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Abstract. Environmental metastability of zirconia (ZrO,) ceramic in the human body [represented by a tetragonal-
to-monoclinic (t —» m) phase transformation] takes place on the surface of the artificial joint and proceeds with time
toward its interior. Its quantitative characterization is mandatory for the safety of joint implants and consists of the
assessment of the in-depth monoclinic profile fraction as compared to that of the initially untransformed material.
We attempt to fully establish a characterization protocol and present two different nondestructive approaches for
resolving highly graded phase-transformation profiles along the hip-joint subsurface by confocal Raman microp-
robe technique. A series of partially transformed tetragonal zirconia polycrystal and zirconia-toughened alumina
ceramics are used as screening samples. Probe biases could be eliminated and the real transformation profiles
retrieved through a deconvolution procedure of Raman experimental data collected as a function of pinhole aper-
ture and focal depth, respectively. Confirmation of the confocal assessments was made by a destructive cross-sec-
tional inspection by both laser optical microscope and Raman spectral line scans. This study unveils for the first time
the real quantitative amount of surface phase-transformation fractions and the related subsurface profiles in zirco-
nia-based retrieved medical samples. © 2013 Society of Photo-Optical instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.18.12.127002]
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1 Introduction

Since the middle of the 1980s, zirconia-based ceramics, such as
yttria-stabilized tetragonal zirconia polycrystal (Y-TZP), alu-
mina-reinforced zirconia ceramics, and the latest-generation,
zirconia-toughened alumina composites (ZTA), have been
widely used as load-bearing components in artificial joints
due to their excellent mechanical properties.' Stabilized
TZP are subjected to aging, that is, polymorphic transformation
from the tetragonal to the monoclinic phase, upon exposure to
biological environment (e.g., in a low-temperature humid
atmosphere). As a result, in addition to the problem of possible
tissue inflammation, which is also one type of failure in these
implants, problems of wear and in vivo surface deterioration
might also occur, and this degradation phenomenon represents
one main detrimental aspect of material metastability.* If uncon-
trolled, it might potentially increase the roughness of the joint
surface with detrimental consequences on the overall joint life-
time.> In particular, phase transformation, which progressively
develops from the joint surface toward the in-depth direction,
induces pathological complications in the joint and has been
indicated as one cause of its failure.®’

For the spectroscopic analysis of phase transformation in the
zirconia-based ceramic hip joints, Raman microprobe spectros-
copy has been recognized as a powerful tool, which is capable of
providing a significant piece of information on phase composi-
tion, volume fraction, and residual stress in the components.g'18
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However, the information searched for in a Raman spectrum is
usually convoluted within spectroscopic outputs, such as the rel-
ative intensity, the shift, or width changes of the observed spec-
tral bands. As a result, inconsistency in the experimentally
measured data, especially the measured apparent phase volume
fraction and residual stress magnitude, is often seen when the
instrumental conditions are altered (e.g., change in the objective
lens, laser spot size, slit aperture, or even number of monochro-
mator, etc.). Accordingly, the scattering of the obtained data sets
of phase-transformation profiles without clarification of the
probe geometry may result in a misunderstanding of the actual
state of the biomaterial surface and an incorrect lifetime predic-
tion for surface stability.

Since the spectroscopic information is averaged within the
probe volume along both the in-plane and the in-depth direc-
tions, the spectral results depend on the transparency of the
probed material and on the probe depth. In ZrO, ceramics,
the laser penetration depth may be as deep as several hundreds
of microns, and significant averaging is usually observed in the
collected Raman spectra.'® Therefore, to quantitatively reveal
the physical, chemical, or mechanical information contained
in a Raman spectrum, additional deconvolution procedures
need to be established. In this paper, we studied two different
approaches with a mathematical deconvolution method for
obtaining highly graded phase-transformation profiles along
the hip-joint subsurface in various TZP and ZTA samples by
confocal Raman microprobe technique: the laser defocusing
method (LDM) and the controlled pinhole aperture method
(CPAM). Preliminary to this data treatment procedure, we
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show a characterization of the probe response function for
selected Raman bands of both tetragonal and monoclinic
ZrO, polymorphs in TZP and ZTA, according to the variation
of Raman spectral intensity as a function of focal depth. Based
on the laser probe-sample interaction, theoretical analysis for
interpreting experimental data due to probe convolution was
performed on a series of TZP samples subjected to different
exposure times in autoclave, and the real property distributions
were retrieved through a best-fitting iterative routine of Raman
experimental data collected on the same material as a function
of pinhole aperture and focal depth, respectively. Reliability of
the obtained results was further examined and confirmed by a
destructive cross-sectional inspection by both laser optical
microscope and Raman spectral line scans. Finally, applications
of the proposed methods on two kinds of commercially available
ZTA hip joints and a retrieved one were carried out, showing a
strong dependence of the phase stability of the material in
hydrothermal environment on the contents of stabilizing agents
added to the raw powder mixtures.

