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bstract

onfocal Cr3+ fluorescence microscopy is an ideal technique for investigating residual stresses in alumina-based ceramics. Due to their transparency,
owever, it is important to understand where the collected signal comes from by characterising the probe response function (PRF). Here, a PRF is
roposed that captures all the relevant physical effects, including a newly identified consequence of scattering by pores and grain boundaries. The
ew PRF describes the response of a range of alumina-based ceramics to depth scanning in a high resolution confocal fluorescence microscope
n a manner that balances physical significance with the accuracy of empirical fitting. The results showed that measurements could be made deep
ithin single crystals of sapphire and ruby, although refraction degraded the depth resolution from about 3 �m at the surface to 25 �m at a depth

f 500 �m. Scattering and absorption limited the depth to which polycrystalline alumina could be probed to ∼15 �m. This was further reduced
o ∼4 �m for an alumina–10 vol.% SiC nanocomposite. However, the absorption increased the accuracy of near surface measurements in these

aterials by preventing contamination from subsurface fluorescence.
2009 Elsevier Ltd. All rights reserved.
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. Introduction

Characterisation of residual stresses caused by thermal
xpansion mismatch,1–4 indentation5 or machining induced
esidual stress6–8 is an important issue in ceramics. It is crucial
o a better understanding of procedures such as the indentation
racture toughness test9,10 and to understanding the effect of the
esidual stresses on crack initiation and propagation and hence
n mechanical performance.

Residual stresses in ceramics have previously been investi-
ated by curvature measurement (for machining stresses),7 X-
ay diffraction,3,11 neutron diffraction,4 cathodoluminescence
icroscopy (CLM)12–14 and photoluminescence microscopy
PLM).1–5,15,16 PLM involves the illumination of the speci-
en by a laser focused through the objective lens of an optical
icroscope. The light collected by the same objective includes
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oth directly scattered or reflected laser light and luminescence,
esulting from interaction of the incident photons with phonons
the Raman effect) or electrons in the material (e.g. Cr3+ fluo-
escence in chromium-doped alumina-based ceramics.17,18 The
avelength of many luminescent lines in the spectrum is sen-

itive to stress; stress measurements can therefore be made by
nalysing the spectrum using a diffraction grating and calibrat-
ng the peak shift with respect to stress. When implemented
sing a confocal microscope to improve the depth and lateral
esolution, PLM has higher spatial resolution than all other tech-
iques except for CLM so that local stress variations are sampled
s well as the mean stress. PLM is also less time-consuming and
ore cost effective than other techniques.
Owing to the transparency of some ceramics, a significant

roportion of the signal collected in PLM comes from beneath
he surface of the specimen even when the microscope is focused
t the surface. This provides the potentially advantageous ability
o probe subsurface stresses, but also complicates the analysis

nd interpretation of results, which are averaged over a three
imensional volume with a weighting according to the variation
f illumination and collection efficiency. The depth resolution
s always worse than the lateral resolution and for many cases

mailto:richard.todd@materials.ox.ac.uk
dx.doi.org/10.1016/j.jeurceramsoc.2009.08.020
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he resolution can usefully be characterised by the axial probe
esponse function (PRF) alone,19 the PRF being the distribution
unction describing the contribution to the spectral intensity of
given axial position (or depth) within the probe volume. For
any examples of interest (e.g. grinding, polishing, indenta-

ion, thermal stresses in coatings and composites) the stresses
ary over length scales comparable to the axial resolution of the
icroscope so it is essential for this to be taken into account if

uantitative stress measurements are to be interpreted correctly.
There are several previous papers dealing with the spatial

rigin of the PLM signal in transparent or semi-transparent
eramics. Lipkin and Clarke20 have presented a detailed account
f the effects of stress distributions on the profile and posi-
ion of spectral lines in a weakly confocal microscope using
n essentially transparent material (ruby). Much of the sub-
equent literature modifies this approach to take into account
ther factors, not considered by Lipkin and Clarke. Atkinson
t al.,21 for instance, considered semi-transparent materials and
dded an absorption factor to Lipkin and Clarke’s Lorentzian
RF to account for the attenuation of the illumination and col-

