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bstract

ickers indentation cracks have been used to estimate residual stress in materials; however, a high threshold load for cracking limits the smallest
patial region for stress measurement. Cube-corner indenters have a lower included angle, and their sharpness leads to lowered cracking thresholds
nabling stress measurement in small spatial regions. Cube-corner indentations on tempered glass plate and on annealed soda-lime-silica glass
evealed that crack surface traces on the tempered material were significantly smaller. Cracks were found to be quarter-penny shaped as opposed
o half-penny/radial for Vickers indentation. Using an appropriate stress-intensity factor and a stress-intensity factor superposition approach,

urface stresses in the tempered plate were calculated. The stresses were in good agreement with those determined using well-established Vickers
ndentation approach; however, the spatial region sampled is 6–10 times smaller. An estimate of the smallest spatial region at which a particular
tress may be measured using this technique is presented.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Residual stresses are often present in ceramics and glasses at
he macro-scale, either by design, as in tempered or chemically-
trengthened glass,1 or due to mismatches in elastic and thermal
roperties between dissimilar materials that are bonded together
n engineering components as in glass-to-metal seals.2 Ade-
uate characterization of the stress state is an essential first
tep in understanding the response of the material or compo-
ent to service stresses, and in assessing the reliability. Residual
tress measurements therefore play an important role in design
nd proto-typing stages. They are also used to aid in “virtual”
anufacturing. In virtual manufacturing, the entire processing

equence is simulated, and stresses during manufacture are com-
uted using finite-element analysis (FEA). These simulations

equire inputs of constitutive materials models (elastic and/or
isco-elastic for glasses and ceramics, elastic–plastic for metals,
nd visco-elastic for polymers) and thermal history of the pro-
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Residual stress

ess. There is often uncertainty in the values of these inputs, and
here could be a large sensitivity of the results of the analysis to
he input parameters. The fidelity of the inputs can be assessed,
nd material model(s) in need of refinement can be identified
sing residual stress measurements. Currently, for engineering
esign using brittle materials at Sandia, the minimum finite ele-
ent mesh size ranges from 50 to 125 �m (reducing the mesh

ize below these values leads to unwieldy models which are
ost prohibitive to run). Since cracks and defects causing fail-
re in glasses and ceramics are typically <50 �m, it would
e ideal if techniques that could sample stresses in this range
re available. With the increasing importance of MEMS and
OEMS (micro-electromechanical and micro-optoelectronic

evices), stress characterization in small volumes has acquired
ven more importance.

Residual stress measurement techniques utilized for ceramics
nd glasses include: birefringence methods,3 sequential material
emoval and curvature measurements,4–6 Raman spectroscopy,7

harp,8–12 and blunt13,14 indentation based techniques. Each

f these techniques has its strengths and limitations: destruc-
ive (sequential material removal, indentation) versus non-
estructive (birefringence, Raman), presence versus absence of
pecific material response (as in Raman), need for expensive

mailto:RTandon@sandia.gov
dx.doi.org/10.1016/j.jeurceramsoc.2006.09.001
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ogy under the indentation impression, and the mode of crack
propagation to failure.
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quipment (as in Raman) versus ease of use (indentation). Often
n engineering practice more than one is employed to increase
he confidence in the estimates.

The indentation techniques mentioned above8–14 have
mployed either a sharp Vickers indenter or a blunt spherical
ndenter. The use of these techniques has an inherent size limita-
ion: the stress sampled is on the length scale of the characteristic
rack size, c, emanating from the indentation site. Decreasing
he load leads to a smaller hardness impression and crack size,
nd results in a smaller volume being sampled; however, below
certain threshold load, cracks are not observed. This issue

s further exacerbated in cases where a compressive stress is
o be estimated, since compression leads to an increase in the
hreshold load for cracking. An approach to overcoming the
hreshold load imposed length scale limitation has been the use
f a cube-corner indenter.15,16 The cube-corner indenter dis-
laces approximately three times the volume of a Vickers or
erkovich indenter at the same projected contact area.17 One
onsequence of higher displaced volume is that the indentation
racking threshold load is significantly reduced. For compar-
son, whereas a load of ∼1 N is needed to initiate fracture in
lass using a Vickers indentation tip, a load of only 0.005 N ini-
iates cracking using a cube-corner tip.15–17 In situ experiments
eported in Ref.17 show that cracking initiates almost instanta-
eously upon loading in glass, indicating that the threshold load
s ∼0 N. Kese and Rowcliffe (K–R)18 have proposed that the
owered threshold of cracking could be used to measure resid-
al stresses in small volumes. They related the difference in
rack length in a stressed and unstressed region to the stress
tate. K–R utilized the technique to sample the stress in small
olumes around a Vickers macro-indent in soda-lime glass. The
ength of cracks emanating from cube-corner indents was indeed
ound to be sensitive to the spatially varying stress field around
he indent. However, the values of the stress calculated using the
roposed formulations overestimated the stress, in some cases
y a factor of 2.

