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bstract

iezospectroscopy using stress-sensitive lines in the cathodoluminescence (CL) spectrum generated in response to excitation by the electron beam
f an SEM has recently been shown to be a promising technique for submicron resolution stress measurements in alumina and other ceramics.
his paper develops and applies the technique by mapping the wavelength shifts of the R1 CL line around the tip of an indentation crack in a

uby single crystal. Accounting for crystallographic anisotropy, the shifts observed were quantitatively consistent with the classical crack tip stress
eld for all polar angles ahead of the crack tip and indicated a crack tip stress intensity factor of 1.0 MPa m1/2. This is significantly lower than the

racture toughness of the crack plane (4.5 MPa m1/2), and indicates the post-indentation development of lateral cracks and slow crack growth. The
patial resolution of the stress measurements was measured as 550 nm and the effects of specimen heating by the electron beam were shown to be
egligible.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Ceramic components often contain residual stresses. These
ave many sources, including plastic deformation due to inden-
ation or abrasion, phase transformations and thermal expansion

ismatches. The residual stresses may be beneficial or detrimen-
al to the mechanical properties. Either way, it is important for
he stresses to be investigated and understood.

This task is made difficult by the fine scale of many sources of
tress and the lack of measurement techniques with sufficiently
igh spatial resolution that are suitable for bulk specimens.
ne technique that has been applied successfully to a wide

ange of ceramics and glasses is optical microprobe piezospec-
roscopy (OMPS).1,2 In this technique a laser is focused to a
mall spot through the objective lens of an optical microscope.

ny photoluminescence produced in response to this excitation

s collected by the same lens and analysed using a spectrom-
ter. Lines in the luminescence spectrum can be produced by

∗ Corresponding author. Fax: +44 1865 273783.
E-mail address: richard.todd@materials.ox.ac.uk (R.I. Todd).
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inescence

everal phenomena and their wavelength is often sensitive to
tress. By suitable calibration this method can therefore be used
or the measurement of the stresses within the sampling vol-
me.

The spatial resolution of OMPS is restricted to ∼2 �m by the
iffraction-limited optics of the microscope used. Clearly, this
ould be improved if either the luminescence generation volume
r the collection volume were released from this constraint. A
ractical way of achieving this is to retain the diffraction-limited
ollection optics, but to excite cathodoluminescence (CL) using
he potentially much smaller generation volume of a focused
lectron beam in an SEM.

SEM-CL is widely used to investigate the properties of semi-
onductors and related materials and there are many reports of
he sensitivity of CL wavelength to stress in such studies (e.g.
ee Refs. [3,4]). In many cases this is peripheral to the aims of
he investigation but Rudloff et al.5 have presented a detailed
nvestigation of the stresses in microcracked AlxGa1−xN films.
aps of the stress-induced shift in luminescence wavelength
ere obtained using computer control of the SEM electron beam

nd compared favourably with the predictions of a FE model for
he films.

mailto:richard.todd@materials.ox.ac.uk
dx.doi.org/10.1016/j.jeurceramsoc.2008.02.008
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Fig. 1. Schematic of the CL system showing light paths.
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It is also possible to make SEM-CL stress measurements
n metal oxides. Pezzotti et al. have reported SEM-CL stress
easurements from several glass compositions 6 with acceler-

ting voltages as low as 1 kV, which leads to a potentially very
mall luminescence generation volume and correspondingly
mproved spatial resolution. Stress maps based on measured
avelength shifts near imperfections in clad optical fibres are
resented.

The ability to make high resolution stress measurements on
he surface of bulk specimens of structural ceramics, such as
lumina, would be very useful. The first systematic attempt to
easure stresses in alumina using SEM-CL was by Ostertag

t al. in 19917 who measured the stresses around a hardness
ndentation in a single crystal using the shift in the luminescence
ssociated with Cr impurities, the so-called ruby R1 and R2 lines.
he accelerating voltage used was 20 kV resulting in a spatial

esolution of around 5 �m, i.e. slightly worse than the OMPS
echnique described above. A further problem was in obtaining
ufficient signal, and noise in the spectrum led to considerable
ncertainty in the stress measurements. Despite these limita-
ions, systematic variations in stress around the indentations
ere convincingly observed.
Recently, Pezzotti et al.8 have shown that the ruby R1 and

2 lines can be collected using the lower accelerating volt-
ges required for high spatial resolution measurements. The R
ine wavelength shifts directly ahead of an indentation crack
ere measured and used in conjunction with the crack tip stress

ntensity, measured independently, to estimate the relationship
etween the line shift and stress. A hydrostatic stress map around
he indentation is presented based on this calibration.

