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A nanometre scale indentation technique using microprobe indentations to measure
residual stresses at selected positions near u.v.-laser-induced cracks in fused silica is
presented. The approach is based on the observation that the nanoindentations’
penetration depths are affected by the residual stress field emanating from the
laser-induced crack. A simple theoretical model based on the change of the nanoindentation
penetration depth as well as the change in Young’s modulus and hardness of the material is
derived. The results show good agreement with the inclusion model [15] suggesting that
the residual stress field around a laser-induced crack in fused silica is of shear nature. An
exploratory test made on an unstressed sample (free of a laser-induced crack), yielding
values for Young’s modulus and hardness in accordance with handbook values, shows the
high accuracy of this nanoindentation diagnostic. C© 1998 Kluwer Academic Publishers

1. Introduction
Because of its excellent transmissive properties over a
wide wavelength range, including the u.v., fused sil-
ica is a preferred material for many high-fluence laser
applications; it is widely used for large spatial filter
lenses that also serve as vacuum windows for high-
fluence lasers such as Nova and Beamlet [1–3]. With
almost no exception, however, the useful output of these
high-power lasers is limited by laser-induced damage to
optical components. This situation has existed through-
out the three-decade history of lasers, and will exist
for the foreseeable future. Therefore, it is important to
have good knowledge of, among other things, the opto-
mechanical properties of the laser materials that may
get, or have already been damaged (i.e. index of refrac-
tion around the damage zone and the fracture strength).

When a low-fluence laser beam passes through a
transparent substrate, little or no material response
may be observed. When the fluence of the beam is
increased sufficiently, however, a whole range of re-
versible interactions may be activated: strain [4], dis-
tortion [4, 5], temperature rise [6], non-linear transmit-
tance [7], electro-optic effects [8], second-harmonic
generation [9], optical parametric oscillation [10], or
self-focusing [11]. When the beam fluence is increased
further, these phenomena give way to irreversible
changes in the material: cracking, pitting, melting, and
vaporization. Measured surface-damage (damage is de-
fined to be any visible permanent modification to the
probed surface observable as scatter sites under a dark-
field microscope) thresholds in air at near-normal in-
cidence are higher for the entrance than for the exit
surface (the “threshold value” is assigned here midway

between the lowest fluence that produces damage and
the highest that does not). The optical breakdown flu-
ences are in fact equal for both surfaces, once reflections
and phase shifts of the optical fields at each interface
are taken into account. For a perfect sample with re-
fractive indexn, the ratio of exit to entrance damage
thresholds isFexit/th/Fentrance/th= (n+ 1)2/4n2 [12]. A
standing wave is formed with a maximum constructive
energy density atλL/2 (whereλL is the laser wave-
length) in front of the surface. This usually results in
the formation of a plasma at this point. In the case of
the entrance surface, this plasma occurs in air, shield-
ing the sample by absorption of the incident fluence.
At the exit surface, the intensity enhancement occurs
inside the material, thus increasing the initiation prob-
ability damage; therefore, this paper focuses primarily
on exit-surface damage.

Laser-induced cracks (LIC) are widely used to inves-
tigate fracture processes and fatigue life in fused-silica
[3, 13] Strength analysis of most glass materials is based
on a somewhat idealized picture of Griffith flaws [14].
Detailed investigations of specific flaw-generation pro-
cesses in fused-silica material suggest, however, that, in
general, this picture requires modification [15]. When
the fluence of an input laser pulse is above a certain,
sample-specific threshold value and under subsequent
cyclic laser shots, the damage process causes micro-
scopic volume changes, giving rise to thermomechan-
ical stresses. These stresses, resulting from the expan-
sion mismatch between the crack and the rest of the
matrix, induce birefringence in the fused-silica system.
In such a case, the residual field can significantly mod-
ify the stability of subsequent crack expansion in an
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applied stress field and thus affect the strength char-
acteristics. In another paper [16], this residual stress
field was deduced by measuring the optical birefrin-
gence surrounding a laser-induced crack. In that work,
a variable Soleil compensator was used, and the stress
field, viewed between crossed polars, was measured
and explained in terms of a theoretical model devel-
oped for the purpose. Reasonable agreement with the
data of others [17] was also ascertained, yet the Soleil-
compensator technique is time consuming and does not
allow high-spatial-resolution measurements.

