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The wedge test is of considerable use for evaluating adhesion between two bonded
rigid substrates. In its (usual) static form, release of elastic strain energy is equa-
ted to effective adhesion energy during crack growth. However, the test is usually
treated as two-dimensional. In fact, it is really three-dimensional due to anticlastic
bending effects of the bent beam(s) during crack propagation.

We studied a composite material=epoxy=aluminium alloy system and observed a
curved crack front during propagation. This leads to doubt as to the value of crack
length to be inserted in the adhesion energy formula. In addition, by using the
highly sensitive technique of speckle interferometry, it was possible to study antic-
lastic bending effects in a quantitative manner. Far from the crack front, agree-
ment between theory and experimental is good, yet work remains to be done to
understand the zone near the fracture zone.

Keywords: Aluminium; Anticlastic bending; Cleavage; Composite; Epoxy; Speckle
Interferometry; Wedge test
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INTRODUCTION

The adhesion of two solids, whether by the intermediary of an
adhesive or not, is usually assessed by some sort of destructive test
leading to separation. Although stress at failure can give useful, prag-
matic data for industrial uses and comparison of, for example, the
relative efficiency of different surface treatments prior to bonding,
assessment of fracture energy is often more informative. This fracture
energy, or effective energy of adhesion, or critical energy release rate
(three terms for essentially the same quantity) can be efficiently mea-
sured by tests such as peel when at least one of the adherends is suffi-
ciently flexible. However, when the substrates are relatively rigid, and
not prone to bending, experimental methods are generally more com-
plex, the classic example being the double cantilever beam (DCB), as
first suggested by Benbow and Roesler in the 1950s [1] and much
developed since [2�5].

A variant of the DCB is the wedge test, sometimes referred to as the
Boeing wedge test [6], which in its symmetrical form corresponds to
two identical sheets of elastic—but relatively high modulus—material
bonded together along faces of the largest surface area, except at one
extremity. A wedge is inserted into this unbonded section, forcing the
adherends to bend away from the plane of symmetry. If the system is
left in this state, a crack in, or near, the adhesion zone starts to grow,
the motive power coming from the restitution of stored elastic energy
of the curved substrates becoming less curved as the crack becomes
longer. The asymmetric version of this setup is shown in Figure 1,
which corresponds to the case that we shall be treating below: instead

FIGURE 1 Schematic representation of wedge test with one flexible beam.



of two identical elastic adherends, we shall treat the case of one
adherend being, for all intents and purposes, infinitely rigid, although
the basis of the principle is the same. In the symmetrical case, analysis
of the energy release rate and crack growth leads to the classic wedge,
or cleavage, formula [7, 8]:

GIC ¼ 3ED2h3

16a4
; ð1Þ

where GIC is the critical elastic energy release rate, which may be ident-
ifiedwith global adhesive energy (breaking of interfacial bonds, plus asso-
ciated energy dissipation due to high, local strain near the separation tip);
E is the Young’s modulus of the adherend, or beam material; D is the
wedge thickness; h is the beam thickness; and a is the crack length taken
from the position of the wedge to the crack front.

Apart from applying to the symmetrical case, Equation (1) is obtained
from a two-dimensional (2D) analysis of the system, ignoring any poten-
tial dependence on bond width, b, (direction perpendicular to the figure).

If the system is asymmetric, with dissimilar adherends, in principle
the termGIC should be replaced by some suitable function ofGIC andGIIC,
where I and II refer to the classic failuremodes [9]. This aspect will not be
treated here. Whether the system is symmetrical or not, another effect
has generally been overlooked: the system is in reality three-dimensional
(3D) and not two-dimensional. If one bends a rectangular-rubber eraser,
a radius of curvature, R, will be observed. Further inspection shows
another curvature, of radius q, perpendicular to the first and in the
opposite direction. This is the well-known effect of anticlastic bending
[10], such that:

q ¼ R=m; ð2Þ

where m is Poisson’s ratio of the elastomer. This effect may be impor-
tant for the wedge test, and it corresponds to the central theme of this
article. We considered the adhesion of a phenolic resin-based com-
posite to aluminium using an epoxy adhesive. The asymmetric wedge
test was adopted for the investigation of adhesion properties. Optical
techniques, specifically speckle interferometry, were exploited to con-
sider the detailed deformation of the system during crack growth.