ected luminescence in such materials. In transparent materials,
verall22,23 pointed out that refraction at the specimen surface

eads to a degradation of the axial resolution that increases
n proportion to the depth below the surface of the focal
lane. This approach was extended substantially by Baldwin
nd Batchelder24 who separated the illumination and collection
olumes for confocal microscopes and derived analytical expres-
ions for their axial response. This approach gives substantial
hysical insight into the variation of collected intensity and res-
lution as the focal plane of the objective is moved through
he specimen surface. Bruneel et al.25 investigated Baldwin
nd Batchelder’s model experimentally and suggested semi-
mpirical modifications to describe the PRF more accurately
or practical use.

Most of the above works have focused on the technique itself.
ther papers have used similar approaches to investigate specific

ources of residual stress in ceramics.26,27 These have required
nly those refinements to the simple approach of Lipkin and
larke20 that are appropriate to the specific application. The
urrent paper addresses a particular class of material rather than
etails of the technique or a particular source of residual stress.
he materials considered are all based on aluminum oxide, the
ost widely used structural ceramic, and range from single crys-

als to polycrystalline composites. These have been investigated
sing the Cr3+ fluorescence peaks in the photoluminescence
pectrum of alumina;17,18 almost all nominally pure alumina
pecimens contain sufficient Cr3+ impurity for these peaks to be
ollected easily. One objective is to ascertain the maximum depth
elow the surface of such materials that can sensibly be probed
hen the degradation in resolution, scattering and absorption are

onsidered, in order to provide a guide to the type of problem to
hich PLM can be applied. This has required all of the refine-
ents to Lipkin and Clarke’s original approach reviewed above
o be taken into account, and a new modification to account for
cattering has also been found necessary. The second objective
f the work is to provide a general PRF for use in residual stress
nvestigations of alumina-based materials by Cr3+ fluorescence
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icroscopy. The approach is “semi-empirical” in that we use
hysically derived results to guide the development of the PRF
s far as is possible, but modify these empirically where nec-
ssary to ensure a good description of the results for practical
pplication.

. Experimental

.1. Materials and specimen preparation

Single crystals of sapphire and ruby, pure polycrystalline alu-
ina and alumina/SiC nanocomposites containing 2–10 vol.%
iC were used to provide contrasting examples of alumina-
ased materials. For examples of single crystals, a 400 �m thick
apphire with surface orientation of (1 1̄ 0 2) (r-plane) and two
ieces of ruby with surface orientations of (0 0 0 1) (c-plane) and
1 1 2 0) (a-plane) and thicknesses of 500 and 530 �m respec-
ively were used.

The procedure for preparing the polycrystalline alumina and
l2O3/SiC nanocomposites followed our previous work.28 The

tarting powders were AKP50 alumina (200 nm, Sumitomo,
apan, 99.995% purity) and UF45 SiC (260 nm, Lonza, Ger-
any, contains 0.2% free Si, 0.6% free C and 3.5% oxygen)

espectively. 0.25 wt.% MgO was added to prevent abnormal
rain growth. Mechanical mixing by attrition milling (Szegvari
D, USA) using YSZ milling media was performed at a speed
f 300 rpm for 2 h. The ratio of water to powder was 4:1 by
olume and 2.1% of the weight of solid of Dispex A40 (Allied
olloids, UK) was used as a dispersant. The mixture was freeze
ried (Edwards Micromodulyo, UK) for 24 h. The powder was
assed through a 150 �m sieve and then calcined at 600 ◦C for
h to remove organics. Hot pressing in a graphite die was used

o produce dense specimens. A pressure of 25 MPa was applied
n an argon atmosphere with a dwell time of 30 min at maxi-

um temperatures between 1450 and 1700 ◦C, to give materials
f similar alumina grain size (5–8 �m).

All specimens were sequentially polished to a 1 �m diamond
urface finish. For sapphire and ruby specimens, both top and
ottom surfaces were polished.