The work of Pezzotti et al.8 is encouraging, but raises sev-
ral issues needing clarification. Firstly, the plot of R1 line shift
gainst 1/

√
r presented, where r is distance ahead of the crack

ip, does not extrapolate to the origin and therefore does not
ave the simple proportionality expected from the classical crack
ip stress field. Secondly, the stress mapping should be seen as
emi-quantitative, both because of the above uncertainty over the
orm of the stress field used in the calibration and because this
alibration procedure does not account for the considerable crys-
allographic anisotropy of the piezospectroscopic coefficients9.
inally, the resolution of the technique is not measured, although

he wavelength variation behind the crack tip in the plot of line
hift against r presented suggests a resolution ∼1 �m.

This paper investigates these issues by mapping the stress-
nduced shifts of the R lines in the CL spectrum around the
ip of an indentation crack in single crystal ruby taking into
ccount the piezospectroscopic anisotropy of the crystal. This
rovides a comprehensive comparison between the line shifts
nd the classical stress field in all directions from the crack tip,
ot just the straight ahead direction. The crack tip singularity
rovides a convenient method of quantifying the resolution of
he experimental technique as used in the present work.
. Experimental

All measurements were carried out on a 0.5 mm thick
1 1 2̄ 0

}
(a-plane) slice of a ruby single crystal containing

t
i
p

.05–0.1% Cr (Rubicon Technology, IL, USA, manufacturer’s
ata for Cr content). One surface of the crystal was polished
sing 0.25 �m diamond paste and then annealed in air for 1 h
t 1 550 ◦C to remove surface residual stresses. Vickers hard-
ess indentations were made on the surface of the ruby using
load of 1 kg. The indentations were orientated so that the

iagonals were parallel to the m and c axes of the crystal. The
ndented specimen spent approximately 20 h stored under vac-
um and 2 h open to the atmosphere prior to CL spectra being
aken.

The specimen was coated with a layer of carbon to min-
mise charging. The coating was sufficiently thin to allow

ost of the CL emission to pass through. Indentation cracks
ere examined at room temperature in a JSM-6500F SEM

quipped with a Gatan XiCLone system. The experimental
etup is shown schematically in Fig. 1. The CL emissions in
esponse to the electron beam are collected by a paraboloidal
irror which, in conjunction with a system of lenses and
irrors, transmits the light collected to a diffraction grating.
he diffracted spectrum is collected directly using a Prince-

on Instruments Spec-10 CCD camera. The system includes
igital beam control software which enables the automated
ollection of a spectrum for each pixel within a user-defined
egion of interest, thus creating a three-dimensional data set
ith spectral information as a function of position (spectrum

maging).
Maps of the CL spectrum were collected around inden-

ation crack tips with an accelerating voltage of 10 kV and
bsorbed specimen currents of ∼1 nA using a pixel size of
.22 �m × 0.22 �m. Several crack tips were mapped in this way,
ut the detailed analysis presented here is confined to results
rom the tip of a well developed indentation radial crack on the
asal plane of the ruby and intersecting the surface along the
-axis of the crystal.

Fig. 2 shows a typical R line doublet collected using this sys-

em. Only the stronger R1 line was used in the present work and
ts wavelength was defined for each pixel by fitting a Gaussian
rofile to the central portion of the line.
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ig. 2. Typical R line doublet collected using the system shown in Fig. 1.

