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Abstract

Adhesive bonded Single Lap joints (SLJ) are used to make several larger structures of several industries, including (aero-
space and marine) by joining smaller laminated FRP composite panels. The Single Lap JointJ, due to its inherent overlap-
ping geometry, possesses an eccentric load transfer path when subjected to tensile loading. The coupling of differential
straining, bending, twisting and tension phenomenon induces out-of-plain peel, in-plane longitudinal shear and transverse
shear stresses near the overlap ends. A small adhesion failure may be pre-existing or may onset from a vulnerable loca-
tion in the Single Lap Joint. The propagation rate of this adhesion failure decides whether the jointed structure will fail
slowly or catastrophically during loading. A three-dimensional adhesion failure analysis in the Single Lap Joint made with
functionally modulus-graded curved adherends under uniformly applied tension is presented in this article. The peel and
shear stresses in the bond line interfaces have been evaluated for different compositional gradient exponents of the mate-
rial of adherends using the no-linear finite element method. The effects of the adhesion failure lengths and compositional
gradient exponents on the opening, sliding and strain energy release rate (SERR) corresponding to have been evaluated
to predict the structural integrity of the SLJ. The structural integrity and, hence, the service life of the adhesive-bonded
single lap joint can be enhanced by the functionally graded modulus of the adherends to reduce the magnitudes of peel
and shear stresses in the vicinity of the overlap ends.

Highlights

e Simulation of adhesion failure growth.

e The structural integrity of the jointed structure made with curved panels has been assessed.
e Use of functionally modulus grading scheme to slow down the crack growth.

Keywords Functionally graded material (FGM) - Single lap joint (SLJ) - Adhesion failure - Strain energy release rate
(SERR) - Virtual crack closure technique (VCCT)
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1 Introduction

Adhesive bonded single lap joints (SLJ) join flat or curved
panels in several industries. The use of adhesive joints has
an inherent advantage of reduced stress concentration com-
pared to bolted and riveted joints. The significant factors
causing the adhesion failure in the adhesive-bonded SLJ are
the high gradients of stresses at the overlap ends. Hence,
using the functional modulus graded adherends in SLJ
with Young’s modulus gradually varying along the length
of the adherends in the overlapping region and outside of
is a potential way to reduce the stress peaks at the overlap
ends. Further, the pre-existing adhesion failure, if any, near
the joint’s vulnerable (overlap ends) region and its propa-
gation gradually reduces the strength and stiffness, so it is
an important design criterion. This research employed finite
element analyses to analyse the effect of different material
grading schemes to achieve stress distribution to improve
structural integrity by reducing the rate of adhesion failure
propagation.

Some important lap joint theories developed are by Volk-
ersen [1], Banea and da Silva [2], Wang and Yau [3], and
Tong [4]. Volkersen [1] analysed a single lap joint under
extension, ignoring the effect of tearing stress at the end.
Tay’s [5] paper overviews developments from 1990 to 2001.
The various research works on lap shear joints include that
of Wang and Yau [3], Carpenter [6], Wang and Raju [7],
Tong [4], Cheuk and Tong [8], Edde and Verreman [9], and
Lai et al. [10], etc. Most of the reports are based either on
simplified analytical formulations or experiments—some
of the work involved employed finite element procedures.
But most of them were two-dimensional. So far, the three-
dimensional FE analyses lack newer modelling methods
with contact and Multi-Point Constraint (MPC) elements.

Apalak [11] investigated the variation of stress states
of adhesively bonded tubular single lap joints made with
functionally graded material subjected to thermo mechani-
cal loading. Young’s modulus of the tubular adherends is
graded along the thickness. The elastic and thermos-residual
stress analysis was carried out for a uniform temperature
drop using an isoperimetric layered finite element where
the material properties differ in different layers. S Kumar
[12] presented an analytical procedure for tubular SLJ using
adhesive whose properties are graded along the radial direc-
tion, simplifying assumptions of no variation of shear stress
along the thickness of the adhesive. Reddy [13] investi-
gated through-the-thickness stress variations in a function-
ally graded plate using the third-order shear deformation
plate theory considering the thermomechanical coupling,
dependency on time and the von Karman-type geometrical
non-linearity. Cengiz and Mehmet [14] carried out a two-
dimensional phase-field finite element analysis of SLJ made
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with flat adherends using functionally graded adhesive and
cohesive zone modelling and reported that functional grad-
ing of materials of the adhesive and overlap length could be
a possible way to prevent delamination in the adherends.
Mehdi et al. [15] reported that functionally graded adhesive
in stepped single-lap joints can improve joint strength. His
model considered the fractional Zener model to input visco
elastic properties of the adhesive and the bending moment
arising due to an eccentric loading path. Khan et al. [16]
investigated the variation of the failure prompting stress
in the adhesive due to random variation of the adhesive’s
material properties using a linear elastic model in a double
lap joint. They proposed a stiffer adhesive with a longer
overlap length, which was better. A mixed mode failure, i.c.,
the cohesive failure in the adhesive and delamination fail-
ure between the layers of fibre-matrix in composite adher-
ends of SLJ, has been investigated using 3-D FE and hybrid
adhesive by Kim et al. [17].

