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Prediction of crack propagation and fracture in residually stressed glass
as a function of the stress profile and flaw size distribution
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Abstract

Engineered stress profile (ESP) glasses are noted for narrow strength distributions and the potential for stable growth of multiple surface cracks
under applied tensile stress. This behavior depends on the interaction of the surface flaw size distribution with the residual stress profile in the
material. In this work, several surface preparation methods were used to produce a range of flaw size distributions in soda lime silica glass
specimens. Two ion exchange processes were then performed on these specimens to produce ESP glass. For each condition, crack growth
b
w
f
r
©

K

1

s
f
m
e
i
a
c
s

r
t
f

d

T

0
d

ehavior and fracture strength were experimentally observed. Residual stress profiles resulting from each ion exchange process were measured
ith an optical technique. These stress profiles were used to calculate stress intensity factors as a function of crack geometry, using a weight

unction method. Crack growth and fracture strength predictions based on these stress intensity factors were compared to experimental data,
esulting in good agreement in most cases.

2005 Elsevier Ltd. All rights reserved.
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. Introduction

Glass articles commonly fail from surface flaws under ten-
ion. Thus, residual surface compression is used to increase
racture strength. These residual surface stresses are nor-
ally introduced by ion exchange or thermal tempering. Ion

xchange can produce higher compressive stresses resulting
n increased strength, but typical exchange depths are rel-
tively shallow (<200 �m).1–3 Flaws similar in size to this
ompressive region usually limit the desired improvement in
trength and increase the strength dispersion.4,5

This effect can be modified by changing the shape of the
esidual stress profile. A review paper by Schaeffer6 suggests
hat placing the maximum compressive stress beneath the sur-
ace produces a “stress barrier” which arrests crack growth.
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Tandon and Green7,8 analyzed conditions for crack arrest and
stabilization for parabolic stress distributions. A subsurface
residual stress maximum was predicted to result in a defined
region of stable crack growth. If surface flaws were limited
to this stable growth region then strength variability would
be significantly reduced. Later work by Green9 quantified the
effects of a parabolic residual stress layer on fracture strength
and defined the limiting conditions for stable surface crack
growth.

Experimental work10,11 has produced glasses which
exhibit these stable crack growth behaviors and associated
narrow strength distributions using two-step ion exchange
processes applied to soda alumina silica glass. Similar behav-
ior has been seen for soda lime silica (SLS) float glasses for
two-step12,13 and variable temperature14 ion exchange pro-
cesses. The resulting materials are termed engineered stress
profile (ESP) glasses.

In previous mathematical analyses of the fracture behavior
of ESP glasses, little attention has been paid to the growth pro-
cess of the stable surface cracks. Specifically, near-equiaxial
955-2219/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2005.07.065
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flaws have been observed to grow into through-thickness
surface cracks, propagating preferentially across the surface
without penetrating the compressive stress layer.11 The prior
theoretical models of the fracture process have, however,
assumed the flaws to begin as through-thickness, with no
change in geometry as the crack propagates.

An extended theory has recently been put forward to
describe the evolution of low-aspect ratio semi-elliptical
cracks in these materials as a function of flaw size. This
approach more fully explains and predicts the observed frac-
ture behavior.15 The primary objective of the current work is
to study the fracture behavior of ESP glasses with different
surface flaw sizes and to compare the fracture behavior with
the extended theory.

2. Experimental procedure

2.1. Preparation of glass specimens

A commercial SLS float glass was used in these experi-
ments (Starphire, PPG Industries, Pittsburgh, PA). The com-
position of the glass was 72 mol% SiO2, 13.9% Na2O, 11.0%
CaO, 0.7% Al2O3, 0.1% SrO, 0.1% MgO, 2% other,13 with
a strain point temperature of ∼475 ◦C.16
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ion exchange were used to predict size distributions for the
largest flaws present in the material, using the fracture tough-
ness equation

c =
(

T

σFY

)2

(1)

where T is the known fracture toughness of the material,
0.7 MPa m1/2.16 σF is the measured fracture strength, Y is a
geometric factor based on crack geometry, and c is the crack
depth. Crack growth is assumed to be exclusively Mode I.
Choice of a value for Y is significant. In this research, two
limiting cases are discussed, a semi-circular surface crack
with Y = 2.24/π1/2, and a through-thickness surface crack
with Y = 1.12π1/2. In this work, a group of the specimens is
subjected to ion exchange after machining. It is realized that
this treatment could change flaw sizes and crack tip geome-
try. An attempt could be made to approximate this effect in
the non-exchanged specimens by an annealing treatment, but
this would still not include the effect of molten salt during
ion exchange. It was decided, therefore, to forego any heat
treatments on the machined glass specimens.