Looking to overcome this limitation, we report in the
present work a new experimental technique for measur-
ing the residual stress field near a laser-induced crack.
This technique uses nanoindentations as submicron-
resolution probes for the residual stress at specific
positions near a laser-induced crack. These measure-
ments are made possible by a new class of diagnos-
tic instruments that continuously measure the load and
displacement as a controllable indentation progresses
[18–20]. Based on load–displacement data, this tech-
nique yields various engineering parameter values [for
example, Young’s modulus (E) and hardness (H )] from
the subsurface region without affecting the material un-
der test (because of the very small indentations made),
permitting further experimental investigations, includ-
ing fracture-strength measurements under four-point
bending [16].

2. Experimental description
2.1. Specimen preparation and

laser-induced crack growth
Polished fused silica (Corning 7940 UV-grade A) bars
of nominal size 64× 13.6× 4.6 mm were used. All
samples were simultaneously polished on the same
pitch lap. The r.m.s. roughness of the final surface, mea-
sured by a Zygo interferometer, was typically< 0.6 nm.
Before laser irradiation, samples were cleaned by the
standard drag–wipe technique used to clean sensitive
optical components. A total of three samples was used
in this experiment.

The laser beam irradiating the samples was gen-
erated by a pulsed, high-power Nd:glass laser unit.
Pulses (500 ps) were focused onto the sample surface
by a fused-silica lens (focal lengthf = 2 m) giving
a focal spot of 1.2 (± 0.3)-mm diameter (at 1/e2) at
λL = 351 nm. The samples were mounted on anx–y
translation stage and moved back and forth between
the laser beam path and a 110× dark-field microscope
to allow automatic sample inspection after each shot.
Fresh sites were irradiated on each shot, with the flu-
ence increased stepwise until damage on the sample exit
surface was observed. The threshold fluence for dam-
age was determined by taking the average over fluence
values falling into the range between the highest non-
damaging fluence level and the lowest damaging flu-
ence level [21]. Once the inducing-damage-threshold
fluence for the exit surface,Fexit/th, was thus measured,
all the damaged specimens were irradiated at the same
laser fluenceFL (with FL > Fexit/th), with different num-
bers of laser shots,N, to allow for crack propagation.

Figure 1 Schematic representation of the Nano Indenter® II system used
to perform the indentation experiments. The coil and magnet move the
indenter. Motion of the specimen in thex–y–zdirection is accomplished
by the motorized table. For the sake of clarity, the microscope and elec-
tronic camera are not shown.

2.2. Indentation procedure
All fused-silica, laser-precracked specimens were in-
dented using a Nano Indenter® II system [22] at
the Center for Optics Manufacturing (University of
Rochester). A schematic of the set up is shown in Fig. 1.
The instrument consists of three major components: (1)
a Berkovich indenter – a three-sided diamond pyramid
with an area-to-depth function that is the same as that of
a Vickers’ indenter; (2) an optical microscope equipped
with a TV camera to image the specimen remotely (the
microscope-TV camera set has a maximum magnifica-
tion of approximately 1500×); (3) anx–y–z precision
table that transports the specimen between the micro-
scope and the indenter, with a spatial resolution in the
x–y plane of± 0.4 µm. Unlike conventional hardness
testers [23–31], this indenter does not require deter-
miningoptically the area of an indent in order to derive
material hardness. Instead, the height position of the
indenter relative to the specimen surface is constantly
monitored, thus allowing the depth of an indent to be
determined. The area of the indent is thencalculated
from prior knowledge of the diamond indenter tip ge-
ometry. The system has manufacturer-specified, theo-
retical load and displacement resolutions of± 0.1 µN
and± 0.04 nm (experimentally limited by the noise in
the DVM), respectively.