.2. Cr3+ fluorescence measurements

The fluorescence microscopy experiments were performed
sing a confocal Raman microscope (System 1000, Renishaw,
K) and incident radiation from a 633 nm He–Ne laser. A 100×

ens with a numerical aperture of 0.9 was used. The confocal
perture in the instrument is formed by the intersection of two
lits at 90◦ to one another. One is a physical slit, which in the
xperiments described here was set to 10 �m. The other slit is
irtual and is formed by using only a narrow stripe of pixels in
he CCD camera used for collecting the diffraction pattern from
he grating used to analyse the luminescent spectrum. The width
f this stripe was set to 2 pixels in our experiments, which gives

virtual slit width corresponding to the 10 �m width of the real

lit at 90◦ to it.
The basic experiment in this work is the “depth scan” in which

he motorised specimen stage of the instrument is used to step
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he focal plane of the lens through the surface of the specimen,
ollecting luminescent spectra at each step. When performing
depth scan, the laser was first focused on the sample surface.
isplacements of the motorised stage from this position and
ormal to the surface are termed �z, in this work, with positive
z such that the focal plane moves into the specimen. To perform

he scan, the stage was first moved to a negative value of �z,
nd then moved in steps of 1 �m so that the focal plane went
rom above to below the specimen surface. The exposure time
as 20 s per point.
The R1 peak intensity, I, was determined by fitting the spectra

ith two pseudo-Voigt peaks (one for the R1 peak and one for
he overlapping R2 peak) using the commercial fitting software,
rams/32 (Galactic Industries, USA).
The adjustable parameters of the PRF models proposed in

ection 3 were determined from the best fit of the PRF models
o the experimental data. The curve fitting was carried out using
he commercial software package, OriginPro (OriginLab, USA).
. Experimental results and PRF modeling

The variation of R1 peak intensity, I, with the displacement
f the sample surface relative to the objective lens, �z, is plot-

ig. 1. Experimental intensity-through-depth curves for (a) single crystal sap-
hire and ruby specimens and (b) polycrystalline alumina and Al2O3/SiC
anocomposites. The inset in (b) shows an enlargement of the �z < 0 tail.
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ed for all specimens in Fig. 1. Some of the effects requiring
odification of Lipkin and Clarke’s Lorentzian PRF described

n Section 1 are immediately apparent. The strong attenuation of
he collected intensity when focusing below the surface of the
olycrystalline specimens demonstrates their relative opacity,
or example, and Everall’s refraction induced degradation22,23

s apparent as a sharper transient in intensity as the probe enters
he sapphire specimen than when it emerges at the bottom sur-
ace. The accurate representation of all these effects requires a
arge number of adjustable parameters, and although many of
hese have clear physical interpretations, simultaneous fitting of
ll of them would be mathematically indeterminate. We there-
ore build up our model PRF systematically, beginning with
apphire, the simplest material, and then adding further terms to
he basic PRF to describe the additional effects found in other

aterials.

.1. PRF for sapphire and ruby

Lipkin and Clarke20 used a simple Lorentzian to describe the
RF of a weakly confocal microscope. With this assumption, the
1 peak intensity, I, is related to the translation of the microscope

tage, �z, by the following expressions:

(z0) ∝
∫ t

0

p

(z − z0)2 + p2
dz (1)

here

0 = n�z (2)

nd t is the thickness of the sample, p is the probe half length,
0 is the distance between the focal plane and the sample sur-
ace and n is the refractive index of the specimen. Note in Eq.
1) that a function of the form p/(p2 + z2) is used instead of the
onventional Lorentzian, p2/(p2 + z2). This is because both func-
ions are Lorentzian in shape, but the integral of the former over
nfinite or semi-infinite limits is a constant (π/2 for a half space)
hile the latter is dependent on p. The use of the form in Eq. (1)

llows p to be varied without changing the predicted intensity
hen z0 is either zero or deep within the material.
Eq. (1) can be integrated analytically. For a 400 �m thick

apphire, the intensity profile as the probe moves from above
he top surface, through the specimen and out of the bottom
urface is shown in Fig. 2, for a representative value of p. The
efractive index for sapphire is 1.8.21 There is a big discrepancy
etween the theory and the experimental data for sapphire shown
n Fig. 1(a).