The aim of this study is to further develop this promising
echnique by applying it to estimate the near-surface stress in a

odel material. Tempered glass is chosen as the model because it
nds wide use in architectural and automobile windows. Addi-

ionally, previous work on stress measurements6,8 provides a
ange of values for comparison to those obtained here. We report
ube-corner and Vickers indentation crack length measurement
esults on a commercially tempered soda-lime-silica plate, and
ompare it to annealed (as a baseline) samples. Fractographic
vidence reveals that cracks under the cube-corner indentation
re “quadrant” or quarter-penny shaped, and not half-penny
s was previously18 assumed. A general stress-intensity factor
uperposition approach for relevant crack geometry (half-penny
or Vickers and quadrant for cube-corner) is then used to esti-
ate the surface stress. The values of compressive stress using

he two approaches are similar. It is shown, therefore, that on
roperly accounting for the crack geometry, cube-corner inden-

ation crack lengths can provide a good estimate of stress with the
istinction that stresses are sampled over much smaller volumes.
he smallest length (or volume) scale over which a particular
tress is measurable for glasses is also estimated.
amic Society 27 (2007) 2407–2414

. Experimental approach

A commercial soda-lime-silica glass plate, 6 mm thick (thick-
ess denoted by h), and 508 mm × 305 mm, was obtainedi in
he fully tempered (FT) conditions. In the tempering process,
lass sheets are cooled rapidly through the glass transition range.
he outer region becomes rigid almost instantaneously but the

ow viscosity of the core prevents stress build-up. As the more
uid core cools and contracts, it is constrained by the rigid
xterior, creating tension in the core and compression in the
urface layers. The stress profile is approximately parabolic,
ith compression extending from the surfaces to ∼0.27h on

ither side, with compensating tension in the central region.1,6

nnealed glass (AN) of nominally the same composition was
lso obtained, and used as baseline.

Preliminary indentation experiments with a cube-corner
ndenter revealed that at loads in excess of 1.98 N, extensive
ateral cracking and chipping occurred in both AN and FT

aterials. Since this was the lowest possible load using a con-
entional hardness indenter, a low load attachmentii was used
o apply loads down to ∼1 N. Indentation experiments were
erformed in air (relative humidity, RH = 16%) using loads
.96, 1.47, and 0.98 N. More than 20 indentations were per-
ormed at each load. The surface traces of the three cracks
rom each impression, and the altitude of the surface projec-
ion of the equilateral triangle shaped hardness impression were

easured optically within 5–10 min of the indentation exper-
ments. Based on previous work17 and our observations, it is
lear that there is no measurable post-indentation growth of
he cracks, and hence this time period is not critical. In some
nstances, extensive lateral cracking and chipping occurred even
t these low loads, and those particular impression and crack
izes were not included in the data reported. However, indenta-
ions with minor lateral cracking were included. Vickers inden-
ations in a higher load range, 9.8–107.8 N, were performed
n FT plate and AN reference in air (RH = 16%), and crack
engths and impression sizes were measured immediately after
ndentation.

