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1 Introduction

Abstract. We aim to establish a confocal spectroscopic technique
able to study the features of fluorescence spectra arising from native
Cr* impurity in polycrystalline alumina (Al,O3) as a biomaterial and
to use their emission lines as microscopic probes for the characteriza-
tion of residual stress fields stored in artificial hip prostheses during
their implantation in vivo. As an application of the technique, we
report for the first time concerning the evolution of microscopic (re-
sidual) stress fields stored on the surface and in the subsurface of N
=7 retrieved Al,O3 hip joints after exposure in the human body from
a few months to 19 yr. The micrometric diameter of the laser beam
waist impinging on the joint surface (typically about T um in lateral
resolution) enables us to estimate the patterns and magnitude of re-
sidual stress with high spatial resolution, at least comparable with the
grain size of the material. In addition, a selected confocal configura-
tion for the optical probe enables minimization of the probe size
along the in-depth direction. According to a statistical collection of
data on the microscopic level for retrieved femoral heads in toto, a
residual stress field arising from loading history in vivo during the
lifetime of the Al,O femoral head can be revealed. Finally, an inter-
pretation is given of microscopic wear mechanisms in Al,O5 artificial
hip joints consistent with the observed evolution of surface residual

stress fields on elapsed time in vivo. © 2006 Society of Photo-Optical Instrumen-
tation Engineers. [DOI: 10.1117/1.2193470]
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of the material but also to perform nondestructively in-depth
scanning along the z axis (i.e., the axis perpendicular to the

Confocal laser spectroscopy is a useful technique for the
analysis of material surfaces because, after appropriate cali-
bration, it may enable one not only to screen the very surface
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specimen surface) with relatively high spatial resolution.'?
Confocality-aided spectroscopic assessments can be dedicated
to the quantitative analysis of residual stresses (a technique
referred to as confocal piezospectroscopy, henceforth) stored
on the material surface. This technique was recently applied
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to the micromechanical characterization of zirconia hip joints
after in vitro testing or retrieval from human body.” The (lat-
eral) micrometer spatial resolution that is available for pi-
ezospectroscopic stress measurements makes the technique
particularly suitable for the assessment of stress distributions
that vary rapidly and significantly within small material vol-
umes. Surface deterioration on wear of the ceramic femoral
heads after total hip arthroplasty is indeed one of these cases,
and therefore, is a typical biomedical item that can be quan-
titatively studied on a microscopic level by means of confocal
piezospectroscopic assessments.”” The wear rate of the sur-
face, environmentally assisted by the complex interaction be-
tween the femoral head and its holding acetabular cup, may
strongly depend on the microstructural characteristics of the
ceramic material and, in particular, on the microscopic re-
sidual stress state preexisting on the microtructural level.
Note, in this context, that wear-related phenomena and thus
residual stresses are maximized on the head surface and vary
rapidly with position along the z axis.

Alumina bearing surfaces were introduced in the sev-
enthies in hip joint arthroplasty after laboratory tests and
simulator studies demonstrated the low friction and wear of
alumina prostheses‘é’7 However, today concerns remain about
their long-term performance in vivo, despite published clinical
studies that have already established the safety and the good
tribological performance of this material. The most common
reason for revision has been loosening of the joint, but the
mechanisms that have led to this loosening have not yet been
satisfactorily explained.® In other words, it is still unclear
what role wear and wear debris play in the long-term perfor-
mance of the alumina hip joint or indeed if wear is a factor in
the loosening process. In the complex background of this
problem, our understanding is that, although all alumina hip
joints are usually classified within the same category of ma-
terial, the polycrystalline nature of the material may make
both the observed properties and performance very scattered.
In particular, the grain size of polycrystalline alumina, which
is directly related to the manufacturing process, likely plays a
fundamental role in the tribological behavior of the material.

In this paper, we propose a set of calibration assessments
aimed to establish the quantitative use of the confocal pi-
ezospectroscopic technique in Al,O5 bioceramics and apply it
to rationalize the complex evolution in vivo of the micro-
scopic residual stress fields stored on the surface of alumina
hip joints. In particular, it is shown that monitoring (with the
aid of a confocal probe) the piezospectroscopic behavior of
the fluorescence doublet arising from native Cr** impurity in
Al,O5 enables the reliable quantitative characterization of re-
sidual stress fields both on the surface and in the subsurface of
the artificial hip joint. Residual stresses play a major role in
surface deterioration on wear, and spectroscopic principles are
relevant to understand surface deterioration phenomena in re-
trieved alumina femoral heads and the causes behind the fail-
ure of artificial joints. We believe that the understanding
achieved through precise spectroscopic assessments will ulti-
mately enable the replacement of empirical optimizations for
biomaterials processing with more systematic procedures,
thus greatly speeding the development of hip joints with im-
proved reliability.
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Table 1 List of retrieved Al,O; femoral heads with their respective
maker, grain size, and implantation time in vivo.