This is known to be caused by several related consequences of
efraction at the air/sample interface, which is more complicated
han the simple change in the depth of focal plane expressed in
q. (2). Everall22 used a ray-tracing analysis to investigate the
ffect of refraction on the axial resolution of confocal Raman
icroscopy. The analysis showed that rays passing through the
ens at different radii from the central axis are brought to a
ocus at different depths below the specimen surface owing to
efraction (rays further from the axis come to focus deeper in
he specimen than is suggested by Eq. (2)). This decreases the



644 S. Guo, R.I. Todd / Journal of the European Ceramic Society 30 (2010) 641–648

a
a
a

m
o
B
f
t
w
o
d
m
a
a
a
m

t
E
t
m
r
r
b
t

p

w
t

c
B
t
t
a
o
f

Fig. 3. Fitting results of the PRF model represented by Eqs. (5) and (6) to the
experimental data for sapphire and ruby. “Exp” and “Fit” in the legend denote
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Fig. 2. Prediction of the depth scan line shape for sapphire from Eq. (5).

xial resolution of the microscope in proportion to �z and is
pparent in our results for sapphire in Fig. 1(a) as was noted
bove.

A second effect of refraction for a strongly confocal
icroscope such as ours is that it affects the collection

f the luminescent radiation from the sample. Baldwin and
atchelder’s detailed analysis24 suggests this to be responsible

or the sharp reduction in intensity after the probe has entered the
op surface of the specimen. Bruneel et al.25 investigated Bald-
in and Batchelder’s model experimentally and while many
f the model’s predictions were borne out qualitatively, some
isagreement was found when quantitative comparisons were
ade. Bruneel et al. suggested that this is because Baldwin

nd Batchelder had only considered the axial intensity in their
nalysis, an exact treatment of off-axis effects being intractable,
nd suggested semi-empirical modifications to describe the PRF
ore accurately.
Our model for the probe depth incorporates these modifica-

ions as follows. First, we replace the true refractive index, n, in
q. (2) with an effective refractive index, k1, which is expected

o be slightly greater than n owing to Everall’s prediction that
arginal rays come to focus deeper in the specimen than axial

ays, which obey Eq. (2). We assume the degradation of axial
esolution to be linear with nominal depth of focus, as suggested
y Everall22 and supported by Baldwin and Batchelder24 so that
he probe length, p, becomes:

= k2 + k3�z (3)

here k2 is the axial resolution at the sample surface and k3 is
he linear broadening coefficient.

To allow for the effect of refraction on the collection effi-
iency, Bruneel et al.25 suggested a correction to Baldwin and
atchelder’s analysis involving the divergence of the lens, and

herefore its numerical aperture (Eq. (10) of Ref. 25). Although

his considerably improves the fit to experiment, the initial drop
fter the probe enters the specimen is not well modeled (Fig. 5
f Ref. 25) and we therefore resort to the following empirical
actor to describe the intensity collected by the confocal aperture

w

a
w

he experimental data and fits to the equations respectively. The same symbols
pply for the subsequent plots. Note that the working distance of the lens did
ot allow values of �z > 250 �m to be investigated.

s a function of probe depth:

(�z) = (1 − k6)
k2

4

k2
4 + (�z − k5)2 + k6 (4)

here k4, k5 and k6 are adjustable parameters.
Incorporating these ideas, Eq. (1) becomes:

(�z) = k8

∫ t

0

[
(1 − k6)

k2
4

k2
4 + (�z − k5 − k7)2 + k6

]

× k2 + k3(�z − k7)