. Results and discussion

.1. Raw results

Fig. 3 shows an optical micrograph of a typical 1 kg Vickers
ardness indentation in the annealed ruby. Classical radial cracks
manate from three of the corners, but the “northern” indenta-
ion corner, is associated with a pair of radial cracks and several
dditional, smaller cracks can also be seen to have propagated
rom other parts of the indentation. Substantial subsurface lat-
ral cracking is also evident, particularly in the “north western”
uadrant. The dimensions of the indentation give a hardness of

.6 GPa.

Fig. 4 shows a contour plot of the wavelength of the R1 CL
eak in the vicinity of the tip of a well developed indentation
adial crack on the basal plane of the ruby, intersecting the sur-

ig. 3. 1 kg Vickers hardness indentation in polished and annealed ruby, showing
adial and lateral cracking.

3
fi

c
t
t
t
s
s
i
o
b
i
i
e

w
t
o

�

ig. 4. Contour plot of the wavelength of the R1 CL peak in the vicinity of the
rack tip. Tick marks on the positional axes denote 0.22 �m pixels and the bold
rrow shows the approximate trace of the crack.

ace along the crystal m-axis. The arrow on the base of the plot
ndicates the direction of crack propagation and terminates at
he approximate position of the crack tip. It is clear that the R1
avelength is significantly reduced near the crack tip, indicat-

ng a strongly tensile stress field relative to the surroundings. It
s reasonable to suppose that this arises from Mode I loading
f the crack by the residual stress field of the indentation. The
ollowing section tests this possibility quantitatively.

.2. Comparison of results with theoretical crack tip stress
eld

The theoretical Mode I crack tip stress field can be used in
onjunction with values for the piezospectroscopic coefficients
o predict the peak shifts in Fig. 4. The effect of the mild elas-
ic anisotropy of ruby on the stress field was assessed using
he analysis of Sih et al.10. Using the sapphire elastic con-
tants of Wachtman et al.11, it was found that the hydrostatic
tress component predicted was within 8% of the elastically
sotropic solution for all points, and within 4% for points ahead
f the crack tip (i.e. absolute value of the polar angle θ, defined
elow, <90◦). The low chromium content of our ruby (<0.1%)
s unlikely to modify this conclusion significantly. For simplic-
ty, therefore, we compare our results with the more familiar
lastically isotropic crack tip stress field.

Combining the Mode I crack tip stress field for plane stress
ith the appropriate piezospectroscopic coefficients shows that

he peak shift, �λ, near a crack with the present crystallographic
rientation is given by:

2 2 K
[

θ
(

θ 3θ
)

λ = −λ �ν = −λ · √
2πr

cos
2

1 − sin
2

sin
2

Πm

+ cos
θ

2

(
1 + sin

θ

2
sin

3θ

2

)
Πc

]
(1)
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Fig. 5. (a) R1 Peak shifts predicted from Eq. (1) using the best fit parameters,
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here λ is the stress-free wavelength of the R1 peak, �ν is the
eak shift expressed in terms of wavenumber, K is the stress
ntensity factor, �m and �c are the wavenumber piezospectro-
copic coefficients for the R1 line for stresses parallel with the m
nd c axes, and r and θ are polar co-ordinates with the origin at the
rack tip and the direction of crack propagation corresponding
o θ = 0◦.

The Mode I stress intensity factor, K, is unknown
priori, and quantitative comparison of Eq. (1) with

he experimental results is complicated by the following
actors:

(i) The precise position of the crack tip is difficult to deter-
mine because of the finite resolution of the technique; it
should be noted that the position of lowest wavelength in
Fig. 4 is expected to lie a short distance beyond the true
crack tip because when the electron beam is centred on
the tip itself, some of the nearly stress-free material imme-
diately behind the crack tip is sampled by the interaction
volume.

(ii) The stress field surrounding the plastic zone of the inden-
tation is superimposed on the crack tip stress field in the
case of indentation cracks. Optical microprobe measure-
ments, also using the ruby R lines, around indentations in
the same ruby12 showed that the mean stress was compres-
sive close to the indentation and became more positive with
increasing distance from it.

iii) The CL system exhibited a small apparent wavelength shift
with electron beam position on the sample owing to geo-
metrical effects in the optics. The shift was proportional to
beam displacement12 and with the crack orientation stud-
ied here was greatest for beam displacements parallel to
the crack.