EXPERIMENTAL

Materials

Asymmetric wedge test assemblies were made from aluminium alloy
(Young’s modulus, E ¼ 70 GPa; Poisson’s ratio, m ¼ 0.33) blocks of



dimensions 150� 25mm2, 5mm thick, bonded to a 2D, carbon-fibre
filled resin composite (Young’s modulus, E ¼ 17 GPa; Poisson’s ratio,
m ¼ 0.08) blocks of dimensions 150� 25mm2, 4mm thick, using a
supple epoxy adhesive (EC2216, 3M Co., St. Paul, MN, USA; Young’s
modulus ¼ ca. 400 MPa). Curing conditions were 7 days at 23�C in
ambient conditions of humidity and pressure in a regulated oven.
All samples were dried at 40�C and 20% relative humidity (RH) in a
drying oven over a period of 3 weeks before testing.

Surface treatment of the aluminium was restricted to grit-blasting
(700 micron corundum), ultrasonic cleaning in acetone for 1min and
solvent degreasing using ethanol, followed by drying at 40�C, 25% RH
for 1 h. Composite pretreatment was limited to solvent degreasing with
methyl ethyl ketone using a soft cloth.

At one end of the assembly a steel spacer sprayed with antiadhesive
silicone was added between composite and aluminium to avoid local
adhesion.

Wedge Test

Composite=epoxy=aluminium assemblies were mounted on a jig atta-
ched to an Instron tensile tester (Model TT-DM, Instron, High
Wycombe, UK). A steel ‘‘wedge’’ or blade of thickness 0.6mm was
inserted into the nonadhering end of the system to initiate crack
growth by bending the composite. The blade was inserted to a depth
of 12mm. The wedge was stopped just before reaching the adhesive
joint. This technique permits an accurate estimation of the distance
between the aluminium and the composite adherends at the blade
edge.

Measurements of crack length, a, as a function of time were made
either by direct estimation of separation depth, as observed from the
side(s) of the sample, or by measurement of visual effects of com-
pression on a millimetric scale adhering to the polished external sur-
face of the composite beam, for the most part. In addition, specific
experiments were conducted using speckle interferometry as des-
cribed below. The geometry of the wedge test as used is shown sche-
matically in Figure 1. It is assumed that the aluminium beam is
effectively undeformable compared with the composite and supple
epoxy. Also, under the conditions studied of small (epoxy)-beam flex-
ion, and with its Young’s modulus being much greater than that of
the adhesive, we take it that any composite strain remains in the
linear, elastic domain. Tests were effected at ambient temperature
and humidity.



Macroscopic Observations

In some cases, when the crack front had progressed for some time, sev-
eral drops of a solution of potassium permanganate (KMnO4) were
allowed to seep into the region close to the crack front before the
assembly was removed from the jig. After the solution dried, the
assembly was broken open in order to observe the shape of the crack
front from the pattern of dyeing by KMnO4.

Another technique was also used to investigate crack front shape. In
this case, the composite (opaque)was replaced by a poly(methylmethacry-
late) (PMMA) transparent block before the cleavage test. In this way, the
crack front shape could be observed directly through the PMMA [11, 12].

Speckle Interferometry

Speckle interferometry is related to holography and is exceedingly
sensitive for the measurement of small, relative displacements of sur-
faces and therefore strains or deformations of materials. The speckle
effect was recognised long ago by Isaac Newton [13], when observing
the twinkling of stars. Speckle Interferometry involves, as the name
suggests, the interference of light beams. It took on a new dimension,
both literally and metaphorically, in the 1960s with the evolution of
lasers. A laser beam is projected onto a flat (but not polished) surface
and generates a shiny, grainy spot [14]. Analysis of the laser light
leads to the association of the speckle phenomenon with the diffusion
of coherent light by an optically rough surface [15]. The work of
Goodman provides a complete study of the statistical properties of the
speckle effect [16], and it has been recently revised by Lehmann [17].

