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Abstract
The strength and life of adhesively bonded joints can be significantly improved by redistributing the stresses at overlap ends 
over the bond length. One way to achieve this is by varying the material properties, with the help of so-called functionally 
graded materials (FGM). In this study, stress transfer mechanics in a joint made of a FGM adherend and a homogeneous, 
isotropic adhesive are investigated. Damage in the adhesive bonded FGM joints manifests as cohesive and adhesive failures. 
Some of these damages can simultaneously present in the joint. Therefore, the adhesion failure and their propagation in a 
curved FGM adherend are studied here. All the simulations are performed in a geometric nonlinear finite element (FE) simu-
lation framework using ABAQUS framework. Loss of structural integrity in a lap shear joint made of FGM adherend with 
a pre-embedded crack at the interface of adherend and adhesive is modelled, and the load transfer and damage propagation 
are studied. Furthermore, a parametric study of the structural response by varying the parameters: shallowness angle ( � ) 
and compositional gradient exponent (n) are also performed. Based on the results, mode-II is observed to be a dominating 
mode. The debonding from the substrate is found to initiate from the centre when n is the lowest.

Keywords  Strain energy release rate · Functionally graded material · Lap shear joint · Curved adherend · Adhesion failure

1  Introduction

Functionally graded materials are a class of composite mate-
rials in which the composition of constituent materials are 
varied over the domain, in order to achieve desired varia-
tion of material properties for specific functional require-
ment. This is achieved by varying the composition and 
microstructure of the composites in space following specific 
laws. Various approaches based on the particulate process-
ing, preform processing, powder metallurgy, centrifugal 
casting, layer processing and melt processing are used to 
fabricate the FGMs. On the other hand, dissimilar adherends 
are also joined through adhesives/bolted joints. In general, 
joints are the weaker locations leading to concentration of 
stresses and are prone to damage [1]. The presence of defects 
in FGM structural member can lead to degradation of their 

stability and load carrying capacity. Adhesives are strong 
in shear and weak in resisting peel stresses. Surface condi-
tion, fillet geometry [2], adhesive thickness, strength of the 
adhesive [3], surface ply orientation angle [4], type of load-
ing, geometry and configuration of the joint are some of the 
parameters causing the adhesion failure.

An analytical model for an adhesively bonded sin-
gle lap joint with FG adherends and double lap adhesive 
joints to estimate the critical locations of stress concen-
tration are developed in [5, 6]. The through-the-thickness 
stress variations of functionally graded plates subjected to 
thermo-mechanical loads are analysed in [7], based on the 
third-order shear deformation plate theory. Furthermore, 
functionally graded adhesive joints made of dissimilar 
adherends subjected to combined mechanical and thermal 
loads in a one-dimensional bar was studied in [8]. An ana-
lytical model for the stress analysis of functionally graded 
adhesive single lap joints considering peel and shear stresses 
in the adhesive, along with the nonlinear geometric char-
acteristics and adhesive Young’s modulus variations, is 
proposed in [9]. On the other hand, a comparative study of 
the analytical models for planar functionally graded adhe-
sive single lap joints is provided in [10]. A review on the 
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analysis of bonded joints with FGM adherends using ana-
lytical, numerical and experimental methods indicated that 
several different techniques for obtaining FGMs have been 
proposed in the literature [11]. Whereas, experimental stud-
ies on the practical application of the developed techniques 
is reported to be limited.

An analytical model for the stress analysis in a tubular 
single lap joint (SLJ) subjected to torsion with a function-
ally graded modulus adhesive was developed in [12, 13]. 
Furthermore, a theoretical framework for the stress analy-
sis of adhesively bonded tubular lap joints consisting of a 
functionally modulus graded bond-line adhesive by vary-
ing modulus of the adhesive along the bond-length is dis-
cussed in [14]. A three-dimensional free vibration analysis 
of an adhesively bonded functionally graded single lap joint 
made of ceramic and nickel phases varying through the plate 
thickness is presented in [15]. The rate of propagation of 
embedded pre-existing delamination in the strap adherend 
of lap shear joint made of carbon/epoxy composites was 
evaluated [16] with the help of a three-dimensional nonlin-
ear finite element model. A dynamic instability analysis of 
fibre-reinforced composite cantilever beams using numerical 
and experimental studies is performed in [17]. Low-velocity 
impact analysis of glass fibre-reinforced polymer (GFRP) 
and hybrid laminates is performed in [18, 19] through an 
explicit numerical analysis and relevant experiments.