The approach taken was to fit Eq. (1) to the experimental
esults with K and the crack tip position as variables, and with
he wavelength results corrected empirically for the combined
ffects of (ii) and (iii) above by subtracting a linear background
ith adjustable gradient sloping in the direction of crack prop-

gation. Note that whilst the peak shift in (ii) did not vary
inearly with distance in reality, the distance covered by the
L measurements was sufficiently small for it to be considered

o12.
Thus there are three adjustable parameters, all with clear

hysical interpretations and a narrow range of sensible values.
he least squares fit was carried out with �m = 3.50 cm−1 GPa−1

nd �c = 1.53 cm−1 GPa−1.9 The position of the crack tip along
he direction of propagation is included through the values of r
nd θ used to calculate the predicted peak shift for each pixel
sing Eq. (1). The fitting procedure described requires a ref-
rence wavelength from a point at which the wavelength shift
rom the crack tip stress field should be zero but which is suf-
ciently close to the crack tip for the linear approximation of
he indentation stress field to remain valid. Eq. (1) shows that
he crack tip stress field gives �λ = 0 for θ = 180◦ so the exper-
mental value for λ at the point within the measured area which
as on the crack and furthest from its tip was used as this

s
i
c
s

nd (b) experimental peak shifts corrected for the effects of the indentation stress
eld and geometrical shift. Both plots have the same scales on the axes.

eference. Only data from pixels with r ≥ 1 �m and |�| < 90◦
ere used in the fitting. The former constraint was required to

xclude points close to the crack tip where the resolution of the
echnique may have limited its accuracy (see Section 3.4) and
he latter because the crack path was not sufficiently straight to
llow points behind the crack tip to conform accurately to Eq.
1).

Fig. 5 compares the peak shifts predicted from Eq. (1), using
he best fit parameters, with the experimental results, corrected
or the effects of the indentation stress field and geometrical
hift. Away from the crack tip, at which Eq. (1) predicts an

nfinite peak shift, the shifts are of similar order, and this is
onfirmed by Fig. 6, which shows the residual (i.e. experimental
hift minus predicted shift). Except at the crack tip, the residual



R.I. Todd et al. / Journal of the European C

F
F

i
a
M
w
o
p
b

a
i
d
n
r
o
o
t
s
a
w
p
a

F
a
r
K

s
a

3

1
(
4
i
w
fi

c
s
t
e
r
t
F
t
t
i

p
1
n
g
s
b
l
g
r
f
t
o
a

ig. 6. The residual (i.e. experimental shift—predicted shift), for the data of
ig. 5.

s essentially zero ahead of the crack, demonstrating excellent
greement between the experimental results and the classical
ode I crack tip stress field. This is also demonstrated in Fig. 7,
hich compares theory and experimental data presented as plots
f peak shift vs. 1/

√
r for θ = 0◦ and ± 90◦. The experimental

oints lie close to the straight lines through the origin predicted
y Eq. (1) for these values of θ.

The fitted gradient of the background wavelength shift par-
llel to the crack, which was introduced to account for the
ndentation stress field and geometrical effects in the optics as
escribed above, was 0.005 nm/�m. This is of the order of mag-
itude expected from the preliminary experiments12 and is a
elatively minor effect, whose contribution over the full length
f the map is much less than the peak shifts seen in the vicinity
f the crack tip. The fitted crack tip position was 0.78 �m behind
he point of minimum wavelength and coincides with the mostly
teeply rising part of the wavelength map along the crack path,

s might have been a suitable estimate of the crack tip position
ithout the fitting procedure. The only significantly adjustable
arameter is therefore K. This demonstrates that the excellent
greement between theory and experiment in two dimensions

ig. 7. R1 peak shift vs. 1/
√

r for θ = 0◦ and ± 90◦ and r ≥ 1 �m (the results
re affected by the finite resolution of the technique for smaller values of
). Points are experimental and solid lines are the predictions of Eq. (1) for
= 1.0 MPa m1/2 for the same values of θ.
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hown in Figs. 5–7 is meaningful and is not simply the result of
curve fitting exercise.