Various forms of speckle effect exist-but, for the present application,
we consider subjective speckle, shown schematically in Figure 2, the
principle of which is briefly described below. Using an optical bench
setup, a continuous wave (CW) 2W, YaG laser (Verdi Coherent Inc.,
Santa Clara, CA, USA) producing light of wavelength, k, of 532nm
is projected onto the composite beam of the adhesion assembly (on
the left of the figure). Since the surface is (optically) rough, the laser
light, imaged by an optical system, gives rise to a speckle spatial dis-
tribution by diffraction (on the right of the figure). Point P1 produces a
diffraction pattern centred on P0

1, with a light distribution around P0
1

(described by a Bessel function of order 1 for a circular aperture, or a
sinc function for a rectangular aperture, for instance). Considering a
second point, P2, close to P1, it also produces a diffraction pattern
centred on P0

2 but interfering with that of P0
1. In the case shown,

the first minimum of the diffraction pattern at P0
2 corresponds to



P0
1, and as a consequence, in image space the speckle size is given by

ds ¼ 2�P0
1P

0
2:

ds ¼ 2:44
kp0

D
; ð3Þ

where p0 is the distance between the lens and the observation plane,
k is the light wavelength, and D the aperture stop.

To be able to exploit the speckle pattern thus produced for the whole
surface in question, the surface must move slightly. In this case, image
correlation is possible and is the optical signature of the surface being
studied. Interference of speckle patterns with another beam of coherent
light leads to a knowledge of the relative displacement between the
surface before and after movement. To get quantitative results, phase-
shifting speckle interferometry has to be performed. This requires
the recording of at least three specklegrams (a specklegram is an image
resulting from interference between a speckle pattern and another
beam) for each state of deformation of the object. Phase shift can be
effected by slightly displacing the reference beam by some fraction of
the light wavelength. The object phase for each state can then be com-
puted and then subtracted to get the displacement. After ‘‘unwrapping’’
(computer treatment of fringe levels to obtain actual relative distances)
of the difference phase map and conversion into relative displacement,
the desired displacement map can be obtained by taking into account
the geometry of the interferometer. An example is shown in Figure 3,

FIGURE 2 Subjective speckle.
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corresponding to a deformed membrane. The various steps from ‘‘raw’’
specklegram to final 3Dmap are shown. For a more complete description
of speckle interferometry, which is outside the scope of the present jour-
nal, the reader is referred to Slangen and Gautier [18].

In our particular application, the adhesion assembly is set up on an
optical bench with the separating wedge already in place. The (slow)
crack growth leads to slight displacements of the composite surface,
and it is this relative movement that is recorded as a function of time
and=or crack-front position using speckle interferometry (in the out-
of-plane sensitivity configuration).

RESULTS AND INTERPRETATION

The 2D Calculation of GIC

Since it will be useful below in the interpretation of our results, we
shall briefly summarise the calculation leading to GIC in the case
of one deformable substrate (composite) and one rigid substrate
(aluminium) using only the 2D approach. Consider Figure 1 and the
classic beam equation M ¼ EI=R, where M is applied moment, E is
Young’s modulus of the flexing beam, I its sectional moment of inertia,
and R the local radius of curvature. With the Cartesian coordinates
shown (y is perpendicular to the figure), M ¼ Fx, where F is the verti-
cal force exerted on the upper beam by the wedge. We shall neglect the
adhesive thickness, e, and since R�1ffi z00 (second differential of z with
respect to x), z0 (a) ffi z (a) ffi 0 at the crack-front a, we may integrate to
obtain

z xð Þ ¼ F

EI

x3

6
� a2x

2
þ a3

3

� �
: ð4Þ

Since z(0) ¼ D, we may eliminate F, E, and I to obtain

z xð Þ ¼ 3D
a3

x3

6
� a2x

2
þ a3

3

� �
: ð5Þ

The elastic energy stored in the upper beam for 0� x�a is M=2R
per unit length, and thus the total energy, U, is given by

U ¼
Za

0

M

2R
dx ¼ EI

2

Za

0

z00ð Þ2dx ¼ 3EID2

2a3
: ð6Þ



By definition, the energy release rate is given by

Gþ 1

b

@U

@a
¼ 0 ð7Þ

during crack growth, noting that b is sample width. Since I ¼ bh3=12
for a rectangular section, we obtain

G ¼ 3ED2h3

8a4
: ð8Þ

Here G is assumed to correspond essentially to mode I failure, and
at fracture a critical value is relevant, thus G ¼ GIC. Note the differ-
ence of a factor of 2 when compared with Equation (1) since only one
beam is flexed (although D has the same definition). GIC may then
be identified with the energy of adhesion, W.

