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Crack propagation across an adhesive interlayer in flexural loading
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Crack propagation across interlayers separating adjoining brittle plates in flexure was studied using a model glass/epoxy/glass
system. A transverse starter crack in the center glass plate was made to propagate to the nearest epoxy interface, where it arrested.
System failure occurred at some higher load by crack reinitiation from pre-existing flaws in the adjoining glass surface, not by
continuous penetration through the epoxy. A fracture mechanics analysis was developed to elucidate the role of material and
geometrical variables.
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Lamination is an effective route to improving dam-
age tolerance and energy absorption of otherwise brittle
materials. The special case of a crack intersecting a
bilayer interface has received considerable attention
[1–3]. The crack may arrest, deflect and delaminate, or
penetrate into the adjacent layer. In the case of a trilayer
consisting of two brittle plates with an intervening com-
pliant or soft interlayer, the crack may reinitiate discon-
tinuously within the second brittle layer [4] or penetrate
continuously through the adhesive into the second brit-
tle layer. The fracture behavior in such systems depends
on the geometric and material properties of the constit-
uents, the quality of the interface and the mode of load-
ing. The adhesive may be considered to ‘‘shield’’ the
adjoining brittle layers from the field of the approaching
crack, thus providing a means of crack containment.
This concept of containment is implicit in a wide variety
of engineering applications, including laminated
window glasses and car windshields [5], biological shell
structures [6,7], and teeth and dental crowns [8].

Here we devise a simple model glass/epoxy/glass
system to quantify the role of adhesive interlayers in
crack containment. In a companion work, we studied
this role by driving cracks to the interface using a line-
wedge indenter [9]. While usefully demonstrating the
effective shielding role of compliant interlayers, that spe-
cific test configuration was limited by chipping problems
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at the upper line contact, exacerbated by an exception-
ally high shielding of applied stresses in the lower brittle
plate by the adhesive interlayer, making it difficult to
investigate crack reinitiation across thicker interlayers.
The alternative configuration shown in Figure 1 over-
comes this difficulty. Glass plates of modulus E1 =
70 GPa are bonded with epoxy of modulus E2 =
2.8 GPa. The center and outer glass plates have widths
2w = 1 mm and W = 2.2 mm, respectively, and common
thickness (normal to plane of diagram) d = 5.5 mm. The
adhesive thickness varies between h = 1 lm and 1 mm.
The surfaces of the center glass plate are joined in their
as-polished state, but the opposing surfaces of the outer
plates are either pre-abraded with SiC grit to introduce a
controlled population of flaws (low-strength state) or
pre-etched to remove them (high-strength state) [9]. A
starter crack of length 2c � 190 lm is introduced at
the center of the inner glass plate using a Vickers inden-
tation at load 10 N. The system is then loaded in flexure,
span dimensions a = 10 mm and b = 40 mm, placing the
top surface of the specimen in tension and propagating
the crack toward the nearest glass/epoxy interface. In
the approximation of small pre-failure crack dimensions
(i.e. w�W, w� b), the maximum transverse strain
across the specimen section may be determined from
the breaking force P using the routine strength-of-mate-
rials relation e = (3Pa/4E1wd2)/(1 + E2h/E1w + W/w).
The tensile stresses in the glass and adhesive layers are
r1 = E1e and r2 = E2e. A video camera is used to follow
in real time the progress of the crack as it intersects the
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Figure 1. Schematic of glass/epoxy/glass trilayer in four-point flexural
loading. Vickers indentation used to introduce a starter crack at the
top center of the inner glass plate. Inner surfaces of the outer glass
plates are abraded, to introduce a uniform density of surface flaws, or
etched, to eliminate flaws.
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interface and, at some load increment, finally traverses
the adhesive and fractures the adjacent layers. The aim
is to confirm the dominance of a reinitiation mode of
failure, and to quantify the critical values of tensile
strain e to achieve such failure in terms of geometrical
and material parameters.

