
www.elsevier.com/locate/actamat

Acta Materialia 55 (2007) 5859–5866
Arrest, deflection, penetration and reinitiation of cracks in brittle
layers across adhesive interlayers

James Jin-Wu Lee a, Isabel K. Lloyd a, Herzl Chai b, Yeon-Gil Jung c, Brian R. Lawn d,*

a Department of Materials Science and Engineering, University of Maryland, College Park, MD 20742-2115, USA
b Department of Solid Mechanics, Materials and Systems, Tel Aviv University, Tel Aviv, Israel

c School of Nano and Advanced Materials Engineering, Changwon National University, Changwon, Kyung-Nam, South Korea
d Materials Science and Engineering Laboratory, National Institute of Standards and Technology, Gaithersburg, MD 20899-8520, USA

Received 9 January 2007; received in revised form 27 June 2007; accepted 28 June 2007
Available online 21 August 2007
Abstract

A layer structure consisting of two glass plates bonded with polymer-based adhesives and loaded at the upper surface with a line-
wedge indenter is used to evaluate crack containment. Two adhesives are used, a low-modulus epoxy resin and a particle-filled composite.
The adhesives arrest indentation-induced transverse cracks at the first interface. A substantially higher load is required to resume prop-
agation beyond the second interface in the second glass layer. Delamination is not a principal failure mode. Nor is the operative mode of
failure one of continuous crack penetration through the adhesive, but rather reinitiation of a secondary crack in the glass ahead of the
arrested primary crack. A fracture mechanics analysis, in conjunction with finite element modeling, is presented to account for the essen-
tial elements of crack inhibition, and to identify critical material and layer thickness variables. It is confirmed that adhesives with lower
modulus and higher thickness are most effective as crack arresters.
Published by Elsevier Ltd on behalf of Acta Materialia Inc.
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1. Introduction

Polymer-based adhesives provide a simple means of
joining adjacent brittle layers at room temperature, thereby
avoiding the serious residual stresses from differentials in
coefficient of thermal expansion that can accompany
fusion-bonding processes. Adhesive bonds are relevant to
functional structures such as car windshields and laminates
[1–7]. They also offer a potential means for fabricating den-
tal crowns, by joining porcelain veneers to core ceramics
[8]. Goals for such adhesives include: (i) provide strong
bonding to impede any transverse cracks formed within
the brittle layers at the adhesive interface, without delami-
nation; (ii) make the adhesive sufficiently compliant, so as
to shield adjacent layers from applied loading [9]; and
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(iii) make the adhesive sufficiently stiff, to avoid flexure of
the upper the layer and thus circumvent the incidence of
secondary failure modes [6]. Clearly, the design of optimal
layer structures of this kind involves some compromises in
properties matching.

At issue here is the behavior of transverse cracks when
they approach such an adhesive interlayer. Transverse
cracks may initiate at one surface in tension or bending
or, more frequently, in concentrated top-surface loading
[6,10–12]. Once any such crack has traversed a single brittle
layer and arrested at the first adhesive interface, various
possibilities exist for further advance in overload: delami-
nate at the first or second interface (deflection) [13–15];
extend progressively through the adhesive into the adjacent
brittle layer (penetration); or reinitiate ahead of the crack
tip in the adjacent brittle layer (reinitiation) [9]. This raises
a number of questions. What determines which of these
modes prevails? What is the role of key material properties
.
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of the adhesive – modulus, toughness, strength, hardness –
relative to the adjacent brittle layers? What is the role of
adhesive thickness relative to that of the brittle layers?

Here we consider the fracture mechanics of an adhe-
sively bonded model layer system fabricated specifically
to address these questions [6,10]. Glass plates are joined
with epoxy resin interlayers of specified thicknesses. An
indenting wedge is loaded at the surface of the top glass
layer to introduce and propagate a line crack through the
system. Progress of the crack is monitored directly during
indentation by side viewing. This test configuration has
the advantage of being particularly simple, with highly sta-
ble cracks. It is also amenable to plane strain fracture
mechanics, thus providing a theoretical basis for character-
ization of adhesive properties.