Implantation Grain  Material Type/

Time Size (um) Brand Generation
Case 1 1 month 2 Biolox Forte Il
Case 2 1y 3 months 2 Biolox Forte Il
Case 3 1y 7 months 4 Unknown Il
Case 4 2y 6 months 2 Biolox Forte Il
Case 5 6y 8 months 55 Unknown Il
Case 6 17y 9 Mittelmeyer I
Case 7 19y 7 Ceraver 1

2 Materials and Methods
2.1 Materials

A total of seven retrieved Al,O3 ceramic femoral heads were
studied, which were revised after short, medium, or long-term
periods of in vivo implantation in patients (Table 1). All these
prostheses were retrieved after a successful use in patients.
However, all the implants underwent aseptic or septic, stem or
cup, loosening. Among the seven cases discussed here, only
case 6 (cf. Table 1) was a femoral head of the “mushroom-
type;” the other six balls were of the usual truncated spherical
shape, without any ceramic skirt to partially cover the metallic
stem. The heads are classified in Table 1 as first- to third-
generation Al,O3 according to the manufacturing year; the
most recently fabricated heads were defined as the third gen-
eration. All the analyzed femoral heads were employed
against polyethylene acetabular cups. After retrieval and ster-
ilization, the grain size of each ball was measured on scanning
electron micrographs (JEOL-6500F, JEOL, Tokyo, Japan) us-
ing the linear intercept method; at least 500 grains were mea-
sured for each ceramic head. The average grain size is also
reported in Table 1. More details about the clinical history of
the implants have been reported elsewhere.”'°

2.2 Piezospectroscopic Assessments

Fluorescence spectra were collected with a triple monochro-
mator spectrometer (T-64000, ISA Jovin-Ivon/Horiba Group,
Tokyo, Japan) equipped with a charge-coupled detector (high-
resolution CCD camera). In mapping residual stress fields, the
required laser power on the Al,O5 surface was typically about
200 mW at the laser head and a suitable excitation frequency
was a monochromatic blue line emitted by an Ar-ion laser at a
wavelength of 488 nm. The spectral integration time was
typically 1 s, with averaging the recorded spectra over three
successive measurements. All the spectra were recorded at
room temperature. The optical microscope was connected to a
video monitor that enabled scanning of the sample surface to
locate the selected location for the spectroscopic measure-
ment. The wave numbers of fluorescence band maxima were
obtained by fitting the CCD raw data to mixed Gaussian/
Lorentzian curves with commercially available software. Alu-
mina femoral heads were placed on a mapping device (lateral
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Fig. 1 Schematic of the optical probe in confocal configuration.

resolution of 0.1 uwm), which was connected to a personal
computer to drive highly precise displacements (along both x
and y axes) on the sample. Given the curved nature of the
investigated surfaces, an autofocus device was adopted
throughout automatic mapping experiments. Confocal experi-
ments were conducted with focusing the waist of the laser
beam either on the surface or on subsurface planes of the
artificial joint through an optical lens (X 100). Then, the fluo-
rescence signal was refocused onto a small confocal (pinhole)
aperture that acted as a spatial filter, passing the signal excited
at the beam waist, but substantially eliminating fluorescence
signals produced at other points above and below the beam
waist. The filtered signal then returned to the spectrometer
(via the probe head) where it was dispersed onto the CCD
camera to produce a spectrum. In practice, a pinhole aperture
was placed in the optical train of the microprobe spectrometer
and used to regulate the rejection of out-of-focus light. Con-
focal microscopy was used to probe selected xyz locations in
the samples, with micrometer (lateral) spatial resolution. Two-
dimensional data maps were built by xy scanning the sample,
and 3-D data sets were produced by sequentially acquiring a
set of xy slices at different z depths. A schematic of the con-
focal probe configuration is given in Fig. 1.

The dependence of the chromophoric bands of Al,O3 on
stress has been amply documented in the literature." ™" How-
ever, to minimize possible errors deriving from the use of a
different probe with respect to literature data, a complete set
of piezospectroscopic calibrations was newly performed both
on polycrystalline Al,O3 (with different grain sizes) and
single-crystal sapphire. This calibration set enabled us to
check the consistency of the measured residual stress data and
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to assess the error involved with our stress measurements in
polycrystalline materials. As for the calibration procedure, a
ceramic bar was mounted on a four-point bending jig and
placed under the optical microscope. Load was applied and
the whole jig was moved under the optical microprobe to
record spectra every 50 um along the specimen thickness.
The applied load was converted into a stress distribution using
the standard four-point bending elastic beam equation and the
recorded spectral shifts of the fluorescence bands were plotted
as a function of elastic stress. The slope II,, of stress/shift
plots in Al,O5 polycrystals was precisely recorded and used
throughout assessments of unknown residual stress fields. As
far as elastic stress fields were concerned, applied stresses
recorded along a line perpendicular to the long axis of the
bending bar (i.e., along the thickness at the center of the bar)
could be regarded as uniaxial stresses and linearly changing
from a compressive to a tensile magnitude (at the sides of the
small and of the large span of the four-point bending bar
configuration, respectively).