2 Theoretical Background

When a zirconia-based material is irradiated with a focused
laser, Raman and/or fluorescence lines will be generated at
any local radiated region. Accordingly, upon focusing the
laser at a location (x, yo, zo ), the observed spectrum is obtained
by combining all the spectra originating from different points
within the analyzed region, and the contribution to the observed
spectrum of the light scattered from the point (x,y,z) is
expressed by the probe response function (PRF).20-%2

G(x, Vs Z) = G(x, Y, X0, yO) X G(Z’ ZO)

1 _ 2 _ 2
& —exp| -2 (x = x) ‘*‘2()’ Yo)
B B
p2
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(Z _ Z())2 + p2 p( ff ) ( )

where p is the probe response parameter and . is the effective
absorption coefficient of the incident light for the investigated
specimen, which incorporates the effect of inhomogeneous
light scattering in polycrystals. B is the radius of the waist of the
laser beam, which is approximately given by B(z) =
[(z/{cot[sin"!(NA/n)]})? + B3]/, with n being the refractive
index of the material, NA is the numerical aperture of the objec-
tive lens, and B, is the in-plane focal spot radius.”* The
Cartesian coordinates are taken with their origin on the sample
free surface: the z axis is perpendicular to the free surface and
oriented toward the sample subsurface, while the x and y axes
are arbitrarily located on the free surface. Consequently, the final
collected line shape can be expressed as

—+o0 “+o0 =ty
Iobs(xo,yoyZo)“/ / /o (@) X G(x,y, X9, o)
—

X=—00 =—00

x G(z, z9)dxdydz, ()

where 1, is the thickness of the sample and I(w)
[A%?/(w — w,)* + A?] represents the local spectral line shape,
with @, being the band position and A the half-width.

In the case of the presence of spatial distribution of any meas-
urable spectroscopic property, g(x,y,z) (e.g., band intensity,
band width, or band position altered by the distribution of stress,
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temperature, defect, etc.), with each location possessing a spe-
cific local property, an overall apparent property is observed by
the averaging effect of the Raman probe. When the Raman
probe is centered at the location Py(x, Yo, zo), the observed
property value, (xg,o,Z20), is indeed a weighted average
of the real property, (x,y,z), within the probe volume, as
follows:

g_‘)(x09 Yo, ZO)
xiojoo .f;L:oEoo fzth:() $@(x,y,2)G(x,y, 2, X0, Yo, 20)dxdydz

er:ojoo \;20300 szth:O G('x’ ¥,2,X0,Y0, ZO)dXdde

3

Given the relatively high transparency of ZrO, ceramics, a
laser microprobe is able to bring us information from in-
depth portions of the material. By neglecting the property dis-
tribution within any of the xy planes parallel to the free surface
of the sample, the PRF can be simplified (referred to as the in-
depth PRF) as follows:

2

(z—z20)* + p* @

G(z,29) o exp(—2a.z)

The observed spectral intensity at band maximum can then
be obtained according to a simple integration procedure of the
PREF, as follows:

p2

(z—20)* + p? @ O

Iobs (0),,) & A exp(_zaeffz)

where I,,s(w,) is the intensity at maximum of the observed
Raman line. From the variation of the observed intensity
with a change in the focal position, z, the probe-related param-
eters, p and a.g, can be determined according to Eq. (5). Once
the PRF characterizing the interaction between the Raman probe
and the studied material is known, Eq. (3) can be quantitatively
used for spatial deconvolution of spectroscopic data [namely, to
derive the real property distribution, go(x, y, z), from the (aver-
aged) measured one].

In assessing the surface of ceramic joints, a probe of large
dimensions along the depth will fail in detecting the presence
of steep subsurface gradients, and a shallow probe configuration
is highly desirable. The in-depth resolution of the Raman probe
can be improved by placing a confocal pinhole at the back-focal
image plane to partly cut off the light scattered from outside the
laser focal area.’** Accordingly, only signals from regions
close to the focal plane are brought to the detector. By employ-
ing this technique, discrete z-planes can be probed with rela-
tively high in-depth spatial resolution, but Eq. (5) will
experience a more complicated morphology because of the
incorporation of the collection solid angle, Q, in response to
the change in the geometry of the optical probe. The collection
solid angle depends on the pinhole diameter, ®, the numerical
aperture (NA), the diameter, D, the focal length, f, of the objec-
tive lens, the refractive index of the material, n, as well as the
focal in-depth position, zy. The complete mathematical deriva-
tion and description of PRF in the presence of a confocal probe
have been given elsewhere,?!**? and here we briefly report the
salient parts of this derivation.

When the focal plane is placed on the sample surface
(zo = 0), approximately by neglecting the off-axis effect,
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Eq. (2) can be rearranged to give the observed intensity, 7, as
follows:

Pmax r2
Obb / / ZB(Z) rdrxg(pmax SPO)

X exp( ZaeffZ) Zzi—pzdz

+[°°Ap”m xp {—zBr(ZZJ rdr

2
14
Xg(pmax ZPO) CXp(—z(XeffZ) 2 2dZ. (6)
Z“+p

Considering the competitive effects of the lens NA and of the
pinhole aperture, the collection solid angle Q can be expressed
as follows:

Z
9—2n<1—7ﬁ> (Pmax <o) (®)
Z +pmax

where p,... 1S the maximum transverse ray aberration from the
optical axis (determined by NA); 2p, is the virtual back-image
of the confocal pinhole (with a diameter) in the sample focal
plane, given by the relation 2p, = ®/(MP x GF), where MP
is the magnification power of the objective and GF is the
enlargement factor (1.4); ¢ is a threshold z value at which the
effects of the lens NA and pinhole aperture are equivalent
(i-e., Po = Pmax> and Qpy = pmay), Which can be determined
directly from the optical geometry for the case of z, = 0.