2. Fracture mechanics: penetration vs. reinitiation

2.1. General mechanics

Consider the test configuration in Fig. 1. A brittle plate
(material 1) of thickness d, modulus E1, toughness T1 and
strength S1 is bonded with adhesive (material 2) of thick-
ness h, modulus E2 and toughness T2 to a like brittle base
plate (material 1) of thickness� d. A wedge indenter under
line load Pl = P/l along a specimen width l introduces a
transverse plane crack of depth c within the upper plate,
and drives this crack downward to the adhesive interface.
The action of the indenter will generally induce a near-field
contact plastic zone, responsible for nucleating the crack in
the first place and augmenting the elastic driving force in
the initial propagation stage [16].

Suppose that the crack reaches the first adhesive inter-
face, and that the bonding is strong enough that delamina-
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Fig. 1. Schematic of line force crack configuration in a layer system
consisting of two brittle plates bonded by a polymer-based adhesive. The
crack can propagate into the lower brittle layer either by continuous
penetration or reinitiation from a surface flaw ahead of an arrested
primary crack tip.
tion does not occur. There are two possibilities for
subsequent growth: (i) the crack penetrates into the adhe-
sive, ultimately reaching and entering the second brittle
layer; and (ii) after arresting at the first interface or pene-
trating part way into the adhesive, the crack reinitiates in
the second brittle layer ahead of the primary tip. These
two modes may be expected to have different dependencies
on material and geometrical (thickness) variables.

2.2. Crack penetration

Crack penetration might be expected to be the principal
mode for adhesives that are relatively stiff, hard and brittle.
Begin with a simple relation for a thick monolithic brittle
specimen of material 1, and then modify to allow for pres-
ence of an intervening adhesive material 2. Assuming the
principal driving force to come from the horizontal compo-
nent of the applied line force, the stress intensity factor for
such a crack may be written [16–18] as

K0 ¼ aP l=½ðpcÞ1=2 tan b0� ¼ veP l=c1=2 ð1Þ
where b 0 = b + arctan l is an effective indentation wedge
half-angle, with b the true wedge half-angle and l a friction
coefficient, and a and ve = a/p1/2tan b 0 dimensionless con-
stants. This relation ignores any influence from the vertical
line force component on the crack growth, but any such
contribution may be subsumed into a and ve in Eq. (1).
For a layer system with an adhesive interlayer we may
write

K ¼ /K0 ð2Þ
where U = U(c/d, h/d, E2/E1, m2/m1) is a dimensionless func-
tion defining the influence of the interlayer, with E Young’s
modulus and m Poisson’s ratio. (Note the limiting case
U = 1 for a brittle monolith, E1 = E2 and m2 = m1). The
function U for any given ratio E2/E1 can be evaluated by
two-dimensional finite element modeling (FEM) by
emplacing cracks of length c in structures with and without
adhesive interlayers (Fig. 1) using the Irwin crack-opening
displacement relation [19] to compute relative stress inten-
sity factors at any given load Pl and crack size c [20]. A sup-
plementary benefit of FEM analysis is to confirm that
stress components in our system remain within the elastic
limit, a necessary condition for validity of the fracture
mechanics formalism.

Results of FEM calculations of the function U as a func-
tion of relative crack size c/d are shown in Fig. 2 for a set of
experimental conditions to be described in the next section,
using ANSYS software (Version 6.0, ANSYS Inc., Can-
nonsburg, PA). The FEM system comprises upper and
lower glass plates with an interlayer adhesive of relative
modulus E2/E1 = 0.22 or 0.040 and relative thickness h/d =
0.05. Lateral dimensions for the system are 80d, large
enough to eliminate any boundary effects. Values of mate-
rial parameters inserted into the FEM code are listed in
Table 1. Forces are applied at the crack mouth with an
indenter of rectangular cross-section (i.e. b = 45o). The



C
or

re
ct

io
n 

fu
nc

tio
n,

 Φ

Relative crack size, c/d
0.8

101

100

10-1

10-2

0.9 1.0 1.1 1.2

E2/E1= 0.040
0.22
1

h/d = 0.05

Fig. 2. Plot of function U(c/d) for brittle plates bonded with adhesives of
relative thickness h/d = 0.05 and modulus E2/E1 = 0.040 and 0.22.