All the indents performed consisted of several seg-
ments as reported in Table I: (1) The first is always an
“Approach Segment (A),” which incorporates instruc-
tions that allow the computer to locate the relative posi-
tions of the indenter and the sample surface in the verti-
cal direction, i.e., the “zero” point of the displacement
and load data. (2) A “Load Segment (LL)”: the indent
is made under load control at a constant loading rate of
35 mN s−1 with the load increasing until a total load of
350 mN is applied to the indenter. (3) A short “Hold
Segment (H)” is then inserted at the end of the load seg-
ment to allow the system to come to equilibrium before
initiating the next segment. (4) An “Unload Segment
(UL)” is load controlled with an unloading rate equal
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TABLE I Typical indent experiment segments performed on fused-
silica samples

1 A
2 LL, 35000Rat, 350000For
3 H, 0Rat, 2Log, 50Poi
4 UL, 100%Ra, 90%Un
5 H, Ra, 2Log, 50Poi
6 UL, 100%Ra, 100%Un

Segment 1 is the Approach Segment (A). Segment 2 is a load-controlled
Load Segment (LL); the indent is made at a constant loading rate of
35 000µN s−1 until a total load of 350 000µN is applied to the indenter.
Segment 3 is a Hold Segment (H); two points (i.e. a load–displacement
pair) are logged every second until a total of 50 points has been accu-
mulated. The purpose of including this segment is to provide data for
calculating the thermal drift of the samples during the indenting process.
The load is reduced in Segment 4 [Unload Segment (UL)] at a rate equal
to 100% of the loading rate until 90% of the total load used in Segment
2 is removed. Segment 5 is the second Hold Segment. Segment 6 is the
second and final Unload Segment. The unloading rate is again 100% of
the load at the end of Segment 2, and 100% of the load is removed.

Figure 2 Schematic illustration showing the nanoindentation experi-
ments. The nanoindentations are made at different positions relative to
the center of the laser-induced crack.

to 100% of the loading rate at the end of the previous
hold segment. The unloading continues until 90% of
the load segment has been removed from the indenter
(5) and (6). The experiments end with a second Hold
Segment and a finalUnload Segment, in which 100%
(the default value) of the load is removed.

As already stated, when the fluence of the input
laser pulse is above the threshold value and under a
subsequent number of laser shots, macroscopic vol-
ume changes (crack initiation and crack propagation)
take place in the material generating mechanical and/or
thermo-mechanical stresses. These stresses create a
residual stress field around the crack. If a nanoindenta-
tion is now placed near the laser-induced crack (Fig. 2),
the penetration depth of this nanoindentation will be af-
fected by both the residual stress field emanating from
the laser-induced crack and any stress field that may
have existed prior to crack formation, for instance, one
attributable to surface polishing [32–37]. At a constant
indent load, the penetration depth of each nanoindenta-
tion will depend on the distance of the particular in-
dent from the center of the laser-induced crack. By
measuring these penetration-depth values, and com-
paring them with those from nanoindentations made
at the same load but without the effect of additional

stress (indentations made on a sample free of laser-
induced cracks), the residual stress field around the
laser-induced crack can be calculated using the simple
analysis presented in Section. 3.1. One of the advan-
tages of using nanoindentations is that they do not alter
the stress field created by the laser-induced crack be-
cause of their very small sizes. Their effect on the stress
field of the laser-induced crack can be ignored. Also,
the fracture strength measurements on such samples
under bending test are not affected.

3. Results and discussion
3.1. Theoretical analysis
Nanoindentations performed in this study are envi-
sioned as shown in Fig. 3. At any time during loading,
the total displacement or depthd is written as [38]

d = dc+ ds (1)

wheredc is the contact depth along which contact is
made andds is the displacement of the surface at the
perimeter of the contact. At maximum loading, the load
and displacement areP= Pmax andd= dmax, respec-
tively, and the radius of the contact circle isb. Upon
unloading, the elastic displacements are recovered, and
when the indenter is fully withdrawn,P= 0, the final
equilibrium depth isdf . Fig. 4 shows a typical load-
displacement curve obtained for an unstressed fused-
silica sample (free of any laser-induced crack). The two
important parameters are the maximum load (Pmax) and
the depth atP= 0 (df ).