([k2 + k3(�z − k7)]2 + [z − k1(�z − k7)]2)
dz

(5)

here k7 is the offset of the z = 0 plane due to the practical
ifficulty in focusing the laser on the sample surface before the
epth scans and k8 is the intensity normalising parameter to
atch the results to the experimental intensity.
The eight parameters in Eq. (5) were adjusted to fit the exper-

mental data for sapphire in Fig. 1 and a satisfactory fitting was
chieved, as shown in Fig. 3. The fitted parameters are listed
n Table 1. These show that the effective refractive index, k1,
s 2.1, slightly greater than the true refractive index, n = 1.8, as
xpected; the axial resolution on the sample surface is 2.9 �m,
hich is very close to the value of 2.6 �m obtained directly
y measuring the breadth of the collected intensity peak as the
robe is scanned through the surface of an essentially opaque
pecimen of silicon;29 the offset of the z = 0 plane position, k7, is
ess than 4 �m which is the approximate uncertainty in focusing
he laser on the surface of a transparent material. Different fit-
ing strategies showed that the other, more empirical parameters

ere very reproducible and mathematically stable.
The high chromium content in ruby leads to significant

bsorption of the radiation so for describing these specimens
e follow Atkinson et al.21 in using an exponential absorption
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Table 1
List of fitting parameters for sapphire and ruby specimens.

Material k1 k2 (�m) k3 k4 (�m) k5 (�m) k6 k7 (�m) k8 k9 (�m−1)

Sapphire 2.09 2.88 0.0886 21.0 −36.2 0.101 −3.67 1.20 0
Rubya 2.09 2.88 0.0886 21.0 −36.2 0.101 0.981 1.27 0.000670
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uby 2.09 2.88 0.0886 21.0

a (0 0 0 1).
b (1 1 2 0).

erm to allow for this:

(�z) = k8

∫ t

0
e−2k9z

[
(1 − k6)

k2
4

k2
4 + (�z − k5 − k7)2 + k6

]

× k2 + k3(�z − k7)

([k2 + k3(�z − k7)]2 + [z − k1(�z − k7)]2)
dz

(6)

here k9 is the absorption coefficient. As this is expected to be
he only significant difference from the sapphire experiment, the
ther parameters were those already fitted to the sapphire result
ith the exception of k7, the focus offset, and k8, the inten-

ity normalising parameter, for obvious reasons. The resulting
greement with experiment was very good for both ruby speci-
ens, as shown in Fig. 3. The absorption coefficient, k9, of the

1 1 2 0) ruby was higher than that of the (0 0 0 1) ruby (Table 1)
ecause of its higher chromium content, which was shown by
ts darker colour. This demonstrates the physical significance of
his parameter.

.2. PRF for alumina and Al2O3/SiC nanocomposites

In principle, Eq. (6) can also be applied using the values
or k1–k6 established for sapphire to describe the experimental
ata for the more opaque polycrystalline alumina and Al2O3/SiC

anocomposites, essentially by adjusting the absorption coeffi-
ient, k9 (plus the offset and normalising parameters k7 and k8
s usual). Fig. 4 shows that the fit obtained is indeed excellent
n the main part of the peaks for such materials, again support-

ig. 4. Fitting results of the PRF model represented by Eq. (6) to the experi-
ental data for Al2O3 and 2 vol.% Al2O3/SiC nanocomposite.
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−36.2 0.101 −1.02 1.28 0.00110

ng the basic approach. However, the fitting in the tails is not
atisfactory and this suggests that some information is miss-
ng from the PRF function, Eq. (6). Close inspection of the
ntensity–depth curves shown in Fig. 1(b) shows that for �z > 0
probe below the surface), the collected intensity decreases more
uickly for the nanocomposites than for the alumina, as might
e expected owing to the stronger absorption resulting from the
iC inclusions. However, for �z > 0 (probe centre above the
urface) the 5 and 10 vol.% SiC nanocomposites give a stronger
ignal than alumina (see inset to Fig. 1(b)), which is not con-
istent with this argument. Similarly, the fits in Fig. 4 for both
he nanocomposites and the alumina underestimate the collected
ntensity for �z < 0. A plausible explanation for these effects is
hat the opacity of polycrystalline alumina and the nanocompos-
tes is partly caused be elastic scattering of light by pores, grain
oundaries and (in the nanocomposites) SiC particles rather than
rue absorption.30 The scattering could make the intensity–depth
urves broader as both the illuminated volume and the collection
olume would be blurred by this effect, thus degrading the res-
lution. This blurring would be stronger in the nanocomposites
han in alumina owing to the extra effect of the SiC particles, as
bserved. It is difficult to account for the scattering analytically
ut given that scattering is strongest in the forward direction,
o that the distance travelled in the material for singly scattered
hotons, and thus the absorption, is similar to that for unscattered
eams it seems reasonable to describe the detection of scattered
adiation by simply adding a second Lorentzian term of the form
f Eq. (1) but with a greater probe length, k10:

