
Lifetime prediction of laser-precracked fused silica subjected
to subsequent cyclic laser pulses

Faiz Dahmani
Laboratory for Laser Energetics and Department of Mechanical Engineering,
University of Rochester, 250 East River Road, Rochester, New York 14623-1299

Ansgar W. Schmid
Laboratory for Laser Energetics, University of Rochester, 250 East River Road,
Rochester, New York 14623-1299

John C. Lambropoulos
Laboratory for Laser Energetics and Department of Mechanical Engineering,
University of Rochester, 250 East River Road, Rochester, New York 14623-1299

Stephen J. Burns
Department of Mechanical Engineering, University of Rochester, 250 East River Road,
Rochester, New York 14623-1299

Semyon Papernov
Laboratory for Laser Energetics, University of Rochester, 250 East River Road,
Rochester, New York 14623-1299

(Received 13 May 1999; accepted 23 February 2000)

Measurements of fatigue failure strength of laser-cracked fused silica in air at room
temperature for different numbers of laser shots and laser fluences are presented. The
failure-strength variability is found to be due mainly to the spectrum of crack depths.
Agreement with theory suggests the incorporation of a residual term into the
failure–strength equation. Due to its sign, the residual stress is of mouth-opening
displacement nature at the crack. Analysis of the residual stress data shows a linear
proportionality with crack depth, whereas the failure–strength is inversely proportional
to the square root of the crack depth.

I. INTRODUCTION

Fused silica has good transparency in the ultraviolet
(UV) spectral range; it is widely used as optical-window
material in high-fluence, 351-nm positions on glass and
248-nm KrF lasers.1–5 The useful output of these high-
power lasers is limited, however, by laser-induced
damage to optical components, including fused silica.
Often these optical components (large lenses and win-
dows) separate atmospheric pressure from vacuum areas
(10−3 to 10−4 torr),1 such as on spatial filters and target
tanks, experiencing not only high fluence irradiation
conditions but also pressure differential-induced tensile
stresses. Under fatigue conditions, i.e., when the strength
diminishes for increasing loading duration (here, the
number of laser pulses), the damage is initiated by slow
crack growth and culminates in catastrophic crack
growth and implosive lens or window failure when the
stress intensity approaches the critical value.6,7 Analysis
of the strength characteristics then proceeds in accor-

dance with the basic crack propagation equation, i.e., the
stress-intensity-factor equation of the form K~ sa1/2,
representing the driving force on the crack of character-
istic dimensiona subjected to an applied stresss.

Since laser-induced cracks cannot be eliminated en-
tirely, the behavior of cracked structures under service
conditions must be quantified to be predicted. Systematic
scientific rules must be devised to characterize laser-
induced cracks and their effects and to predict if and
when it may become necessary to replace the cracked
components. This paper makes a contribution toward
this end.

Consider a structure in which a laser-induced crack
develops. Upon application of repeated laser pulses,8 or
due to a combination of laser fluences and number of
laser pulses,9 this crack will grow: the deeper the crack,
the higher the stress concentration induced by it.9 This
implies that the crack-propagation rate will increase with
laser fluence and the number of laser shots, causing a
progressive decrease in the strength of the structure. Af-
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ter a certain number of laser pulses, the strength becomes
so low that the structure cannot withstand accidental high
laser fluences (causing more crack growth that can lead
to a critical failure crack size) that may occur in service.
From this moment on, the structure is liable to fail. If
such accidental, high laser fluences do not occur, the
laser-induced crack may continue to grow until the
strength becomes so low that fracture occurs even under
normal service loading [e.g., vacuum loading (10−3 to
10−4 torr) for fused-silica vacuum barriers].1