2.2. Observation of multiple surface cracking behavior

Additional specimens representing each ion exchange pro-
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(MPa)

C 7.5
M 11.7
F 6.8
The as-received glass was cut into 50 mm × 10 mm
3.2 mm specimens, using a diamond-wafering blade. The

pecimens were examined with a polariscope to ensure that
o pre-existing residual stresses were present which might
nterfere with the ion exchange processing. Three polishing
echniques, as described in Table 1, were chosen to smooth the
hamfered specimen edges, in order to produce three distinct
aw size distributions. No re-annealing was performed after
olishing, in order to retain a sharp, relatively pristine flaw
eometry. Two ion exchange processes were then conducted,
ased on prior work12,13: a single-step exchange in molten
NO3 at 450 ◦C for 48 h, and a two-step exchange which

dded a subsequent mixed salt bath (1.68 KNO3:1 NaNO3
olar ratio) at a temperature of 400 ◦C for 30 min.
Groups of 20 specimens were selected representing each

urface preparation and each ion exchange condition. These
pecimens were fractured in four-point-bend configuration
ith an outer span of 40 mm and an inner span of 20 mm,

t a strain rate of ∼3 × 10−3 s−1. Tests were performed in
mbient atmosphere, and samples were taped to retain frag-
ents. The measured fracture strengths of the glass prior to

able 1
trength of untreated glass and flaw size estimation after various surface pr

urface finish Polishing media used
in final step of surface
preparation

Average fracture
strength (MPa)

oarse 12.5–17 �m SiCa 98.4
edium 1.5–5 �m SiCa 113.7

ine 0.3 �m Al2O3 119.5

a Particle diameter size range, according to manufacturer’s data.24
ess were loaded in four-point bending to a stress below the
nal fracture stress, then immediately unloaded. The ten-
ile surface of each specimen was examined using an optical
icroscope. The visible surface trace length was measured

or all surface cracks, and the number of cracks longer than
00 �m was recorded. This threshold length was chosen to
void confusing the extended surface cracks caused by load-
ng with pre-existing flaws in the glass. The experiment was
hen repeated at successively higher applied stresses. The
imensions of these specimens were the same as those used
n the strength testing.

.3. Stress profile measurement

The residual stresses induced in the glass by ion exchange
ere measured using optical birefringence and progressive

tching.17 As-received plates were cut to dimensions of
00 mm × 50 mm, and polished to improve optical transmis-
ion, then processed in the ion exchange salt baths, producing
compressive surface stress and a compensating internal ten-
ile stress.

ns

rd
on

Calculated semi-circular
flaw sizes (�m)

Calculated through-thickness
flaw sizes (�m)

24.3–46.5 9.9–18.9
17.9–38.8 7.3–15.8
17.4–25.7 7.1–10.4
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The tensile stresses in the interior of each specimen were
measured using conventional optical retardation techniques.
The glass surface was then etched by immersion in a 5%
solution of hydrofluoric acid. The stress measurement was
repeated, and the change in the compensating internal ten-
sile stress was used to calculate the average stress in the
etched surface region. By repeating this process for succes-
sive etch steps, the residual stress profile resulting from each
ion exchange process was evaluated, with a depth resolution
of ∼1 �m and an estimated accuracy of ±10% of the peak
residual stress.18

2.4. Stress intensity factor calculations

The measured stress profiles for each ion exchange process
were then used to produce stress intensity factor values for
semi-elliptical cracks in the material, using a weight function
method shown in Eq. (2).

K =
∫ a

0
σ(y)m(y, a, α) dy (2)

where K is the stress intensity factor, y measures depth
beneath the glass surface, a is the depth of the crack, and
α is the crack aspect ratio, a/c. The stress distribution σ(y)
is equal to the sum of the applied stress (assumed to be ten-
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glasses, the onset of multiple cracking can also be pre-
dicted.