The fatigue behaviour of hybrid bolted-bonded single-
lap shear joints made of carbon fibre-reinforced composites 
was investigated in [20]. The stress transfer mechanics and 
hence the failure mechanisms in nacre-like brick-mortar 
structures was investigated in [21, 22], thereby, a framework 
to design nacre-inspired composites incorporating a func-
tionally modulus graded interphase material was proposed. 
A non-intrusive approach coupled with non-uniform rational 
B-splines-based isogeometric finite element method for the 
analysis of functionally graded plates with material uncer-
tainty is proposed in [23] Moreover, a methodology based on 
the shear-lag theory to study the mechanics of stress transfer 
in a three-phase composite system considering both homo-
geneous and inhomogeneous interphases in a curved-fibre 
pull-out test is introduced in [24]. The intra- and inter-layer 
bridging mechanisms in matrix/fibre composites through 
crack simulation coupling the phase field approach and the 
cohesive zone model is introduced in [25], to identify crack 
migration through material layers. Inter-laminar stresses in 
the adhesive layer between the lap and the strap adherends 
of lap shear joints made of curved laminated fibre-reinforced 
plastic composite panels were studied in [26, 27].

The main objectives of this study are: (i) To perform 
three-dimensional adhesion failure analysis of lap shear 
joints made of curved adherends subjected to axial loads, 
considering the lap and strap adherends made of function-
ally graded materials. (ii) Study the influence of parameters 

shallowness angle ( � ) and compositional gradient exponent 
(n) on the interfacial stresses and strain energy release rate 
in lap shear joints. All the simulations in this study are per-
formed using the nonlinear commercial finite element (FE) 
code ABAQUS. The developed numerical framework is vali-
dated by comparing the results from the numerical analysis 
using conventional shell elements S4RS with the results 
from axi-symmetric analytical solution developed in [14]. 
Details of the analysis are mentioned in Sect. Appendix A.

The rest of the paper is organized as follows: Sect. 2 pre-
sents the modelling aspects of the lap shear joints consider-
ing its geometry, variation of material properties and finite 
element analysis. Analysis of lap shear joint subjected to 
compressive loads highlighting the variation of peel and 
shear stresses, and the influence of shallowness angle were 
discussed in results and discussion Sect. 3.1. Analysis of lap 
shear joints with a pre-embedded circular debonding region 
was investigated in Sect. 3.1.2. Key results are summarized 
in Sect. 4.

2 � Modelling aspects

Damage in adhesive bonded joints could be initiated in the 
adhesive layer, adherends and at the interfaces, depending on 
the joint configuration, materials, loading, constraints, and 
the manufacturing procedures. Therefore, it is quite complex 
to describe all possible modes of damage in adhesive bonded 
joints. Adhesive bonded lap shear joints are prone to dam-
age during their service, mainly because of high gradients 
of peel and shear stresses at the overlap ends. In this study, 
pre-existing failure at the interface of the adhesive and a 
strap adherend is assumed and debonding the two parts of 
the specimen at the surface of contact are modelled. How-
ever, the strength and service life of the adhesive bonded 
lap shear joint [28] can be improved by redistribution of the 
peek interfacial stresses in the vicinity of the adhesion fail-
ure front with suitable gradation of material properties of the 
adherends. This is achieved by varying the material proper-
ties, with the help of so-called functionally graded materials. 
Hence, the lap and strap adherend panels are assumed to be 
made of FGM. The usage of FGM adherends in the LSJ with 
suitable gradation of Young’s modulus and Poisson’s ratio 
along the length of adherends, in particular, at the critical 
region of the joint is a technique to reduce the magnitude 
of interfacial stresses in the vicinity of the adhesion failure 
front. Thus, the adhesion failure propagation can be delayed 
with the help of functionally graded adherends.