Table 1
Parameters for materials in this study

Material E (GPa) m T (MPa m1/2) S (MPa)

Glass (abraded) 73 0.22 0.6 115
Glass (etched) 73 0.22 0.6 300
Epoxy 2.9 0.35 1.0 –
Composite 16 0.35 1.0 –

E = Young’s modulus, m = Poisson’s ratio, T = toughness, S = strength.
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mesh is refined until solutions converge. The plots in Fig. 2
indicate a modestly rising crack attraction on approaching
the first interface (U > 1), a pronounced crack inhibition
within the compliant adhesive layer (U� 1) and continued
(but reduced) crack inhibition beyond the second interface
(U < 1). The positive deviations from unity in the first
region are similar to those calculated for cracks approach-
ing and crossing the interface between a stiff coating and
compliant substrate in a simple bilayer [21]. The negative
deviations in the second and third regions reflect the degree
of stress shielding exerted by the adhesive on the crack
propagation. Note the greater shielding effect in layers with
greater mismatch, i.e. smaller E2/E1.

The condition for equilibrium crack penetration at any
given length c can be determined by equating the stress
intensity factor K to the appropriate toughness T (KIC).
Using superscript P to denote penetration mode, Eqs. (1)
and (2) then yield

P P
l ¼ ðTd1=2=veÞ½ðc=dÞ1=2

=Uðc=dÞ� ð3Þ
where T = T1 within c < d, T = T2 within d < c < d + h and
T = T1 within c > d + h. Note P P

l is independent of strength
of the brittle materials – it is toughness that controls the
crack growth in this mode.

To illustrate, P P
l in Eq. (3) is plotted in normalized form

in Fig. 3 as a function of c/d, using U(c/d) from Fig. 2. For
this case we take T2 = T1, to emphasize the modulus
mismatch shielding effect. Note the monotonically
increasing function for monoliths (E2/E1 = 1, m2 = m1). For
E2/E1 < 1, P(c) actually passes through a maximum at
c � 0.5d, corresponding to a small pop-in to the interface,
the more pronounced for lower E2/E1. Thereafter, within
d < c < d + h, a substantial load increment is required to
drive the crack through the adhesive, and the fracture
becomes highly stable. The requirement in Eq. (3) for
the crack to reach the second interface at c* = d + h is
defined by a ‘‘penetration function’’

P P
l ðc�Þ ¼ ðT 2d1=2=veÞ½ð1þ h=dÞ1=2

=Uðc�=dÞ� ð4Þ
At this point the condition for propagating the crack into
the second brittle layer is exceeded and fracture is sponta-
neous. Of course, such failure assumes that the load P P

l ðc�Þ
is achieved before fracture occurs by any competing mode.

2.3. Crack reinitiation

In this case, a secondary crack initiates in the lower brit-
tle layer within the K-field of the primary crack prior to
penetration to the second interface. This is the expected
mode for adhesives that are relatively compliant, soft and
tough. Simplistically, the condition for reinitiation is that
the maximum tensile stress in the near-surface of the sec-
ond brittle layer just equals the strength S1 = T1/(pcf)

1/2

of that layer, where cf is a characteristic flaw size. This con-
dition ignores any effects of crack tip stress gradients over
the critical flaw, which could be substantial in the region
h < cf. Designating the distance ahead of the primary crack
tip as x = d + h � c (Fig. 1), the normal stress at the sur-
face of the second brittle layer can be approximated by [9]

ry ¼ K0=ð2pxÞ1=2 ð5Þ
within the region x� c + h. It is implicit in this relation
that the intervening adhesive layer does not seriously per-
turb the K field in the second brittle layer (regardless of
whether the crack resides in the first brittle layer or the
adhesive layer). Inserting ry = S1 along with x = d + h � c

in Eq. (5) then yields a ‘‘reinitiation function’’

P I
l ¼ ðS1d=veÞ½ð2pc=dÞð1þ h=d � c=dÞ�1=2 ð6Þ
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Note that it is now strength and not toughness of the sec-
ond layer that determines the critical condition. Note also
that P I

l is independent of E2/E1 in this approximation.
Again, justification of the assumptions and approximations
used in the derivation of Eq. (6) requires numerical
verification.

