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In the context of increasing use of adhesive bonding for mechanical assembly, there is a need for reliable design tools. Both energetic and stress based conditions
are necessary to predict the strength of bonded joints, which explains the use of a coupled criterion. The application of the criteria was performed by using Finite
Element Analysis. Results obtained numerically were compared to experimental data from tubular bonded samples. A modification of the coupled criterion was
proposed to take into account the loading rate in the prediction of the failure load. A good agreement was obtained between experimental and numerical

predictions.

1. Introduction

Adhesive bonding presents several assets such as weight lightening,
assembly of dissimilar material and modularity.

Because of the mismatch of properties between substrate and adhesive
a singular stress field occurs especially near the edge of the adhesive layer.
The stress distribution in the bondline is strongly affect by these stress
concentrations; this phenomenon is called edge effect. As the result a
detailed analysis is required in order to assess the numerical prediction of
bonded structure. In order to design bonded structure with high reliability,
several strategies have been develop in the past. Previous works study this
singular behavior of two dissimilar wedge regions and propose a solution
presented in [1]. More recent works proposed a methodology to describe
the singular stress field for structure under tension and bending with
variation of bondline thickness and dissimilar substrates [2]. This meth-
odology of estimation of the intensity of singular stress field was used to
predict the failure of single lap joint [3] cylinder butt joint [4] and also
double lap joint [5]. Other authors proposed design rules based on ana-
lytical models and testing of custom specimens to take into account the
strong multi-axial loading at the joint [6]. Dragoni et al. present useful
software to help the engineer in the everyday design of bonded joints
based on this method [7]. Finite Element Analysis (FEA) is widely used to
design structures. In order to cope with singular stress fields, Point Stress
criterion could be performed [8,9]. Simplicity is one of the main assets of
this method. However, it requires a substantial materials database and the

results are closely related to the mesh size. The presented criterion were
stress-based, energetic approach have been develop.Cohesive Zone Model
(CZM) exhibits excellent results to determine the failure load of bonded
joints. However, the computational cost of this method is high and could
not be used in early stage of design. The coupled criterion [10] propose to
combine both approaches to predict the failure of bonded structure. This
criteria exhibit good results when applied to single lap joint [11].

In the present paper, a tubular bonded joints are designed using a
Finite Element model. The aim of the present study is to estimate the
failure load of a bonded structure based on adhesive data base which re-
quire ultimate stress and fracture toughness. The first section is dedicated
to the explanation of the coupled criterion. Adhesive materials are sensi-
tive to loading rate, temperature and humidity. A modification of the
coupled criterion is proposed in this paper to take into account the loading
rate of a bonded structure. The coupled criterion requires a smaller ma-
terial database. In this paper, the commercial adhesive EA 9395 is used.
Tests were performed with three different loading rates by using the
modified Arcan device. Failure envelopes were built and exhibited an
influence of the loading rate on the failure strength of the bonded joint.
The material toughness in modes I and II were calculated by previous
authors by using DCB [12] and ENF tests [13]. In this paper, the fracture
toughness is presumed to be independent of the loading rate. In order to
validate the failure load prediction obtained with the coupled criterion, a
tubular sample composed of two co-axial substrates bonded by adhesive
layers is also used in this study. This specimen exhibits a strong multi-axial
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stress field at the extremities of the joint due to the edge effects. A previous
study [14] focused on the failure load prediction of bonded sample under
bi-axial loading by performing coupled criterion methodology. In addition,
complex loading (tension/torsion) could be applied on this kind of spe-
cimen [15]. However, in the present study, only tension loading will be
performed. The influence of the bondline thickness and the overlap length
is investigated in this paper. For one configuration, samples were tested
with two loading rates in order to assess the proposed modification of the
coupled criterion. The next section explains the development of a tubular
bonded sample. After assessment of the tubular sample set-up, an ex-
perimental campaign was performed and compared to the numerical
failure load prediction.