Discs, h = 3.75 mm and diameter = 38 mm, in the FT and
N conditions were also obtained from another manufacturer.iii

ince the disc thickness is lower than the plate, identical full-
emper treatments may not be as effective in generating surface
tress. Cube-corner indentations at 0.98 and 1.96 N load were
ade on one side, and the discs were fractured in a biaxial ring-

n-ring flexure set-up (loading rate = 2 MPa/s), with the indented
ide in tension. All the fracture surfaces were examined opti-
ally and in a FE-SEMiv after coating with Au–Pd thin film.
hese observations were used to determine the crack morphol-
i PPG Industries, Pittsburgh, PA 15272, USA.
ii Zwick USA LP, Kennesaw, GA 30152, USA.

iii Swift Glass Co., Inc., Elmira Heights, NY 14903, USA.
iv Zeiss SupraTM SS VP, Carl Zeiss SMT Inc., NY 10594, USA.
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. Analysis

Although the stress state in tempered glass is usually approx-
mated as parabolic with a peak compressive stress σs at the
urface,1,6 it can be shown19 that the stress-intensity factor
K = KHP) due to the residual stress, at the surface trace of a
emi-circular (half-penny) crack is very well approximated by

HP = −2fHP|σs|
( c

π

)1/2
(1)

.e., the crack can be effectively treated as if it were loaded
y a uniform compressive stress, σs, with the convention that
ompressive stresses are negative. Here, fHP is a surface cor-
ection factor dependent on crack geometry and geometry of
he plate.20 Its value was assumed to be unity (fHP = 1) in Ref.8

or half-penny cracks. Fractographic analysis under cube-corner
ndentations (described in Section 4) revealed that cracks were
uadrant shaped, and for this crack geometry an appropriate
tress-intensity factor, KQP, under a uniform load is21

QP = −F0|σs|
(

πc

Q

)1/2

= −2fQP|σs|
( c

π

)1/2
(2)

ere, KQP is written first in the form provided in Ref.21 Q and
0 are factors dependent on the eccentricity of the crack, and
n the eccentricity and plate thickness, respectively. Assuming
hat the crack is quarter-penny, i.e., eccentricity = 0, and that the
rack depth is small compared to plate thickness, the expression
or KQP can be expressed in a form similar to Eq. (1), with the
onstant fQP = 1.13. Fig. 1(a and b) shows a schematic of a half-
enny crack expected under a Vickers indenter and a quarter-
enny crack observed under a cube-corner indenter.

The stress-intensity factor for a half-penny crack, c0, assumed
o be point-loaded (point load = indentation load, P) at a Vickers

ndentation site, for an unstressed material, is given by22

Ind = χ
P

c
3/2
0

= εr,v

(
E

H

)1/2
P

c
3/2
0

= K1c (3)

4

t

ig. 1. (a) Schematic of a Vickers indentation site. The section view shows a semi-c
ite, with a section view showing the quarter-penny crack geometry. Three such crac
a) and (b), the hatched region is the zone of plastically deformed material.
mic Society 27 (2007) 2407–2414 2409

ith KInd = K1c (where K1c is the fracture toughness) being the
quilibrium condition in an “inert” environment. c0 is the crack
ength on a stress-free surface, χ, is a elastic–plastic mismatch
actor, E and H are the elastic modulus and hardness, respec-
ively, and εr,v is a constant determined by indentation geometry.
r,v for a Vickers indenter ranges from 0.016 to 0.022.22,17 The
tress-intensity factor for a crack around a cube-corner indenter
as also been described using Eq. (3), with εr,v replaced by εr,c.
he values of εr,c range from ∼0.032 to 0.04.15–18 Although

here was no explicit recognition of the quarter-penny crack
eometry in Refs.15–18 (in fact Ref.18 considers the geometry
o be semi-elliptical), it must be borne in mind that εr,c is a cal-
bration that links measured crack lengths over a range of loads
o the known fracture toughness. Hence the calibrations auto-

atically include corrections due to crack geometry. This will
e our rationale for using Eq. (3) for describing the indentation
tress-intensity factor at a cube-corner site as well.

Therefore, for both Vickers and cube-corner indentation
racks on a stressed glass surface, the net stress-intensity factor
or the measurable surface trace can be written following Ref.,8

y combining Eqs. (1)–(3), as:

Net = χ
P

c3/2 − 2f |σs|
( c

π

)1/2
(4)

here f = fHP or fQP as appropriate. Also noting that the equilib-
ium condition is KNet = K1c, and using Eq. (3) we obtain,

P

c3/2 = P

c
3/2
0

+ 2f |σs|(c/π)1/2

χ
(5)

ence the slope of a plot of P/c3/2 as a function of c1/2 with an
ntercept fit to the value of P/c

3/2
0 allows the estimation of σs.
. Results

The average cube-corner indent crack length, cc, as a func-
ion of load for more than 20 cube-corner indentation tests on

ircular crack below the impression; (b) schematic of a cube-corner indentation
ks occur at each cube-corner site. The parameters a and c are marked. In both
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ig. 2. Crack length as a function of load for AN and FT plate for cube-corner
ndentation. Results are average of 20 measurements at each of the three loads.
he error bars show 1S.D. in the crack length.