However, no literature dealing with the prediction of
adhesion failure propagation in single lap joints made with
curved adherends has been reported, and the effect of func-
tionally modulus-graded material on the rate of adhesion
failure propagation has been reported till now. The critical
application areas of adhesive-bonded SLJs in the aircraft
and chemical industries usually involve joining curved pan-
els. From the literature review, it is inferred that by employ-
ing a suitable functional grading scheme in the design of
the SLJ, one can effectively reduce the stress concentration,
rate of propagation of the adhesion failure and delamina-
tions and hence the overall performance of the SLIJ. The
research gap is to find a suitable functional grading scheme
of the adherends material so that the growth and propaga-
tion of pre-existing adhesion failure can be slowed down or
prevented. Accordingly,

The present research is aimed at analysing the SLJ with
the following objective:

(i) The effects variation of the compositional gradient
(n) of the materials of the adherends on the stresses
(04T r2sTrp) in the interface of adhesive and
adherends.

(i1) Analyses of SLJs of the curved panels made with FGM
taking curvature effects into account.

(ii1) SERR variations for varying lengths of adhesion failure
in an SLJ made with FGM curved panels of different
compositional gradient exponent.

(iv) Effect of adhesion failure sizes on the SERR.

(v) Suitable design recommendations for SLJ of curved
panels using FGM adherend.
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1.1 The schematic representation of the SLJ

In this research, the three-dimensional non-linear finite ele-
ment analyses of the SLJ made with curved functionally
graded adherends are carried out. The lap and strap adher-
ends are joined by isotropic adhesive, as shown in Fig. 1.
Figure 1 shows the schematic of the SLJ made with 20°
curved panels. The thickness of the lap and strap adher-
ends is 2mm , and that of adhesive is ¢, = 0.2 mm.The
inner radius of the strap adherend isR = 57.3mm . Five
different circumferentially curved adhesion failure lengths
of magnitudes a =2, 4, 6, 8mm and 10 mm have been
taken to simulate the growth of adhesion failure. One end
of the SLJ is clamped, and the other end is loaded with uni-
form applied strain € = 0.1 mm , as shown in Fig. 1. The
curved panel geometry in the present analysis is consid-
ered to have the angle of the arc of the curved panel 6= 20"
such that the arc length of the inside of the strap adherend
is equal to 20 mm . Parametric studies have also been car-
ried out for different angles of the panel’s arcs (shallowness
angled = 20°, 25°, 30° ). The radius of curvature of vari-
ous panels is chosen such that the inside arc length of the
strap adherend =20 mm to evaluate the effect of curvature
geometry on stresses (0 ,, Tz, T 4 ). The material proper-
ties of the constituent material of FGM are given in Table 1.

1.2 Schematic representation of the functionally
graded materials of the adherends

The adherends are made from a mixture of ceramic
(AL,O5) and metal (Ni). The material properties gradation
of adherends can be obtained by continuously varying its

constituents, shape and size of the particles and their vol-
ume fraction as suggested by Koizumi [18]. The variations
in material properties along the axial direction of the curved
lap and strap adherends are shown in Fig. 2(a) and (b) as per
the power law given in Egs. 1-4.