_ 2 _ I
t=poy/(n*=1)+ D2 = po n®. )

Accordingly, provided the above geometrical limitation is
respected, by changing the pinhole diameter, ®, (i.e., py), the
real property distribution, g(z), can, to a degree of precision,
be derived from the deconvolution of the (averaged) measured
one as follows:

X Q /)max 2 /)O)G( )dZ

Q=2r |} - ﬁ (pmax > ,00) (7)
0
|
_ fO X Q pmax < pO)G(Z)dZ + fl
(O]
P(P) = fo (Pmax < p0)G(2)dz + [ Q

It should be noted that this method is constrained by the
finite depth of the probe when the focal plane is placed on
the sample surface; i.e., it is only applicable to the cases
where the transformation depth is much smaller than the maxi-
mum probe depth, z,;, which corresponds to a maximum
value of @ or p, and can be calculated by solving the following
equation:

0" Q(Pmax < p9)G(2)dz _ [ G(z)dz

J§° Q(Pmax < po)G(z)dz =0.9, (11)

where we shall consider the 90% of the maximum band inten-
sity as a threshold value for the intensity distribution.

Fortunately, such constraint can be removed by using a
complementary method, the so-called defocusing method,
i.e., a gradual translation of the focal plane from the surface
toward the internal part of the material to probe sharp
phase-transformation gradients along the material subsurface.
When the incident laser is focused inside the material (z, > 0),
for a small pinhole aperture, at locations where z < z, the col-
lection solid angle is determined by the objective lens [i.e.,
Eq. (8)], while at locations where z > zo, € is mainly deter-
mined by the virtual back-image 2p, of the confocal pinhole
in the sample focal plane and can be approximated by the fol-
lowing function:

Q(z > zp) =2x|1 - ! . (12)

1+ p5/(z — 20)?

Accordingly, the observed intensity, I, (z), can be deduced
as follows:
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and with the change of the focal plane z,, the convolution of the
real property distribution in the probe volume can be given by

$(z0)
B o' 9(2)XQ(2<20)G(2)dz + [ §(2) X Q(2 > 29)G(2)dz
B 0’ Q(z2=520)G(2)dz+ [ Q2> 20)G(z)dz

(14)

Therefore, Eqs. (10) and (14) can be used to determine the
real property through a best-fitting iterative routine of Raman
experimental data collected on the same material as a function
of py and z;, respectively, for a confocal Raman probe.

3 Experimental Procedure

A series of polycrystalline tetragonal ZrO, containing a small
amount (3 mol%) of Y,0O; as a stabilizing agent and two differ-
ent kinds of commercially available ZTA ceramics consisting of
80 vol% Al,O5 (denoted by ZTA-A and ZTA-D) were used in
this study. The 3Y-TZP joints belonged to an early generation
manufacturing product with the material grain size being
~1.0 ym, while the modern ZTA composite joints have a
grain size <1.0 ym. A very small fraction of stabilizing agents
Y,05 and Cr,0O; exist in the raw materials of ZTA-D, but none
in ZTA-A. The samples were exposed in a saturated vapor
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atmosphere of an autoclave at different temperatures and for dif-
ferent times to make surface phase transformation progressing.
An in vivo ZTA ball (implanted for hip joint) retrieved as a load-
bearing component against a polyethylene cup was also inves-
tigated by Raman spectroscopy.

Raman spectra were collected at room temperature by a
triple-monochromator (T-64000, Jovin-Ivon/Horiba Group,
Kyoto, Japan) equipped with a charge-coupled device detector
and analyzed by commercially available software (Labspec,
Horiba/Jobin-Yvon, Kyoto, Japan). A confocal pinhole with
an aperture-diameter of 100 um was placed in the optical circuit
to exclude photons scattered from out-of-focus regions of the
probe. The schematic draft of the optical probe in confocal con-
figuration is available in our previous papers.'>** An automated
sample stage was employed, making it possible to record spectra
at each depth with focusing above or below the sample surface
or to map spectra with lateral line scanning on surfaces or on
cross-sections of the samples that underwent  — m phase trans-
formation. No significant difference could be observed in the
Raman spectral profiles collected at about 10 different locations
selected on the surface of the autoclaved samples. This can be
attributed to the larger size (i.e., in volume) of the adopted
Raman probe as compared to the respective grain sizes of the
investigated materials. Phase-transformation profiles collected
by translating the focal plane along the in-depth direction were
spatially deconvoluted according to a mathematical algorithm
solved by commercially available software (MATHEMATICA
5.0, Wolfram Research Inc., Champaign, Illinois).

4 Results and Discussion

4.1 Raman Spectra and PRFs in 3Y-TZP and ZTA

Ceramics

Figure 1(a) shows typical Raman spectra, as collected sepa-
rately in an as-received 3Y-TZP, a fully transformed 3Y-
TZP, and a partly transformed 3Y-TZP (PT-TZP), which
mainly consist of t—ZrO,, m —ZrO,, and both m- and
t — ZrO,, respectively. Typical Raman spectra collected in
as-received, fully transformed, and PT ZTA composites are
shown in Fig. 1(b). For comparison, typical Raman spectrum
of polycrystalline alumina is also shown in Fig. 1(b). The
details about the assignments of the observed Raman bands
have been published in previous papers for ¢—ZrO,,

m — Zr0,, and alumina.?®?’ As can be seen, taking advantage
of the intense singlet located at 150 cm™! and the relatively
sharp doublet located at about 180 to 190 cm™! (peculiar of
the tetragonal and the monoclinic phases, respectively), exami-
nation of phase transformation of zirconia is made possible for
PT-TZP. Similar phenomena can be observed in the ZTA com-
posites. For the PT-ZTA composite, besides the presence of the
m —ZrO, and t—ZrO, bands, a peculiar peak of alumina
located at 417 cm™! is also observable. Note that the mono-
clinic bands are clearly separated from those of the tetragonal
polymorph and can be used as sensors for probe/phase/stress
evaluation.