Observation of Crack Front and Energy of Adhesion

Note from Equation (8) that the value of GIC is very sensitive to crack
length, a, depending on a�4. Using the standard theory of the propa-
gation of errors and defining errors on G and a, respectively, as dGIC

and da, it is readily seen that:

dGj j
G

¼ 4 daj j
a

: ð9Þ

As a consequence, care must be taken in ascertaining a for use in
Equation (8).

The results of macroscopic observation of crack fronts, both by
KMnO4 seepage and in the model assembly using PMMA as a sub-
strate, show the same overall features: the crack front is curved and
not straight, thus a does not have a constant value over the sample
width. This curvature is concave with respect to the direction of propa-
gation of the crack, and so there is no question of the observation being
related to some artefact or diffusional process occurring from the
environment, which would give a ‘‘television screen’’ effect with
rounded corners, but in the convex sense. An example of the failure
surface features of the composite side of the assembly after KMnO4

staining is shown in Figure 4. It can be seen that there is a difference,
da, of ca. 2mm between the position of the crack front at the centre
and that at the edge. What effect does this have on fracture energies?

Using the setup described previously, with the wedge inserted at a
distance of 12mm, crack growth occurs relatively quickly initially and
decelerates as time passes. From values of a(t) at time t, GIC may be



calculated from Equation (8) and crack speed, v, ¼ da=dt. Figure 5
presents GIC (Jm�2) as a function of v (mmh�1), the latter being on
a logarithmic scale. (These results correspond to an aged sample: 35
days at 35�C in distilled water.) The solid points represent GIC as cal-
culated from the value of a taken at the assembly edge(s), and the open
points correspond to a evaluated from the centre of the sample, as esti-
mated by measurements of visible deformations on the millimetric
scale and by the KMnO4 coloured area. In both cases, the usual,
expected decrease of GIC with crack speed, v, is observed due to
reduced energy dissipation effects [19], but this is not the major sub-
ject of discussion here. What is more significant is that by using the
estimated values of a at the centre of the joint (not normally observ-
able under standard conditions), the calculated value of GIC is
considerably lower: of the order of 40%�! Indeed, for most of the
samples tested a difference of ca. 2mm was found both from the scale
deformation and from the KMnO4 pattern. Thus, the distinction

FIGURE 4 Curved pattern of crack front at different degrees of fracture
(arrows show an example). Crack progresses from right to left.

�N. B. As the crack length increases, this error will decrease since the bending
moment, and therefore the principal curvature, will decrease. This in turn will reduce
the anticlastic tendency and allow the fracture front to become straighter. However,
errors of the order of tens of per cent are still expected unless the crack length is unma-
nageably long.



between a(y ¼ 0) and a(y ¼ �b=2), where y is the remaining Cartesian
coordinate measuring distance from the joint centre line and b is
sample width, is important in calculating GIC. Indeed, at present,
the ‘‘true’’ value of GIC is still in doubt, but that based on a(0) corre-
sponds to a conservative estimate. Up to now, the observation of the
curved crack front is experimental but, in the following we attempt
to probe the problem further both by an approximate calculation and
use of the sensitive experimental technique of speckle interferometry.
It should perhaps be added here that other recent work has shown the
curved fracture front phenomenon, but it seems to have been little
discussed [11, 20�24].

Approximate Estimation of Anticlastic Effect

The simple experiment with a rubber eraser described above, Equa-
tion (2) and the experimentally observed curved fracture fronts in

FIGURE 5 Estimation of GIC (for an aged sample) depending on whether
crack length is estimated at edge or centre of composite=aluminium structure.



cleavage seem to point to a common factor; that anticlastic bending
cannot be neglected. Some attempts to elucidate its effect in different
contexts have been made [8, 25�29], but the problem is not easy.
Here we propose a simplified calculation which, admittedly, is inappli-
cable in the immediate vicinity of the crack-front (the zone of
most interest!) but has the advantage of being exploitable in speckle
interferometry.