3 Theoretical Background
3.1 Piezospectroscopic Principles

The piezospectroscopic (PS) method has been widely used for
the microscopic evaluation of residual stresses in single and
polycrystalline ceramics.'' ™ The characterization is based on
the precise evaluation of the spectral shift (Aw=w—w,) oc-
curring in the stressed material (with band maximum located
at w) with respect to its unstressed status (with band maxi-
mum at wg). The following (tensorial) PS equation can be
used for single-crystal materials, irrespective of whether the
selected spectroscopic band arises from an electronic transi-
tion (fluorescence band) or from a lattice vibrational mode'*
(Raman band):

where o;; is the stress tensor existing in the probed volume,
and Hij is a second-rank tensor (i.e., the tensor of the PS
coefficients). An asterisk to the stress tensor denotes the
choice of a set of Cartesian axes coincident with the principal
stress directions, while an asterisk to the tensor of PS coeffi-
cients denotes the coincidence of the preceding system of Car-
tesian axes with the principal axes of the crystal. Note that Eq.
(1) also shows that the observed spectral shift is an invariant
with respect to the selected system of coordinates. In poly-
crystalline materials with a random orientation of the grains,
the PS coefficient is independent of direction and can be taken
as an average value along all the crystallographic directions.
Considering the hexagonal symmetry of the Al,O3 single
crystal, the average PS coefficient I1,, for an Al,O5 polycrys-
tal can be represented as follows:

M+ + 1153 21, + 11,

I, :
3 3

(2)

where the subscripts a and ¢ denote the principal crystallo-
graphic axes of the hexagonal Al,Oj lattice cell (which shows
symmetry with respect to the plane perpendicular to the ¢
axis). Therefore, for a general triaxial stress state, 0= a';},
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applied to a polycrystalline sample, Eq. (1) can be simplified
to a scalar proportionality equation:

Ao=11,(0). (3)

where <0';fj> is the trace of the principal stress tensor. In other
words, a measurement of spectral shift gives direct access to
the trace stress tensor stored in the probed volume. In addi-
tion, the nature of the stress trace can also be deduced from
the positive or negative sign of Aw (in the case of tensile or
compressive stress, respectively, for both chromophoric bands
of alumina). Note that, even in a nominally “stress-free” poly-
crystalline Al,O3;, a (microscopic) residual stress field
(mainly arising from anisotropy in thermal expansion along
different crystallographic axes) is developed. The stress state
on the microstructural scale in polycrystalline Al,O5 ceramics
was intensively studied using the PS method."™" The spatial
distribution on the scale of the grain size obeys a statistical
distribution, which strongly depends on the average grain size
of the polycrystal; however, the average value of this thermal
stress distribution should be zero when a large number of
grains are sampled. A full treatment of PS characteristics in
polycrystalline Al,O; was given by Ma and Clark;" here,
only PS notions that are salient to the interpretation of the
fluorescence spectral characteristics of Al,O3 hip joints in
terms of residual stress fields are reported.

3.2 Probe Response Function

In photostimulated spectroscopy, it can be assumed that each
point in the irradiated volume (x,y,z) gives rise to a optical
(scattered) intensity contribution to the spectrum that obeys a
given statistical distribution (e.g., Lorentzian). The observed
fluorescence spectrum depends on the intensity distribution of
scattered light around the irradiation point. This intensity dis-
tribution is called the probe response function
B(x,y,z,x9,Y0.20) of the light scattered from the point
(x,y,z) when the incident beam is focused on the point'S’16

(x0,¥0-20):

(x— xo)2 +(y- y0)2
2R?

B(x,y,2,X0,Y0,20) * €Xp| =

2

m exp(-2az), (4)

where 2R is the laser beam diameter in the focal plane, p is
the probe response parameter (for an unfocused beam, p tends
to infinity), and « is the absorption coefficient of the material
at the incident wavelength. For fluorescence bands, the inci-
dent photons and emitted photons may have remarkably dif-
ferent energies and absorption coefficients, therefore the
probe response function should be experimentally determined
case by case. According to this observation, the term 2« in
Eq. (4) may need to be substituted for by the sum of the
absorption coefficients for incident and emitted light. The ob-
servable spectrum intensity can be then obtained according to
the following volumetric integration:
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Iobs(wp) o< f d‘xf dyf B(x’y9z9x07y07z())dzy (5)

where w), is the wave number at the maximum of the selected
spectral band. In this paper, we restrict our considerations to
the in-depth probe response function, thus neglecting any in-
plane variation, although the approach followed here is gen-
eral and can be also extended to the assessment of probe
geometry in the focal plane. Supposing, in first approxima-
tion, that all the variables in the xy plane can be ignored, a

simplification of Eq. (5) can be given as follows':

o 2

p
Ip(w,) = exp(-2az)—5——— dz, 6
b‘( p) foc P( )p2+(Z—Zo)2 ( )

where the focal plane position (above or below the sample
surface) 7, can be also seen as a defocusing distance with
respect to irradiation with the focal plane placed on the
sample surface. In highly transparent materials (e.g., single-
crystalline Al,O3), there is almost no absorption (@=0). Us-
ing the maximum observed intensity to normalize spectral in-
tensity, Eq. (6) can be integrated analytically to give