In practice, the amount of t — m phase transformation can be
estimated from the relative intensity of selected tetragonal and
monoclinic bands. The volume fraction of monoclinic phase,
V,,» can be calculated according to the following equation:*

0.5(11%0 + 11%0)
C0.5(I80 4 1190y 4 2.21150°

Vo (15)

where I represents the intensity of Raman bands (whose sub-
scripts m and t denote the monoclinic and the tetragonal poly-
morphs, respectively, and superscripts are representative of the
band spectral position). Since the value of the apparent property,
V.., 18 strongly dependent on probe size (i.e., because of the
averaging effect of the Raman probe), Eq. (3) should be applied
for probe deconvolution to retrieve the real property, which how-
ever needs a prior understanding of the PRFs of the investigated
bands for the zirconia-based ceramics.

In fact, a laser microprobe focused on the joint surface may
reach depths along the subsurface that may be much greater than
the laser spot diameter. The depth PRF can be determined from
the variation of the spectral band intensity with the focal position
in the laser-defocusing measurements, while the lateral PRF can
be determined by moving the probe across a sharp edge of the
sample and recording the intensity as a function of the distance
from the edge. Figure 2(a) shows the experimental data of the
laser-defocusing measurements, retrieved separately in
untreated or fully transformed 3Y-TZP and ZTA samples for
PRF, G(z,zy), of the Raman bands located at 150 and
180 cm™! (representative of the tetragonal and of the monoclinic
polymorphs, respectively). Data sets obtained at other different
locations showed a negligible difference in the defocusing pro-
file because of a large probe size with respect to the respective

(@ (b)
AlO,
m-Z10,
%‘ ‘;\ m-Z-A

PT-TZP

M

T T T T T T
300 400 500 600 700 800

1
Wavenumber, o/ cm

T
200

300 400 500 600 700 800

-1
Wavenumber, o/ cm

200

Fig. 1 Raman spectra collected respectively on as received, fully transformed, and partly transformed (a) 3Y-tetragonal zirconia polycrystal (TZP) and

(b) zirconia-toughened alumina (ZTA) ceramics.
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Fig. 2 Variation of normalized intensities of the 146 and the 178 cm™' Raman bands as a function of (a) defocusing depth with respect to the
sample surface, z, obtained in untreated or fully transformed 3Y-TZP and ZTA ceramics and (b) the distance from the interface between ZTA and
dotite in the line scans on as received or fully transformed 3Y-TZP samples. The insets of (a) and (b) show schematic drafts of the in-depth defocus
measurement and the in-plane line scans, respectively. The error involved in the Raman measurements is comparable with the size of the symbols

used in the plots.

grain size. An explanatory draft of the interaction between the
Raman microprobe and the near-surface portion of a hip joint is
shown in inset to this figure. The band intensity was normalized
with respect to the observed maximum intensity. A positive z,
value refers to a translation of the focal plane below the free
surface. Note that the focal position inside the sample is altered
by the refractive index n of the material and is approximately
taken as n times the value in air. Best-fitting curves of these
data were derived according to Eq. (5), as shown in Fig. 2(a),
and the values of the probe response parameters p and a.g for
the four samples are given in Table 1. The presence of alumina
seems to have a significant influence on the PRF of the zirconia
Raman band because of the difference in the optical properties
between alumina and zirconia. The PRF obtained for the mono-
clinic band located at 190 cm™! was almost coincident with that
retrieved for the 180 cm™! band. According to Eq. (11), the rel-
evant optical parameters, the probe depths, can be obtained for
these ZrO, polymorphs, as the results shown in Table 1.
Although in this research the least square method was applied
for fitting, a slight deviation, as well as scattering of the exper-
imental data, was observed, which might be originated from the
probe-sample interaction among the polycrystalline grain boun-
daries. In addition, it should be noted that the probe response
function is dependent on the grain size of the material, and
the probe depth decreases with decreasing grain size (e.g., in
polycrystalline Al,05)* because the presence of light multire-
flections, refractions, and scattering at grain boundaries can

Table 1 Values of probe response parameters, p and o, and respec-
tive probe depth obtained in four different zirconia-based samples.

strongly influence the material absorption through the dissipa-
tion of photon energy. These differences in probe geometry
need to be taken into consideration for a recalibration for
higher precision, when applying the PRFs for analysis in any
material with a grain size significantly different from the current
cases.

In order to study the in-plane probe size, both the untreated
and the fully transformed TZP samples were respectively foiled
with dotite to make a sharp interface, and then Raman spectral
line scans were performed crossing the interface with and with-
out using the confocal aperture (100 ym), as the schematic draft
shown in the inset to Fig. 2(b). Figure 2(b) shows the corre-
sponding variations of the normalized intensities of the
146 cm™! Raman line and the 178 cm™! band, respectively,
in the line scans. Best-fitting curves of the obtained data col-
lected on t—Z7rO, and m —ZrO, demonstrated that the
beam-waist radius on the focal plane was barely altered by
the use of the confocal pinhole, showing only a slight reduction
of the lateral probe size.