3. Results

3.1. Fracture strength of ESP glasses

Fracture strengths for the untreated glass are shown in
Table 1. As expected, the coarser surface preparations pro-
duced lower fracture strengths. Strength results for the ion-
exchanged glasses are given in Fig. 1. The first exchange
step increases the strength of the material for all surface
preparations. Compared to the single step process, the second
exchange step causes a reduction in strength, with a signifi-
cant reduction in strength variability for the medium and fine
surface preparations. Note that the strength of the single-step
ion-exchanged glass varies significantly with surface finish,
with much higher strength and much wider standard devia-
tion for the fine surface finish. In contrast, the strength of the
untreated glass shows a moderate dependence on surface fin-
ish and the strength of the two-step exchanged glass remains
virtually constant. This insensitivity to surface flaw size and
associated decreased strength variability for the two-step pro-
cess is characteristic of ESP glasses. Included in Table 1 are
the calculated flaw sizes as determined from Eq. (1). Cracks
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ile and approximately constant over the crack depth) and the
esidual stress profile. The weight function m(y, a, α) uses the
rst four terms of the polynomial forms given by Shen and
linka.19,20 These truncated solutions are not exact, but have
een successfully verified in prior work19–21 against finite
lement and specific analytical solutions for a range of crack
eometries. A full description of the method is given in a
ecent paper.15

.5. Prediction of multiple cracking behavior and
racture strength

The stress intensity factors produced by the weight func-
ion method were then used to predict the applied stress at
hich cracks of a given size and geometry are expected to
ropagate through the material. By calculating the stress
ntensity factor at the surface and at the deepest point of
he crack, a distinction can be made between surface growth
ndicating multiple surface cracking behavior, and depthwise
rowth which can lead to fracture. The procedure is described
n detail in prior work.15,18

The results of these calculations can be plotted as a
ontour map of the applied stresses needed to propagate

specific flaw depth and geometry in a material with
particular fracture toughness and residual stress pro-

le. These maps can be combined with the flaw size
ata calculated from the experimentally measured strengths
f the untreated glass. The result is a predicted frac-
ure strength distribution for a glass with a given initial
aw distribution and residual stress profile. For the ESP
re estimated to be larger if they are assumed to be semi-
ircular rather than through-thickness.

.2. Multiple cracking behavior

For the glasses subjected to the two-step process, mul-
iple cracking was observed on the tensile surfaces of the
end specimens. This behavior was absent in the specimens
ubjected to the one-step process. This distinction is consis-
ent with prior studies of ESP glasses.10–13 Surface cracks
rogress from localized origins at the chamfered tensile sur-
ace corners, as shown in Fig. 2, to through-thickness geom-
try as shown in Fig. 3, with increasing stress.

The number of surface cracks also increases with increas-
ng applied stress, as shown in Fig. 4. This increase suggests

ig. 1. Fracture strength of soda lime silica glass as a function of surface
reparation and ion exchange processing.
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Fig. 2. Two-step ion-exchanged glass four-point-bend specimen at 150 MPa
applied stress, with fine surface finish. Arrows indicate localized growth of
surface cracks at edge of tensile surface.

Fig. 3. Through-thickness surface cracks across tensile surface of two-step
ion-exchanged glass four-point-bend specimen at 210 MPa applied stress
(fine surface finish).

that as the applied stress increases, a greater proportion of
surface flaws within the material undergo stable growth. The
distribution of cracks is distinctly non-uniform, with dis-
tances between adjacent cracks ranging from less than 20
to more than 200 �m. This variability seems to indicate an
underlying uneven distribution of initiating flaws in the mate-
rial. Fig. 5 plots the increase in stable surface crack density
with increasing applied stress, averaging data for four speci-
mens per condition. Only cracks of 100 �m or greater surface

Fig. 4. Dense growth of multiple parallel surface cracks on tensile surface of
t
s

Fig. 5. Growth of multiple surface cracks on two-step ion-exchanged glass
as a function of surface finish and applied stress.

length were considered, in order to avoid confusion with
pre-existing flaws in the glass. Error bars indicate the rel-
atively large variation between specimens. The data suggest
that the fine surface finish reduces the number of stably grow-
ing surface flaws, compared to the medium and coarse surface
finishes.

Analysis of multiple crack growth in these glasses is some-
what biased by the prevalence of cracks propagating from the
corners of the four-point-bend specimens. This is expected,
since the edges of the specimen must be cut and polished,
producing machining flaws, while the tensile surface remains
in relatively pristine condition. However, this flaw distribu-
tion may complicate later crack propagation calculations. The
stress state along the edges of the specimen is different from
that hypothesized for an infinite flat surface, due both to the
presence of an additional free surface and the altered, three-
dimensional stress profile caused by ion-exchange from both
surfaces simultaneously. Thus, cracks approaching or ema-
nating from the edges of the specimen will behave differently
than those present on the flat tensile surfaces.