To calculate the residual stress field around a laser-
induced crack (LIC), we first consider a microindenta-
tion made in an unstressed sample. According to Anstis
et al. [27, 39], the modeI stress intensity factor – as-
suming that at this very low load stage the crack size,
c, of the indent is of the same order as the penetration
depth – takes on the form

K = χr Pmax

d3/2
0f

= KC (2)

Figure 3 Cross-sectional schematic of indentation geometry used in this
experiment. For meaning of symbols refer to the text.
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Figure 4 Load versus indenter displacement for the peak load of 350-
mN experiment performed on an unstressed fused-silica sample. The
final penetration depthd0f is 1.322µm.

whereKC is a critical value identifiable with material
“toughness”;Pmax is the indentation maximum load,
d0f, replacing the crack size,c, is the final equilibrium
indentation depth; andχr is a dimensionless number
associated with the contact residual stress field [40]
and related to the elastic modulus/hardness ratioE/H .
It follows from Ref. [39] thatχr can be written as

χr = B

(
E

H

)1/2

(3)

whereB represents here a constant for Berkovich-tip-
produced radial cracks. The net stress intensity factor
for an unstressed material is therefore

K = B

(
E0

H0

)1/2 Pmax

d3/2
0f

= KC (4)

whereE0 andH0 correspond to Young’s modulus and
hardness of the bulk (unstressed) fused-silica material,
respectively.

Now, in the presence of a laser-induced crack
(stressed samples), and because of its residual stress
field, the final microindentation depth becomesdf∗ . As-
suming again crack growth under equilibrium condi-
tions K = KC, Equation 4 becomes [27]

K = KC = B

(
E∗
H∗

)1/2 Pmax

d3/2
f∗
+ σrY(πdf∗)

1/2 (5)

whereY is a dimensionless constant related to the in-
dentation geometry (we assumeY= 1 in our calcula-
tions), andσr is the residual stress of the LIC.E∗ and
H∗ are the values of Young’s modulus and hardness
of fused silica, respectively, in the presence of a laser-
induced crack at a given indent position. Substituting

(B×Pmax) from Equation 4 and then rearranging Equa-
tion 5, we obtain for the residual stress field emanating
from the LIC

σr = KC

(πdf∗)1/2

[
1−

(
E∗
E0

H0

H∗

)1/2(d0f

df∗

)3/2
]

(6)

Note the change inσr as the final depth of the microin-
dentation varies from sample site to sample site. We
point out the usefulness of Equation 6 in deriving val-
ues for the residual stress field at any point around the
laser-induced crack, only from the measurement of the
changes of the microindentation final depth, Young’s
modulus, and material hardness at the position of the
indentation.

3.2. Exit-surface damage threshold and
crack propagation

The damage is defined to be any visible permanent mod-
ification to the exit-surface observable as one or more
scatter sites under the dark-field microscope. The small-
est observable damage spots are approximately 1µm
in diameter at a measured damage-threshold value of
FL = Fexit/th= 10 J cm−2. This localized site or set of
sites form the origination point for subsequent crack
formation and growth.

To study the dependence of crack growth on the num-
ber of laser shotsN three laser-predamaged fused-silica
samples were irradiated at above-threshold and con-
stant laser fluenceFL = 2.2× Fexit/th. By increasing the
number of laser shots, the crack initiates and propagates
from the specimen’s exit-surface toward the entrance
surface. The three samples were exposed to different
numbers of laser shots atFL = 2.2× Fexit/th.

Fig. 5 shows a series of typical laser-induced crack
patterns in fused silica irradiated at laser fluence of
FL = 2.2× Fexit/th with different numbers of laser shots.
One can clearly observe that the crack surface length
2c saturates at a value of the order of the laser focus
diameter [15], while the crack deptha increases, with-
out apparent saturation, with the number of laser shots.
Reference [16] shows that the crack depth scales with
the number of laser shots asN2/3.

3.3. Nanoindentation measurements
The three laser-cracked fused-silica specimens (N=
100, 300 and 500 laser shots) were nanoindented with
10 indents each at different positions relative to the cen-
tre of their laser-induced crack, using an applied load
of 350 mN, which is 14% above the lower limit of the
instrument. (This value was chosen to obtain the most
accurate measurement without affecting further tests
on the samples, such as fracture in four-point flexure.)
An unstressed sample (free of any laser-induced crack)
was used to establish the accuracy of the nanoindenter
results. This was done by performing 50 nanoindents
at different positions across the unstressed fused-silica
sample, under the same applied load (350 mN). The
mechanical parameters determined from these initial
tests were Young’s modulus (E) and the hardness (H )
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Figure 5 Cross-sectional view of laser-induced cracks produced in fused
silica at a laser fluence ofFL = 2.2× Fexit/th for (a) N= 100 laser shots,
(b) N= 300 laser shots, and (c)N= 500 laser shots. The crack depth
increases with the number of laser shots.