This paper presents investigations into the fracture be-
havior and fatigue life of fused silica over the course of
many laser pulses and over a limited laser-fluence range
when a laser-induced crack is already present. The re-
sidual stress associated with the propagating crack is
quantitatively monitored by measuring the optical bire-
fringence in the crack vicinity, and fatigue failure
strength is quantified by another, standard technique, i.e.,
an Instron compression-cage unit using four-point bend-
ing. Such an experimental approach is applicable to op-
tical glasses other than silica, as is currently done for
BK-7 borosilicate glass irradiated at near infrared (IR)
wavelength. Attempts at analyzing the experimental ob-
servations for silica rest on a simple fracture-mechanics
analysis incorporating a residual term into the material-
strength equation and presented in Sec. III. This analysis
proves successful in explaining the semiellipticity of
the periodically laser-loaded crack shape and the fact that
the surface crack length (lateral crack) saturates at a
maximum value, whereas the median crack (perpendicu-
lar to the specimen surface) lengthens without such satu-
ration for all applied laser fluences in the range of 10 to
35 J/cm2 (0.5 ns, 351 nm). Throughout this work, dam-
age initiation thresholds are reported for the 1-on-1
mode; i.e., each sample site is irradiated only once.

II. EXPERIMENTAL PROCEDURE

Corning 7940 UV, grade-A fused-silica specimens
were used for the experiments reported in this paper. The
specimens in the form of 64 × 13.6 × 4.3-mm blocks
were ground and pitch polished to “laser quality”
(rmsø 10 Å) on the entrance and exit surfaces and to
“cosmetic quality” around the edges permitting in situ
monitoring of the crack propagation. Before laser irra-
diation, samples were cleaned by the standard drag–wipe
technique used to clean sensitive optical components.

A. Laser irradiation

Nd:glass laser pulses of 500-ps duration at the third-
harmonic wavelength (351 nm) were used to irradiate the
samples. The UV beam was focused onto each sample’s
front surface by a 2-m-focal-length, fused-silica lens to a
1.2- to 2(±0.3)-mm-diameter spot. The beam incidence

direction was chosen to beø10° off-normal to the
sample entrance surface to prevent any back-reflection of
residual, unconverted infrared light from seeding the am-
plifier in the backward direction.

Although many earlier studies reported on front-
surface damage,10 surface damage (damage is defined to
be any visible, permanent modification to the probed
surface, observable as scatter sites under a microscope)
on fused-silica spatial-filter lenses in OMEGA, Nova,
and Beamlet lasers1–4 occurs first on the input-lens
vacuum side, i.e., the lens’s exit surface. When a laser
beam passes at nearly normal incidence through a trans-
parent sample whose surfaces have been identically pre-
pared, the exit surface suffers a lower damage threshold
than the front surface. The optical damage fluences 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 refractive indexn, the
ratio of exit to entrance damage thresholds isFexit/th/
Fentrance/th4 (n + 1)2/4n2.11 A standing wave is formed
with a constructive energy-density maximum atlL/2
(wherelL is the laser wavelength) 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, shielding the sample by absorbing and re-
fracting the incident fluence. At the exit surface, the
standing-wave intensity enhancement occurs inside the
material, thus increasing the damage initiation probabil-
ity; therefore, in this work we focus only on the exit-
surface damage.

Samples were mounted on a stablex–y translation
stage, which shuttled them between the laser-beam path
and a 110×-dark-field microscope, such that the irra-
diated area was automatically in the field of view,
permitting identification of small changes in surface
morphology and/or modification to the bulk after each
irradiation. Fresh sample sites were irradiated on each
shot, with the fluence increasing stepwise until damage
was observed.

The damage threshold was defined as the arithmetic
average of the highest nondamaging fluence and the low-
est damaging fluence levels, averaged over a statistical
number of irradiation sites per sample surface.

B. Initiation and growth of laser-induced cracks

Once the exit-surface, laser-induced damage threshold
(Fexit/th) is determined, a flaw (damage initiated at the
damage threshold) is deliberately initiated at the speci-
men center atFexit/th. The created flaw is subsequently
irradiated with different number of laser shots at con-
stant laser fluenceFL > Fexit/th. After approximately
50 laser shots (depending on the laser fluence used),
crack growth initiates. The crack starts propagating to-
ward the front surface as the number of laser shots in-

F. Dahmani et al.: Lifetime prediction of laser-precracked fused silica subjected to subsequent cyclic laser pulses

J. Mater. Res., Vol. 15, No. 5, May 2000 1183



creases. Efforts are made to avoid front-surface damage
(once front-surface damage initiates, a front-surface
crack can initiate and propagate, preventing any further
laser energy from reaching the exit surface; the exit-
surface crack stalls). For this purpose, the laser fluence
used is kept below the value ofFL 4 2.5Fentrance/th

(where Fentrance/th 4 15.6 J/cm2 is the measured
entrance-surface damage threshold). Laser fluences of
FL/Fexit/th 4 1.8, 2.2, 2.44, 3, 3.3, and 3.7 are chosen to
study the crack propagation under repetitive laser shots.