An attempt is made here to design adhesive bonded lap 
shear joints for safe carrying loads. Therefore, a three-
dimensional nonlinear finite element analysis of the pro-
posed LSJ made of curved FGM adherend panels is per-
formed to identify the maximum load carrying capacity 
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before failure. The lap and strap adherends composed of 
ceramic (aluminium oxide, Al

2
O

3
 ) and metal (Nickel, Ni), 

respectively, are joined by an isotropic adhesive material. 
The material properties of the adherends are graded by vary-
ing the composition of constituents, shape, and size [29].

The geometry, loading, and boundary conditions of the 
proposed lap shear joint made of FGM curved panels are 
shown in Fig. 1. A schematic of clamped curved lap shear 
joint with graded lap and strap adherends joined by an adhe-
sive is shown in Fig. 1a, where the sectional view at X-X is 
provided in Fig. 2a. The metal, adhesive and ceramic parts 
around the free end of the lap adherend are highlighted in a 
close-up of Fig. 2a. A discretized model of a part of the lap 
shear joint around the free end of lap adherend is shown in 
Fig. 1b. Three-dimensional hexahedral elements, i.e. C3D8S 
and C3D8R elements available in ABAQUS, are used for the 
discretization. The selected elements support full as well as 
reduced integration schemes, which is essential to perform 
the geometric nonlinear analysis of curved shear lap joints.

The thickness of the lap and strap adherends and adhesive 
are adopted as 1 mm each and 0.2 mm, respectively, see the 
close-up of Fig. 2a. The lengths of lap and strap adherends 
are adopted as 45 and 125 mm, respectively. The inner radius 
of strap adherend is adopted as 71.6 mm and the shallowness 
angle ( � ) is considered to be 20◦ . The Young’s modulus and 
Poisson’s ratios of constituents of lap shear joints are listed 
in Table 1.

One end of the LSJ is clamped and the free end is loaded 
with a displacement of 0.1 mm along the axial direction, see 
Fig. 2a. The contact between the adherend and adhesive are 
modelled as slave and master surfaces. Furthermore, in order 
to ensure the computational efficiency as well as accuracy, 
the mesh is adaptively generated such that fine grading is 

ensured around the free end of the lap adherend, as shown 
in Fig. 1b. However, the element size in the simulations is 
selected after a through convergence study. Convergence is 
observed when the total number of elements is ≈141584 
elements. Accordingly, the number of elements used in all 
the simulations is equal to 141584 which corresponds to a 
total number of 191394 nodes. Furthermore, 118724 number 
of linear hexahedral elements of type C3D8S and 22860 
number of linear hexahedral elements of type C3D8R are 
used to discretize the adherend and adhesive, respectively. 
The strain energy release rate (SERR) is computationally 
estimated using virtual crack closure technique (VCCT) 
in ABAQUS, satisfying the requirements, like: symmetric 
mesh on the damage plane, small element size and maintain-
ing the regular finite element mesh around the damage front.

In the present study, the elastic modulus and the Poisson’s 
ratio of the lap and strap FGM are varied along the axial 
direction according to a polynomial law with an exponent 
(n), as mentioned below:

where x indicates the axial coordinate, l and l
1
 are the lengths 

of strap and lap adherends, respectively, see Figs. 1a and 2a. 
Em , �m , and Ec , �c are the Young’s modulus and Poisson’s 

(1)E(z) =

⎧
⎪⎨⎪⎩

Em + (Ec − Em)

�
x

l
1

�n

if 0 ≤ x < l
1

Em + (Ec − Em)

�
x−l

1

l−l
1

�n

if l
1
≤ x ≤ l

(2)𝜈(z) =

⎧
⎪⎨⎪⎩

𝜈m + (𝜈c − 𝜈m)

�
x

l
1

�n

if 0 ≤ x < l
1

𝜈m + (𝜈c − 𝜈m)

�
x−l

1

l−l
1

�n

if l
1
≤ x ≤ l

(a)

(b)