3.3. Stress profile data

Fig. 6 shows the measured stress profiles for both ion-
exchanged glasses. The first exchange step produces a com-
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wo-step ion-exchanged glass four-point-bend specimen at 229 MPa applied
tress (fine surface finish).
ressive stress layer that extends to ∼40 �m depth, with a
aximum stress of −250 MPa. Note that the peak compres-

ive stress is located beneath the surface of the material, since
he near-surface region reaches maximum compressive stress
rst during the exchange process, and thus has more time
or thermal relaxation. The short duration second exchange
tep removes potassium ions from the relaxed surface region,
esulting in a tensile surface stress of ∼200 MPa. This effect
ecreases rapidly with depth, and the two profiles appear
dentical beyond 7 �m below the surface. This rapid change
n the residual stress profile in the near surface region is the
ause of the unusual fracture behavior seen in ESP glass,
nd the extent of the surface tensile layer exerts considerable
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Fig. 6. Measured residual stress profiles for ion-exchanged glasses.
Trend lines are 5th order polynomial curves as follows: Single step:
y = 0.0000478x5 − 0.00511x4 + 0.189x3 − 2.48x2 + 5.10x − 193, Two step:
y = −0.000101x5 + 0.0117x4 − 0.529x3 + 11.9x2 − 128x + 252. Depth x is in
units of �m, residual stress y is in units of MPa.

control over crack propagation.9–15,18 Fifth-order polynomial
curves were fitted to the stress profile data by the least-squares
method, and used as trend lines and for further stress intensity
factor calculations.

3.4. Theoretical prediction of surface crack growth and
fracture stress

Fig. 7 shows a crack propagation graph derived from stress
intensity factor calculations for the two-step ion-exchanged
ESP glass. Stable crack growth is mapped as a function of
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Fig. 8. Crack stability map as a function of crack depth and crack aspect
ratio a/c, at an applied stress of 225 MPa. Two-step ion exchanged glass.
Black arrows indicate crack growth paths. Conditions for which no crack
growth occurs are indicated as (0). Conditions for surface crack growth are
indicated as (S). Conditions for depthwise crack growth are indicated as (D).

crack depth and aspect ratio at an applied stress of 120 MPa.
According to the graph, semi-circular cracks with depths
between 6 and 24 �m in depth will grow across the surface of
the material, reaching extended semi-elliptical shapes. Black
arrows on the figure show crack growth paths. Fig. 8 shows an
analogous graph at an applied stress of 225 MPa. The region
of stable surface crack growth has grown. Stable depth wise
growth occurs for shallow cracks of 2–8 �m depths, and large
cracks above 32 �m depth are predicted to undergo unstable
depthwise growth to fracture.

These maps can be combined for a range of applied
stresses, resulting in a crack propagation contour map, as
shown in Fig. 9. Each black arrow indicates the stable growth
path with increasing stress for a crack with a given initial
depth and semi-circular geometry. Crack depths are plotted
up to 50 �m, encompassing the largest known flaws as cal-
culated from the fracture stress distribution in the untreated
material (see Table 1). Overall, cracks are predicted to grow
along the surface with increasing stress, until they approach
through-thickness geometry. At higher stresses, crack growth
occurs in the depth direction until an instability is reached at
the predicted fracture stress. The stress contours indicate the
extent of stable crack growth at a particular applied stress.
For example, at a stress of 100 MPa, flaws between 6 and
14 �m depth are predicted to propagate along the surface and
then arrest at the 100 MPa contour line. As stresses increase,
c
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ig. 7. Crack stability map as a function of crack depth and crack aspect
atio a/c, at an applied stress of 120 MPa. Two-step ion exchanged glass.
lack arrows indicate crack growth paths. Conditions for which no crack
rowth occurs are indicated as (0). Conditions for surface crack growth are
ndicated as (S).
racks continue to propagate along the surface to lower aspect
atios, reaching elongated elliptical or near through-thickness
hapes. Note that the predicted final fracture stress for all
aws between 2 and 22 �m is nearly constant. This insensitiv-

ty to flaw size is characteristic of ESP glass, and extends well



2682 M.B. Abrams, D.J. Green / Journal of the European Ceramic Society 26 (2006) 2677–2684

Fig. 9. Predicted crack propagation contour plot for two-step ESP glass,
showing critical stresses for crack growth and fracture for a range of ini-
tial crack depths. Black arrows indicate paths of stable crack growth with
increasing stress, for each initial crack depth.

beyond the 12–14 �m depth of the maximum compressive
stress in the material. The clamping effect of the compres-
sive stress on the walls of the crack increases the required
stress for fracture, even beyond the point of maximum com-
pressive stress. This can be seen intuitively in Eq. (2), which
integrates the stress profile over the full depth of the crack.