(�z) =
∫ t

0
e−2k9z

[
k11

k2

k2
2 + [z − k1(�z − k7)]2

+ k12
k10

k2
10 + [z − k1(�z − k7)]2

]
dz (7)

here k11 and k12 represent the relative contributions from
nscattered and scattered radiation to the intensity. Because of
he small penetration depth in these materials, the degradation of
he resolution (k3) and the H(�z) function (Eq. (4)) that accounts
or the different collected intensity at different depths have been
gnored.

Eq. (7) was used to fit the experimental data for alumina
nd Al2O3/SiC nanocomposites and very good fittings were
chieved, as shown in Fig. 5 and the fitting parameters are given

n Table 2. Note that k1 and k2 are not adjustable parameters in
q. (7): they are the fitted values for sapphire (Table 1). Clearly,
9 and k12 should be connected—stronger scattering contributes
o a higher value of k9 and should also increase the relative
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Table 2
List of fitting parameters for Al2O3 and Al2O3/SiC nanocomposites.

Material k7 (�m) k9 (�m−1) k10 (�m) k11 k12 k12/k11

Al2O3 −0.871 0.0403 71.6 0.605 0.221 0.365
2 vol.% SiC 0.527 0.104 36.2 0.890 0.560 0.629
5 vol.% SiC 0.924 0.143 29.5 0.955 1.809 1.89
10 vol.% SiC −1.713 0.305 1
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from other depths.

In order to assess this, the percentage of the total col-
lected intensity coming from the nominal resolution range
(z0 − p ≤ z ≤ z0 + p) has been calculated as a function of the focal
ig. 5. Fitting results of the PRF model represented by Eq. (7) to the experi-
ental data for Al2O3 and x vol.% Al2O3/SiC nanocomposites (x = 2, 5, 10).

ontribution of the scattering Lorentzian, k12. Table 2 confirms
his monotonic relationship between them but the mathematical
orm of this connection is not currently understood and hence
hese parameters were fitted separately. The excellent fit is to be
xpected mathematically simply from the effectively increased
umber of adjustable parameters. However, we note that the fit-
ed absorption coefficients of nanocomposites are higher than
hat of alumina, and increase with the SiC content and the rel-
tive contribution from scattering to the intensity, k12/k11, also
ncreases with the SiC content. This suggests that the parameters
10, k11 and k12 are physically meaningful though it is clear that
urther work is needed on this area.

. Discussion

.1. Physical significance of the PRF model

It is tempting to be suspicious of a fit involving so many
pparently adjustable parameters but it should be stressed that
n the basic PRF, Eq. (6), only k4–k6 are truly empirical. All the
ther parameters have clear physical interpretations and the fit-
ed values are consistent with the expected values. Furthermore,
ach of these other parameters is mathematically well defined
ecause each describes one particular feature of the curve. The

elationship between the thickness of the crystal and the value
f �z at which the intensity reduces due to the emergence of
he probe at the bottom surface of the crystal, is solely deter-

ined by the effective refractive index, k1; the initial rise in
F
c

6.1 1.29 3.34 2.59

ntensity as the probe enters the top surface by the innate probe
ength, k2, and the corresponding reduction in resolution on exit
y k3. We conclude that the basic model has an appropriate bal-
nce between being sufficiently physically informed to capture
he main features of the PRF and sufficiently adjustable to give
ccurate fits. We will shortly publish papers demonstrating its
seful application to residual stress problems in alumina-based
aterials.

.2. How far below the surface of alumina-based ceramics
an we probe?