A plot of the normalized reinitiation load P 1
l as a func-

tion of relative crack size c/d, for relative thickness h/d =
0.05 is shown in Fig. 4. The solid line is a direct represen-
tation of Eq. (6), the dashed lines are FEM calculations for
E2/E1 = 0.22 and 0.040 with a calibrated coefficient
ve = 0.21 (see Section 4.2). The FEM curves deviate from
Eq. (6) in the region c < d, which lies outside the range of
validity of the Irwin crack-tip field. However, in the vicinity
of the adhesive Eq. (6) provides a fair representation of the
critical conditions. The probability of reinitiation increases
dramatically as the primary crack approaches the second
interface. Once the condition for reinitiation is met, the
crack pops in from a critical flaw in the surface of the lower
brittle layer.

A special case of interest is that of reinitiation in the field
of an arrested primary crack at the first interface. Inserting
c* = d into Eq. (6) yields

P I
lðc�Þ ¼ ðS1d=veÞð2ph=dÞ1=2 ð7Þ

This relation emphasizes the role of interlayer thickness h

in the reinitiation process.
The issue of which mode wins, penetration or reinitia-

tion, is then determined by the relative values of P P
l in

Eq. (3) and P I
l in Eq. (6).

3. Experiment

Soda-lime glass plates were chosen as model brittle lay-
ers. Glass is isotropic and homogeneous, easy to prepare
and amenable to in situ observations during indentation
[6,10,22]. Plates of thickness d = 1 mm, width 3 mm and
length 25 mm were used for the upper layer. Blocks of
thickness 12.5 mm and minimum lateral dimensions
25 mm were used as lower layers, as well as monoliths
for control experiments. Prior to bonding, the top surface
of the lower plates were either abraded (grade 600 SiC grit)
to introduce a uniform density of starter flaws for reinitia-
tion, or etched (10% HF, 30 s) to remove any existing flaws.
From earlier studies, this produced surfaces with character-
istic flexural strengths S1 = 115 MPa (abraded) and
S1 = 300 MPa (etched) [10] (Table 1).

The upper and lower glass plates were then bonded with
either of two polymer-based adhesives: (i) epoxy resin
(Harcos Chemicals, Bellesville, NJ), cured for 1 day at
room temperature; or (ii) 72% by mass filled-composite
resin [23], consisting of 45 nm spherical alumina particles
(NanoTek, Nanophase Technologies Corp., Romeoville,
IL) in a monomer blend of 50 mass% bisphenol-A-glyc-
idyldimethacrylate (bis-GMA, Esstech, Essington, PA)
and 50 mass% triethylene glycol dimethacrylate (TED-
GMA, Sigma-Alrich, St. Louis, MO), pre-stirred for 4 h
and cured at 120 �C for 6 h. The glass surfaces were first sil-
anized (3M ESPE RelyX Ceramic Primer, St. Paul, MN) to
enhance chemical bonding. Spacers between the glass
plates were used to predetermine the adhesive thickness,
most commonly h = 50 lm but others in the range
h = 1 lm to 1 mm. Modulus values for each adhesive were
determined from nanoindentation experiments. Again, val-
ues are included in Table 1.