4.2 In-Depth Phase-Transformation Profile in Partially
Transformed 3Y-TZP
4.2.1 Nondestructive assessment I: laser defocusing

measurements

A series of PT 3Y-TZP that experienced different exposure times
in autoclave was first nondestructively investigated according
to the laser defocusing method. Raman spectra arising from
t- and m — ZrO, were collected by in-depth confocal scanning
nearby the surface of each hip joint, by taking the spectrum from
the sample surface (i.e., at z=2z5=0) as a reference.
Consequently, the apparent variation of the monoclinic volume
fraction, V,, os(20), along the subsurface was determined from

-1

p/um eff/HM Z4/pm the Raman band intensities, according to Eq. (15). Figure 3

t—Z:O, 40 0.028 30.2 shpws the variation of V,, o(z9) with the defocusing depth
with respect to the sample surface, zo = 0, for three different

m—ZrO, 10 0.026 17.3 TZP that underwent autoclaving at 121°C for 72, 84, and
132 h, respectively. Similar to the determination of PRF, a pos-

t=ZTA 73 0.053 17.8 itive z, value refers to a translation of the focal plane below the
m— ZTA 60 0.050 18.5 f.ree sample surface. As can b.e seen, with increasing ‘autoclave
time, the measured monoclinic volume fraction also increases.
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Fig. 3 (a) Plots of measured monoclinic volume fraction, V,,(zy), versus
laser focal position, zy, as collected in three different partly transformed
TZP. The best fit of the experimental data and the probe-deconvoluted
V., distribution [i.e., retrieved according to Eqs. (16) and (17)] are
shown by the dash and the solid lines, respectively. The error involved
in the Raman measurements is comparable with the size of the symbols
used in the plots.

The apparent V,, .,(z9) in general decreases with shifting
the focal plane below the free surface, but the maximum

+fT Voexp{ V(z—

J1Q(z > 20)G(2)dz + [ Q

[Vo Jo @

Vm(ZO) = )
(z <z

where the subscripts locate whether the parameter refers to the
tetragonal or to the monoclinic phase (¢t and m, respectively).
After introducing the probe parameters in Eq. (17), an iterative rou-
tine can be run to find the parameters V, V, and T, in order to
match the experimentally determined V/,, s (2o) functions retrieved
from the defocusing measurements. The best-fitting results of this
mathematical deconvolution procedure are also plotted in Fig. 3.
Reliability of the obtained results will be discussed in the following
sections by comparing different methods. It should be noted that in
this defocusing measurement, the number of experimental data that
can be collected depends on (or is limited by) both the minimum
step of the translation of the stage in the depth direction (0.5 ym in
the current study) and the refractive index of the material. Therefore,
application of this method to the analysis of very thin transformation
layers will be ineffective, and the error involved with this kind of
analysis certainly increases with decreasing sample thickness.

4.2.2 Nondestructive assessment Il: controlled pinhole
aperture method

Another nondestructive method is to control the confocal pin-
hole aperture to gradually alter the probe size with the laser
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value may not be located exactly at the surface (zy = 0),
which indicates a relatively high fraction of the monoclinic
phase in the subsurface.

According to previously published results on the mechanism
about the t — m transformation,'®***! in phase-transformation
processes, the transformation is generally assumed to occur
starting from the surface and propagating through the bulk
with forming a layer of monoclinic phase of increasing thick-
ness. As a result, polymorphic changes are maximized on the
sample surface and vary rapidly with position along the z
axis. Accordingly, the character of the profile function of
V,.(z) can be hypothesized as a monotonically structured
one, as follows:

Vo
Vo exp[—

Vale) = {

where V|, represents the constant value of monoclinic fraction
within a surface layer 0 < z < T, (T,: layer thickness) and V is a
parameter dependent on the adopted autoclave conditions.

Equation (14) can then be rewritten for the in-depth scans by
taking into account the PRFs for tetragonal and monoclinic
bands as follows:

(Vo Ji @z < 20)Gou(2)dz + Vo [T Q2 > 20)Gu(2)dz
)} X Q(z > zo)Gt(z)dz:/
(z> ZO)Gr(Z)dZ:

i 2 < )Gzt

(ZO < TA)
, a7

(z £20)Gu(2)dz+

(ZO 2 Ts)

beam focus fixed on the sample surface. Raman spectra arising
from ¢- and m — ZrO, were recorded as a function of the con-
focal aperture in a series of PT-TZP with various aging times.
Figure 4(a) shows the corresponding variations of the intensity
of the 178 cm~! Raman band of m — ZrO, with increasing pin-
hole aperture, as measured in the TZP samples that underwent
autoclave process for 60, 72, 84, 96, and 120 h, respectively. For
comparison, results obtained on a fully transformed sample were
also provided in this figure. As can be seen, responses to the
change in the pinhole aperture (or probe size) for the series
of PT-TZP samples are quite different, but can be rationalized.
For the sample with the shortest exposure time, on increasing the
pinhole aperture, the intensity increases promptly and then sat-
urates to become independent of pinhole aperture, while inten-
sity saturation appears to occur more slowly for longer exposure
times. When the exposure time is >96 h, a difference could
hardly be found among the results obtained in such samples
(cf. 96 h, 120 h and fully transformed samples), which clearly
indicates the limitation imposed by the probe size on the mea-
surements. Figure 4(b) shows the variation of the obtained ap-
parent monoclinic phase fractions as a function of the pinhole
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aperture for the samples of 72- and 144-h aging. When the pin-
hole aperture increases, V,, . gradually decreases, showing a

slower rate of decrease for longer exposure time.