Figure 6 Young’s modulus (left vertical scale) and hardness (right ver-
tical scale) versus indenter position (relative to the first indentation) for
an unstressed fused-silica (free of any laser-induced cracks) sample ob-
tained under an applied maximum load of 350 mN. The average values
are 71.5 GPa for Young’s modulus and 9.22 GPa for hardness, which are
very close to the literature values (E= 72 GPa,H = 9 GPa).

Figure 7 Final penetration depth,d0f, versus indenter position for an
unstressed fused-silica sample obtained under conditions of Fig. 6. The
depth is almost constant (average value = 1.322µm) within an error of
0.03µm.

of fused silica. The statistical results of these tests are
quantitatively illustrated in Fig. 6. It is clearly seen that
Young’s modulus and the hardness obtained are both in
very good agreement with the literature-tabulated val-
ues ofE (72 GPa) [31] andH (9 GPa) [41] for room-
temperature fused silica. Furthermore, Fig. 7 shows the
measured final penetration depth,d0f, versus the po-
sition of the nanoindentations for the same unstressed
sample. It is within± 3% constant everywhere and can
be averaged tod0f≈ 1.322µm.

Next, in Figs 8 and 9 the variations of Young’s mod-
ulus and hardness for three crack-stressed fused-silica
samples are plotted as a function of the distance from
the crack center. The measured values for the final pen-
etration depths,df∗ , for the same stressed samples are
shown in Table II. It is noted thatE∗, H∗, anddf∗ are
strongly affected by the laser-induced crack dimensions

4681



P1: SDI/RNT P2: SDI/JCR P3: SDI/ATR QC: 5051-98 November 2, 1998 15:2

TABLE I I Experimental data from the nanoindentation experiments for the three fused-silica samples used here.

x0 y r df∗ (± 0.03) σr nanoindenter σr inclusion model [16]
N (µm) (µm) (mm) (µm) (MPa) (MPa)

100 150 0 0.664 1.3252 0.64 0.6
245 180 0.757 1.3240 0.48 0.5
290 280 0.829 1.32324 0.15 0.17
310 280 0.848 1.32304 0.33 0.20
390 290 0.87 1.3228 0.22 0.24
220 −180 0.732 1.32433 0.52 0.46
−310 275 0.846 1.323064 0.25 0.21
−370 310 0.914 1.3224 0.14 0.15

300 331 −16.4 0.793 1.32351 1.51 1.72
143 121.5 0.802 1.3242 0.11 0.108
30 0 0.68 1.3105 −4.87 −4.67
32.76 90.55 0.689 1.3129 −3.1 −3.5
55.15 146.72 0.72 1.3174 −1.42 −1.49

143.18 230.56 0.826 1.3251 0.22 0.23
−30 −8.4 0.68 1.3059 −5 −4.7

500 164 0 0.664 1.3523 2.33 2.42
280 280 0.829 1.3242 0.79 0.81
−360 380 0.94 1.3194 −0.4 −0.36
−440 450 1.04 1.3185 −0.83 −0.73

x0 is the position of the indent relative to the border of the laser-induced crack in thex-direction.

r =

(c+ x0)2︸ ︷︷ ︸
x2

+y2


1/2

is the position of the indent relative to the center of the laser-induced crack.σr is the value of residual stress at ther position of the indent.

Figure 8 Young’s modulus for three crack-stressed, fused-silica samples
as a function of distance from the crack center. In general, the Young’s
modulus from the effect of residual stress from the laser-induced crack
deviates further from the bulk value the closer the indent is made to the
laser-induced crack. This behaviour is the same for the three samples
except at a distance of 0.95 mm from the centre of the crack for sam-
ples irradiated with higher number of laser shots (N= 300 and 500).
Effectively, instead of tending to the bulk value, Young’s modulus starts
decreasing again as the distance increases. This is probably because
of the highest range of the compression stresses resulting from the in-
crease in the crack depth for the corresponding laser-induced cracks.
But at further distances, it will tend without any doubt to the bulk
value.