Ecm (Z) = Em, + (E(' - Em)(%)” (1)

Von(2) =V + (0o = v)(57)" @)

Ecm (Z) - Er - (EF Em)(ﬁ)” (3)
C\n

Vem (Z) =Ve¢— (V c Vm)(M) (4)

where, F., E,,and Vv, e Young’s moduli of elasticity
and Poisson’s ratios for purely ceramic and purely metallic
materials, respectively. E.,,, V s Young’s modulus of elas-
ticity and Poisson’s ratio of material having partly metallic
and partly ceramics, respectively. The symbols n, ¢, M are
the compositional gradient exponent, the number of layers
and the maximum number of elements. The variation of
modulus of elasticity(F) of adherend materials having dif-
ferent compositional gradient exponent (n) along the z-axis
is shown in Fig. 2(a) & (b) for a typical value ofn = 5. The
material properties of constituents of FGM adherend and
the adhesive are listed in Table 1. The material properties
are adopted from the paper by APALAk.
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As a characterising parameter in adhesion failure propa-
gation, the strain energy release rates are evaluated from 3-D
FE analysis using the virtual crack closure technique pro-
posed by Rybiki and Kanninen [19], Behera et al. [20]. The
details of the evaluation of SERR are presented in Sect. 3.

1.3 Computational procedure and FE modelling of
adhesion failure analysis in SLJ made with curved
functionally graded adherends

An initial investigation has been carried out to determine the
optimum overlap length of the SLJ, based on maximum val-
ues of von Mises stress at the overlap end for different over-
lap lengths from 7 to 65 mm, which are plotted in Fig. 2 (c).

The magnitude of von Mises stress sharply decreases
with the increase in the overlap length of the lap and strap
of the SLJ. However, there is no appreciable decrease in the
magnitude of von Mises stress for overlap lengths beyond
35 mm. Hence, the optimum overlap length is 40 mm
throughout the analyses.

ANSYS Parametric Design Language (APDL) code of
the FE software ANSYS 13.0 is used to model the SLJ. The
adherends and the adhesive are modelled using 8 nodded
isoperimetric brick elements (SOLID 185). The variations
of modulus of elasticity (E) and Poisson’s ratio (v) along
the z-axis of the adherend materials are input by writing
APDL code as per power law given below (Egs. 1, 2, 3 and
4). The plot of the power law variations modulus of elastic-
ity (E) along the z-axis in the overlapped region is given
in Fig. 2(a) & (b). The functional variation of adherends’
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60

materials with different composition gradients, which are
input to the ANSYS software, are represented in Fig. 3(a)
&(b).

The number of finite elements used to mesh the FGM
adherends in the overlapped region along the z-axis is called
layer number (M) Apalak et al. [11]. The mechanical prop-
erties are varied from purely metallic to purely ceramic. It
is observed from several analyses that mesh convergence
is achieved by taking a number of elements M =200 in the
overlap region. The eight nodded isoparametric brick ele-
ments have also been used to model the adhesive layer.
At failure interfaces, duplicate nodes have been defined
between the adhesive and the adherends. In the uncracked
region, the corresponding nodes of the adherend and the
adhesive merge so that continuity conditions prevail. By
sequentially unmerging these nodes at the adherend adhe-
sive interface, gradual propagation of the adhesion failure
can be simulated. Contact elements connect the co-existing
nodes in the adhesion failure region to stop the inter-pene-
tration of the adhesive and adherend during loading.

Adhesion failure analysis using the energy release rate
(SERR) criterion is considered to be a very useful param-
eter for predicting the damage growth Behera et al. [20].
The detailed SERR computation procedure is described in
research by Pradhan and Parida [21].
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2 Computation of SERR in cylindrical (r, ©
and z) coordinate system

2.1 Method of computation by modified crack
closure integral (MCCI)

In the MCCI method of computation, the SERRs of the
opening, shearing and transverse shearing modes of failure
G, Grrand Gy are computed as follows:

atAa

o000 5)

ubuﬁom<9 5 (Z —Aa ))] rdf dz

G = lrz

X [urop(0 (Z - A a)) =

at+Aa
Al DAA/ /—rAU «(0,7) (6)

G = lim

X [ung},( ~(7 - All)) - Uballmn(e 7( - Aa))] rdf dz
a+Aa %i
G = lzm / / T8, 2)
02A A —rag (7)
-5

X [vtp(0, (2 — A a)) = Vyottom(0 , (2 — A a))] rdf dz

Subscripts top and bottom correspond to the top and bot-
tom surfaces in the adhesion failure region, respectively, as
shown in Figure. The adhesion failure length is denoted by
al and 7 A a/ is the virtual adhesion failure length caused
due to the external loading. Here, [Utop; Vtop, Wtop] are the
displacements of the top layer, and [wpottom, Vbottoms Whottom)
corresponds to that of nodes of the bottom surfaces in
the adhesion failure, respectively, behind the adhesion

Overlap length, mm

(d)

failure front, and o ,.(0,2),7,.(0,2)7,4(0,2) are the
nodal stresses in the adhesion failure front required to close
the already failed surfaces. The area A A= (Aax rAf)
is considered to be closed to compute the components of
SERR using the MCCI method.