Lns(@ 1 1 <
)LL) )
Iobs,max(wp) 2 ™ P

where Ips max is the maximum observed intensity of the se-
lected band of the spectrum on varying defocusing distance
Zo- When the absorption coefficient is appreciably different
from zero, the maximum intensity cannot be observed experi-
mentally. In this case, we assumed: Iopg max=21gbs sur» Where
Iops sur 18 the observed intensity when the focal plane is placed
on the sample surface. This value was used to normalize the
calculated intensity, as follows:

0 |: p2 :|
Iobs(wp) f—m exp(_ 2aZ) P2 + (Z - ZO)Z dZ

Lyps max(@)) ” ’
obs,max\ ®Wp 2f exp(— 2az)( P 2>dz

0 Pz

Note that in this case, no analytical integration is possible and
Eq. (8) must be integrated numerically. As the probe is swept
along the in-depth axis, the collected intensity function 7
maps the probe response. The probe response parameter p and
the absorption coefficient « can be obtained then from the
best fitting of the (normalized) experimental intensities to the
calculated ones [according to Eq. (7) or (8)]. This method to
determine the probe function through changing the focal plane
is referred to as the defocus method. To visualize the probe
size in terms of penetration depth, a probe depth z,; can be
defined according to the following equation (using 90% of the
maximum intensity as a threshold value):

March/April 2006 « Vol. 11(2)



Pezzotti et al.: Fluorescence spectroscopic analysis of surface...

2d
f B(z,70)dz

0

J B(z,7p)dz

0

=0.9. 9)

Note that this equation is valid only for fully transparent ma-
terials, whose absorption coefficient is zero; a solution to this
equation can be given in finite terms, as follows:

Zd:zo+ptan(0.457'r—0.1 arctan Z—O>. (10)
p

Therefore, when the laser waist is focused on the surface
(zo=0), the depth probed by a given spectral band can be
calculated according to Eq. (10). Most of the equations in this
paper were solved with the aid of a commercially available
computational software package.'’

3.3 Probe Response Function in Confocal Probe
Configuration

The combination of an optical microprobe and a motorized x,
v, and z stage enables the generation of 2-D or 3-D maps that
can yield information on the distribution of stress fields in
heterogeneous samples. However, the laser penetration depth
in transparent or semitransparent materials (e.g., polycrystal-
line Al,O3) can be fairly large, which in turn may induce a
large probe convolution. A strategy to improve in-depth reso-
lution consists of placing a confocal pinhole at the back-focal-
image plane to partly cut off the light scattered from outside
the laser focal area (i.e., greatly reducing the effect of probe
depth). By employing this technique, referred to as “confocal
spectroscopy,” it is possible to probe discrete z planes with
relatively high in-depth spatial resolution.

When a laser is focused on the specimen surface (z,=0),
an inner transmitted zone exists for the scattered/emitted light
within a solid angle < 6, varying as a function of the depth
position z. The collection solid angle (), which takes into
account the competitive effects of the numerical aperture
(NA) of the objective lens and of the pinhole aperture, can be
expressed as follows:

Z
27{1 - m] (Pmax = Po)

Q=2m(1-6,) =
Z
27{1—m} (Pmax < Po)
(11)
f 2 172
2= Prnax (n2—1)+<m> |, (12)

where pp.x 1S the maximum transverse ray aberration from the
optical axis (determined by the NA of the objective lens); the
confocal pinhole with diameter & has a virtual back-image
2po in the sample focal plane given by the relation &
=2poMPG, where MP is the magnification power of the ob-
jective and G is the enlargement factor (1.4); note that only
light from within the virtual circle 2p, on the surface can pass
through the pinhole; n is the refractive index of the material,
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and D/f is the diameter/focal length of the objective lens. For
any given z value, pp,.c can be derived from Eq. (12). The
collection solid angle remains almost invariant near the sur-
face; then, it falls pronouncedly because of the blinding effect
of the confocal pinhole aperture, the smaller the pinhole ap-
erture the more abrupt the () drop-down. With reducing the
diameter of the pinhole aperture, ®, the subsurface depth z, at
which the () value begins to drop significantly, gradually ap-
proaches the surface. A parameter representative of the pen-
etration depth of the laser probe in a given confocal configu-
ration is the threshold value of the in-depth abscissa ¢ below
which the collection solid angle abruptly drops down:

f 2 e
t=po[(n2—l)+<D/2—_po) nz} . (13)