N and FT materials, measured at the three loads tested, is plot-
ed in Fig. 2. The scatter bars represent 1S.D. in the measured
rack length. At any given load, the crack lengths measured on
he AN surface are significantly higher (between 55 and 80%)
han those on the FT surface. The coefficient of variation, COV
COV = standard deviation/mean) of crack lengths on the FT
urface is between 9 and 14%, whereas it ranges from 3 to 7%
or AN material. The COV increases with load for both AN and
T materials.

The indentation parameter for cube-corner indentation,
/c

3/2
c , as function of c

1/2
c for AN and FT materials is plot-

ed in Fig. 3(a). The vertical and horizontal scatter bars show
S.D. for the two quantities. The value of the indentation
arameter for AN material is almost constant with increas-
ng crack length (or increasing indentation load), with an
verage value of 3.78 MPa m1/2. This value was multiplied
y the uppermost value of εr,c ∼ 0.040 reported previously,17

nd known values of (E/H)1/2 ∼ 3.16 (E = 70 GPa, H = 6.6 GPa)
or this material. This calibration yielded a numerical value
f 0.47 MPa m1/2, which is much less than the known frac-
ure toughness, K1c ∼ 0.7 MPa m1/2 for this glass. A value of
r,c ∼ 0.058 was found to be a better calibration, and will be
sed in subsequent calculations. Per Eq. (4), a straight line fit
or the indentation parameter such that the intercept is P/c

3/2
0

here cc,0 is the crack length on the AN = stress-free surface), is
hown for the FT material. The slope of the line was calculated
sing linear regression and is marked. This slope is proportional
o the value of the compressive stress, and was used to calculate
he stress via Eq. (5).

Fig. 3(b) shows the (c/2a)c values for AN and FT materials
s a function of load for cube-corner indents, with the scatter
ars representing 1S.D. For Vickers indentation, the c/2a val-
es >1 are regarded as a sufficient condition to consider the
ndentation crack point loaded.8 Assuming that similar load

istribution considerations are valid for cube-corner indenta-
ion, we see that the (c/2a)c ratio well exceeds unity for the
N material, but is only slightly >1 for the FT material. Hence

he assumption of point-loading due to the elastic–plastic mis-

F
a
w
g

n this work are also shown. (b) (c/2a)c ratio as a function of the load for AN
nd FT materials. The error bars in both (a) and (b) are 1S.D. in the measured
nd calculated quantities.

atched region is likely to be valid, albeit marginally for FT
aterial.
The indentation parameter for Vickers indentation (P/c

3/2
v )

s function of c
1/2
v for AN and FT materials is plotted in Fig. 4(a).

he vertical and horizontal scatter bars show 1S.D. for the two
uantities. The average P/c

3/2
v,0 value for AN material is 14.41,

nd the value of the calibration χ ∼ 0.049 yields the fracture
oughness of 0.7 MPa m1/2. Analogous to curve-fits in Fig. 3(a),
linear regression fit for the indentation parameter with an inter-
ept of P/c

3/2
v,0 (= 14.41 MPa m1/2) is also shown. The slope of

he curve fit is also included. Fig. 4(b) is a plot of the (c/2a)v ratio
or Vickers indentation on the AN and FT materials. The (c/2a)v
atio exceeds unity for the AN material; however, it is less than

for the FT material, approaching unity only for large loads.
herefore, for the FT material, the assumption that the crack is
oint loaded may be questionable. However, in the absence of
n alternative formulation, we will use Eq. (3) to analyze our
esults.