2.2 Computation method of SERR using virtual
crack closure technique (VCCT) in cylindrical (r, ©
and z) coordinate system

In the Rybicki and Kanninen [14] Method of computing
SERR using VCCT, the equations (5 to 7) take the form of
equations (5 to 7) if the following conditions are taken care
of during FE modelling. The FE meshing pattern should be
symmetric in the plane of crack propagation, (ii) the ele-
ment size should be taken after mesh convergence studied,
and (iii) the normal of each element across the failure plane
in the FE mesh should face each other. In the VCCT method,
the SERR of individual modes can be obtained by multiply-
ing corresponding nodal forces at the FE nodes ahead of the
adhesion failure front and nodal displacements behind it. As
per the VCCT procedure, the components of SERR for the
SLJ with curved panels and containing adhesion failure are
calculated as follows:

1

Gr =54 g 0rlteon = Uhottom) ®
1

G = mzf(wtop — wbottom) (9)
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1

G]]] - me f(vtop - Ubottom) (10)

The virtual elemental area A A= (Aax rA6) must be
virtually closed during SERR computation, and the nodal
forces Iy, Z1 0 ;correspond to the opening, sliding and tear-
ing forces needed to prevent adhesion failure propagation
grOWth' Here’ [Utop7 Vtor: wtop] and [ubotz‘omy Ubottoms Whottom ]
have the same meaning as in Egs. 5-7.

2.3 Validation of the present FEA method with the
results of Kumar [12]

The adhesive is generally exhibits lower strength than
adherends. Hence, the stress distributions in the adhesive
region are important in failure analysis. To validate the pres-
ent FE method, stresses ( 7., and 7 gg¢ ) in the mid-layer of
the adhesive are evaluated for a problem reported by Kumar
[12] maintaining the same geometry, loading and boundary
conditions using the present FE procedure. Scientifically
graded mesh with higher mesh density at the overlap end of
the joint was taken as per the procedure described by Behera
et al. [20]. The stresses (7 ,, and 7 ¢ ) in the mid-plane of
the functionally graded adhesive is plotted to validate the
present FE analysis method against the results available in
the literature by Kumar [12]. Results (Fig. 3 (c) and (d))
from the present FE analysis, which used 8 nodded iso-
parametric elements (Solid 185) with functionally modulus
graded material properties of adhesive for tubular adhesive
joints of the same geometry and loading were compared
with the results obtained in the analysis by Kumar S [12].
The stresses T 00 obtained by the present study are in
close agreement.

3 Results and discussion

3.1 Effect of the compositional gradient (n) in
adherends on peel and shear stress distributions in
the adhesive-adherend interface of the SL) made
with a curved panel along the z-axis

This section discusses the effects of the materials grading
scheme on the adhrends of the SLJ to reduce the growth
of pre-existing adhesion failure. The impact of the curva-
ture of the adherend at vulnerable locations has been carried
out by three-dimensional finite element analyses of the SLJ
containing a pre-existing adhesion failure. The propagation
rate of pre-existing adhesion failure has been quantified for
several functional grading schemes by computing the strain
energy release rates in the vicinity of the adhesion failure
fronts.

@ Springer

The variation of material properties for different compo-
sitional gradients can be referred to in Fig. 3 (a) and (b).
Figure 4(a) to (i) show the peel and shear stress distribu-
tions for varying compositional gradient exponent () in the
overlapped region at the interface of the adhesive and lap
adherend at R=59.3 mm, which happens to be the critical
location. The peel and shear stress peaks at the overlap end
at 40 mm and 80 mm from the overlap ends. The peel stress
is maximum at 80 mm from the clamped end for n=0.1. It
is higher in the central region than at the edges. The peel
stress magnitude decreases from 87 MPa for n=0.1 to
60.5MPa for n=10. However, for an increase in the value
of the compositional gradient exponent from n=>5 to n=10,
the magnitude of the peel stress does not decrease much.
Shear stress (7 ;) also decreases for higher compositional
gradients. Thus, the compositional gradient n=5 is a good
enough value to have minimum peel and shear stress.

