-delta the scar
width measurement required a higher magnification to iden-
tify the worn surface, as shown in the inset of Fig. 3(b). In the
same Fig. 3, optical micrographs of the elliptical wear scars,
as observed after wear tests on the pin side, are shown for the
monolithic and the composite couples (in (c) and (d), respec-
tively). According to the width measurements done on the
optical micrographs (summarized in Table 1) and the mass
loss, the specific wear rates on pin and ball could be
calculated and the results are listed in Table 1. Interestingly,
the composite couple showed slightly wider but significantly
lower specific wear rate, namely a shallower scar damages on
ball side as compared to the monolithic one. The extreme
shallowness of the scar even under such a severe test

condition made the detection of its depth quite difficult to
perform with a conventional stylus profilometer, thus prov-
ing the extremely high wear resistance of the composite. The
elliptical scar on the pin was also shallower than the mono-
lithic one and closer to a circular morphology. Accordingly,
the specific wear rate of the composite couple was about 2.63
and 4.48 times lower than the monolithic one on the pin and
the head side, respectively. The friction coefficients were also
distinctly different between the two investigated couples (cf.
Table 1), consistently showing values higher by about 12%
and 20% in the delta-on-delta couple for initial and regime
conditions, respectively. This difference can be ascribed to
the intrinsically higher friction coefficient of zirconia as
compared to alumina. Our results are consistent to that of
Kerkwijk et al. (1999), which investigated the friction and
wear response wear response in alumina and zirconia tough-
ened alumina (ZTA) using a classic pin-on-disc tribometer.
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Fig. 4 - In (a) and (b), FEG-SEM micrographs taken in the damage scar region of the forte-on-forte and delta-on-delta couple,

respectively.

Fig. 4(a) and (b) show FEG-SEM micrographs taken in the
damaged scar regions of the forte-on-forte and delta-on-delta
couple, respectively. The micrographs reveal a quite high
level of surface damage in the monolithic couple, with
significant grain detachment. On the other hand, the damage
on the surface of the composite material was limited to
micro-scratches and partial detachments, while only spora-
dically zirconia grains were pulled out from the worn surface
(none is indeed seen in the shown micrograph). In summar-
izing the comparison of the tribological characteristics of the
tested monolithic and composite hard-on-hard couples, it
could be said that, despite a larger friction coefficient and the
apparently wider (but quite shallow) damage scar measured
on the head of the composite couple, this couple was by far
more resistant to grain detachment and wore at a signifi-
cantly lower rate as compared to the monolithic couple. As
discussed in a previous paper (Pezzotti et al., 2010), there are
two distinct reasons for the enhanced wear resistance of the
alumina matrix of the composite material and monolithic
alumina, of chemical and mechanical nature, respectively. On
the chemical side, it is the addition of Cr-dopant in the
composite (absent in the monolithic) material that is respon-
sible for a surface configuration at the molecular scale less
prone to oxygen vacancy formation. On the mechanical side,
a strongly compressive residual stress was found stored in
the Al,O; matrix phase at the surface of the composite
component, which was not found in the monolithic one.
Such high residual stress magnitude was partly due to a
thermal expansion mismatch between the constituent alu-
mina and zirconia phases and partly related to the surface
chemistry conditions, as described above.

3.2.  In situ and ex situ Raman and fluorescence
spectroscopy

Fig. 5(a) shows a typical confocal Raman spectrum collected
in situ from the contact point of the sliding composite couple.
In the spectrum, tetragonal and monoclinic bands are labeled
and, from their intensities, the volume fraction of monoclinic
phase, V,,, could be calculated according to Eq. (1). Similar
spectra were collected as a function of sliding distance, L,
thus obtaining a plot of V,,(L), as shown in Fig. 5(b). Plots
are given for two different configurations of the Raman
probe, namely a confocal configuration (i.e., 100 pm pinhole

aperture) and a configuration with the full aperture of the
confocal pinhole (referred to as “through focus” in the label).
The two different optical configurations lead to different laser
penetration depths in Raman assessments, in the order of
few microns and few tens of microns for the cases of confocal
and through-focus assessments, respectively. The plot col-
lected with a confocal probe indeed shows a clear increase (in
the order of 35%) of monoclinic content after L=2 x 10° m,
above the initial content of monoclinic polymorph, V{9~ 15%,
in the pristine material. The values recorded by the through-
focus configuration are conspicuously lower, showing a
monoclinic volume fraction increase from about 5% in the
pristine composite to 7.5% at the end of the test (i.e., increase
also in the order of 33%). The locally occurred polymorphic
transformation is obviously a consequence of the stress and
temperature increases at the contact point during dry sliding.
However, the extent of transformation along the depth
of the sample appears confined to a shallow region, because,
unlike the confocal probe, the through-focus probe con-
spicuously fails in locating any amount of monoclinic frac-
tion on the sample surface. The temperature increase mea-
sured in situ (i.e., concurrently to polymorphic transforma-
tion) from the linewidth of the chromophoric emission of
alumina was found to be in the order of 134 °C (vs. 48 °C in
the monolithic couple) and to decade very quickly (i.e., within
about 2 ym) with distance from the contact point (Zhu et al.,
in press). Since the polymorphic transformation occurs with
substantial volume increase, it can be one additional reason
for the higher coefficient of friction measured in the compo-
site couple (cf. Table 1). The plot in Fig. 5(b) should be
compared to a plot of monoclinic fraction across the scar
on the ball head, as performed ex situ after the end of the
tribological test on the worn sample. This plot is given in
Fig. 6(a) for both confocal and through-focus probe config-
urations. The two different probe configurations again show
different values when recorded at the same locations due to
the different probe depths, but the values of monoclinic
phase found ex situ for both confocal and through-focus plots
at the center of the scar were very close to those measured in-
situ during tribological tests. An intriguing finding was that a
relatively high content (up to about 32%) of monoclinic phase
was found at a distance of about 300 um from the center of
the scar, namely quite far from the distance of the developed
gradient of temperature. The lower value measured at the
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center of the scar cannot either be explained as being simply
due to pullout of zirconia grains during tribological test,
because we have found the occurrence of such phenomenon
to be only sporadic in the present test. The agreement
between in situ and ex situ monoclinic volume fraction
measurements at the center of the scar also confirms that
negligible further transformation occurred during cooling
from the sliding regime temperature after the interruption
of the tribological test. Therefore, the spatial gradient in
monoclinic phase transformation found on the head scar
should rather be attributed to the high stress gradients
developed on the material surface during sliding than to
temperature effects. From a general viewpoint, the trend
found for monoclinic phase transformation during tribolo-
gical test on the delta-on-delta couple could be interpreted as
indicating high stability for the tetragonal zirconia dis-
persed in the alumina matrix of the composite. However,
for ceramics used in joint arthroplasty, the in vivo perfor-
mance of load-bearing surfaces depends on the combined
effects of both structural and environmental loading. In the
dry-sliding results presented in this paper, the effect
induced by the exposure to biological environment is