The surface stress (σs) calculated from the slopes shown in
8
igs. 3(a) and 4(a), and using fHP = 1, for Vickers was −84 MPa,

nd using fQP = 1.13 [this work] for cube-corner experiments
as −118 MPa. For comparison, the surface stress in tempered
lass using Vickers indentation analysis8 was estimated to be
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Fig. 4. (a) Plot of P/c
3/2
v as a function of c

1/2
v for AN and FT materials for

Vickers indentation. Best fit lines and their slopes per the relationships obtained
i
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Fig. 5. Fracture surfaces of disks tested in biaxial tension after cube-corner
indentation at (a) 0.98 N load on AN. The as-indented crack length on the top
surface (CI), and the hardness impression (H) are marked. One of the quadrant
cracks is delineated by the dotted lines. Twist hackle features are visible. (b) View
of 1.96 N load fracture site on FT material. The indentation site and mirror-mist
boundary is marked. (c) Close-up view of 1.96 N load fracture site in (b). The
two quarter-penny cracks, Q1 and Q2, are indicated. The third crack that did not
participate in the fracture process, and a chipped region due to lateral cracking
n this work are also shown. (b) (c/2a)v ratio as a function of the load for the
wo materials. The error bars in both (a) and (b) are 1S.D. in the measured and
alculated quantities.

130 MPa. The discrepancy between the values (both obtained
rom Vickers indentation data) could be due to the fact that
c/2a)v was <1 in our material, whereas this value was reported
o be >1 for higher loads in Ref.8 This point will be discussed
n the next section. However, the values obtained in our study
sing cube-corner and the Vickers results in Ref.8 are in the same
ange, indicating that our approach is viable.

The AN and FT disks with 0.98 and 1.96 N load cube-corner
ndents were fractured in biaxial loading at 2 MPa/s loading
ates, and the fracture surfaces were examined in FE-SEM.
ig. 5(a) shows the results for AN material that fractured from
.98 N load indent. The as-indented crack length on the top
urface is marked. The images show that two cracks, emanat-
ng from two vertices of the hardness impression, propagate
o cause failure. More importantly, it can be observed that the
hape of the crack is not half-penny or radial, but “quadrant”;
.e., the cracks observed on the free-surface are quarter-circles
or ellipses) below the surface, intersecting each other below the
entral point of the hardness impression. One of these quadrant
racks is delineated using dotted lines. Upon biaxial loading,

hese cracks propagate in their respective planes to cause failure.
wist hackle features, which normally indicate a change in the
tress state acting on a crack, are visible at the crack boundary,
nd are indicative of the location where unstable crack propaga-

are shown. The white arrows indicate the direction of crack propagation.
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limit of these crack lengths at 1S.D. (=c + 0.1c) were calculated
for assumed values of residual compressive stress (=50, 100, and
200 MPa). The crack length values are shown as open symbols,

Fig. 6. Results of calculations showing the stress resolution capability of the
412 R. Tandon / Journal of the Europea

ion started. The FT material has high stored elastic strain energy
ue to the tempering stresses. When 0.98 N load indents were
he origins of fracture, the combination of the high applied stress
nd the residual stress led to extensive fragmentation. Therefore,
racture surface images for this load could not be obtained; how-
ver, fracture surfaces views for the 1.96 N load failure are shown
n Fig. 5(b and c). Fig. 5(b) is a low magnification image that has
he indentation site marked. The mirror-mist boundary is indi-
ated. Fig. 5(c) is a higher magnification image of the indentation
ite. The two original quadrant cracks, Q1 and Q2, are marked.
he ends of the surface traces of these cracks are indicated as
I. The white arrows show the direction of crack propagation to

ailure. The third crack (on the free surface) that did not partic-
pate in the sample fracture is shown. Also marked is a lateral
rack chip at the indentation site. It is clear that at least at this
oad, the indentation crack morphology remains quarter-penny
ven on a tempered surface.

. Discussion

The data in Fig. 2 show that there is a statistically signifi-
ant difference between the average crack sizes on the AN and
T materials at all three loads tested. Crack sizes ∼25 �m at

he lowest indentation load (0.98 N) are sufficient to experimen-
ally resolve stresses of the magnitude found in the FT material
∼−120 MPa). Hence the cube-corner indenter can easily serve
s a useful surface probe to measure stresses of the order of
00 MPa in a 253 �m3 volume. The indentation technique, how-
ver, has a lower length (or volume) limitation, imposed by two
actors: (1) if the load falls below the cracking threshold, no
racking is observed, and this threshold load increases with an
ncrease in the compressive stress. The use of a cube-corner
ndenter effectively overcomes this first factor, at least for the
relatively low) compressive stresses found here. (2) The second
actor is a consequence of the K value due to the residual stress
oading (both Eqs. (1) and (2)) being proportional to c1/2. At
mall values of c, the |K| is small; consequently, its effect on the
easured crack length may be minute enough to be within the

xperimental scatter in crack length measurements. As the crack
ength increases, the |K| increases for the surface stressed FT
lass, and crack length become distinguishable (beyond 1S.D.)
etween the stressed and unstressed material. From work pre-
ented in Ref.,19 much lower stresses in glasses (∼−30 MPa) are
esolvable over a ∼203 �m3 volume, demonstrating that cube-
orner indentation is an ideal tool for measuring point-to-point
esidual stress variations in materials.