2. Materials and methods
2.1. Adbhesive properties

In this study an epoxy based bi-component resin (Loctite Hysol EA
9395 commercialized by Henkel) was used and showed highly fragile
behavior [13,12]. The resin and the crosslinking agent were mixed at a
weight ratio of 100:17, as also recommended in the datasheet of the ad-
hesive, by means of a speed-mixer machine (DAC 150.1 FV-K) in order to
obtain a homogenous mixture. The adherents were made from aluminum
alloy; they were cleaned prior to bonding by immersion in pure 99%
acetone for 2 h and then dried in an oven at 120 °C for 1 h. The surfaces of
the substrates were ground mechanically with SiC paper (grade 180) in
order to prepare them for bonding. Any final residues remaining after this
procedure were simply wiped off also by means of pure 99% acetone. The
adhesive was applied on both substrates manually with a spatula. The
assembled specimens were cured at 76 °C for 90 min.

2.2. Arcan device

Arcan tests were used to identify the mechanical properties of the
adhesive material. The substrates used were made of 2024 aluminum
alloy. The thickness of the joint (t,) was set at 0.4 mm. In order to guar-
antee proper alignment and good repeatability of the thickness at a tol-
erance of + 0.05mm, a special system similar to the one shown pre-
viously in [16] was used to perform the bond. The samples were tested
under force control, at a loading rate of F by using a uniaxial machine
MTS 50kN. The failure stresses are estimated from the average stress [17].

2.3. Presentaion of the tubular sample device

The tubular sample is composed of two substrates (7075 T6 alu-
minum alloy) bonded (Fig. 1(b)) by an adhesive layer as visible in

Table 1

Characteristic length of the tubular sample.
Dimension Symbol Value [mm]
Inner diameter Poxt 59.0
Outer diameter Pint 40.0
Mean diameter R 24.75
Adhesive thickness ty studied parameter
Adhesive length Ly studied parameter

Fig. 1(a). The geometry of the sample is given in Table 1. The height of
the substrate is 85.0 mm and the medium radius denoted is 24.75 mm
and these are fixed for all the presented configurations. Several FEA
model were performed to ensure the stress distribution in the adhesive
was not affect.had no effect. Dimensions obtained from this numerical
analysis are presented in Table 1.

Several configurations were tested in this study and are presented in
Table 2. The surface prepartion is similiar to the protocol presnetd for
Arcan device (maechanical gridding, acetone cleaning and drying) The
adjutement ring ensure a similar bonded length between each tested
sampels for all configurations in order to provide a good repetability.

2.3.1. Bonding device

The co-axiality of the tubular adherent is guaranteed by the set-up
visible in Fig. 1(c) and (d). The position of the first substrate is made by
a mechanical stop. After applying adhesive on both sides of the sub-
strate, the second substrate is put in position according to an adjust-
ment ring which determines the bonding length L,.. This dimension is
then guaranteed to be the same for all the samples by reusing the
sample adjustment ring. The sample is clamped onto the bonding set-up
as illustrated in Fig. 1(e) during the curing process. A sample was
machined in order to cut the substrate along the longitudinal length as
seen in Fig. 2(a). The remaining pieces of the adhesive layer (Fig. 2(b))
are observed with an optical microscope Keyence in order to verify the
adhesive thickness on the perimeter of the sample. The observed area is
delineated by orange square on the Fig. 2b. The values obtained are
presented in Fig. 3.

The adhesive thickness is assumed to be constant around the peri-
meter of the joint (Fig. 3). These results validate the bonding process
and set-up.

2.3.2. Testing set-up

The testing device is presented in Fig. 4 the lower clamping device is
linked to the sample and the hydraulic cylinder. The upper clamping
device is composed of a cardan joint which removes possible bending
efforts due to misalignment. The bonded sample is fixed using screws.

Mechanical
stop

2 _ Adjustment
(e) ring

Fig. 1. Tubular sample (a) schematic view cut and dimensions (b) aluminum substrates (c) adhesive bonding set-up (d) and (e) clamping and adhesive length control.



Table 2
Description of configurations tested.