C. Residual stress field

Fused silica is a material that is neither naturally bi-
refringent nor optically active; however, birefringence
may be induced by the presence of stress associated with
a crack, as is the case here. Effectively, when a laser-
induced crack is initiated after a number of laser shots at
a laser-fluence levelFL > Fexit/th, a residual stress field
resulting from the mismatch between the crack and the
rest of the matrix builds up in the vicinity of the crack.

The residual stress field induced in laser-cracked fused
silica was measured with the use of a Soleil compensa-
tor, which is an optical device used to provide control-
lable retardation between the polarization components
of an incident beam of light.13 A low-power, polarized
helium–neon (He–Ne) laser beam focused (≈1 mm) at
normal incidence onto the exit surface (the HeNe beam
propagates parallel to the crack) was used as a light
source. Far away from the crack, the compensator was
adjusted to act as a full wave plate so that, with the use
of a polarizer, minimal light reached the photodetector.
When the HeNe beam passed through the crack vicinity,
the level of compensator adjustment required to main-
tain minimal light at the photodetector yielded a direct
measure for the induced relative phase shift between the
ordinary and extraordinary rays. (Details of the experi-
mental setup can be found in Ref. 9.) Aligning the HeNe
beam onto different exit-surface points yields coarse
maps of the birefringence magnitude.

D. Fatigue failure measurements

Fused-silica specimens were laser-cracked in air with
different numbers of laser pulses at different laser flu-
ences. Using a universal testing machine, specimens
were then loaded and failed in four-point flexure, with
the laser-cracked surface on the tensile side. An inner
span of 20 mm, an outer span of 32 mm, and a crosshead
speed of 0.5 mm/min were used. Applied loads were
monitored by a 500-kg load cell, while displacement
measurements were made possible by the use of a liner
variable differential transformer (LVDT). (Details of the
experimental setup can be found in Ref. 8.) Strength
values were calculated from the fracture loads and speci-

men dimensions, using simple beam theory. After
strength testing, each specimen was examined optically
to ensure that the failure originated from the crack site;
those that did not were excluded from the data. To esti-
mate the modulus of rupture of nondamaged fused-silica
7940-UV used here, five nondamaged specimens were
also tested. The dimensions of the cracks were obtained
from the fracture surface by light microscopy.

III. FRACTURE MECHANICS ANALYSIS

According to fracture-mechanics considerations, a
crack will grow catastrophically when the stress intensity,
KI, reaches a critical value,KIC (KIC 4 0.75 MPa m1/2

for fused silica). For a surface flaw in bending,KIC is
given by14

KF = KIC = sF

mb

f
=pa , (1)

wheresF is the measured failure strength,a is the crack
depth, andmb and f are numerical factors related to
crack and specimen geometry in pure bending, specifi-
cally the ratio of crack deptha to specimen thicknesst15

mb = 1.123− 1.39Sa

t D + 7.3Sa

t D2

− 13.1Sa

t D3

+ 14Sa

t D4

, for 0 ø a/t ø 1, and (2)

f = Î1 + 1.46Sa

cD1.64

for
a

c
. 1 . (3)

The half-surface crack length isc.
Investigations into the nature of laser (or sharp inden-

tation)-induced crack patterns in glass16–25 have shown
that the deformation (crack) zone generally includes an
irreversible component,18,22–25which becomes manifest
as a residual crack driving force in the subsequent failure
mechanics.21 In this case, according to Marshall and
Lawn,18 the total stress intensity factor,Ktot, responsible
for the crack growth can be written as follows:

Ktot = KF + KR = KIC , (4)

with

KR =
=pa

f
sR~mb + mt! (5)

being the residual stress intensity factor andsR being the
corresponding residual stress. This residual stress inten-
sity factor has two components, one due to bending and
another one due to tension. The numerical factormb
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due to tension after appropriate simplification (taking
into account that fracture is anticipated atu 4 p/2 for
a/c > 1) is given by26

mt = FÎc

a
S1 + 0.04

c

a
D

+ Sc

a
D4 Sa

t
D2S0.2 = 0.11Sa

t
D2DG

F1.1 + 0.35Sc

a
DSa

t
D2GÎc

a

≅ 1.25Sc

aD . (6)

Using Eqs. (1) and (5), Eq. (4) can be rewritten as
follows:

KIC =
=pa

f
@mbsF + sR~mb + mt!# . (7)

Using Eq. (7), the residual stress introduced as a result of
the laser-irradiation process is calculated for every crack
deptha, corresponding to the number of laser shotsN and
a laser fluenceFL.

IV. RESULTS AND DISCUSSION

A. Dimensions, shape, and crack-growth
propagation rate of controlled,
laser-induced cracks

The exit-surface damage threshold is found to be
Fexit/th 4 10 ± 0.5 J/cm2. The damage at threshold level
consists of 1–3-mm conical pits, with larger pits forming
at the center of the irradiated area while smaller pits are
found in the areas of lower fluence, i.e., in the periphery
of the laser beam. Figure 1 shows the exit-surface dam-
age morphology atFL 4 1.3Fexit/th mapped with an
atomic force microscope (AFM) at two different magni-
fications. From Fig. 1(b), it seems that the damage oc-
curred in two stages: an earlier stage corresponding to the
absorption of the laser energy by unspecified defects,
followed by a localized temperature rise leading to the
melting of the matrix surrounding each absorber (defect).
The second stage, occurring probably picoseconds later,
corresponds to matrix cracking due to steep thermal-
stress gradients, a direct consequence of the localized
temperature rise. [The AFM used in this mapping is op-
erated outside a clean room. Most of the debris in
Figs. 1(a) and 1(b) stems from air and is unrelated to the
irradiation].

Micrographs of typical laser-induced crack patterns
generated by cyclic laser pulses at a laser fluence of
2.2Fexit/th are shown in Figs. 2(a) and 2(b) forN 4 280
and 430 laser pulses, respectively. Cracks grown in this
manner covered a wide range of sizes. The crack deptha

and the corresponding crack lengthc (half-length of the
surface trace of the crack) of these cracks were measured
by optical microscopy.

Cracks were found to be nearly semielliptical in shape.
Figure 3 shows the crack-depth data versus the number
of laser shots and the laser fluence. It appears from Fig. 3
that the crack depth increases with the number of laser
shots and/or laser fluence without apparent saturation.
This is true as long as sufficient laser energy is reaching
the damage zone. It was observed that when front-surface
damage sets in after a given number of laser shots
(N 4 300 to 350) at fluences higher than those used in
this work (FL/Fexit/th > 3.7), a front-surface crack ini-
tiates and starts propagating toward the exit surface. In

FIG. 1. Fused silica exit-surface 351-nm/500-ps damage (1-on-1
mode) at a laser fluence of 1.38Fexit/th mapped with an atomic force
microscope (AFM) at two, different magnifications (a), (b). It is
clearly seen from the image (b) that the damage occurs in two stages:
an earlier stage corresponding to a melting due to the high localized
temperatures from the absorption of the laser energy by defects, the
second stage corresponding to a cracking, is a direct consequence of
the localized high temperatures leading to high thermal stresses.
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that event, diminished energy is reaching the rest of the
specimen, stalling the back-surface crack growth. As
stated previously, care was taken to avoid this situation.
On the other hand, after hundreds of laser shots, the crack
length c saturates and equals the irradiating beam spot

size (0.5 to 1.1 mm), suggesting that the failure strength
will depend mainly on the crack deptha.8 According to
the experimental results,a was found to scale withN
andFL as

a ≅ ~8.6 5 1.5! × 10−3NS FL

Fexit/th
− 1D2/3

, (8)

providedFL/Fexit/th > 1. It is clearly seen from Eq. (8)
that the crack depth is linear inN, which means that the
crack growth rate will be independent ofN.