Theoretical curves can be derived from rewriting Egs. (6) and
(10), for the change in the pinhole aperture by taking into
account the PRFs, as follows:

Js fp‘““ Lexp| 2575 | dr X Qo < p0)G(2)dz
+ ft CXP[ :(Z)} rdr X Q(pmax > ,00) ( )dZ
el fT s exp |2 575 ] rdr X eXP[=V (2 = T)] X Qpas 2 p0)Gi(2)dz (1< T) s
obs & i
f()’ f/’max e exp i -2 Bmz( >i| rdr x Q(pmax < p())Gm (Z)dZ
+ [ fomaxﬁ p[ 2 r’<7 } rdr X exp[—V(z — Ts)] X Q(Pmax < p0)G(z)dz
+ [ fr 1( exp| 2Br’(z } rdr X exp[=V(z = T;)] X Q(pmax = p0)Gi(2)dz (1 > T)
and
(vo fiBat) {1 -~ exp[-2 i } (Pas < P0)G(2)d2
Vo (TsBa@ ) _ -2 ”5 Q( G d
+Vo fi = exp| =25 5| (X (Pmax > P0)Gu(2)dz
_;'_fTO?B/AEZ){l_exp[ 2 ()}}XVOCXP[ V( T)}Xg(pmdx>p0) ()dZ)/
me(Z> l _ _2 /)zmax Q < G d
b= exp =25 07| (X (Pmax < P0)G(2)dz
+ [ Buli) {1 —exp [—2 Bmpg’) } } X Q(Pmax > po)G(z)dz
2
o + f;f BZEZ) {1 —exXp [_2 Br/EZ)Z } X Q(pmax > pO)Gt(Z)dz) (t < TS)
V(@) = , | 4
(VO Jos Bal2) {1 —exp [—2 B{jjgj)z} X Q(pmax < po)G(2)dz
2
+ fi B,T(z) {] —exp {—2 B/?F;;Z} XV CXp[—V(Z - Ts)} X Q‘(pmax < pO)Gt(Z>dZ
2
+ fzoo Btiz) {1 —exp |:—2 B,[()g)z} } X VO exp[—V(z - )} X Q(pmax > pO) ( )dZ) /
( OT“ B’”4(Z> {1 eXp {—2 B/f'(';z] } X Q(pmax < pO)Gm(Z)dZ
2
+ [3 242 {1 —exp {—2 B’jf(";;z} } X Q(Pmax < p0)Gi(2)dz
. 2
+ ) B’i") {1 —exp [_2 B,/ZE)Z} } X Q(Pmax > pO)G,(Z)dZ) (t2T,)
[
where the beam radii on m — ZrO, and t — ZrO,, B,,(z) and shown in Fig. 5(a), according to a darker contrast in the

B,(z), have been calibrated as shown in Fig. 2(b).

Similarly, after introducing the probe parameters in Eq. (19),
the parameters V, V, and T, can be determined from an iterative
computational routine performed to match the experimentally
determined V,, ,,s(®) data, as the best-fitting results also
shown in Fig. 4.

4.2.3 Destructive assessment: cross-sectional inspection

In order to examine the reliability of the above-obtained results,
the investigated samples were sectioned by cutting
perpendicular to the sample surface, and the cross-sections
were well polished for Raman microscopy studies. A semiquan-
titative visualization of the near-surface phase-transformation
phenomenon is given by the optical (laser) micrograph, as
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near-surface (i.e., mainly monoclinic) zone with respect to
the brighter tetragonal phase constituting the bulk area of the
sample.

Raman spectral line scans were then carried out with crossing
the dark layer along the in-depth z direction [cf. dot line in
Fig. 5(a)], with the origin set at the free surface. Figure 5(b)
shows the variation of the measured apparent V,, ., in the
line scans for the TZP samples that experienced aging for
72, 96, and 144 h, respectively. In the cross-sectional scan,
V.. keeps a high constant value nearby the free surface of
the sample and then drops quickly below a given in-depth loca-
tion. This result is consistent with the observation of the dark
monoclinic layer, which also confirms the validity of the
hypothesized trial function V,,(z) in Eq. (16) for phase-transfor-
mation profiles. Occurrence of phase transformation starts from

27002-7 December 2013 « Vol. 18(12)



Zhu, Sugano, and Pezzotti: Nondestructive inspection of phase transformation in zirconia-containing hip joints. ..

X
@, ] . <1004
e N
Z 08 g
% 0.8+ 2
5 3 8 m 72h, Exp.
Z 064 60 h £ ® 144 h,Exp.
3 * 72h 2 72 h, Fitting
N o4l 84h Z 604 —— 144 h, Fitting
g v 9%h g
"25 024 <« 120h E ’
»  m-Z10, S 40+
00 g
=}
T T T T T T 2 T T T T T T T
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500 3000

Pinhole aperture / um Pinhole aperture / um

Fig. 4 Variation of (a) the relative intensity of the 178 cm=! Raman band and (b) the monoclinic volume fraction with confocal aperture in a set of TZP
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Fig. 5 (a) Typical laser micrograph showing the cross-section of an environmentally transformed zirconia. (b) Variation of V,,(z,) as a function of the
distance from the free surface in the cross-sectional line scans performed on various 3Y-TZP samples with different exposure times in autoclave. The
best fitting of the experimental data and the probe-deconvoluted V,, distributions [i.e., retrieved according to Eq. (20)] are shown by dash and solid

lines, respectively.

the subsurface and advances inside the material by forming a
layer-like monoclinic phase.