In principle, the probe depth can be pushed down to a single
micrometer by reducing the diameter of the pinhole aperture.
However, a significant drop-down in the efficiency of the col-
lected spectrum with reducing ® greatly limits the achievable
in-depth resolution. In practice, millimeter scale mapping of
the artificial joint surface with micrometric spatial resolution
requires the acquisition time for a single spectrum to be set to
a few seconds or less. This limitation involves minimum pin-
hole apertures to be selected in the range 20<® <100 um
for Al,O5 ceramics. Equation (13) is strictly valid only for
Z0=0, while error is involved when the focal plane is shifted
along the subsurface of the sample, the larger z, the larger the
error. However, an estimate of probe depth made through Eq.
(13) represents an upper limit for probe size at a given pinhole
aperture for a selected sample. As for the observed intensity
I, in a confocal probe configuration with the focal plane
placed on the sample surface, an equation similar to Eq. (6)
holds, as follows:

t 2
P
Iobs(wp) o J;) Q(pmax = pO)eXp(_ Za’Z)Zz +p2 dZ

o 2
P
+ f Q(pmax = pO)eXp(_ ZCYZ) 2 2 dz.
0 +p

(14)

Equation (14), which can be eventually normalized by the
maximum spectral intensity as made for Eq. (6), will be used
to analyze the configuration of the confocal probe in the
Al,O5 materials. Note, however, that in polycrystalline mate-
rials, inhomogeneous scattering may occur, mainly due to the
effect of grain boundaries. In this case, the collection solid
angle () in Eq. (14) should be replaced by the collection cross
section S:

S,= Q¥ =0ABC = QA" exp(aeyz), (15)

where A, A’, B, and C are numerical parameters (with A’
=AeC). Note that the condition W=1 applies only for media
with homogeneous emission/scattering. Incorporating the ex-
ponential term from Eq. (15) into the absorption exponential
term in Egs. (6) and (14), we can introduce an effective ab-
sorption coefficient a,g that takes into consideration both in-
cident and emitted photons with their respective energies and

March/April 2006 « Vol. 11(2)



Pezzotti et al.: Fluorescence spectroscopic analysis of surface...

4000
Ry
3000
2 R,
8
£ 2000
w
=
2
R=
1000+ Hg
0 T T T T
14300 14350 14400 14450 14500 14550

Wavenumber (cm-1)

Fig. 2 Typical spectrum of polycrystalline Al,Oj3 arising from the na-
tive presence of Cr** impurities substitutional to AI**.

absorption coefficients, and formally leave the equations as
stated (but with = ayg). When the confocal pinhole is set to
a given aperture, we can calculate the probe depth z,; by solv-
ing the following equation:

f ’ S(z.po)B(z)dz
0

=0.9, (16)

f S(z,po)B(z)dz

0

which is conceptually similar to Eq. (9) (with z,=0).

4 Results and Discussion
4.1 Confocal Probe Geometry and PS Calibrations

A typical fluorescence spectrum from a polycrystalline Al,O5
material, consisting of the chromophoric doublet R, and R,
(ruby lines), is shown in Fig. 2. Spectra were collected from
Al,O3 polycrystals with different grain sizes, but they ap-
peared the same as that shown in Fig. 2, which refers to a
polycrystal with average grain size of 2 wm. Note that, de-
spite the relatively intense fluorescence signal retrieved in
spectroscopic assessments, the content of Cr>* ion as a natural
impurity in the Al,O; crystalline lattice is usually confined to
a rangelg‘19 <60 ppm. In this study, no Cr** ions or Cr-
related compounds were intentionally added to the investi-
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Fig. 3 Probe response functions for single-crystal sapphire and for
Al,Oj3 polycrystals with different (average) grain sizes.

gated alumina materials, so the Cr impurity range was sub-
stantially small and no significant spectral shift related to
chemical composition was expected in that range.* Although
the origin of the ruby spectrum has been fully described by
other authors,”"** we briefly describe here the related probe
response function (in confocal probe configuration) as a func-
tion of grain size (in comparison with that of single-crystal
sapphire). A full description of the evolution of the probe
response function of polycrystalline Al,O3; with increasing
grain size has not yet been reported in the literature. The
intensity of the ruby doublet lines was collected as a function
of defocus displacement z;, along the in-depth direction per-
pendicular to the sample surface. A complete coincidence was
observed in the optical behaviors of the R; and R, fluores-
cence bands. Therefore, only the R; band is discussed hence-
forth. The experimental (normalized) R, intensity trends (i.e.,
the probe response functions) are shown in Fig. 3 as collected
in polycrystals with different grain size. From these data, we
can see that significant difference exists in the defocusing
behavior of polycrystals when the grain size is altered. In
particular, the finer the grain size, the more the probe response
function differed from that of fully transparent sapphire, thus
gradually changing from a completely sigmoidal trend (typi-
cal of highly transparent materials) to a bell-shaped function
(characteristic of opaque materials). The parameters selected
for best-fitting the probe response functions were determined
by solving Egs. (6) and (14) for normal and confocal (X100

Table 2 Optical characteristics of confocal and nonconfocal probes and PS characteristics in single-
crystal sapphire and Al,O5 polycrystals with different grain sizes.