Figure 9 Hardness versus indenter position for three stressed fused-
silica samples under conditions similar to Fig. 8.

(predominantly the crack depth), suggesting that the
corresponding residual stress field is similarly affected.

Using Equation 6, the residual stress field is cal-
culated for each measurement point around the laser-
induced crack (KC= 0.75 MPa m1/2), and the corre-
sponding results are plotted in Fig. 10a, b and c versus
the nanoindent positions. Fig. 10a, b and c show that
the residual stress field in a given direction decreases
as the distance of the nanoindents from the centre of
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Figure 10 Residual stress as a function of indenter position for three
crack-stressed, fused-silica samples: (a)N= 100 laser shots, (b)N=
300 laser shots, (c)N= 500 laser shots. Also reported for comparison
are predictions by the inclusion model [16].

the laser-induced crack increases. Contributions by the
residual stress field resulting from the polishing pro-
cess may be added to the stress values in Fig. 10a, b,
and c. Effectively, experimental observations [33–37]
have established that during the polishing process, upon
application of large compressive stresses in the range
3 to 13 GPa, fused silica deforms permanently. The
permanent deformation consists primarily of densifi-
cation [32] and possibly shear deformation. Bridgman
and Simon [33] were the first to report such silica den-
sification by showing that the dimensions of specimens
of fused silica were permanently changed when sub-
jected to compression. These authors found a thresh-
old pressure of 10 GPa for fused silica, with substan-
tial permanent densification (1ρ/ρ) (≈ 7% at 20 GPa)
above this pressure. In subsequent studies by Cohen and
Roy [34] the onset of pressure at which densification
initiated was about 2 GPa. They also showed that the
presence of shear stresses increased the densification.
Meade and Jeanloz [35] reported experimental data on
the static compression of fused silica. Upon compres-
sion by pressures exceeding about 10 to 12 GPa, their
samples exhibited irreversible densification under hy-
drostatic conditions. Upon decompression, the densi-
fication was permanent. Yokotaet al. [36] used the
densification of fused silica to explain the observation
that during the polishing process a thin surface layer
of higher refractive index than that of bulk silica was
formed. Densification was thought to occur as a result
of the high localized stresses during the polishing pro-
cess (the index of refraction increased by about 0.2%
to 0.4%). In the range of experimental conditions, the
depth of the affected layer was found to be 35 to 55 nm.
Malin and Vedam [37] also studied the surface layer
formed during the polishing of fused silica. They found
densified surface layers (20 to 70 nm in thickness) in
which the index of refraction was larger by 0.2 to 4.6%
as compared to bulk silica. By: (1) assuming a densi-
fication of fused silica during the polishing process of
the samples used here; (2) setting the onset of pressure
at which densification initiates between 3 to 10 GPa;
and (3) finally assuming an average densification depth
of 50 nm, it follows from the relative wave retardance
10=Cσ t (C= 3.45 nm× cm/kgf is the birefringence
constant for fused silica,t is the thickness of the sam-
ple,σ is the onset pressure for densification){see Ref.
[16]}, that a correction of± 0.5 nm to± 2 nm of retar-
dance corresponding to a measured residual stress of
± 0.03 MPa to± 0.12 MPa{Equation 4 in Ref. [16]}
needed to be made.

For comparison, the results of the inclusion model
developed by Dahmaniet al. [16] are also plotted
in Fig. 10. The calculated residual stress field from
nanoindentation measurements agree well with the
model predictions. This model treats the laser-induced
crack as an inhomogeneous inclusion within a homoge-
nous matrix. The residual stress field,τxy, is assumed
to have shear nature and equals the sum of two stress
fields: (1) the stress field at infinity for a flawless spec-
imen, denoted byσin, and (2) the stress field at infin-
ity for a void with identical shape under remote ap-
plied pure-shearstress, denoted by−σin. To draw a
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TABLE I I I Laser-induced crack dimensions obtained after irradia-
tion at laser fluence ofFL = 2.2× Fexit/th(Fexit/th= 10 J cm−2) for var-
ious laser-pulse numbersN