Fig. 1   a Schematic of a clamped curved shear lap joint with graded lap and strap adherends joined by an adhesive. Sectional view at X-X is pro-
vided in Fig. 2a. b. Discretization of a part of the lap shear joint around the free end of lap adherend
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ratios of pure metallic and ceramic parts, respectively. Vari-
ation of the Young’s modulus and Poisson’s ratio according 
to Eqs. (1) and (2) is plotted in Fig. 2b and c, respectively. 
According to Fig. 2b, the modulus is varied in the range of 
200–400 GPa, where the modulus is maintained minimum 
at clamped end and the loaded end of the strap adherend 

and maximum at the overlap region. This ensures the stiff 
lap adherend at the joint, thus, the chances of damage initia-
tion will be significantly reduced. Furthermore, the elastic 
modulus is found to be exhibiting a decreasing trend with 
increase in grading exponent (n) within the range 0 ≤ x < l

1
 . 

Whereas, a reverse trend is observed in the range l
1
≤ x ≤ l . 

On the other hand, based on Fig. 2c, the Poisson’s ratio is 
varied in the range of 0.25−0.3, where it is prescribed maxi-
mum at clamped end as well as at the loaded end of the strap 
adherend and minimum at the overlap region. However, the 
Poisson’s ratio is found to be following an increasing trend 
with increase in grading exponent (n) within the range 0 
≤ x < l

1
 . Whereas, a reverse trend is observed in the range 

l
1
≤ x ≤ l . The varying properties of FGM are realized by 

(a)

(b)

(c)

Fig. 2   a Sectional view at X-X of the lap shear joint in Fig. 1a. The 
metal, adhesive and ceramic parts around the free end of the lap 
adherend are highlighted in a close-up. Variation of the b elastic 

modulus and c Poisson’s ratio along the length of the shear lap joint 
according to polynomial laws in Eqs. (1) and (2), respectively

Table 1   The Young’s modulus and Poisson’s ratios of constituent 
materials of lap shear joints, adopted from [29]

Constituent Young’s modulus (GPa) Poisson’s ratio

Metal 199.5 0.30
Adhesive 2.4 0.32
Ceramic 393.0 0.25
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adjusting the proportions of metal and ceramic portions in 
the composite.

3 � Results and discussion

3.1 � Lap shear joint subjected to compressive loads

Three-dimensional FE analyses are performed on the devel-
oped lap shear joint to estimate the stress field in the domain. 
Displacements loads of 0.1 mm per step are specified on the 
tip surface of the strap adherend until the damage initiation 
at the joint. The location of the adhesion failure in the LSJ 
can be identified based on the stress distribution. All the six 
components of stresses on the vulnerable surfaces, i.e.: the 
bond line interface of the lap adherend and the adhesive and 
the interface of the strap adherend and the adhesive, are cap-
tured to identify the potential locations of failure initiation. 

Three-dimensional peel stress distribution in the overlap 
region of the LSJ is shown in Fig. 3.

3.1.1 � Variation of peel and shear stresses, and SERR 
with debond length

Distribution of the peel stresses in the overlap region and 
along the circumference at the joint location are plotted in 
Fig. 4a and b, respectively.

A zero overlap length indicates the joint location, i.e. 
l = l

1
 . Whereas, overlap length equal 45 mm denotes the 

clamped boundary. As shown in Fig. 4a, the peel stresses 
are observed to be maximum at the overlap ends, followed 
by a drastic reduction within a small distance from the joint 
location and almost constant amplitude over the rest of the 
domain length. The variation of peel stresses along the cir-
cumference of the FGM is plotted in Fig. 4b. As shown in 
Fig. 4b, the peel stresses are maximum along the centre line 
of the adherend ( � = 0 ◦ ) and minimum towards the edges. 
The peel stresses are primarily responsible for the damage 
initiation. Whereas, the amplitude of shear stress denote the 
tensile load carrying requirements. The shear stresses in 
the LSJ are noticed to abruptly change around the overlap 
region. The non-uniformities in the peel and shear stress 
distributions are because of the presence of free edge. On 
the other hand, the peel and shear stresses are observed to 
be the highest in the overlap region, leading to concentra-
tion of stresses. Therefore, based on the stress distribution 
at the interface shown in Fig. 4, the adhesive and the strap 
adherend interface at the overlap end is prone to adhesion 
failure. Therefore, adhesion failure propagation is analysed 
considering different initial lengths of pre-embedded adhe-
sion damage.