Configuration Adhesive thickness Bondline length Loading rate
Configuation 1 ta=0.2 L,=10 0.5
Configuation 2 ta=0.4 L=10 0.5
Configuation 3 ta=1.0 Li=10 0.5
Configuation 4 t,=0.4 Ly=5 0.5
Configuation 5 ta=0.4 L=20 0.5
Configuation 6 ta=0.4 L=5 5.0

A fully aluminum part was used to guarantee the alignment of the
testing device. This part is instrumented with strain gauges and could
replace the bonded sample in Fig. 5. The system is considered to be
aligned when the four gauges present the same strain values. The
alignment is performed using the screws which move the cross of the
cardan joint (Fig. 4).

The bonding device is considered to provide good coaxiality of the
bonded samples. Then the testing set-up is available to perform tensile
testing and reduce the misalignment by using the universal joint
(cardan).

3. The coupled criterion

The coupled criterion is based on two conditions a stress criterion
which describes the onset of micro-cracks in the adhesive layer and an
energetic criterion related to the nucleation of these micro-cracks to
create a macro-crack as explained in the literature [18,10,19]. Several
properties of materials must be identified in order to solve the coupled
criterion. The materials’ properties and fracture toughness in mode I
and II must be identified. Adhesive elastic properties (Young modulus
and Poisson’s ratio) and strength are identified using a modified Arcan
device [20]. Fracture toughness in mode I and II are identified using
DCB and ENF test [12,13].

3.1. General overview of the failure criteria

According to finite fracture mechanics, crack nucleation is observed
in the neighborhood (AS) of the free edge of the substrate and the
adhesive due to the edge effect. The bonded structure is composed of an

500

Sty

| |
0 50 100 150
Specimen circumference [mm)]

Fig. 3. Thickness of the adhesive joint around the tubular sample.

adhesive layer denoted ¢,, and a displacement d is applied as seen in
Fig. 6. A reaction force F, is computed numerically from this dis-
placement and will be used to determine the failure load. This point will
be discussed in Section 5.2.

The energetic criterion compares the change in potential energy
(= AW,/AS) and the fracture toughness (G;) of the adhesive (Eq. (1)).
The fracture toughness presents an evolution according to the mixed-
mode as described in [18,?].

- AW, 2 G.. AS 1
The potential energy(W,) is given by the changes between un-

cracked (W, (0)) and cracked states (W,(S)) as visible in Eq. (2).

= AW, = W, (0) — W (S) )

In this paper, the bonded structure is considered under 2D hypothesis.

The cracked surface is described by S = a. b, with a the crack length

and b the sample width. The energetic criterion may be written using an
incremental energy as expressed by Eq. (3).

G™(a) 2 G, 3

The incremental energy may be delineated by the following ex-
pression G"(a) = %. %. The energetic criterion is fulfilled when the
incremental energy exceed G.. The computation of this incremental

(b)

Fig. 2. Experimental setup with (a) conventional machine cutting (b) in order to obtain sample around the perimeter.
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Fig. 4. Photograph of the testing devices for tubular samples.

energy based on classical Griffith criterion have been described in a
previous paper [21] as presented in Eq. (4).

. 1 a
inc —
G"(a) = - jo‘ GDdl @
where a is the cracked length,! is the remaining bonded length
(=L, —a) and G(I) is the energy released rate for the remaining
bonded length. The necessity to satisfy simultaneously stress and en-
ergetic criteria is explained in [10]. The stress condition assumes that
the tensile normal stress reaches the tensile strength. The crack onset
may be expressed using the Eq. (5), which implies that the crack onset
occurs in the cracked surface defined by the previous criterion.

UopA(M)ZZNa VMeS (5)

where M is a point of the expected cracked surface S and fulfils the
crack onset conditions given by a stress criterion. The stress for crack

Fig. 6. Schematic view of a bonded joint.

onset in opening mode is designated o,,, by and the out-of-plane stress
(normal to bondline) is designated Zy. By combining Egs. (3) and (5),
the failure of the bonded assembly may be described.