missing. Therefore, additional studies are needed with
running the tribometer under wet conditions, namely in
an environment that could reproduce as close as possible
the real operative conditions encountered by the femoral
head in the human body.

In Fig. 6(b), ex situ residual stresses were measured by
collecting fluorescence spectra from the alumina phase along
a line scan perpendicular to the scar, starting from the center
of the worn area to a location 300 pm away from it. Spectral
shifts, which represent the local differences in peak position
with respect to the peak average position recorded before
wear testing, were translated into hydrostatic stress magni-
tudes by means of the piezo-spectroscopic coefficients pub-
lished by Ma and Clarke (1994). The region investigated was
the same as in the case of the scan shown in Fig. 6(a). Two
distinct fluorescence bands, due to Cr** impurities in Al,O4
(henceforth referred as R1 and R2 lines) (Ma and Clarke, 1994),
provided consistent results, which showed a shift towards
compressive values (i.e., with respect to the unworn material)
in a region near the center of the scar (abscissa 0<x<100
pum), and a subsequent gradual stress release starting from
x=100 pm to 300 um. The observed residual stress field in the
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alumina phase belonging to the wear zone can be interpreted
as the superposition of two components: one component of
compressive nature arising from the hard-on-hard pressure
contact during sliding (Deeg, 1992), and another component
of tensile nature induced by the volume expansion associated
with the polymorphic transformation of the zirconia phase
(Sergo, 2004, Pezzotti et al., 2008). The effects of these two
stress components are thus competitive with respect to the
cumulative spectral shift recorded. Moreover, the high com-
pressive stress component developed at the center of the
scar seems to induce a delaying effect on tetragonal-to-
monoclinic phase transformation. The results of ex situ
experiments shown in Fig. 6(a) have indeed shown that
polymorphic transformation preponderantly takes place at
distances relatively far from the contact point, namely in
regions at which the contact compressive stress is signifi-
cantly released. A similar characterization of ex situ residual
stresses in the monolithic alumina forte-on-forte couple (also
shown for comparison in Fig. 6(b)) revealed stresses of
negligible magnitude, as a consequence of the occurrence
of significant grain pullout and surface disruption, which
released the compressive contact stress, in addition to the
absence of a transforming phase.

4, Conclusion

Both ex situ and in situ techniques for the tribological analysis
of artificial hip biomedical implants have been presented.
The in situ characterizations were carried out in a newly
developed tribometer device that not only enabled wear
testing under standard wear conditions, but also the con-
current collection of Raman and fluorescence spectra at the
contact point. The tribological behaviors of two hard-on-hard
sliding couples, namely a monolithic and a composite cera-
mic couple, were characterized and compared. The main
outcomes of these characterizations can be summarized as
follows:

(i) The composite sliding couple was significantly more
wear resistant than the monolithic one under dry sliding
conditions (specific wear rate significantly lower by a
factor 2.63 and 4.48 on the pin and head side, respec-
tively). This result is important when considering that
the testing conditions adopted here were quite severe as
compared to in vivo sliding conditions.
Polymorphic phase transformation, up to about 30 vol%
of the original ZrO, fraction, occurred in situ under
conditions of dry sliding in the composite couple, and it
was considered as one of the causes of the higher friction
coefficient measured in the composite couple as com-
pared to the monolithic one.

The monolithic couple, which experienced significantly

deeper scars and grain pullout after testing as compared

to the composite couple, wore at three- to four-fold
higher specific wear rates.

(iv) The degree of damage observed in the monolithic couple
was quite high after sliding for 2 x 10°m, with severe
grain pullout and partial disruption of the material sur-
face. Some pullout of the =zirconia grain was also

A
(=]
=

=

(i

=

observed but only sporadically in the composite sample.
Nevertheless, the overall damage on the surface was
clearly less pronounced than that found on the surface
of the monolithic femoral head.

Finally, it could be useful to state again the limit of the
present tribological investigation, which might reside in a
scarce predictivity of the actual joint lifetime in vivo, given the
extreme conditions and severity of wear testing adopted in
dry sliding.
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