.3. Stress intensity factor and toughness values

The fitted value of the stress intensity factor, K, was
.0 MPa m1/2. This is much lower than the crack plane
0 0 0 1) toughness of sapphire measured by fast fracture of
.5 MPa m1/2.13 This was true of all the cracks examined dur-
ng our preliminary investigations; indeed the crack studied here
as selected for further investigation because its crack tip stress
eld was more pronounced than most.

It seems unlikely that the small amount of chromium dopant
an be responsible for such a big discrepancy. Moisture assisted
low growth of the radial cracks in the time between indenta-
ion and the CL study in the SEM provides a more plausible
xplanation, as crack growth rates in sapphire are relatively
apid down to stress intensities of around 1 MPa m1/2.14 A fur-
her possibility is that the subsurface lateral cracking evident in
ig. 3 may have unloaded the radial cracks after their forma-

ion; surface chipping due to growth of lateral cracks towards
he surface was sometimes seen to occur many minutes after
ndentation.

The importance of lateral cracking is supported by com-
aring the above stress intensity value with the figure of
.9 MPa m1/2 estimated from the radial crack length and hard-
ess using the formula of Anstis et al.15. If slow crack
rowth alone had been responsible for the low stress inten-
ity in the present direct CL measurements it should have
een reflected in the value deduced from the indentation crack
ength as well. The significant discrepancy highlighted sug-
ests that lateral cracking reduced the central loading of the
adial–median system by the indentation plastic zone after the
ormation of this crack system. This has serious implications for
he analysis of indentation-strength toughness measurements16

n very brittle materials such as sapphire, as this method
ssumes that the radial-median crack system remains fully
oaded by the indentation plastic zone during final frac-
ure.

.4. Spatial resolution of CL measurements

The residual indicates a spatial resolution (estimated as
he half width at the base of the residual peak in Fig. 6)
f 550 nm. This value is not related to the arbitrary limit of
= 1 �m below which points were excluded from the fitting,
s described in Section 3.2; the fitted parameters and resid-
al are very insensitive to the distance within which points
re excluded because of the large number of points further
rom the crack tip. The resolution is significantly better than
an be achieved using photoluminescence in systems based on
ptical microscopes, which are limited to lateral resolutions of

2 �m.

The electron spot size at the surface of the specimen is no

ore than a few nanometres under the conditions used so it
s clear that this does not control the resolution. The resolu-
ion can be compared with the Grün range, as modified by



2 ean C

E

R

i
e
m
p
s
W
t
t
p
b
i
s
e
b
s
d
t
b
t

3

t
g
g
b
i
h
s
s
b
s
p
s
v

b
d
w
a
t
h
t
t
v
t
g
a
a

−

w

−

T
c
a
T
o

Δ

a
v

〈

〈
o
c
o
c
d
t
t
s
s
U
s
a

i
w
s
n
o

4

1

2

3

4

054 R.I. Todd et al. / Journal of the Europ

verhart and Hoff17:

G = 4.28 × 10−6

ρ
E1.75

n which RG is in cm, the density, ρ is in g cm−3 and the accel-
rating voltage of the incident electrons, E, is in kV. RG is a
easure of the depth below the surface to which electron–hole

airs are generated, but since the interaction volume is roughly
pherical, it has also been identified with the lateral resolution.

ith ρ = 4 g cm−3 and E = 10 kV, RG = 600 nm, which is close
o the resolution of our experiments. This comparison should be
reated with caution, however. The distribution of energy dissi-
ation within the generation volume is highly inhomogeneous,
eing very sharply peaked towards the centre of the volume
ndicating that the Grün range may in fact be a significantly pes-
imistic estimate of the ideal resolution. This suggests that other
ffects cause a degradation of the resolution. Some of these may
e inherent to the specimen, such as saturation and carrier diffu-
ion before recombination. In the present case, however, beam
rift due to charging is also likely to have been a significant fac-
or; drifts over the period of data collection (∼30 min), measured
y comparing secondary electron images taken before and after
he measurements, were up to 200 nm.