Material/ zg (um) z4 (um)
Grain Size p (um) ag (um™")  (Nonconfocal) (Confocal) 1, (cm~'/GPa) R2
Sapphire 20 =0 126 15 0.998
m,, - 211, + I1, _2.54
3
ALO5/20 um 51 0.006 81 5 2.530 0.985
ALO,/2.0 um 75 0.018 50 27 2.625 0.990
ALOs/1 um 90 0.14 9 1.6 2.665 0.996
Journal of Biomedical Optics 024009-6 March/April 2006 « Vol. 11(2)
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objective lens, NA=0.9, ®=100 um, and f=0.3 mm) probe
configurations, respectively, are shown in Table 2, together
with the probe depth z, calculated according to Egs. (9) and
(16) for through-focus and confocal probe configurations, re-
spectively. In the case of sapphire (a.;=0), the probe geom-
etry evaluation was made according to Eq. (10). With decreas-
ing grain size, the values of p and agg increased, and the
probe depth decreased accordingly. Clearly, the probe geom-
etry is strongly influenced by the area of grain boundary per
unit volume present in the polycrystalline matter, which in-
creases with decreasing grain size. In other words, the pres-
ence of light multireflections, refractions, and scattering at
grain boundaries can strongly influence the material absorp-
tion through the dissipation of photon energy. One important
implication in these findings is that fluorescence spectra col-
lected by nonconfocal probe configuration in polycrystalline
samples with different grain size may average spectral infor-
mation from different portions of subsurface. Accordingly, the
differences in measured residual stress values can be very
pronounced, especially in the presence of large property gra-
dients along the sample subsurface. In this context, it seems to
be mandatory to know the grain size of the Al,O; material of
which the artificial joint is made, to correctly interpret re-
sidual stress data collected by PS techniques. Note also that,
although smaller than in the case of a sapphire single-crystal,
the probe penetration depth z,; along the subsurface in coarse-
grained Al,O; polycrystals in a nonconfocal probe configura-
tion can be as large as 80 wm, although it greatly reduces to
9 um in a finely grained material. On the other hand, when a
confocal probe configuration is adopted, the probe size greatly
reduces with respect to its depth, the smaller the grain size of
the Al,O3 polycrystal, the smaller the probe depth. The probe
penetration depth can be reduced to values as small as
~2 pm in fine-grained Al,O5. Polycrystals with coarse and
medium grain sizes greatly benefit from the use of a confocal
probe in terms of probe size reduction. In conclusion, it seems
to be more appropriate to use a confocal probe to evaluate the
expectedly strongly graded residual stress fields stored near
the surface of retrieved Al,Oj artificial hip joints. Since the
slice of material subsurface contributing to the spectrum
(taken at a given focal abscissa z) can be significantly re-
duced by collecting the scattered light in a confocal probe
configuration, it seems to be a possible minimization of con-
volutive effects on the measured magnitude of residual stress.

The uniaxial PS coefficient I1,, of the R; band was evalu-
ated to be in the range between 2.53 and 2.66 cm™!/GPa for
all the grain sizes investigated in this study (these values are
consistent with those reported in previous studies™). Table 2
shows the results of the I1I,, values (and the respective corre-
lation factors to a linear fit, R?) obtained by four-point bend-
ing calibration for different Al,O5 polycrystals. Here R, was
the spectroscopic band of Al,O3 that showed the maximum
stress sensitivity and it is used throughout the residual stress
assessments. The uniaxial PS coefficient was transformed into
a hydrostatic one (appropriate for residual stress assessments)
according to the simple equation: Il q=3II,,. Consistency
between measurements on single-crystalline and polycrystal-
line samples was found according to the following consider-
ations (cf. Table 2). When the material shows a random dis-
tribution of grain orientation and provided that a statistically
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meaningful grain sampling is made in the stress assessment,
the PS coefficient for an Al,O5 polycrystal I1,, can be related
to those of a sapphire single-crystal collected on different
crystallographic planes, according to Eq. (2). As can be seen
in Table 2, the agreement was satisfactory for all the investi-
gated polycrystals within a confidence of a few percent. In
this context, we noticed a decrease in data scatter in polycrys-
tals with finer grain sizes, which arose from the larger number
of grains sampled (and thus to a sampling closer to statisti-
cally invariant conditions) in the probed volume. Finally, note
that the calibration in the bending bar configuration was
scarcely affected by the penetration depth of the laser probe,
because the stress distribution on the side of the bending bar
is independent of the in-depth direction. The calibration pro-
cedures described in this section represent the basis for the
quantitative evaluation of residual stress fields in retrieved
Al,Oj artificial hip joints presented in the remainder of this

paper.