We commence by referring to the 2D calculation of GIC as a basis. In
Figure 6, we show a schematic representation of the anticlastic effect
to fix one’s ideas. Consider Equations (2) and (5), in conjunction with
Figures 1 and 6. If the composite beam is curved concavely with
respect to the top, with a radius of curvature R(x), then we may expect
an anticlastic curvature of radius q(x) in the plane (y, z), concave
towards the bottom, obeying Equation (2). This will be true in the free
region of the beam, i.e., removed from the crack front at a distance of
ca. a=6 or greater (by St. Venant’s principle). Noting that R�1ffi z00,
from Equations (2) and (5) we obtain

qðxÞ ¼ a3

3xDm
: ð10Þ

Now consider Figure 7a, which represents a section (y, z) of the com-
posite beam at a given x (any slight inclination due to curvature in the
(x, z) plane will be negligible). Assuming anticlastic curvature to be

FIGURE 6 Schematic representation of anticlastic curvature.



weak and taking width, b, and displacement, e, as, shown in Figure 7a,
we have

eðxÞ ¼ b2

8qðxÞ ¼
3b2xDm
8a3

: ð11Þ

A decision now has to be made concerning Equation (5): does it
apply to the centre of the beam, at y ¼ 0, or to the edge(s), at y ¼ �b=2
(or some intermediate value)? Tentatively, we assume that it applies

FIGURE 7 (a) Representation of anticlastic bending of composite beam.
(b) Anticlastic bending at given x along beam axis for 2 crack lengths (a and
aþ da). The higher, less-curved profile (continuous line) corresponds to a
longer crack length and, therefore, a lower bending moment than the lower
(dotted) profile.



to the centre. Since z now becomes a function of x and y: z(x, y),
we have

z x; 0ð Þ ¼ 3D
a3

x3

6
� a2x

2
þ a3

3

� �
; ð12aÞ

z x;�b=2ð Þ ¼ 3D
a3

x3

6
� a2x

2
þ a3

3

� �
� 3b2xDm

8a3
: ð12bÞ

This approximate formulation presents mathematical problems
near the crack front, because our initial assumption was that of a free
beam, and clearly near the adhering zone supplementary stresses are
involved due to adhesion itself. A more general form of Equations (12)
for z(x, y) could be given, but suffice it to treat z(x, 0) and z(x, �b=2)
here. A schematic 3D representation of the beam undergoing anticlas-
tic bending but without allowing for perturbations near the separation
front is given in Figure 8.

FIGURE 8 Schematic representation of anticlastic bending of curved beam,
neglecting perturbing adhesion effects near separation front.



Now, speckle interferometry involves the detection of relative posi-
tions on the (beam) surface, rather then absolute positions. Thus, we
consider Equations (12) in the context of a slight crack growth, da,
leading to displacements of the beam surface. In the present treatment
we shall restrict our attention to the (major) displacement in direction z.
Of interest is the relativemovement of the beam at z(x,0) compared with
that at z(x, �b=2) after an incremental increase of crack length, da:

@

@a
zðx; 0Þ � zðx;�b=2Þ½ � 	 da ¼ �9b2xDm

8a4
	 da: ð13Þ

In other words, as the crack progresses the outer edges of the beam
rise up more than the centre, as shown schematically in Figure 7b.
This effect is due to a reduction of principal bending moment, leading
in turn to a reduction in anticlastic bending, and it corresponds to
what is observed by speckle interferometry in the free section of
the beam.

Application of Speckle Interferometry

Results were taken from test specimens set up in the speckle interfer-
ometer bench. The out-of-plane displacements of the composite beam
external face were measured. The following paragraph deals with
the discussion of this measurement.

Acquisition started when the wedge stopped. Time between two
acquisitions was increased as the crack propagation rate decreased.
Figure 9 shows the ‘‘wrapped’’ phase difference induced by the relative
composite out-of-plane movement, 24 h after wedge insertion. The
increment of time between 2 acquisitions was 20min. In this figure,
continuous lines of the same grey level indicate the same relative dis-
placement. The out-of-plane configuration of the speckle interfer-
ometer induces a displacement between two consecutive fringes of
half of the laser wavelength, k. In the optical bench used, an inter-
fringe is equivalent to a 266nm shift, and the uncertainty of the
measurement is ca. 50 nm due to background noise.

The crack was monitored on the sample side 24h after the wedge
was stopped. The length from the blade edge to the apparent crack
front was 30mm. Apparently, the crack was cohesive in the composite
near the interface between composite and adhesive. The length of the
perturbed zone, ap, (i.e., the length containing the fringe pattern)
induced by insertion of the blade was 40mm. There is, thus, an appar-
ent difference between the value of a measured on the side of the
sample and that by speckle interferometry. This is quite plausible.
Indeed, the composite beam could shift and pull the adhesive without



real debonding. The real crack, optically measured, appears when the
shift exceeds the maximum elongation of the adhesive (see Figure 10).