Note that by comparing the apparent V,, ,,(z,) distributions
obtained by the in-depth defocusing measurements (data set
shown in Fig. 3) and by scanning the cross-section of the
same sample [data set shown in Fig. 5(b)], one can find that
although both scanning procedures are affected by the finite
size of the confocal probe, a clearly underestimated profile
and less satisfactory curve-fitting can be noticed for the in-

5 sz:xo Vo X exp

) <Z;§o>2} Gy (x)dxdz + [[Z5 [27, Vo X exp[=V(z = T,)| X exp [_2 (Z_BZZO)Z] Grlx)dadz

depth scanning. This is because of a much larger in-depth
size of the probe reaching depths far along the subsurface
(i.e., with respect to the in-plane one), when the laser microp-
robe is focused on the joint surface.

Taking into account Egs. (1) and (16), since the property dis-
tribution in the y direction is negligible for the current cases,
Eq. (3) can be approximately rewritten for a cross-sectional
line scan with the focal plane located on the cross-section as
follows:

Vm (ZO) =

Accordingly, best-fitting to the experimental data shown in
Fig. 5(b) can be performed and the parameters V, V, and T, can
be determined. The results of the calculation are also shown in
the same figure.
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(20)

4.2.4 Dependence of the monoclinic layer thickness
on exposure time in autoclave

Figure 6 shows a comparison between the 7', values (at increas-
ing holding times in moist environment) as observed by the
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cross-sectional inspection of the sample and those retrieved
from a best-fitting routine applied to Eq. (17) by LDM and
Eq. (19) by CPAM. The very close correspondence among
the three phase-transformation profiles obtained by independent
line scans along the z- and x axis and the consistency between
the T'; values obtained by cross-sectional observation and those
retrieved from the mathematical deconvolution procedure
applied on the sample surface can be considered to be proofs
for the consistency of the proposed spectroscopic procedure
and for the validity of the PRF approach.

The depth of monoclinic phase, T',, in response to the aging
time, f,ins, can be empirically obtained from a nearly linear
function.

T, = 0.2986¢ —9.3333. 21

aging
In the case of exposure time of 96 h, the monoclinic layer
thickness (T, = 19 ym) is comparable with the probe size
(Z, = 17.3 um), so no more clear difference could be found
when the exposure time further increased, which well explains
the phenomena shown in Fig. 4(a). Because of this constraint of
the finite probe size, when the monoclinic layer thickness is
larger than the corresponding probe size, a gradual underestima-
tion of the obtained 7', can be found (cf. Fig. 6) for CPAM.
Note that the relationship given by Eq. (21), which is valid
for the present cases with the same autoclave conditions except
for a change in the exposure time, may not be applicable if the
autoclave condition is altered, e.g., temperature, degree of mois-
ture, pressure, and so on. In addition, changes in grain size of the
TZP sample can also result in an influence on the relation
between Ty and f,g,,. The thickness of the transformation
layer is of importance because it might affect the residual stress
fields developed on the bearing surface and thus the wear behav-
ior of the material.*? For any specific TZP material, the response
to aging may be distinct, but the phase-transformation profile
can still be nondestructively analyzed by a combination of
the two methods proposed here, which complement each
other. The constraint of the finite probe size for CPAM in the
case of thick materials can be circumvented by LDM, while
the possible insufficient number of collectable data for the latter
to analyze thin transformed layers in the sample could be
avoided by systematically varying the pinhole aperture. In
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Fig. 6 Comparisons of the T values (at increasing holding times in
moist environment) as obtained from three different methods applied
to the same samples, retrieved from a best-fitting routine applied to
Eq. (17).
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addition, in practical analyses by Raman spectroscopy of
retrieved hip joints, which generally cannot be sectioned, the
above cross-sectional inspection is not feasible, and thus
the phase-transformation analysis can only be obtained by
the above two nondestructive methods.

Since we have now confirmed, according to the procedure
shown in the previous sections, the validity of the proposed
methods for evaluating the phase-transformation profiles in
3Y-TZP ceramics, it is possible to apply a similar iterative
best-fitting procedure [i.e., according to Eqgs. (17) and (19)]
to the in-depth profile data set in order to retrieve the actual
phase-transformation profile in more general and new hip-
joint materials, the ZTA composites.

4.3 Nondestructive In-Depth Analysis of ZTA
Composites

Two kinds of ZTA hip joint provided by different companies
were investigated. The samples were put in autoclave at 121°C
for 200 h, respectively. Figures 7(a) and 7(b) show the variations
of the measured apparent monoclinic volume fraction with the
focal position, as obtained by LDM when @ = 100 ym, and
with increasing the pinhole aperture, as obtained by CPAM
when z; = 0, respectively. A significant difference in the profile
of monoclinic phase fraction can be seen from this figure
between the two kinds of ZTA ceramics. The phenomena
observed in sample ZTA-A are quite similar to the case of
3Y-TZP: V,, obs has a maximum at nearby the sample surface
(or smallest pinhole aperture) and then gradually decreases
with increasing the focal position or the pinhole aperture.
However, in sample ZTA-D, with increasing focal depth, the ap-
parent V,, s first increases till about zy = 15 ym and then
gradually decreases, while V,, s continuously rises in response
to increasing the pinhole aperture. For comparison, untreated
ZTA-A and ZTA-D samples were also analyzed. No pronounced
change in the obtained value of V,, ., was found for sample
ZTA-A, while a steep decrease in the measured V,, o, Was
found along the in-depth direction (cf. Fig. 7), indicating a
prior occurrence of phase transformation nearby the surface
before autoclave.