3.2. Resolution of the coupled criterion

The incremental energy G is presumed to be an increasing func-
tion of the crack length as explained in [10]. This first condition leads
to a lower limit of the crack length at initiation. The stress o, is a
decreasing function according to the supposed crack length and the
stress condition provides the upper limit of the system. The coupled
criterion may be solved by combining Egs. (3) and (5). To solve the
system easily, the G is assumed to be represented by a dimensionless
parameter A" (a) as described in [18,11]. For single lap joint config-
uration, some authors indicate a local maximum in the evolution of the
incremental energy [18,19,22]. The lower bound related to stress cri-
teria is described by a quadratic criterion, which takes into account out-
of-plane and tangential stresses [18]. Similarly to the energetic cri-
terion, the crack onset is turned into a dimensionless parameter kgq,c; (x)
[18]. As explained in the literature [18,19,23], the solution of the
coupled criterion problem is obtained by using these dimensionless
parameters. The parameters K (x) =f(0(x, ), T(x,y), Zn, Sc) is a
function the stress distribution in the adhesive layer and the failure
stress. This parameter is related the stress field in the adhesive bond-
line. The energetic part is related to the other parameter
A" (a) = f(G.(a)) which depend of the fracture toughness, the de-
pendency to the crack length a is due to the evolution of mode mixity
during crack propagation [23,18].

Strain gauges

(b)

Fig. 5. Instrumented sample with strain gauges (a) photograph and (b) schematic view.
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Fig. 7. Illustration of the resolution of the coupled criterion.
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The parameter E®¢ describes an equivalent modulus of adhesive
under 2D assumptions. The energetic criterion (Eq. (4)) and the stress
criteria (Eq. (5)) are simultaneously satisfied for a crack length denoted
a* as illustrated in Fig. 7. The solution, is dependent on the mixed-mode
denoted B(a) [18,23] which is evaluated by Virtual Crack Closure
Technique (VCCT) [24,25].

3.3. Modification of stress criterion

Previous studies described the crack onset by using a simple stress
criterion which considers only the out-of-plane stress [11]. The bi-axial
stress state which occurs in the adhesive layer is described by a quad-
ratic criterion by Carrere et al. [26].

[ 2 2

‘(Uw(?c, y)) N (Txy(:x: y)) o1

Wzveen) s @
In the present paper, a quadratic stress criterion is used (Eq. (7))

[18]. Where (Zy) is the out-of-plane strength and (S.) tangential

strength. The influence of the strain rate (¢) in the adhesive layer as
described by Eq. (8) similarly to [17].

Zy () = a;’y[l + (¥)W]
S.E0) = f;gy[l + (%)xy]

The failure stress according the normal to bondline is Zy and tan-
gential failure stress is S.. The strain rate for the previous direction is
denoted é. In order to describe the influence of strain rate, a reference is
taken. Normal stress reference is cr;’y and shear stress reference is ch’y.

10

(8

X : failure

NF [kN]

[T N R .

ND [mm)] 1072

(a)

Strain reference for tensile and sher is respectively denoted ), and é,.
The parameters n,, and n,, allow a better description of the failure
stress according to the strain rate.

4. Experimental results
4.1. Identification of adhesive properties

4.1.1. Experimental results of Arcan tests

The identification of the adhesive strength is performed by using the
modified Arcan device under traction and shear loading. Three loading
rates are used in this study. The failure is symbolized by orange crosses
as shown in 8 and ensures repeatability of experimental results.

Fig. 8 shows force-Displacement curves for a loading rate of 0.2kN/
s. ND and TD are respectively the normal and tangential displacements.
NF and TF are the forces related to the previous displacements. Both
curves exhibit brittle behavior of the adhesive. The fracture surface
shows a mixed (cohesive/adhesive) failure.

Fig. 9 shows the behavior of the adhesive bonding under a loading
rate of 2.0kN/s. The failure force increases with the loading rate as
shown by the comparison between Figs. 8 and 9.

Fig. 10 is related to the test under a loading rate of 20kN/s. The
force at failure increases with the loading rate. A decrease of ND and TD
is also observed.

The normal displacement (ND) is decreasing with the loading rate.
For higher loading rate F = 20kN/s normalment displacement is in the
range of 1 micrometer. The scattered results obtained could be im-
proved by using a more accurate measurement system.