After several weeks, the apparent length of the crack, optically
measured on the side, was 40mm, confirming that a viscous time-
dependent phenomenon or pull-out of polymer chains occurs ahead
of the crack front, leading to final interfacial debonding.

FIGURE 9 Fringe pattern taken 24h after wedge insertion with a time inter-
val of 20min.

FIGURE 10 Schematic representation of proposed intermediate zone bet-
ween intact composite=aluminium structure and total separation.



A second important observation is the regular curved aspect of most
of the fringes. It clearly shows that there is a relative movement along
the y axis that causes a gradual out-of-plane (along the z axis) shift of
the composite beam. This cannot be considered as an ‘‘edge effect’’ con-
fined to the sample sides. Near the crack opening front (COF) zone, the
fringes are quite straight. This seems in contradiction with former
experimental results, but this point will be discussed further.

After phase ‘‘unwrapping’’ of speckle data, a map of the composite
beam external surface out-of-plane displacements was obtained, tak-
ing into account the photographic scale. Figure 11 shows the shifting
Dz in an increment of time Dt(Dt ¼ 40min) versus the position of this
point along the x axis along the centre line ( y ¼ 0) and the side line
( y ¼ b=2) 24h after wedge insertion.

The experimental measurements confirm that there is only a part of
the composite that is deformed. In 40 min, a relative shift of 500nm or

FIGURE 11 Shifting of the composite beam, 24h after wedge insertion with
a time interval of Dt ¼ 40min: (x) experimental data for the centre line;
(o) experimental data for the side line; (—) calculated for centre line; (- - -)
calculated for side line.



less is measured in the upstream sector of the crack (the theoretical
static zone). From the wedge position, the maximum in Dz occurs at
x 
 0.5.ap and the shift decreases to almost zero far from the wedge.
The experimental values also clearly show a greater upward shift on
the side (o symbol) than the centre (x symbol), the difference being
about 100nm at the maximum, despite the dispersion.

The nonzero shift at x ¼ 0 should be discussed. Indeed, the calcu-
lation considers that the shift at x ¼ 0 is zero. This is clearly not the
case in our experiment. High forces exerted on the inserted wedge
might cause slow tilt of the setup, despite fixing that is rigid, to a good
(macroscopic) approximation.

The shifting after an increment of time calculated from Equations
(12a) and (12b) and corresponding to a crack length increment of da
gives

Dzðx; 0Þ ¼ 3 	 D 	 da
2 	 a2

	 x� x3

a2

� �
þ TðxÞ; ð14aÞ

Dz x; � b

2

� �
¼ 3 	 D 	 da

2 	 a2
	 x� x3

a2
þ 3 	 b2 	 v 	 x

4 	 a2

� �
þ TðxÞ; ð14bÞ

where a is the crack length (measured a posteriori in the centre) and
T(x) is a function introduced to take into account any shifting of the
whole setup, where

TðxÞ ¼ b 	 1� x=að Þ; ð15Þ

with b being the Dz value at x ¼ 0.
It should be noted that Equation (14b) is valid only for

z(x, �b=2) > 0 due to the incompressibility of the aluminium sheet.
The maximum displacement along x for y constant is given for

@ Dzðx; yÞ½ �
@x

¼ 0: ð16Þ

From Equations (14) and (16) and neglecting T(x), which is only a
rotation, we obtain

@ Dzðx; 0Þ½ �
@x

¼ 3 	 D 	 da
2 	 a2

	 1� 3 	 x2
a2

� �
; ð17aÞ

@ Dzðx;�b=2Þ½ �
@x

¼ 3 	 D 	 da
2 	 a2

	 1� 3 	 x2
a2

þ 3 	 b2 	 v
4 	 a2

� �
: ð17bÞ



These equations suggest that the maximum of Dz is at ca. x ¼ 0.58.a
for the centre line (y ¼ 0) and x slightly greater than 0.58.a for the side
line (y ¼ �b=2).

The curves corresponding to Equations (14a) and (14b) are drawn in
Figure 11.