2c a
Sample No. N (mm) (mm) σr (x= c+ 0.3 mm/y= 0)

1 100 0.98 1.66 0.96
2 300 1.3 3.2 1.6
3 500 1.0 4.3 2.8

a and 2c represent the crack depth and the crack surface length, respec-
tively. σr (x= c+ 0.3 mm/y= 0) represents the measured residual stress at the
nearest point to the crack, obtained from birefringence measurements
{Ref. [16]}.

comparison with birefringence measurements [16] one
of this model’s approximations was to assume the hoop
stress in the radial crack extension from the damaged
site (i. e. atr = c), σin=−3σr (x= c+ 0.3mm/y= 0), with
σr (x= 0.3mm/y= 0) being the nearestmeasurablestress
(via birefringence). Details of the model can be found in
Ref. [16]. To make a direct comparison with the present
study (Equation 6), the theoretical expression for the
residual stress field,τxy, around a laser-induced crack
from the model of Ref. [16] is given as follows

τxy = (−3σr)

{
1−

[
2

(
xy

r 2

)2(
2+ 6

c4

r 4
− 4

c2

r 2

)

+
(

x2− y2

r 2

)2(
1− 3

c4

r 4
+ 2

c2

r 2

)]}
(8)

with r = (x2+ y2)1/2.
Table III lists the laser-induced crack dimensionsa

andc for the three stressed samples (N= 100, 300, and
500 laser shots) obtained from fractography of the bro-
ken samples under four-point bending. Table III also
lists the residual stress valuesσr(x= c+ 0.3mm/y= 0) in-
ferred from birefringence measurements [16].

Judging by the above-presented data, one finds
nanoindentation experiments to be a useful diagnos-
tic for: (1) confirming the nature of the residual stress
field about a laser-induced crack; and also for (2) ver-
ifying one of the assumptions made in the model of
Ref. [16], specifically the choice ofσin=−3σr In the
model of Ref. [16], the factor 3 was chosen to afford
the smallest possible discrepancy (≤ 10%) between the
model’s predictions and the experimental birefringence
results. Owing to the finite He–Ne probe beam size, the
value of the residual stress at the very edge of the crack
was impossible to measure in those experiments. In
the present experiment, however, because of the very
small indentations used, it is possible, for the first time,
to probe the residual stress field in the immediate vicin-
ity of the laser-induced crack. An example for this is
the indents atx= 30µm/y= 0 andx=−30µm/y=
−8.4µm for the sample irradiated withN= 300 laser
shots (see Table II). The residual stress value at these
indentation positions was found to be approximately
−5 MPa, which is close to−3σr(x= c+ 0.3mm/y= 0) for
σr(x= 0.3mm/y= 0)= 1.6 MPa (deduced from birefrin-
gence) for the same sample (N= 300).

This close agreement between the model of Ref.
[16] and the current nanoindentation experiments un-
derscores the usefulness of the nanoindentation tech-
nique for high-spatial-resolution and high-accuracy
stress mapping.

4. Conclusion
A new technique using nanoindentation to measure the
residual stress field about a laser-induced crack in fused
silica is presented. The very small impressions charac-
teristic for this technique allow both very accurate and
high spatial-resolution measurements. A simple analy-
sis is used to calculate this residual stress based on the
indenter final penetration depth, Young’s modulus, and
the material hardness at a specific position of the indent
relative to the centre of the laser-induced crack. Both
Young’s modulus and hardness are found to decrease
from their respective bulk values with decreasing dis-
tance from the crack and approach their respective bulk
values far from the crack where the effect of the residual
stress becomes negligible.

Measured Young’s modulus and hardness values
of 71.5 (± 0.4) GPa (tabulated value= 72 GPa) and
9.22 (± 0.1) GPa (tabulated value= 9 GPa), respec-
tively, from tests on an unstressed fused-silica sample
(free of any laser-induced crack) show the high accu-
racy and high reliability of the nanoindentation diag-
nostic.

Comparison of measured residual stress field with the
predictions of the inclusion model shows good agree-
ment and confirms the shear nature of the residual stress
(discussed in the inclusion model) emanating from a
laser-induced crack.
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