The data in Fig. 2 also indicate that there is a higher scatter in
rack lengths, COV ∼ 9–14%, for the FT surface as compared
ith COV of 3–7% for the AN material. The higher scatter in
OV for the FT material could be due to (at least) two factors:

1) the process of inducing the residual surface stress (air-jet
mpingement on the surface for cooling) may lead to small
egions that have different cooling rates from each other, thereby

eading to a slight non-uniformity in the stress value and/or (2)
he interaction of the residual stress with the stress field of the
ndentation leads to enhancement of the incidence and extent of
ateral cracking. (Here, it must be borne in mind that although

c
l
a
a
f

amic Society 27 (2007) 2407–2414

ndentations that had extensive lateral cracking and chipping
ere excluded from measurements, surface traces of many with
nly limited lateral cracking were included in the measure-
ents.) This phenomenon has been observed previously23 on

ompressively stressed surfaces for Vickers indentation. Lat-
ral cracking reduces the driving force for the half-penny cracks
nder a Vickers site,24 and has, presumably, the same effect
n the quarter-penny cracks under a cube-corner site. Then, the
cenario for the larger variation in crack lengths would be that
f lateral cracking does not occur, surface traces of cracks of

particular length with average size cNLC (cNLC < c0) would
e observed; however, with lateral cracking, an even smaller
verage surface trace, cLC (cLC < cNLC) would be measured. For
group of indentations on a compressively stressed surface,

rack length values would be distributed around both cLC and
NLC, leading to a large scatter in the measured data. The data
lso reveal that the COV increases with increasing load for both
aterials. Since the first factor mentioned above (residual stress

ariations) is absent for the AN material, this increase can be
irectly attributed to the greater propensity for lateral cracking
ith increasing load. Also, for the FT plate, at least half of COV

an be attributed to enhanced lateral activity.
Now assuming that for all loads below 1 N, there is approx-

mately a 10% COV for FT material, and a COV of 3% for
N material, a rough estimate of the spatial stress resolution

apability of the cube-corner indentation technique was made
s follows: using Eq. (3) and the parameter χ for cube-corner
ndentation (χ ∼ 0.058 × 3.16 = 0.183), crack lengths (c0) on
N material were calculated as a function of loads ≤1 N. The

alculated values are shown as open circles in Fig. 6. The solid
ine is the value of the lower limit for c0 (=c0 − 0.03c0) at 1S.D.
hen, solving Eq. (5) iteratively, the crack lengths, c, and upper
ube-corner indentation technique. The open symbols are mean values of crack
engths as a function of load expected for surface stress values of 0, −50, −100,
nd −200 MPa. The solid line is lower limit (at 1S.D.) for AN material assuming
COV of 3%. The dotted lines with open symbols are the upper limit (at 1S.D.)

or each of the compressive stress levels assuming a COV of 10%.
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nd the corresponding upper limit values are shown as open
ymbols with a dotted line through them. For any stress, the
inimum load for which this dotted line is clearly resolvable

rom the solid line (for the AN material) should be located. The
rack length corresponding to this minimum load is the length
cale at which that particular value of stress can be measured.
or example, examining Fig. 6, we conclude that for glasses
200 MPa stress may be measured over a length of ∼5 �m

load ∼ 0.1 N), whereas a crack size of ∼15 �m (load ∼ 0.3 N) is
ecessary to resolve a stress of 50 MPa, i.e., higher compressive
tresses can be measured over small spatial dimensions, with the
roviso that the (smaller) loads employed exceed the threshold
oad.