As flaw size increases above 22 �m, fracture strength
begins to decrease, but limited stable growth of near through-
thickness cracks continues for flaws up to 50 �m in depth.
Two distinct types of fracture behavior are thus apparent:
stable growth of small flaws resulting in fracture at a fixed
stress independent of flaw size, and limited stable growth of
large flaws ending in fracture at a range of lower stresses. Sta-
ble surface crack growth to low aspect ratios is indicated for
cracks well beyond the depth of the maximum compressive
stress, an unexpected result not predicted by prior studies.
Extremely large or extremely small flaws are expected to
bypass the stable growth phase entirely. These flaws do not
propagate until they reach the critical stress for unstable frac-
ture, and are affected relatively little by the shape of the
residual stress profile. Note that the precision of the crack
propagation graph is limited by the number of data points.
Finer detail requires considerably greater computation time,
but allows more exact prediction.

A similar set of graphs were produced for the single step
exchange, and used to predict fracture stresses as a function
o
fl
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Fig. 10. Single-step ion exchanged glass. Crack stability map as a function
of crack depth and crack aspect ratio a/c, at an applied stress of 225 MPa.
Under these conditions, no stable surface crack growth occurs, and large
cracks grow unstably to failure. Black arrows indicate crack growth paths.
Conditions for which no crack growth occurs are indicated as (0). Conditions
for depthwise crack growth are indicated as (D).

Table 2 compares predicted and experimental values of
onset stress for multiple surface cracking, for a threshold flaw
surface length of 100 �m. The experimental onset stress for
multiple cracking for the fine surface preparation is slightly
higher than either of the other two processes, likely due to
the differing flaw size distributions produced by each surface
preparation method. The calculation appears to underesti-
mate the onset stress in all cases. One possible reason for the
error is the limited number of cracks present in the material.
The crack propagation maps assume that cracks of every pos-
sible aspect ratio and size are present, and therefore multiple
cracking will initiate at the applied stress at which the most
favorable flaw is predicted to grow stably. In an actual speci-
men, such a flaw may not be present, and thus higher stresses
are needed to activate flaws that may have slightly non-
optimal shape or orientation. The prediction is least accurate
for the fine surface finish specimens, which presumably have
the fewest large surface flaws. Note that the predicted onset
stress takes into account the 100 �m minimum distinguish-
able threshold length, and thus is higher than the 100 MPa

Table 2
Predicted and experimental onset stresses for stable crack growth in the
two-step ion exchanged glass

Surface
finish

Predicted onset
stress (MPa)

Experimental onset
stressa (MPa)

Percent
error (%)

C
M
F

v

f flaw size, for both through-thickness and semi-circular
aw geometries. An example is shown in Fig. 10, at the same
pplied stress as Fig. 8 (225 MPa). In contrast to the graph
or the two-step exchange, no region of stable crack growth
s present. Contour mapping provided little additional insight
n this case.
oarse 120 139.9 ± 3.4 −14
edium 120 127.5 ± 1.8 −6

ine 120 147.1 ± 4.6 −19
a ± values represent one standard deviation above and below the mean

alue.
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Table 3
Predicted and experimental fracture strengths of ESP glasses

Surface finish
and process

Experimental fracture
strengtha (MPa)

Predicted fracture strength,
semi-circular flawsa (MPa)

Percent
error (%)

Predicted fracture strength,
through-thickness flawsa (MPa)

Percent
error (%)

Single-step exchange
Coarse 303.4 ± 14.1 286.7 ± 33.3 −5.5 330.7 ± 3.2 +9.0
Medium 324.4 ± 12.3 315.8 ± 28.1 −2.7 334.4 ± 3.7 +3.1
Fine 397.3 ± 45.6 328.1 ± 5.5 −17.4 335.2 ± 3.9 −15.6