Typical crack evolution data are plotted in Figure 2,
as applied strain e vs. crack size c, for adhesive thickness
h = 100 lm. The experimental observations are shown
as horizontal bands, with arrows indicating stages of
unstable crack propagation—the bands represent stan-
dard deviation scatter bounds in strain data (minimum
10 tests). The curves are theoretical predictions of e(c)
(see below). Load is increased steadily until the
Vickers crack becomes unstable at a mean strain of
e � 0.52 · 10�3 and arrests at the first interface. This ini-
tial phase of the evolution is independent of the flaw
state in the adjoining glass plates, as expected. With fur-
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Figure 2. Applied tensile strain e as function of crack length c for
glass/epoxy/glass configuration with Vickers starter cracks. Data for
specimens with abraded (A) or etched (E) surfaces, for h = 100 lm.
Arrows indicate unstable crack extension, bands indicate standard
deviation bounds. Curves are plots of functions eP(c) from Eq. (3) and
eI(c) from Eq. (5).
ther increase in strain the crack abruptly appears in the
adjoining glass plates and takes the system to immediate
failure. (The optics lacked the necessary resolution to
determine the extent of any crack penetration into the
thin adhesive interlayer during this phase of loading.)
The critical strain required to achieve this failure is
now highly dependent on the flaw state in the outer
plates: in the case of abraded surfaces the mean critical
strain is e � 0.95 · 10�3, amounting to a factor of �2 in-
crease over the arrest strain; in the case of etched sur-
faces the critical strain is much higher, e � 2.5 · 10�3,
i.e. a factor of �5 increase. Since continuous crack pen-
etration through the adhesive would be independent of
glass flaw state, this is clear evidence in favor of the
reinitiation mode of failure. Another clue is obtained
from examination of broken specimens: with abraded
surfaces (Fig. 3a) the reinitiated cracks appear nearly
collinear with the primary crack, indicating the inevita-
ble presence of a suitable flaw in the outer glass plate
immediately ahead of the crack tip; with etched surfaces
(Fig. 3b) the crack path is substantially dislocated across
the interlayer, as if the stress field of the primary crack
had to ‘‘search’’ for the occasional flaw in the outer glass
plate.

Of principal interest in the context of crack-contain-
ment capacity is the effect of interlayer thickness h on
the critical reinitiation strain eI. Figure 4 shows data
for eI over a broad range of h, for outer glass layers with
abraded surfaces. The lines are predictions (below). As
intuitively expected, eI(h) is a monotonically increasing
Figure 3. Post-fracture micrographs for glass plates with epoxy
interlayer, h = 10 lm, with (a) abraded and (b) etched adjoining glass
surface. Vickers indentations visible at center. Note near-collinear
crack in (a), disjointed crack in (b).
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Figure 5. Normalized plots of penetration function eP(c) from Eq. (3)
and reinitation function eI(c) from Eq. (5), for T = T1 = T2.
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Figure 4. Critical strain eI for crack reinitiation vs. interlayer thickness
h for glass/epoxy/glass trilayers. Dashed curve corresponds to simpli-
fied failure stress condition in Eq. (6); solid curve is FEM calculation.
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function, although the observed rate of increase is not
strong.

It is instructive to analyze the data in Figures 2 and 4
in terms of fracture mechanics. We do this by comparing
crack reinitiation in the adjacent brittle layer ahead of
the arrested crack tip with continuous crack penetration
through the adhesive. Consider crack penetration first.
The stress intensity factor for a crack in a monolith of
modulus E1 has the form

K0 ¼ eE1ðpcÞ1=2
: ð1Þ

For a system with adhesive interlayer we may write

K ¼ UK0; ð2Þ
where U = U(c/w,h/w,E2/E1,m2/m1) is a dimensionless
correction function defining the influence of the inter-
layer, and m is Poisson’s ratio. Whether the crack will ex-
tend in any given layer is then determined by the
condition K = T = KIC, where T is the toughness of
the layer containing the crack tip. Eqs. (1) and (2)
may then be combined to obtain a normalized strain
relation for equilibrium crack penetration

eP ¼ ½T=E1ðpwÞ1=2�½ðw=cÞ1=2
=Uðc=wÞ� ð3Þ

for any given E2/E1 and h/w. The strain eP is plotted in
normalized form as a function of c/w in Figure 5a
corresponding to our experiments, with U = U(c/w)
computed from finite element modeling (FEM) and
inserting h/w = 100 lm/500 lm = 0.20, E2/E1 = 2.8
GPa/70 GPa = 0.040 and m2/m1 = 0.35/0.25 = 1.4, and
assuming T = T1 = T2 (to emphasize the modulus
mismatch effect) [9]. The inclined dashed line corre-
sponds to the condition U = 1 for a monolithic brittle
solid. The degree of departure of eP from this dashed line
quantifies the shielding effect of the compliant interlayer.
This plot shows that a penetrating crack is increasingly
attracted to the interface while in the first brittle layer,
but is then increasingly repulsed by the adjoining brittle
layer while in the interlayer.