In the earlier discussion (see the section ‘‘Approximate Estimation
of Anticlastic Effect’’), we assumed that the centre line (along the x
axis) follows the classic equation of deformation for a beam in flexion.
This hypothesis seems justified because we observe good agreement
between experimental measurements and the curve corresponding to
Equation (14a). Between x ¼ 0 and x ¼ 15mm, there is an apparent
disagreement between the theoretical curve given by Equation (14b)
and the experimental measurements corresponding to displacements
of the edge. This is the region close to the crack-opening wedge, and
this latter may introduce some perturbations. For x > 15mm, Equa-
tion (14b) describes the edge displacements quite satisfactorily. How-
ever, in practice da is rather difficult to estimate, and the value of
Dz is very sensitive to it. Figure 11 seems to confirm that the maximal
out-of-plane displacement occurs near 0.5.ap.

At this stage of the work, only tentative ideas can be offered to
explain the difference between experiment and our simple mathemat-
ical model. As we assumed anticlastic curvature, curved fringes in the
COF zone may be expected, but in this zone Figure 9 shows straight
fringes. The first possibility is that the difference of shifting rate
between the edge lines and the centre line may be so small in this
region that it is occulted by the background noise, and only global
deformation is recorded. Figure 11 shows less shifting than predicted.
The second possibility is that the adhesive bonding ‘‘works’’ against
the anticlastic curvature and attempts to ‘‘maintain’’ the beam
straight on the aluminium substrate from one side to the other, lead-
ing to smaller shifting and a straighter COF. In the case of poor
adhesion, modelling geometry and shifting could possibly be done as
if a virtual surface (as shown in Figures 6 and 8) meets a plane and
rigid surface. In the case of high adhesion properties, the area affected
by strain and stress leads to a more complex modelling of deformation
and shifting. However, far from the COF direct observation of the
fringe pattern and measured shifting indicate that there are two dis-
tinct types of bending behaviour of the composite beam, depending
on the lateral position (along the y axis) of the elementary width unit
dy chosen. This transverse phenomenon could be reasonably linked
with anticlastic bending. The present work shows that there is indeed
a zone in the sample that is strongly affected by wedge insertion and a
second one that is almost insensitive to the cleavage. Future work will



be done focusing on the COF zone to enhance the spatial resolution
without changing the measurement sensitivity. Moreover, reducing
composite beam thickness may enhance the transverse curvature
[30] and allow curved fringes in the COF zone to be photographed.

In the case of poor adhesion, if the adhesive plasticisation and defor-
mation (emaxffi 30%!) is taken into account, i.e., a ¼ ap, the equation of
the intersection of the deformed surface and plasticised adhesive with
thickness, e, on the rigid aluminium adherend defined by a(y) is

3D
a3

a3ðyÞ
6

� a2 	 aðyÞ
2

þ a3

3

� �
� 3y2aðyÞDv

8a3
¼ emax 	 e: ð18Þ

If we replace symbols with experimental data, we obtain the
COF aspect shown in Figure 12. Equation (18) leads to da ¼ a(0)
�a(�b=2)¼ 0.8mm. This is clearly in the range of experimental
measurements (see Figure 4).

More-accurate experiments and more-refined calculations have to
be done, but these simplified geometric considerations lead to encour-
aging results.

CONCLUSION

The adhesion of relatively rigid adherends has often been successfully
studied using the wedge test. However, the relatively simple analysis

FIGURE 12 Calculated COF assuming adhesive plasticisation.



of this geometry to obtain fracture energy is 2D. We have studied a
composite=epoxy=aluminium system and, both by a KMnO4 dyeing
technique and by replacing the composite with a transparent adher-
end, observed a curved crack front, presumably related to the rela-
tively unrecognised effect of anticlastic bending of the flexible beam.
Since a curved crack front implies a variable crack length and the
dependence of adhesive energy on this parameter is very sensitive,
questions may be asked about the validity of GIC values obtained from
crack length measurements taken directly from the sample edges. In
the present case, a reduction of ca. 40% is suspected compared with
calculations based on the central crack-front length. The ‘‘true’’ value
is open to question. Clearly, the 2D approach is insufficient and
further work on the 3D approach is necessary.

The highly sensitive technique of speckle interferometry was
developed and applied to the present wedge test, enabling confir-
mation of the anticlastic bending of the flexible beam(s) during crack
propagation. Agreement between the theory developed for regions
far from the crack front and speckle interferometry results is good.
However, work is required for a better assessment of behaviour near
the crack front and, therefore, for a better estimation of fracture
energy.
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