3.2 Effect of curvature of adherends on stress
distributions in the interface of adhesive-adherend
of the SLJ

Results of parametric studies for different geometries of
the curved panel in SLJ are presented in Fig. 5 (a) to (f).
The radius and the angle of the arc of the curved adherends
vary so that the width of the panel is the same for differ-
ent analyses. The loading and the boundary conditions are
kept the same for all the geometry considered in the study
to see the effect of the curvature of adherent on peel stress
distributions in the bond line interface of the SLJ. Fig-
ure 5(a) shows that both peel and shear stresses are more in
the adhesive-lap interface than the adhesive-strap interface
in the clamped side, whereas peel stress (o ) is more in
the adhesive-strap interface(R=59.3 mm) and magnitude
of shear stress (7 ,.) is more in the adhesive-lap interface
(R=59.5 mm) at the overlap end on the loading side (Fig. 5
(b)). Similar observations are obtained when the shallow-
ness angle (0) is increased to 25° (Fig. 5(c-d)) and § = 30°
Fig. 5(e-f). From Fig. 5 (a) to (f), it is evident that the peak
values of both stresses (o ,, 7 ,.) decrease marginally. The
locations of the peak values of stresses (o ., 7 ) follow the
same pattern.

3.3 SERRvariations for varying adhesion failure
lengths in an SLJ made with FGM curved panels
having different compositional gradient exponent

Figure 6 Variations of SERR with adhesion failure sizes
along the circumferential width § = 20°, M = 200,n = 0.1.

Strain Energy Release Rate is an indicative parameter for
the assessment of growth of adhesion failure, as suggested
by Behera et al. [20]. Accordingly, MCCI vis-a-vis VCCT
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Fig. 4 Variation of the peel and shear stress distributions for varying
compositional gradient exponent (n) in the overlapped region. (a) Peel
stress for n = 0.1. (b) Peel stress for n = 1. (¢) Peel stress for n = 05.

has been used to compute G, Grr, and Gy for opening,
sliding and cross-sliding modes of adhesion failure propa-
gation, respectively, along the adhesion failure fronts of
varying sizes to simulate the adhesion failure growth rate.
The SERR values are calculated for adherend’s material
with different functional grading schemes and plotted in
Fig. 6(a-c). The inter-laminar stresses (o ,, T ., 7T 4 ) have
been used to evaluate G, Gy andG;; in the MCCI com-
putation method by using equations (5 to 7). The VCCT
methods are straightforward and convenient for computa-
tions. This is indicated in Sect. 3.2. Hence, Equations (8 to
10) have been used for the above computations. It has been
seen that both of them have yielded the same results as per
observation made by Rybicki and Kanninien [14].

The following observations are made regarding the varia-
tions of individual components of SERR:

Distance from clamped end, mm

Distanc% from clamped end, mm
(h) (1)

(d) Peel stress for n = 10. (e) Shear stress for n = 0.1. (f) Shear stress
for n = 0.5. (g) Shear stress for n = 1. (h) Shear stress for n = 5. (i)
Shear stress for n = 10

(i) The magnitude Gjsis larger thanG;. The value Gy
increases as adhesion failure propagates. (Fig. 6(b)).
Both G;andGy; decrease for higher values of the com-
positional gradient.

(i) The G,y values vary along the circumferential width
of the adhesion failure front, having a maximum in
the central region and a minimum at the free edges
(Fig. 7(a)). The G; variations show a trend reverse to
those of G;; (Fig. 7(b)). The magnitude of G;; values
is comparatively much lower than those of G; and Gy;.