Now consider crack reinitiation from the inner sur-
face of one of the adjoining glass plates in the field of
the primary crack arrested either at the first glass/epoxy
interface or within the epoxy itself. The usual condition
for such a failure is that the maximum tensile stress at
the adjoining glass surface just equals the strength
S1 = T1/(pcf)

1/2, where cf is a characteristic flaw size
[4,9]. This maximum stress can be approximated by [4]

r ¼ K0=ð2pxÞ1=2 ð4Þ
within the region x� c, where x = w + h � c in Figure
1. Inserting r = S1 into Eqs. (1) and (4) then yields a
reinitiation strain

eI ¼ ðS1=E1Þ½2ðw=cþ h=c� 1Þ�1=2 ð5Þ
The function eI(c/w) is plotted in normalized form in
Figure 5b, for the same h/w as in Figure 2. This function
decreases monotonically up to c = w + h, i.e. for cracks
propagating within either the first glass layer or the
adhesive. A special case of Eq. (5) is for primary cracks
that reinitiate after arrest at the first interface. Inserting
c = w into Eq. (5) yields

eI ¼ ðS1=E1Þð2 h=wÞ1=2 ð6Þ
This relation emphasizes the role of interlayer thickness
h in the reinitiation process.

Casual inspection of Figure 5a and b indicates that
the eI(c/w) and eP(c/w) curves must intersect just within
the adhesive interlayer, signaling an abrupt transition to
reinitiation from penetration shortly after arrest.
Exactly where this transition takes place will depend
on the values of the material parameters E1, S1 and T1

in Eqs. (3) and (5). We include predictions from
these equations in Figure 2, using the following
values: E1 = 70 GPa, E2 = 2.8 GPa, T1 = 0.6 MPa m1/2,
T2 = 1 MPa m1/2, S1 = 115 MPa (abraded glass),
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S1 = 300 MPa (etched glass) [9]. The intersection loca-
tions between eI(c/w) and eP(c/w) curves correspond to
the configurations where reinitiation takes place in the
outer glass layer. Note in particular how this intersec-
tion point shifts upward for etched relative to abraded
glass surfaces. While not accurately indicative of abso-
lute values, this shift nevertheless mirrors that of the
corresponding failure strains in the experimental data,
providing quantitative validation for the reinitiation
mode.

Predictions of critical reinitiation strain are also in-
cluded in the eI(h) diagram of Figure 4. The dashed line
is a plot of Eq. (6), assuming the primary crack to be ar-
rested at the first interface and inserting S1 = 115 MPa
for abraded glass. While accounting for a monotonically
increasing eI(h), this approximation does not represent
the data well. As in the preceding companion paper
[9], we examine the trends more closely in a refined cal-
culation by FEM, taking into account the effect of stress
gradients in the crack-tip field over the length of abra-
sion flaws of length cf = 18 lm in the outer glass layer.
Briefly, the analysis determines the stress intensity factor
at the tip of the flaw using the Irwin crack-opening dis-
placement approach [9]. These gradients account for the
higher strains needed to reinitiate cracks across ultra-
thin interlayers in Figure 4 (left). The data show that
even the thinnest adhesive bonds can be effective as
crack arrestors. The FEM analysis also incorporates
the effect of flexural stresses in the adjoining glass layers,
superposed onto the crack-field stresses in Eq. (4) (ne-
glected in our formulation of Eqs. (5) and (6)). In this
case, the calculation accounts for the plateau in the
eI(h) data for thick interlayers in Figure 4 (right).

This work confirms that compliant interlayers are
highly effective as agents of crack containment. Such
containment arises primarily from shielding of adjacent
brittle layers from the field of an advancing primary
crack, rather than from enhanced toughness. The degree
of shielding is dependent on the mode of loading. In the
present case the flexural loading generates a more or less
uniform state of strain at the specimen top surface, so
that a crack may more easily jump from layer to layer
than with a specimen with line- or point-force loading,
especially for thicker layers. Reinitiation remains the
dominant mode of crack spreading, at least for the com-
pliant epoxy adhesive used here. A stiffer interlayer will
inevitably reduce the shielding [9], until ultimately, as
the modulus of the adhesive approaches that of the brit-
tle layers, continuous penetration becomes ever more
possible. On the other hand, stiffer interlayers may sup-
press subsidiary fracture modes, such as radial fracture
from the surface of a flexing center plate in surface-con-
tact loading [10]. Designing for ultimate fracture resis-
tance and crack containment clearly calls for
compromises, with due attention to loading configura-
tion as well as to interlayer dimensions and material
properties.
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