4.1.2. Failure envelope

The failure stress under tension and shear loading is plotted on
Fig. 11. The failure envelope is plotted with a dashed line for each
loading rate by using Eq. (7).

In order to validate the failure envelope proposed, additional shear-
tension loading sample were tested for 0.2 and 2.0 kN/s, five samples
were tested for each configuration. The average failure stress obtained
is also plotted in Fig. 11. Experimental data and failure envelope (Eq.
(8)) are in good agreement for 0.2 and 2.0 kN/s. The fracture surfaces of
these samples are visible in Fig. 12.

Eq. (8) describes the relationship between failure stress and strain
rate. The strain rate is computed from the force-displacement curve as
detailed in [17]. Fig. 13 presents the evolution of assembly strength
according to the strain rate under tension and shear loading.

Based on the experimental data, the identified parameters are listed
in Table 3. The identification of the parameters is performed using a
Least Square minimization method (library Imfit in Python). The pro-
posed law is visible in Fig. 13 and is presented by a dashed line.
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Fig. 8. Force displacement curves of Arcan samples tested at a loading rate of 0.2 kN/s (a) under tension (Normal Force: NF versus Normal Displacement: ND) and (b)

shear loading (Tangential Force: TF versus Tangential Displacement: TD).
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Fig. 9. Force displacement curves of Arcan samples tested at a loading rate of 2.0 kN/s (a) under tension (Normal Force: NF versus Normal Displacement: ND) and (b)

shear loading (Tangential Force: TF versus Tangential Displacement: TD).
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Fig. 10. Force displacement curves of Arcan samples tested at a loading rate of 20.0 kN/s (a) under tension (Normal Force: NF versus Normal Displacement: ND) and

(b) shear loading (Tangential Force: TF versus Tangential Displacement: TD).

4.2. Validation on tubular sample

The previous section detailed the identification procedure of the
elastic parameter and the fracture strength. In order to validate the
dimensioning approach, tubular bonded samples were also tested.
Several parameters were investigated, the adhesive overlap length (L),
the adhesive thickness (¢,) and the influence of the loading rate (F).

4.2.1. Influence of bondline length

Fig. 14(a) shows the force-displacement curves for an overlap length
of 5mm and an adhesive thickness of 0.4 mm. Five samples were tested at
a loading rate of 0.5kN/s. The assembly presents a brittle behavior. The
fracture surfaces obtained were mixed as shown in Fig. 14(b).

The failure load increases with bonded length as shown in Fig. 15.
The linear behaviour of the adhesive is visible, yet the failure load is

6off 99° 0.2 kN/s
2 kN/s
20 kN/s
= 40| -
% \\ N\\
U) \]

N 3 )
Al A}
20 ‘+ \
\ L] A
]

) 0°
0 10 20 30 40 50 60
ZN [MP&]

Fig. 11. Failure envelope of the adhesive bonding for three loading rates.

relatively scattered (see Fig. 16).

As noticed for bonded of L,, = 5mm and 10 mm, the failure load
increased with a bonded length of 20 mm.

Except for failure, the force displacement curves shows a good re-
peatability of the bonded sample tested. The failure load increases with
the bonded length. The fracture surfaces present are all a mix of co-
hesive and adhesive which could explain the scattered results obtained.

4.2.2. Influence of adhesive thickness

Experimental tests were performed to estimate the influence of
bondline thickness on the failure load. As visible in Fig. 17, the non-
linear section of the curve is larger than before the failure of the sample
as seen in Fig. 15.

The increasing in bondline thickness results in a decrease in the
failure load as shown in Fig. 18. The observation of the fracture surface
reveals the presence of air bubbles as seen in Fig. 18(b).

The failure decrease with the bondline thickness. Some defects are
visible on post-mortem fracture surfaces for t, = 1.0 mm.

4.2.3. Influence of loading rate
A final experimental campaign was performed, two loading rates
were tested: F = 0.5 kN/s and 5.0 kN/s and estimate the influence on

(a) (b)

Fig. 12. Fracture surfaces on Arcan samples tested under shear-tension loading
at a loading rate of (a) 0.2kN/s and (b) 2.0 kN/s.
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Fig. 13. Evolution of the ultimate stress according to the speed loading under (a) tension and (b) shear loading.