Fig. 6 shows our estimated axial resolution, expressed as the
robe half width p, as a function of probe depth using Eq. (3).
lthough the degradation with depth from the value of ∼3 �m

t the surface is significant, the resolution of ∼25 �m at a depth
f 500 �m is still good enough to be useful in many applications.
n order for such subsurface measurements to be made in prac-
ice, however, the effect of absorption must also be considered;
ot only must there be sufficient collected intensity from the
easurement depth to be detected, but also it must represent a

ignificant fraction of the total collected intensity, so that it dom-
nates the spectrum recorded and is not affected by luminescence
ig. 6. Degradation of axial probe resolution (p) with depth in alumina-based
eramics.
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Fig. 7. (a) Percentage of signal coming from the nominal resolution range
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References
round the focal depth z0 as a function of nominal focus depth, z0. (b) Enlarged
egion near the surface in (a) and the dotted line indicates the maximum Iz0±p%
osition.

epth, z0:

z0±p% = 100 ×
∫ z2
z1

f (z) dz∫ t

0 f (z) dz
(8)

here p is the resolution half length at z0 as defined by Eq. (3);
(z) is the modified Lorentzian function as defined in Eqs. (6)
nd (7) according to the material; z1 = z0 − p when z0 − p ≥ 0 or
1 = 0 when z0 − p < 0; z2 = z0 + p when z0 + p ≤ t or z2 = t when
0 + p > t.

The results are shown in Fig. 7 for the ceramics investigated.
z0±p% is maximum at z0 = p for all the materials, as would be
xpected for a simple Lorentzian in a transparent material. This
hows that the most accurate measurements are made with the
robe focused just below the surface, rather than on it.

The nearly transparent sapphire and ruby specimens all fol-
ow the same line. The maximum Iz0±p% is ∼66%, again as
or a Lorentzian in a transparent material, and it then decreases

lowly and reaches a nearly constant value of ∼52%, close to the
orresponding Lorentzian/transparent materials limit of 50%.
aking Iz0±p% ≥ 50% as an arbitrary condition for meaningful
easurements, it is clear that there is no inherent problem in
Ceramic Society 30 (2010) 641–648 647

chieving stress measurements with the depth resolution shown
n Fig. 6 for single crystal specimens.

Owing to their strong absorption/scattering, the situation
s somewhat different for the polycrystalline alumina and
anocomposites. The maximum depth that can be probed mean-
ngfully according to the above criterion is ∼15 �m for the
lumina, and only ∼4 �m for the 10% SiC nanocompos-
te. While this prevents measurements from significant depths
eing made, there are advantages to the absorption and scat-
ering in these materials: the maximum Iz0±p% values for
l2O3/x vol.% SiC (x = 0, 2, 5, 10) are 79%, 88%, 91% and 98%,

espectively. This indicates that higher resolution measurements
an be made at the surface of such materials, especially the
anocomposites, because the absorption prevents the adulter-
tion of the signal by the portion of the PRF far from the centre.
inally, the differences between the response of alumina and the
anocomposites shows that care must be taken when comparing
hese materials using PLM, as the effective source volume of
he signal varies significantly between them. This will be the
ubject of a future publication.

. Summary

A PRF model for confocal photoluminescence microscopy
f alumina-based ceramics has been proposed in this work that
raws on various publications in the literature to capture relevant
ffects, including the consequences of refraction at the specimen
urface. In addition, a method of accounting for the elastic scat-
ering found to affect the results has been proposed. The model
as found to fit the results of intensity vs. depth scans for a wide

ange of alumina ceramics with mathematical robustness and
onsistency with the physical meaning of the adjustable param-
ters involved. The results showed that the innate resolution of
he confocal instrument used deteriorated from ∼3 �m when
ocused at the surface of the specimen to ∼25 �m when focused
00 �m below the surface of sapphire. When using polycrys-
alline specimens, however, accurate measurements could not be

ade at such depths owing to the effects of scattering and absorp-
ion. The maximum probable depth for polycrystalline alumina
as ∼15 �m, and for an alumina–10 vol.% SiC nanocomposite

t was only ∼4 �m.
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