.5. Influence of specimen heating

One problem with increasing the resolution of piezospec-
roscopic measurements is that the amount of fluorescent light
enerated is rapidly reduced as the volume from which it comes
ets smaller. It is possible to compensate for this to some extent
y increasing the degree of excitation, in the case of CL by
ncreasing the beam current. If the beam current is too high,
owever, specimen heating can cause errors in the stress mea-
urements. This is both because there is a direct effect of a
tress-free temperature on the wavelength of the R lines9 and
ecause local heating in a bulk specimen itself causes residual
tresses. In a uniform sample these are simply superposed on the
re-existing stresses of interest, but near a surface, interface or
econd phase the heat flow will be perturbed and spurious stress
ariations will result.

We estimate the beam heating effect in our measurements
y approximating the interaction volume between the inci-
ent electrons and the sample to a hemisphere of radius r0
ith planar surface coincident with the sample surface. We

ssume that heat is generated uniformly with power W within
he hemisphere. Heat flows outwards from the centre of the
emisphere with spherical symmetry. With a typical collection
ime, t, of 10 s/pixel, the characteristic thermal diffusion dis-
ance,

√
κt/ρcp, κ is the thermal conductivity and ρcp is the

olumetric heat capacity is ∼4 mm for sapphire, so it is clear
hat the heat flow occurs at essentially steady state. Outside the
eneration volume, the total heat energy per unit time crossing

ny concentric hemispherical surface with radius r must be W
t steady state, so:

2πr2κ
dT

dr
= W (2) 5
eramic Society 28 (2008) 2049–2055

here T is the temperature. Inside the sphere:

2πr2κ
dT

dr
= W

r3

r3
0

(3)

hese equations can easily be solved subject to the boundary
onditions of the far field temperature being attained at large r
nd temperature continuity at the edge of the generation volume.
he maximum temperature increase, �Tmax, occurs at the centre
f the hemisphere and is given by:

Tmax = 3W

4πκr0

nd the volume averaged temperature increase in the generation
olume, 〈�T〉 is given by:

�T 〉 = 3W

5πkr0
.

With W=10 kV×1 nA, r0 = 550 nm and κ = 42 W m−1 K−1,18

�T〉 is 0.08 ◦C. Using a temperature dependence of the R1 line
f −0.144 cm−1 ◦C−1 and a mean uniaxial piezospectroscopic
oefficient of 2.5 cm−1 GPa−1,9 the direct effect of temperature
n the R1 wavelength corresponds to an apparent hydrostatic
ompressive stress of only 4.6 MPa, which is less than the repro-
ucibility of the measurements. There is no simple solution for
he actual stress increase in the generation volume caused by the
hermal expansion gradient on heating, but an overestimate of the
tress level is provided by the case of a spherical volume in the
pecimen bulk, heated by 〈�T〉 relative to the material outside it.
se of the Selsing equation19 shows the resulting compressive

tress in the heated volume to be less than 0.3 MPa, which is
gain negligible.

In conclusion, the excellent agreement between the theoret-
cal and experimental R1 wavelength shifts around a crack tip,
ith 550 nm spatial resolution and in the absence of significant

pecimen heating demonstrates that SEM-CL is a powerful tech-
ique for the investigation of near surface stresses in aluminium
xide.

. Summary

. Stress-induced shifts in the wavelength of the ruby R-lines
in the cathodoluminescence (CL) spectrum excited by the
electron beam of an SEM have been mapped around the tip
of an indentation crack on the basal plane of a ruby crystal.

. The shifts agreed well with those expected from the classical
crack tip stress field.

. The stress intensity at the crack tip was 1.0 MPa m1/2 which
is much less than the toughness of the ruby in fast fracture on
the same fracture plane (4.5 MPa m1/2). The discrepancy was
attributed to slow crack growth and post-indentation lateral
cracking.

. The spatial resolution of the CL measurements at 10 kV was

550 nm which is a factor of 4 better than can be obtained
using optical microprobes.

. The effects of specimen heating were found to be negligible
with the conditions used.
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