4.2 Residual Stress Fields in Retrieved Al,O;
Artificial Joints

As a first-screening characterization to reveal the overall
stress patterns with a statistically meaningful sampling, re-
sidual stress analysis was performed in foto over the entire
surface of the femoral heads. The confocal configuration of
the probe (X100 objective lens, NA=0.9, =100 um, and
f=0.3 mm) was employed throughout the characterization.
Figures 4(A) and 4(B) show the maps of residual stress col-
lected on the entire surface of a first-generation femoral head
retrieved after long-term implantation (case 7 in Table 1) by
placing the focal plane exactly at the sample surface and
30 um below the surface, respectively. Two main areas could
be recognized in which mainly compressive stresses were
stored on the load-bearing surface of the ball [cf. Fig. 4(A)].
Interestingly, these areas corresponded to the main wear zones
classified on scanning electron micrographs by Shishido et
al.? on the same femoral head (this item is discussed in detail
in the next section). Compressive residual stresses are sup-
posed to arise from the combined long-term actions of wear
and of the impingement of the body weight on the bearing
surface. When the probe was shifted toward the subsurface
[cf. Fig. 4(B)], the residual stresses in the same areas turned
out to be tensile in nature. This phenomenon can be explained
by considering the static equilibrium that must be established
between sample surface and subsurface, which necessarily re-
quires the development of stress fields with opposite signs.
The high stress gradient between the sample surface and the
subsurface may trigger surface degradation with grain detach-
ment and subsequent formation of ceramic (grain) debris. A
significantly different trend was found by screening in toto
two third-generation femoral heads retrieved after short-term
implantation in human body (cases 1 and 4 in Table 1). On the
implant surface, the magnitude of the residual stress field was
not only, as expected, significantly lower than that observed in
the long-term exposed first-generation femoral heads but also
tensile in nature [cf. Figs. 5(A) and 5(B)] for surface residual
stresses in cases 1 and 4, respectively]. As a general trend, the
(average) residual stress stored on the wear-zone surface of
retrieved balls was increasingly tensile up to 1 to 2 yr expo-
sure in vivo, then for implants subjected to longer exposure
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-200 MPa 0 +200 MPa

Fig. 4 Residual stress patterns as collected on an Al,O; femoral head
(case 7 in Table 1) after long-term exposure in vivo: (A) residual stress
on the head surface and (B) residual stress state at 30 um in the
subsurface. The letters S and | indicate the superior and the inferior
locations, respectively, of the joint during in vivo implantation.

times in a human body, residual stress fields in the wear zone
were first annihilated and then progressed toward compressive
values (cf., average stress magnitudes in the wear zone re-
ported in Fig. 6 as a function of in vivo exposure time). The
topographic location of areas of stress intensification was not
the same for all the retrievals (e.g., compare Figs. 4 and 5).
However, this was considered to be the consequence of the
different design of the joints and, thus, to arise from different
impingement conditions taking place during implantation.
Nevertheless, surface residual stress fields showed a trend
whose origin should reside in the mechanical interaction be-
tween the surfaces of the femoral head and the acetabular cup.
Based on the current observation of stress patterns, we pro-
pose that both shock and impingement of the acetabular cup
on the femoral head introduce on the ceramic surface a re-
sidual stress field whose nature changes from tensile in the
short-term to compressive in the long-term exposure in vivo
and whose highest magnitude is reached after significant long-
term exposures. The neat magnitude of this residual stress
field, henceforth referred to as loading history stress field, was
obtained by subtracting the (average) residual stress value re-
corded from the respective nonwear zones (considered to be
representative of the residual stress field preexisting in the
femoral head before implantation and thus arising from manu-
facturing) from the (average) stress field recorded in the main
wear zone.
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0 +25 MPa +50 MPa

Fig. 5 Residual stress patterns as collected on two short-term exposed
Al,O; femoral heads [cases 1 and 4 from Table 1 in (A) and (B),
respectively]. The letters S and | indicate the superior and the inferior
locations, respectively, of the joint during in vivo implantation.

Figures 7(A)-7(D) are typical residual stress maps col-
lected in confocal probe configuration (X100 objective lens,
NA=0.9, ®=100 um, and f=0.3) with the focal plane
placed on the sample surface. In Figs. 7(A) and 7(B), the
macro- and microscopic residual stress patterns collected in
main wear zones are compared for a third-generation Al,O;
prosthesis, respectively. On the other hand, Figs. 7(C) and
7(D) represent the macro- and microscopic residual stress pat-
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Fig. 6 Plot of the measured (average) residual stress field (a';j) in the
main wear zone of Al,O5 retrieved femoral heads as a function of the

elapsed time in vivo.
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Fig. 7 Macroscopic and microscopic residual stress patterns as re-
vealed by confocal PS on the surface of main wear zone in short-term
[(A) and (B), respectively; implanted for 19 months and belonging to
the second generation alumina hip joints] and long-term [(C) and (D),
respectively, implanted for 204 months and belonging to the first-
generation alumina hip joint] exposed Al,O; femoral heads (cases 3
and 6 in Table 1, respectively).