As can also be seen from Eq. (8), the fatigue crack
rate (da/dN) during laser irradiation of fused silica is
only a function of the laser fluence. This crack-growth
rate is represented in Fig. 4 versus the laser fluence term
(FL/Fexit/th − 1)2/3.

B. Determination of residual stress

Prior to fracture strength measurements, the residual
stresssR was measured for every laser-cracked spe-
cimen as a function of crack deptha. This was done
by measuring the difference in optical retardation
DG 4 G(crack) −G(no crack);9

sR =
1

C~nm/cm/MPa!

DG (nm)
t~cm!

, (9)

whereC 4 35.2 nm/(cm/MPa)27 is the relative stress-
optic coefficient for fused silica,DG is the relative retar-
dation, andt is the specimen thickness.

FIG. 2. Cross-sectional view of laser-induced cracks in fused silica
at a laser fluence ofFL 4 2.2Fexit/th for (a) N 4 280 laser shots and
(b) N 4 430 laser shots. As can be seen, the crack depth increases with
the number of laser shots.

FIG. 3. Crack depth versus the number of laser shots at different laser
fluences for fatigue studies. Crack growth rate da/dN is the slope of the
data curves. Closed circles are data forFL 4 1.8Fexit/th, open circles
are for FL 4 2.2Fexit/th, crosses are forFL 4 2.44Fexit/th, closed tri-
angles are forFL 4 3.0Fexit/th, open triangles are forFL 4 3.3Fexit/th,
and closed squares are forFL 4 3.7Fexit/th, respectively. Solid and
dashed lines are from Eq. (8).
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Optical retardation was measured accordingly at de-
fined locations near the cracks, where maxima occurred.
Preliminary observations showed that the residual stress
field scales with the crack deptha. Figure 5 shows the
residual stresssR (measured at the closest point to the
crack, i.e.,r 4 c + 0.3 mm,y 4 0, wherec is the half-
surface crack length) as a function of the crack depth.
The positive sign on the residual stresssR, meaning
tensile nature of the stresses at the closest point to the
crack, suggests a residual mouth-opening displacement at
the cracks.

In accordance with the experimental data from Fig. 5,
the residual stresssR can be approximated by the fol-
lowing empirical equation:

sR (MPa)≅ 0.64a (mm) . (10)

C. Failure strength

During the bending tests, specimens without laser-
induced crack were fractured into two large and several
small pieces and fragments, while specimens with cracks
were broken into half-sections at the crack site. The fail-
ure strength of nondamaged, polished fused-silica, Corn-
ing 7940 samples was measured and found to be
(53 ± 2) MPa, which is in good agreement with the value
of 50 MPa tabulated by the vendor.27

The failure strength data are plotted against the crack
depth in Fig. 6. By also plotting the predicted strength
from Eq. (1) (solid curve) in Fig. 6, one finds a certain
discrepancy becomes apparent between the theory
[Eq. (1)] and the experimental data. This discrepancy is
alleviated by adding the residual-strength term to Eq. (1)
[Eq. (7)], yielding the dashed curve. As can be seen in
this figure, the agreement between measured failure
strength and the predicted strength is now satisfactory for
all crack depths. ThesF–a data were fitted as suggested
by Eq. (7) and are given by

sF ~MPa! ≅
20

=a ~mm!
− 5 . (11)

FIG. 4. Fatigue-crack growth rate in laser-cracked fused silica versus
laser fluence. Data points are slopes of data points in Fig. 3 for dif-
ferent laser fluences.

FIG. 5. Residual stress in the vicinity of laser-induced cracks in fused
silica versus the crack depth for all laser-cracked fused-silica speci-
mens used in this work. The solid line is from Eq. (10).

FIG. 6. Failure strength of laser-cracked fused silica as a function of
the crack deptha. The solid curve is the failure strength calculated
from Eq. (1) without residual stress, the dashed curve is the failure
strength calculated from Eq. (7), when residual stress in the vicinity of
a laser-induced crack is included, and the data points are experimental
failure strengths. Good agreement between the experiment and theory
is noted when residual stress is included in the formulation of failure
strength.
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Furthermore, failure strength data are also plotted
against the number of laser shots and laser fluences in
Fig. 7. It can be noted from this figure that the higher the
laser fluence, the smaller the number of laser shots the
material is capable of sustaining before failure.