A value of εr,c ∼ 0.058, that is considerably higher than pre-
ious estimates of 0.032–0.040, was obtained. This could be
he result of difference in relative humidity (RH) experienced
y the crack in the two studies. Our work was conducted in
elatively dry (16% RH) ambient lab air, whereas Ref.15 does
ot specify humidity. Higher RH would lead to longer mea-
ured crack lengths after indentation. When these (longer) crack
engths are used to calibrate to a fixed toughness a lower value
f εr,c is obtained. It is interesting to note that several data points
n Fig. 3, Ref.17 for soda-lime glass lie above the line drawn
sing εr,c ∼ 0.04, indicating, perhaps, that a higher value for
his calibration factor may be more appropriate. There is also
possibility there are systematic differences in the loading and
easurement set-ups that contribute to this difference. Know-

ng the absolute value of this parameter is important; however,
ince our calculations utilize a difference between baseline (AN)
ehavior and FT material to compute stress, the absolute values
re not overly critical.

In the earlier K–R study,18 cracks emanating from cube-
orner indentation were described as radial (Figs. 2 and 3 in
ef.18). The authors, however, noted that they had experimental
ifficulty in inducing failure from indentation sites, and examin-
ng the fracture surface. It should also be mentioned the fracture
urface image shown (Fig. 3 in Ref.18 for a cube-corner indenta-
ion load of 0.7 N) is rather indistinct, and the crack morphology
annot be observed clearly. Observation presented in Fig. 5(a)
or AN disc with fracture originating from a 0.98 N load cube-
orner indent, and Fig. 5(c) for a FT material with a 1.96 N load
ndent, clearly show the “quadrant” crack morphology. In Fig. 5,
he crack shape is delineated using dotted lines. Fig. 1(b) is a
chematic top and section view of the crack geometry observed
t the cube-corner indentation site in soda-lime-silica glass: three
racks whose surface traces appear to emanate from the vertices
f the indentation (at 120◦ from each other), with a quadrant
hape in the depth, extending to meet each other at the projec-
ion of the centroid of the impression.

Using the values provided by K–R, and recasting their anal-
sis to conform to Eqs. (2) and (3), we find the value of f used
y them is 0.543. Examining Eq. (5), it is clear that for the
ame value of measured slope, using the f from K–R analysis

ould lead to a stress value ∼1.13/0.543 = 2.08 times higher

han what we obtain (−118 MPa). Since the actual stress in the
empered glass is of the order of ∼−100 MPa, the K–R crack
hape assumption would have led to an overestimate.
mic Society 27 (2007) 2407–2414 2413

The Vickers indentation technique results slightly underesti-
ate the surface stress for the FT material. It is important to note

hat (c/2a)v values for FT do not exceed unity (Fig. 4(b)) even
t 110 N load. For such short crack lengths, the loading due to
he elastic–plastic mismatched region cannot accurately be con-
idered point-loaded, and Eq. (3) may not be precise. A rough
stimate of the error in using Eq. (3) may be obtained by com-
aring the stress-intensity factors for an internal penny-shaped
rack loaded by point force, P, and by a circular distribution
f stresses (σp) around its center such that πa2σp = P.25 It is
ound that for 0.8 < c/2a < 1, the stress-intensity factor around
he center-loaded crack is ∼7–12% greater than that for the
oint-loaded crack. Hence it is likely that for short (c/2a < 1)
alf-penny cracks, the point-loaded stress-intensity factor rela-
ion (Eq. (3)) underestimates the actual stress-intensity factor
y ∼10%. Using Eq. (4), it can be shown that for the values
f P/c

3/2
v obtained in our work, this underestimate leads to an

nderestimate of the σs value of ∼20%. Details of this neces-
ary correction, which would bring the predicted values of the
ickers indentation closer to the expected values of stress in this
aterial, are a subject of future work.

. Summary and conclusions

A stress-intensity factor superposition approach, based on
stablished fracture mechanics models, was developed for cube-
orner indentation. Indentation crack length data were utilized
o estimate the residual stress on a commercially tempered glass
late. The crack shape under a cube-corner indentation was
hown to be a quarter penny on both the stressed and unstressed
lass surfaces. A stress-intensity factor relevant for this geome-
ry was calculated, and used in a stress-intensity factor superpo-
ition approach to accurately estimate stress. Assuming that the
OV’s in the crack lengths stay at the levels measured at 0.98 N,
calculation was performed to estimate the stress resolution

f the technique. It was found that higher compressive stresses
an be measured at a finer resolution. Overall, the cube-corner
ndentation approach is found to be a very effective technique
or measuring stresses in small spatial dimensions.
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