Fig. 3   Three-dimensional distribution of peel stresses in the overlap 
region of the LSJ. The stress at the lap and adhesive interface end are 
estimated to be 17 MPa and at the end of strap and adhesive interfer-
ence is found to be 25 MPa, see Fig. 4b

(a) (b)

Fig. 4   Distribution of the peel stresses a in the overlap region and b along the circumference. A zero overlap length indicates the joint location, 
i.e. l = l

1
 . Whereas, overlap length equal 45 mm denotes the clamped boundary, see Fig. 2a
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The influence of grading exponent (n) indicating the com-
position of FGM on the interfacial stresses in the vicinity 
of failure front at the interface of adhesive and the curved 
FGM strap adherend of the LSJ are shown in Fig. 5a and b. 
The variation of peel and shear stresses with respect to the 
debond length considering grading exponent values in the 
range of 0.1 to 10 is shown in Fig. 5a and b, respectively.

Based on Fig. 5a, the peel stress is observed to be initially 
increasing with increase in debond length until 5 mm, fol-
lowed by a decrease. This is due to the fact that large stresses 
are required to separate the adherends from the adhesive 
when the damage size is small. The strength of the joint 
reduces with increase in damage size, leading to lower peel 
stresses at higher debond lengths. Therefore, a drop in peel 
stresses is evident for debond lengths beyond 5 mm. Further-
more, the peel stress is found to be increasing with increase 
in grading exponent. This is because the elastic modulus is 
decreasing with increasing n. Therefore, the stiffness of the 
structure decreases with increasing n.

The longitudinal shear stresses are noticed to be increas-
ing with the increase in adhesion damage until 3 mm. This 
is followed by a decreasing trend till the damage size equal 
to 7 mm. Moreover, the rate of decrease is found to be steep 
when the debond length is more than 5 mm. Therefore, the 
shear stresses also observed to be following similar trend 
as that of peel stresses. However, the decreasing trend 
starts early at debond length equal to 3 mm. In the simi-
lar lines, the shear stresses are also found to be increasing 
with increase in grading exponent. The maximum values of 
the peel and shear stresses are observed around the centre 
region, i.e. at � equal to 0 ◦ , see Fig. 4b.

The strain energy release rate (SERR) in the first, second, 
third modes and the total SERR in all the modes are plotted 
with respect to the debond length in Fig. 5c, d, e and (f), 
respectively, considering different gradient exponent values. 
According to Fig. 5c, the SERR in mode-I (GI  ) is observed 
to be initially decreasing with increase in adhesion failure 
size from 1 to 3 mm, followed by an increase. The trend is 
opposite to the variation of peel stress in Fig. 5a. The SERR 
in mode-II (GII ), plotted in Fig. 5d is found to increase with 
the increase of the adhesion failure length up to 5 mm. 
Whereas, it is increasing with the increase in compositional 
exponent gradient (n). In other words, the magnitudes are 
lower for lower values of n. The maximum values of G I  
and G II are observed at the centre, i.e. at � equal to 0 ◦ . The 
SERR in mode-III (GIII ) is plotted in Fig. 5e, where the 
maximum G III values are observed at the edges. To summa-
rise, G II is estimated to be the dominating mode of failure. 
The total strain energy release rate in all the modes plotted in 
Fig. 5f is observed to increase for debonds lengths equal to 
1 to 3 mm except for when n equal to 0.1. Therefore, n equal 
to 0.1 is the ideal selection for grading the material property.

3.1.2 � Influence of shallowness angle

The influence of shallowness angle on the crack growth is 
studied by considering its variation within 20◦ , after adopt-
ing n equal to 0.1. Variation of the strain energy release 
rate in modes I, II, III and the sum of all the three modes 
with respect to the distance along the circumference for shal-
lowness angles equal to 0, 5, 10, 15 and 20◦ are plotted in 
Fig. 6a, b, c and d, respectively.