terns collected in main wear zones in a first-generation Al,O3
prosthesis, respectively. It clearly appears that, besides the
different size of the wear damage, the average residual stress
magnitude in the main wear zone of the third-generation ce-
ramic head (case 3 in Table 1) is shifted toward the tensile
side with respect to that of the first generation (case 6 in Table
1). Besides the different nature of the residual stress field
(tensile versus compressive in third- and first-generation im-
plants, respectively), completely different topological patterns
were also revealed. A finer periodicity could be observed in
the third-generation material with finer microstructure [Fig.
7(B)] with respect to the coarse-grained material of the first-
generation implant [Fig. 7(D)]. Note that the fine residual
stress patterns shown in Figs. 7(B) and 7(D) could be re-
corded only by adopting the confocal probe configuration. On
the other hand, the spectral convolution involved with probing
subsurface portions of the sample in nonconfocal assessment
led to significantly low stress magnitudes and, thus, could not
reveal any tangible stress pattern on the surface.

4.3 Micromechanisms of Wear Damage in Al,O;
Hip Joints

In the previous section, we proved the capability of a confocal
optical microprobe in revealing with high spatial resolution of
both surface and subsurface residual stress fields in retrieved
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Fig. 8 Schematics of microscopic mechanisms of wear degradation
taking place on the surface of Al,O; hip joints in vivo.

Al,O3 hip joints. These preliminary results, obtained with
high statistical reliability, can be considered encouraging; but
they are insufficient to draw a final conclusion on the mecha-
nisms behind wear degradation in Al,O3 hip joints. In par-
ticular, in this study, all the short-term exposed prostheses
belonged to the third-generation Al,O5 joints and all the long-
term exposed prostheses belonged to the first generation. In
other words, the short-term residual stress patterns developed
in the first-generation and the long-term patterns developed in
the third-generation prostheses could not be retrieved. There-
fore, the plot in Fig. 6 of residual stress versus exposure time
in vivo necessarily represents an extrapolation of the actual
time-dependent residual stress behavior of Al,O5 artificial hip
joints. Despite this limitation, we can propose hereafter only a
simplified model for explaining the time-dependence plot in
Fig. 6. A schematic of the interaction between the surfaces of
acetabular cup and femoral head on the microstructural level
is shown in Fig. 8. In the early period of implantation lifetime,
the surface of the femoral head is subjected to significant local
impingement arising from severe microseparation phenomena
in the hip joint [Fig. 8(A)]. As a consequence of local im-
pingements, intergranular microcracking will take place and
will later develop into debris formation in main-wear zones
[Fig. 8(B)]. Cracking, which is a consequence of local shocks
and point forces, can introduce in the surface a residual stress
field of tensile nature. Cracks selectively develop at Al,O4
grain boundaries where the stress intensification is higher.”**
Grain-size-related stress intensification in polycrystalline ma-
terials has been shown to increase with increasing grain
size. 220 Therefore, the tensile residual stress field may de-
velop faster and with higher magnitude in coarse-grained
Al,O3 hip prostheses than in fine-grained materials. Micro-
cracking will successively develop into grain spalling [Fig.
8(B)] and detachment [Fig. 8(C)], with subsequent develop-
ment of ceramic debris. This stage should be accompanied by
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a release of the tensile residual stress field. The compressive

residual stresses stored on the ceramic joint surface are the 4.
consequence of long-term impingements assisted by third 5.
bodies (i.e., the ceramic debris). This latter stress field was
described in the previous section as arising from loading his-
tory and it increases with increasing exposure time in vivo up 6.
to a saturation value, above which more extensive detachment 7
occurs and abraded areas (stripe-wear zones” ") may de-
velop.
5 Conclusion -
After systematically evaluating the probe response functions
of the chromophoric fluorescence spectrum of Al,O5 poly- o
crystals with different grain sizes as constituent materials for
artificial hip joints, a suitable confocal probe configuration
could be identified, which enabled us to greatly reduce laser 10
penetration depth in the material. By scanning with the focal
plane either on the surface or 30 um below it in the subsur-
face of the material, residual stress fields in retrieved Al,O3 11.
hip joints could be systematically evaluated. In foto residual
stress maps were clearly related to the existence of main wear 12.
zones on the joint surface and clarified the stress equilibrium
conditions between surface and subsurface. The microscopic 13,
stress distributions on the surface of wear zones of third- and
first-generation Al,O53 femoral heads were also retrieved and
analyzed in detail with micrometric resolution. They revealed 14
distinctly different stress patterns between Al,Os joints after
short-term and long-term exposure in vivo. These patterns
could not be observed in nonconfocal probe configuration be- 15
cause of severe convolution of the highly graded subsurface
residual stress field. This paper clearly shows the suitability of 16
confocal fluorescence PS for systematic wear studies of
Al,O3 hip joints; however, it leaves unanswered such impor- 17
tant issues as the role of grain size on the wear response of the 18
ceramic surface and, thus, on the actual lifetime of the joint.
These issues can be further evaluated by PS assessments of
hip joints on systematically loading them for increasing times 19.
in advanced simulator devices, including microseparation ef- 20
fects. ’
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