Two-step exchange
Coarse 287.6 ± 13.9 237.9 ± 23.7 −17.3 280 ± 0.0 −2.6
Medium 288.3 ± 5.1 266.3 ± 23.7 −7.6 280 ± 0.0 −2.9
Fine 285.4 ± 8.1 275.6 ± 6.8 −3.4 280 ± 0.0 −1.9

a ± values represent one standard deviation above and below the mean value.

theoretical stress to initiate stable crack growth given on the
contour map in Fig. 9. Other factors may also play a role.
The relatively high temperature and aggressive environment
of the ion exchange process may change the character of
pre-existing flaws, or preferential ion exchange at crack tips
may produce localized residual stresses that hinder later crack
growth.

A summary of the fracture strength data is shown in
Table 3. The first set of predictions assumes that semi-circular
flaws are the major source of failure in the untreated glass.
The second set assumes a through-thickness surface scratch
or similar flaw geometry. It is likely that the actual flaws
present in the untreated glass have a variety of shapes, result-
ing in strength values between the two sets of predictions
listed in the table. Indeed, these two limiting cases bracket (or
nearly bracket) the experimental fracture stress in most cases.
Note that the through-thickness set of predictions, using shal-
lower calculated crack depths, indicates a single value for the
strength of the two-step exchanged glass, regardless of sur-
face finish, since the largest flaws in these cases lie entirely
within the region of stable growth. The prediction for these
conditions appears highly accurate, within 3% of the exper-
imentally measured strengths for each glass, which likewise
show relatively little variation in strength compared to the
single step processes. The exception to this general good
agreement is the single step ion exchange process using a
fi
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surface crack growth as well as alter fracture stresses. Inter-
actions between growing cracks could also affect observed
strengths.

Crack shielding and crack deflection parallel to the sur-
face have been noted in prior work on ESP soda alumina
silica glasses.9,11,13,18,22 However, these effects are unlikely
to play a major role in this study. No crack deflection was
noted in the soda lime silica glasses used in the current work.
Crack shielding is also unlikely to be significant, due to the
observed non-uniformity of the surface crack distribution. At
an observed crack spacing of 200 �m, and a calculated crack
depth of 10 �m, work by Isida23 suggests a shielding effect of
less than 2%. Although some cracks in close proximity will
be shielded, fracture can still occur at unshielded, isolated
cracks, yielding no overall increase in strength.

4. Conclusions

It was found that progressively finer surface polishing had
little effect on the strength of soda lime silica ESP glass made
by two-step ion exchange, while significantly increasing the
strength of untreated and single exchange step glasses. The
second exchange step in each case reduced the strength of
the glass, and decreased the strength variability.

ESP glass surfaces demonstrated multiple cracking behav-
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ne surface finish. Experimental data in this case shows an
nusually high strength and a large variation in strength as
easured by the standard deviation, a pattern not associated
ith stable crack growth.
Several factors are not addressed by the prediction method,

ut could play a role in determining the fracture behav-
or of the material. The measured stress profile is averaged
ver the surface of the specimen, and may not be uniform
n all areas. Specifically, preferential ion exchange at crack
ips during processing would result in an uneven stress pro-
le, and thus affect the fracture stress. The high temperature
olten salt environment of the ion exchange baths could also

ffect the shape of pre-existing flaws, or relax localized resid-
al stresses at flaw sites. Subcritical crack growth has been
bserved in the propagation of multiple surface cracks in
SP glasses,11,13 and could reduce onset stresses for stable
or under tensile stress. The density of these cracks was found
o be variable and inhomogeneous, increasing with applied
ensile stress. Cracks appeared initially as localized flaws, and
hen grew to through-thickness surface cracks with increasing
tress. Fine surface polishing reduced the number of propa-
ating surface cracks.

A weight function method was used to predict multiple
racking and fracture stress distributions based on measured
esidual stress profiles. Stable crack growth and uniform frac-
ure strengths were predicted over a range of flaw depths
xtending beyond the depth of the maximum compressive
tress for the two-step ion exchanged glass. Fracture strength
redictions were accurate within 20% for all conditions stud-
ed, and within 10% for most cases. Predictions of onset stress
or multiple cracking show fair agreement with the experi-
ental data. Errors may be caused by the limited number
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and variety of flaws in the test specimens, the geometric
limits of the stress intensity factor prediction method, the
presence of subcritical crack growth, and possible effects
of the ion exchange bath on the flaw population in the
material.
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