D. Factors affecting fatigue failure

The fatigue failure of fused silica subjected to above
damage-threshold laser fluences is highly sensitive to a
number of variables. In this work, these factors include
laser fluence and number of laser shots as well as residual
stress. All these factors are in fact related to one major
factor, the crack depth.

1. Laser fluence and number of laser shots

The dependence of fatigue failure on laser fluence and
number of laser shots is represented on thesF–N plot
(Fig. 7). As may be noted, increasing the laser-fluence
level and/or the number of laser shots leads to a decrease
in fatigue failure of laser-cracked fused silica. For the
various experimental conditions, the failure strengthsF

scales withN andFL as

sF ~MPa! ≅
205

=NS FL

Fexit/th − 1D1/3 − 5
FL

Fexit/th
. 1 .

(12)

2. Residual stress

As seen in Figs. 5 and 6, residual stress and failure
strengths increase and decrease, respectively, as the
crack depth increases, implying that the residual stress

measured around a laser-induced crack in fused silica is
a mouth-opening displacement at the radial cracks.
Therefore, an increase in residual stress is accompanied
by an increase in median crack length (crack depth) as
well as a decrease in failure strength. The experimental
strengths for laser-cracked fused silica versus residual
stress measured around a laser-induced crack, plotted in
Fig. 8, support the premise that the weakening of laser-
damaged fused silica is adequately described by the in-
crease of residual stress. Our results are in agreement
with those of Roach and Cooper28 for which the reduc-
tion in residual stress in Vickers-indented soda-lime
glass is accompanied by an increase in failure strength. In
the present work, the radial crack length (surface crack
length) saturates after a number of laser shots and equals
the size of the irradiating beam. The dynamically impor-
tant parameter is the median crack length (crack depth),
on which all measured variables depend.

The sF–sR curve was fitted to an exponential and is
given by

sF (MPa) − 11.85 + 64.48 exp(−sR
1/3) , (13)

with sR given in MPa.

V. CONCLUSION

The fracture patterns of cracks in fused silica, both
initiated by and growth-driven by repeated laser shots,
were studied. In general, crack shape is best described as
a semiellipse. The crack depth, the semiellipse major

FIG. 7. Failure strength of laser-cracked fused silica versus the
number of laser shots. Close circles are data forFL 4 1.8Fexit/th,
open circles are forFL 4 2.2Fexit/th, closed squares are for
FL 4 2.44Fexit.th, open squares are forFL 4 3.0Fexit/th, crosses are for
FL 4 3.3Fexit/th, and open triangles are forFL 4 3.7Fexit/th, respec-
tively. Solid and dashed lines are from Eq. (12).

FIG. 8. Failure strength versus residual stress incorporating results
from all specimens used in this work. It is evident that residual stress
in the vicinity of a laser-induced crack affects dramatically the strength
of fused silica. The solid curve is from Eq. (13).
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axis, was found to increase with the number of laser shots
and/or the laser fluence without apparent saturation as
long as no fluence-obscuring, sample front-surface dam-
age was initiated. A theoretical model based on pure-
bending-mode failure strength gave good agreement with
the experiment when the residual stress was included in
the failure strength equation. Any increase in crack depth
was accompanied by an increase in residual stress and a
decrease in failure strength. The positive sign of the re-
sidual stresses measured at the closest point to the laser-
induced crack suggested a mouth-opening displacement
at the crack.

Both the magnitude and exposure-frequency scale of
the strength decrease suggest that the weakening of laser-
cracked fused silica is due entirely to residual stress or
crack depth increase.

On the basis of our experimental results, an empirical
formula for the fatigue-crack growth rate was estab-
lished, scaling as the two-thirds power of the laser flu-
ence in excess over the damage threshold. This formula
contains no fracture-mechanics parameters; it depends
only on the laser-fluence level used to irradiate the laser-
damaged fused silica. It can be concluded that to mini-
mize the crack growth rate in fused silica subjected to
laser irradiation, the laser fluence used must be kept
closer to the damage threshold, leading to a longer, useful
component life.
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