Rectangular tungsten carbide (WC) insert blocks used in
glass cutters (Wale Apparatus Co., Hellertown, PA) of
edge sharpness <10 lm and length 40 mm (i.e. much larger
than the specimen width 3 mm) were used as line indenters.
These were mounted into a v-notch in the crosshead platten
of a mechanical testing machine, with the indenter faces at
angle 45� to the upper glass surface and with the contacting
edge carefully aligned along the specimen width. All tests
were conducted in air, and the load rate adjusted to drive
the crack through the adhesive interlayer for a period of
about 1 min. A video camera was used to monitor the
crack growth side-on during loading through the entire
fracture process. The resolution of this viewing instrument
was sufficient to follow the progress through the two glass
layers, but not within the thinner adhesive interlayers. In
the latter case, specimens with cracks arrested at the first
interface were viewed in interrupted tests using high-mag-
nification microscopy.

4. Results

4.1. Crack morphology

Fig. 5 shows a video sequence of a line-indentation
crack in a layer structure with particulate-composite adhe-
sive, upper glass thickness d = 1 mm and adhesive thick-
ness h = 50 lm, and with top surface of the lower glass
layer abraded. The crack is shown propagating somewhat
unstably with monotonically increasing line load Pl in
Fig. 5a and b, to interfacial arrest at Pl � 54 N mm�1 in
Fig. 5c. A substantially higher load, Pl � 133 N mm�1, is
required to pop the crack into the lower glass layer in



Fig. 5. Video sequence of cracks propagating through a glass/composite-adhesive/glass interface. Thickness of the glass plate and the adhesive are
d = 1 mm and h = 50 lm. The top surface of lower glass plate is abraded. Line force loads Pl are: (a) 52 N mm�1, (b) 53 N mm�1, (c) 54 N mm�1 and
(d) 133 N mm�1. The load gap between (c) and (d) is an indicator of the crack containment capacity of the interlayer.
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Fig. 5d. A higher magnification micrograph of a separate
test in which the top surface of the lower glass layer was
etched rather than abraded reveals significant crack pene-
tration into the adhesive in Fig. 6. However, in none of this
set of specimens, either abraded or etched, did the penetrat-
Fig. 6. Similar system to Fig. 5, with composite adhesive thickness
h = 50 lm, showing a higher-magnification optical micrograph of crack
penetration from the upper glass layer into the interlayer.
ing crack reach the second interface prior to failure, con-
firming a dominant reinitiation mode. Note that the
cracks in the upper and lower glass layers in Fig. 5d are clo-
sely colinear, suggesting that the primary crack has no dif-
ficulty locating a critical surface flaw at the location of
maximum K-field tensile stress in the abraded lower glass
plate.

Analogous observations were made for specimens with
epoxy adhesives of the same dimensions as in Fig. 5 and
still with abraded lower glass plates. In these specimens,
initial crack growth to the first interface was comparable
to that in Fig. 5a–c. However, no detectable penetration
into the epoxy, of the kind seen in Fig. 6, could be detected
prior to failure of the lower brittle layer. Moreover, failure
occurred at slightly higher applied loads. These observa-
tions indicate enhanced shielding from the epoxy inter-
layer, and reconfirm dominance of the reinitiation mode.

Additional tests on composite-bonded specimens, again
with the same dimensions but with top surface of the lower
glass layer etched instead of abraded, showed similar initial
crack growth to the first interface, but a different response
thereafter. Failure in the lower glass plate now occurred in
a much more catastrophic manner and at much higher
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applied loads – typically well in excess of Pl � 400 N mm�1

– with fragmentation of the specimen accompanied by del-
aminations along the adhesive interface. Crack penetra-
tions into the composite layer (but still not in the epoxy)
were somewhat deeper but still did not reach the second
interface prior to failure, once more consistent with a dom-
inant reinitiation process. Spurious chipping around the
indentation site at the top surface sometimes led to load
drops in this set of experiments, making determination of
critical failure loads somewhat more erratic.

4.2. Fracture mechanics analysis of crack propagation data

A first step in the fracture mechanics analysis was to
‘‘calibrate’’ the coefficients a, l and ve in Eq. (1). This
was done using indentation tests on glass monoliths.
Filled-symbol data for Pl as a function of crack size c are
shown in Fig. 7 for three separate cracks. The solid line
is a best fit of Eq. (2) and FEM predictions, yielding T1/
ve = 2.88 MPa. Inserting T1 = 0.6 MPa m1/2 for glass
(stress intensity factor for crack propagation in air, with
due allowance for modest slow crack growth [24]) yields
ve = 0.21. Open-symbol data are FEM calculations, adjust-
ing l = 0.12 to best fit the solid curve, yielding a = 0.47.
We may now use these coefficients as input parameters
for the layer structures.