The SERR in mode-I when � varies from 0 to 20◦ is plot-
ted in Fig. 6a. According to Fig. 6a, the maximum values 
of SERR is observed around the mid point of the circum-
ference, i.e. when � equal to 0 ◦ and continue to decrease 
with increase in � . Therefore, the minimum of the maxi-
mum SERR is noticed when � equal to 20◦ . Furthermore, 
the SERR in mode-II when � varies from 0 to 20◦ is plot-
ted in Fig. 6b. Based on Fig. 6b, the SERR is observed to 
be maximum when � equal to 20◦ and minimum when � 
equal to 0 ◦ , occurring at the midpoint of circumference. The 
behaviour in mode-II is observed to be opposite to the trend 
in mode-I. On the other hand, the SERR for mode-III when � 
varies from 0 ◦ to 20◦ is plotted in Fig. 6c, where the SERR is 
estimated to be maximum around the edges and minimum at 
the centre. The total SERR is plotted in Fig. 6d and noticed 
that it is dominated by mode-II. Therefore, the total SERR 
is maximum when � equal to 20◦ and minimum for � equal 
to 0 ◦ , occurring at the middle of the circumference.

To summarise, mode-II is observed to be the dominating 
mode and SERR is the highest when � equal to 20◦ . The 
maximum value of SERR in mode-II occurs at the centre of 
the pre-embedded failure. Therefore, the structure in such 
a loading will be more unstable as compared to the other 
configurations. Loading in mixed mode indicated that the 
maximum value of the total SERR occurs at the centre when 
� equal to 20◦ . Therefore, the structure will always open up 
from the centre. The curvature of the panel influences the 
debonding propagation resistance, where flat structure are 
better in resisting the debonding. In other words, as the cur-
vature increases the maximum of the SERR also increases.

3.2 � Analysis of LSJ with a pre‑embedded circular 
debonding region

A lap shear joint with a pre-embedded circular debonding 
region considering the same loading, geometry and bound-
ary conditions as discussed in Sect. 3.1 is considered. Circu-
lar debonding region of radii 2, 3 and 4 mm are pre-induced 
at the interface of the adhesive and the strap adhered, as 
shown in Fig. 7a. The material properties of the adhesive as 
well as the functional grading of adherend is adopted same 
as that of the lap shear joint in Sect. 3.1. The centre of circu-
lar debond region is located at 7 mm from the overlap end.
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A three-dimensional solid deformable geometry is cre-
ated for both adherend as well as adhesive separately in part 
module of ABAQUS, followed by assembly in the assembly 
module. The joint is discretised using 8-node C3D8S linear 

brick elements, where the discretisation is adaptively refined 
as shown in Fig. 7b. The material properties are assigned 
to the constituents in the property module. The varying 
material properties for the adherend with temperature are 

(a) (b)

(c) (d)

(e) (f)

Fig. 5   Variation of the a peel and b shear stresses with respect to the debond length and grading exponent. Distribution of the strain energy 
release rate in the c first, d second, e third modes and f the total strain energy release rate in all the modes with respect to the debond length
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considered in the analysis with zero coefficient of thermal 
expansion. The contact between the adherend and adhesive 
are modelled as slave and master surfaces. Pre-induced crack 
surfaces are assumed to be partially bonded initially such 
that the crack tips can be explicitly identified in ABAQUS. 
The pre-embedded crack is modelled by debonding the con-
tact surfaces. In other words, a nodal set is defined in front 
of the crack tip along the direction of crack growth, and the 
corresponding edge nodes are debonded.

The strain energy release rates in three modes, G I  , G II 
and G III are evaluated using the virtual crack closure tech-
nique (VCCT). The fracture behaviour and progressive 
growth of embedded circular delamination in the LSJ is 
characterised based on the SERR. The variation of SERR 
in modes I, II and III (G I  , G II and G III ) around the pre-
embedded circular delamination of radii equal to 2, 3, and 
4 mm at the interface of the adhesive and the strap adherends 
of the LSJ made of flat FGMs panels are shown in Fig. 8.