The value (Gp = Gr+ G+ Girr) decreases with the
increase of the compositional gradient, as shown in Fig. 6(c).
The Grn=10 has a minimum value for overall crack sizes.
However, the decrease in the magnitude of SERR for n = 5
to n = 10 is not much.
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Fig. 5 Variations of stress (0 ,, T ) along the angle of arcs with
respect to 6 = 20°,25° 30°panels at 40 mm and 80 mm from the
clamped end. (a) Stresses (O'T,Tm) for § = 20° at 40 mm form
clamped end. (b) Stresses (UT, TTZ) for @ = 20° at 80 mm form
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Figure 7(a) shows the variation of SERR (G'_1) in the
opening mode of adhesion failure propagation, and Fig. 7
(b) shows the variation of SERR (G'_I1) in the sliding
mode of adhesion failure propagation through the width of
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the panel. The sliding mode of failure propagation is the
dominating mode of failure, and it is maximum at the cen-
tral location, whereas the opening mode of failure starts
from the edges of the panel.
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Fig.7 (a) Variations of SERR
mode I (Gy) with adhesion
failure sizes along the circum-
ferential width for § = 20°.

(b) Variations of SERR mode II
(G1) with adhesion failure sizes
along the circumferential width
for § = 20°
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e The above discussions show that adhesion failure
propagates in a mixed mode manner being dominated
by sliding mode (G;;). The cross-sliding mode Fur-
ther, the uneven variations G, G;; indicate a non-self-
similar propagation adhesion failure front. The values
of Gr (Fig. 6 (c)) increase with the increase in the
size of the adhesion failure for all values _ . It is also
seen that the magnitude of total SERR (G7) increases
with adhesion failure size for smaller adhesion failure
lengths(a = 2t05) in case of adherends having compo-
sitional gradient exponentn = 1, and for higher adhe-
sion failure lengths, the magnitude G decreases with
an increase in adhesion failure size. From Fig. 7(c), the
adhesion failure will grow slower for adherend material
with exponent n=10 and best among all values of n.
Also, the peel and shear stress values decreased slightly
for the angle of the arc # = 25°,30° compared to the
overlap ends of SLJ, as shown in Fig. 5.

4 Summary and conclusions

Functionally graded materials of the adherends improved
the performance of the joint by redistributing the stresses
in the critical locations of the SLIJ. The gradual change of
the property of the material as per the power law variation
optimises the performance by exhibiting better damage
tolerance because of their continuous variation of proper-
ties. It reduces the strain energy release rate, a quantifying
parameter for adhesion failure growth assessment. This is
particularly useful for green composites; otherwise, the
adherends would have a weaker interface for fibre-epoxy
composite laminates, which can have a matrix cracking or
fibre breakage. It reduces resource consumption as bonding
between natural fibre and matrix is one of the challenges
in the green composite. FGM helps improve the adhesion
and load transfer mechanism by influencing the differential
straining and bending due to the eccentric load transfer path.
Hence, it can be tailor-made for specific applications. This
research guides designing a single lap joint with the proper

o 80
~—6 —8 —10 S >
460 = iy
©) Iy
3 40 9 =20°, M =200, '
'é n=10
i ~10 —8 <6 ~4 =2
S 5 0 5 10
Angle of arc (90)
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functional grading scheme to make a joint more efficient
and eco-friendly, particularly for the marine and aerospace
industry. FGMs can be engineered for specific applications
by varying the composition and structure of the material.
This level of customisation can be challenging to achieve
with FRP composites. Three-dimensional non-linear finite
element analyses have been carried out for pre-existing
adhesion failure propagation in adhesively bonded SLJs
made with curved FGM panels. The effect of different sizes
of embedded adhesion failure lengths on the peel and shear
stresses at adhesive and adherend interfaces have been stud-
ied in detail. The SERRs have been evaluated for varying
adhesion failure lengths. The salient observations are as
follows:

e The variation of failure prompting stresses demonstrates
the existence of three three-dimensional stress states in
the vicinity of the adhesion failure region. Hence, a 3-D
analysis of the adhesively bonded curved adherends is
required.

e The magnitudes and nature of inter-laminar stresses at
the edge of the curved panels and the central portion of
adherends used in SLJ are significantly different, indi-
cating a severe edge effect. This further emphasises the
requirement of adopting 3-D FE analyses to reduce the
chance of errors creeping in by the 2-D analyses.

e The effect of curvature geometry on stresses in the adhe-
sive-adherend interface of SLJ made with FGM adher-
end panel is not much.

e The SERR component G for the adhesion failure front
is lower than Gy .

o Theuneven variations of Gt = G + G; Demonstrates
a mixed mode propagation with a non-self-similar adhe-
sion failure front propagation.

e Based on the values of Gy compositional gradient, the
exponent of functionally graded curved adherend n=10
should be chosen for a lower rate of growth of adhesion
failure.
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