Corresponding Pl(c) plots for layer structures of upper
glass thickness d = 1 mm and abraded lower glass top sur-
face are shown in Fig. 8 for (a) epoxy and (b) composite
adhesive interlayers of thickness h = 50 lm. Solid curves
are predictions from the penetration function P P

l (c) in
Eq. (3), using a generic toughness T2 = 1.0 MPa m1/2 for
both adhesive materials. (Different toughness values sim-
ply scale the P P

l (c) curves vertically in Fig. 8). Dashed
curves are predictions from the reinitiation function
P I

l(c) in Eq. (6), using S1 = 115 MPa for abraded glass.
The crossover points between the P P

l (c) and P I
l(c) curves

within the adhesive layers represent the predicted instabil-
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Fig. 7. Line force load Pl as a function of crack size c for monolithic glass.
Filled-symbol data are experimental results for three separate cracks. The
solid line is a fit of Eq. (1). Open-symbol data are FEM calculations.
ity configuration for reinitiation in the second glass layer.
(Note in Fig. 8 that these crossovers occur well before the
penetration curve intersects the second interface, again
consistent with a dominant reinitiation process.) Data
points are experimental measurements from video
sequences of the kind in Fig. 5 with arrows designating
crack instabilities. Critical loads lie in the range 100–
200 N mm�1 for composite and 200–300 N mm�1 for
epoxy adhesives. The qualitative crack growth trends
observed experimentally are all reproduced by the fracture
mechanics analysis, even though the scatter in experimen-
tal data is too great and the gradients in the predicted
P P

l (c) and P I
l(c) curves within the adhesive layer too steep

to claim accurate quantitative agreement.
Analogous tests for specimens with the same dimensions

but etched bottom glass layers show similar trends (not
shown in Fig. 8), but with an upward shift in the P I

l(c)
curves (because of the higher strength value for etched sur-
faces, S1 = 300 MPa). Critical loads well in excess of
400 N mm�1 were observed in failure tests, i.e. substan-
tially higher than for their abraded surface counterparts.
Even higher loads might be achieved if the etched speci-
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mens were not to incur spurious handling flaws during fab-
rication, or if spurious chipping were not to occur.

Critical reinitiation loads for specimens with fixed
upper glass layer thickness d = 1 mm and abraded bottom
glass layers are plotted in Fig. 9 as a function of thickness
h, for epoxy interlayers. The solid line is a prediction from
the limiting Eq. (7) (which assumes zero crack penetration
into the adhesive). The dashed line is a refined FEM cal-
culation taking into account the effects of any stress gra-
dients over a critical (fully embedded) flaw of length
cf = (2/p)(T1/S1)2 � 18 lm (assumed fully embedded,
hence factor 2). Note the divergence of the FEM calcula-
tion from Eq. (7) at small h, indicating some influence of
stress gradients over the flaw length for ultrathin interlay-
ers. Note a divergence also at large h, in this case arising
from breakdown of the Irwin K-field relation in Eq. (5).
Experimental data points follow the FEM trends to good
approximation. These results indicate a relatively slow
variation of P I

l with adhesive thickness, especially in the
lower h region.