The amplitude of SERR in mode I (GI  ) around the circu-
lar debond region is found to be of the order 10−8 , which is 

significantly smaller as compared to the SERR in modes II 
(GII ) and III (G||| ), which range in the order of 10−3 and 10−4 , 
respectively, see Fig. 8. Therefore, the distribution of SERR 
is not shown. Furthermore, the SERR is found to increase 
with increase in radius of the circular debond region in all 
the modes, see Fig. 8. This is because as the radius of the 
pre-embedded circular delamination region increases, the 
size of void at the interface increases, which leads to the 
reduction structural integrity and strength thereby accelerat-
ing the debonding. According to Fig. 8a and c, the SERR in 
mode II and total SERR exhibits similar pattern, since mode 
II is the dominating mode. Moreover, as shown in Fig. 8b, 
in mode III the SERR peaks are observed at angle of 50◦ , 
whereas, the corresponding peak is observed at 0 ◦ in mode 
II, see Fig. 8(a-b). Furthermore, the distribution of SERR in 
Fig. 8 is observed to be symmetric, due to the symmetry in 
material properties, loading and boundary conditions around 
circular debond region.

Furthermore, two lap shear joints identical in geom-
etry, loading and boundary conditions, joined by different 

(a) (b)

(c) (d)

Fig. 6   Variation of the strain energy release rate in the a first, b second, c third modes and d the total strain energy release rate in all the modes 
with respect to the distance along the circumference for shallowness angles equal to 0, 5, 10, 15 and 20◦
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adherends made of (i) FGM and (ii) Gr/E laminated uni-
directional composite (FRPC) are studied to estimate the 
adhesion failure, considering pre-embedded adhesion failure 
of sizes 1 and 3 mm at the interface of isotropic adhesive 
and strap adherend. Distribution of the SERR with the dis-
tance along the circumference for modes I and II is plotted 
in Fig. 9a and b, respectively. According to Fig. 9, the SERR 
for both the modes of LSJ with FGM adherend is observed 
to be lower than the LSJ with FRPC adherend. Therefore, 
the LSJ made of FGM adherend is more stable as compared 
to the LSJ made of FRPC adherends. On the other hand, the 
SERR is found to decrease with increase in pre-embedded 
adhesion failure of size.

4 � Conclusions

The peak stresses in adhesively bonded joints can be reduced 
by redistributing them over the bond length. In this study, 
this is achieved by varying the material properties, with 
the help of so-called functionally graded materials (FGM). 
Curved lap shear joints are considered for the analysis, 
where the peel stresses are found to be much higher at the 
overlap end and drastically drops down with a small distance 
to remain approximately constant throughout the overlap 
length. Furthermore, due to such a variation in peel stress 
the SERR in all modes is found to be the lowest when the 

compositional gradient index (n) is equal to 0.1. This is also 
results in the lowest peel stress, which further helps in arrest-
ing the adhesion failure.

The variation of SERR for panels with different shal-
lowness angle varying from 0 to 20◦ is also investigated 
and observed that the flat panel with � equal to 0 ◦ results 
in lowest value of SERR. Thus, flat structures are better 
in arresting growth of adhesion failure as compared to the 
curved structures. Furthermore, the growth of circular pre-
embedded adhesion failure is studied and the variation of 
SERR around the circumference indicated that the location 
of damage growth is close to free edge.

A comparison of the FRC and FGM panels with similar 
geometry and boundary conditions indicated that the panel 
made of FGM yielded the lowest SERR. Therefore, the use 
of FGM structures enhance the life of adhesively bonded 
structure.

Appendix 1: Validation of the finite element 
framework

Axisymmetric analytical solution developed in [14] is used 
to validate the developed numerical framework in this study. 
Therefore, geometric linear analysis was performed using 
conventional shell elements S4RS. The geometry, bound-
ary conditions, tube material, and loading conditions are 

Fig. 7   a Schematic of the lap joint with a pre-embedded circular debonding region. b Refined adaptive discretisation and c the distribution of the 
peel stresses around the circular debonding region, highlighting the location prone to adhesion failure
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(a) (b)

(c)

Fig. 8   Variation of SERR in a mode II, b mode III and c the total of modes II and III, near the pre-embedded circular delamination

(a) (b)

Fig. 9   Distribution of the SERR with the distance along the circumference for modes a I and b II
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adopted from reference [14]. Figure 10 shows a compari-
son of the peel stress distribution obtained through present 
numerical solution with the published results in [14]. The 
maximum error between the present and published results 
is found to be 0.113%.
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