For sample ZTA-A, since phase transformation should start
from the sample surface, Eq. (16) can still be treated as a trial
function for the character of the transformation profile.
Nevertheless, for sample ZTA-D, because of the pre-existence
of phase transformation on the surface, polymorphic changes
are maximized below the surface [cf. Fig. 7(b) V,, minimizes
when @ = 400 pm for untreated ZTA-D], and thus the transfor-
mation profile is altered. Based on the experimental data and the
transformation mechanism, the character of the profile function
of V,,(z) can be hypothesized as follows:

Vin(2) = {Voexp[-V(z = T,)] + V1 } x ArcTan[V,2],
(22)

where V| and V, are treated as variables. Note that although
Eq. (22) might not represent exactly the function that gives
the real transformation profile, the values of the two functions
at different z can give a good approximation, provided that a
satisfactory agreement between calculation and experiments
is found taking advantage of a sufficient number of available
experimental data.

Accordingly, Eqs. (17) and (19) can be modified by taking
into account the transformation profile shown in Eq. (22). After
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introducing the probe parameters for ZTA, similarly, an iterative
routine can be run to find the parameters in order to match the
experimentally determined V,, ,ps(zo) functions (i.e., retrieved
from measurements on ZTA-A and ZTA-D by LDM and
CPAM). Results of such best-fitting procedure and the decon-
voluted curves are also shown in Figs. 7(a) and 7(b), respec-
tively. With respect to monolithic zirconia materials,
hydrothermal degradation of the zirconia phase in the compo-
sites after exposure to humid atmosphere is significantly slower.

As has previously been pointed out,*? during the sintering
process, hyhydroxylated areas may survive in the sintered
body into agglomerations of raw powder mixture and become
potential nuclei from which polymorphic transformation origi-
nates and spreads on the sample surface. Hydrothermal attack to
the tetragonal ZrO, phase on the composite progresses slowly at
the expenses of a fast formation rate of oxygen vacancies in the
alumina matrix lattice.*> Moreover, local stoichiometry gra-
dients play a major role in the evolution with time of surface
nuclei as preferential sites of polymorphic transformation.
Therefore, the difference in the transformation profile, or in
phase stability characteristics, originates from the different con-
tent of stabilizing agents added to the raw powder mixtures of
the two materials (i.e., a small fraction and null in ZTA-D and
ZTA-A, respectively). In other words, the microstructural design
of ZTA-D enables control of the initial amount of monoclinic
phase in the material and ensures surface stability when
embedded in a hydrothermal environment. As the purpose of
this paper is to examine the validity of two nondestructive
approaches for a reliable analysis of the transformation profile,
further studies on the influence of autoclave temperature and
other factors on the transformation mechanisms can be made
by a systematic investigation by these methods, but will not
be discussed here.

For completeness, an investigation on the main-wear-zone of
an in vivo ZTA ball retrieved as a load-bearing component
against a polyethylene cup was also performed by LDM and
CPAM, as the obtained data plots of V,, s versus z; or @,
and related deconvolution of the transformation profile also
shown in Fig. 7. As can be seen, the retrieved ZTA ball
shows a very similar change in V,, as sample ZTA-A, except
for a higher value of monoclinic volume fraction because of
a longer exposure time in biological environment.

Finally, it is worth mentioning that this paper was devoted to
the analyses of highly graded phase-transformation profiles
along the hip-joint subsurface, but the methods can also be
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applied to quantitatively analyze other physical, chemical, or
mechanical information contained in a Raman spectrum, e.g.,
oxygen off-stoichiometry or residual stresses stored in the con-
stituent components of zirconia-based ceramics.

5 Conclusion

In this paper, we compared two different nondestructive
approaches with the aid of a mathematical probe deconvolution
procedure for obtaining highly graded phase-transformation
profiles along the hip-joint subsurface by confocal Raman
microprobe technique in various PT TZP and ZTA ceramics sub-
jected to different exposure times in autoclave. The respective
probe response functions for selected Raman bands of both
tetragonal and monoclinic ZrO, polymorphs in TZP and ZTA
were determined according to the variation of Raman spectral
intensity as a function of focal depth. Based on the sets of ap-
parent V,, .ps collected on the same material as a function of
pinhole aperture and focal depth, respectively, the real transfor-
mation profiles were retrieved through a best-fitting iterative
routine of Raman experimental data, and the reliability of the
obtained results was confirmed by a destructive cross-sectional
inspection by both laser optical microscope and Raman spectral
line scans. Finally, studies of two kinds of commercially avail-
able ZTA hip joints and a retrieved one show a strong depend-
ence of the transformation profiles on the presence of stabilizing
agents, demonstrating the applicability of the methods to differ-
ent zirconia-based ceramics and, concurrently, also the possibil-
ity of avoiding cutting of retrieved medical samples.
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