5. Discussion

The present study has considered how arrested trans-
verse cracks at adhesive interfaces in brittle layers may
grow into adjacent brittle layers by either of two mecha-
nisms: penetration of a primary crack through the adhesive
or reinitiation ahead of the primary crack in the adjacent
layer. A model test configuration consisting of glass plates
bonded by epoxy or particulate-filled polymeric adhesives,
loaded at the top surface of the upper plate with a line-
force indenter, has been used to demonstrate the competi-
tion between these two modes. Fracture mechanics and
FEM calculations have been used to provide a theoretical
basis for analysis. The indenter initially drives a line crack
through the upper plate toward the first adhesive interface,
at which point arrest occurs. A substantial increase in
applied load is then required to drive the crack through
the adhesive and into the lower brittle layer. Effectively,
the adhesive ‘‘shields’’ the lower layer from the applied
load. Direct observation indicates that fracture in the lower
brittle layer occurs by reinitiation rather than by continu-
ous penetration, at least for the systems studied here. Frac-
ture mechanics provides qualitative confirmation for the
dominance of the reinitiation mode, and usefully identifies
the material and layer thickness variables that control the
critical loads for failure.

The results highlight the effectiveness of adhesive inter-
layers as a means of damage containment, by suppressing
crack penetration to the point that failure occurs by reini-
tiation. Lower modulus interlayers are most effective in this
regard, providing greater stress shielding (via the U term in
Eq. (3); Fig. 2). However, even systems with particle-filled
composite adhesives are subject to a dominant reinitiation
mode in our experiments. The results also highlight the
manner in which surface abrasion flaws in the lower glass
plate promote the reinitiation mode (via the strength term
S1 in Eq. (6)). Of course, there are limits to the effectiveness
of these approaches in suppressing crack penetration,
namely where the adhesive modulus approaches that of
the brittle layer (equivalent to depressing the P P

l (c) curves
in Fig. 8) and the strength of the adjacent brittle layer is
elevated to uncommonly high levels by total removal of
surface flaws (equivalent to elevating the P I

l(c) curves in
Fig. 8). In such limiting cases the layer system effectively
behaves as a monolith, with continuous crack extension
across a virtual interface.

We would point out that penetration and reinitiation are
not the only possible fracture modes in adhesively bonded
brittle structures of the kind described here. Repeated men-
tion has been made of delamination, and, indeed, that is the
most widely studied of all failure modes in layer structures
in the fracture literature. Delamination depends primarily
on the toughness of the bonding interface relative to that
of the bulk brittle layer [14]. Special efforts have been made
to minimize delamination in our experiments by silanizing
the glass surfaces before bonding. Nevertheless, some deb-
onding was observed in the tests on glass layers with etched
surfaces. Another kind of fracture commonly observed in
brittle layer structures in concentrated surface loading is
radial cracking at the bottom instead of the top surface of
the upper glass layer, from flexure of the plate on the com-
pliant adhesive [6–8]. This mode becomes more likely the
blunter the indenter (suppressing top-surface cracking),
the thinner the brittle plate and the more compliant and
thicker the adhesive (enhancing flexure and counteracting
the shielding benefit). In other specimen configurations with
less concentrated loading, i.e. specimens subjected to con-
stant tensile strain across the section [9], shielding from
the applied loading will be less effective and reinitiation
therefore more pronounced.

Finally, a comment may be made about the relevance of
the present analysis to one practical application: the man-
ufacture of all-ceramic dental crowns. The idea being
mooted is that aesthetic porcelain veneers and stiff and
strong ceramic cores might be fabricated separately and
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then bonded with strong polymeric adhesive at room tem-
perature, replacing the current time-consuming layer-by-
layer porcelain fusion processes. Such an alternative route
offers several attractive advantages: the bonding process is
relatively easy; it promises crack containment, so that a
damaged crown might still function until replacement; del-
eterious thermal mismatch residual stresses would be
avoided (although some lesser stresses might arise from
the adhesive by shrinkage during curing, or expansion
stresses from subsequent absorption of moisture); and the
potential exists for some of the adhesive to enter surface
flaws and thereby bond fissure walls, increasing strength
[25]. As indicated above, the requirements for such a sys-
tem are stringent – the adhesive needs to be sufficiently
compliant and thick to resist crack penetration and reiniti-
ation, but not to the extent that veneer radial cracking is
promoted; surface flaws in the surfaces of both core and
veneer need to be minimized by careful handling during
preparation, to inhibit reinitiation; and with polymeric
materials, delamination and accumulation of damage by
fatigue always remains a threat.
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