Table 3
Parameters identified for the stress dependent on
the strain rate.

Symbol Value
o, 15.77 [MPa]
T’%) 22.745 [MPa]
Ty 0.531
Nyy 0.175

5}9}, = s,?y 9.107* [s71]

the failure load. The results obtained for F' = 0.5 kN.s are shown in
Fig. 19. The comparative analysis of Fig. 14(a) and Fig. 19 shows an
increase in the failure load proportional to the loading rate. No sig-
nificant changes were present on the fracture surfaces.

5. Numerical failure load prediction

In order to assess the modification proposed on the coupled cri-
terion, a comparison between experimental work and numerical models
is performed. The application of the coupled criterion to the tubular
sample is described in the next section.

5.1. Model

An axisymmetric model was performed to represent the tubular
sample as shown in Fig. 20. Each end of the substrate is linked to a
reference point (RP), a displacement is applied on the upper RPy and
the lower RPg is clamped. In the case shown, the applied displacement
isd = 1.0 mm.

A refined mesh with a characteristic length of 1072 mm is used in the
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region of the adhesive layer as shown in Fig. 20. For the present model
(Lye = 5.0 mm, t, = 0.4 mm), 723 368 elements CGAX4R and CGAX3 in
Abaqus Standard were used. Carrere et al. [18] recommend 40 elements
in the adhesive thickness of single lap joint geometry to obtain the
convergence of the failure load applied. Based on previous study [14],
40 elements in the joint thickness gives satisfying results. According to
these work, the mesh size is considered fine enough to obtain reliable
failure load prediction. Stress and strain discussed in the following
section are considered at the position r = R,,, — %" The position corre-
sponds to the internal interface between the adhesive layer and the
internal substrate. The maximum stress concentration was located on
this line according to the FEA results.

5.2. Coupled criterion application

As explained previously, a displacement is applied on the upper
reference point. The reaction force (F) due to the displacement is
computed. The duration of the test (At,y) may be estimated according
to Eq. (9).

Freact
F €)]
where F, is the loading rate of tested samples. Strain distribution
along the joint length at r = R, — %" is considered. Under elastic as-
sumption, the strain rate may be estimated using Eq. (10). The present
methodology is applied to a brittle adhevive joint (Figs. 9 and 10). For
adhesive bonding exhibiting strong non linear behavior, the present
methodology will present limitations. Out-of-plane and tangential
strain distributions are given in Fig. 21(a) for the tubular sample
(Lye = 5.0 mm, t, = 0.4 mm).
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Fig. 14. Tubular sample Lrc = 5mm and ta = 0.4 mm: (a) Force-displacement curve performed at a loading rate of 0.5kN/s and (b) fracture surface.
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Fig. 16. Tubular sample Lrc = 20 mm and ta = 0.4 mm: (a) Force-displacement curve performed at a loading rate of 0.5kN/s and (b) fracture surface.
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Fig. 18. Tubular sample Lrc = 10 mm and ta = 1.0 m: (a) Force-displacement curve performed at a loading rate of 0.5kN/s and (b) fracture surface.
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Fig. 19. Tubular sample Lrc = 5mm and ta = 0.4 m: Force-displacement curve
performed at a loading rate of 5.0 kN/s and.

The computed strain near to the edge is strongly affect by singular
stress field. The resolution of the coupled criterion is performed at a
distance denoted a* from the free edge. This assumption free the failure

displacement

RPy

RPg

load prediction from singular stress field. The strain ¢ is calculated by
FEM analysis and is presented on Fig. 21(a). Then, the strain rate ¢
along the overlap length is calculated by using Eq. (10). By using Eq. (8)
the adhesive strength is calculated and is shown on Fig. 21(b). This
stress state is obtained under elastic assumption for an applied dis-
placement d (Fig. 20).

Section 3 briefly describes both energetic and stress based criteria.
In order to solve the coupled criterion easily, dimensionless parameters
are used as detailed in [18,11]. ke (x) represents the evolution of the
stress state in the adhesive layer, under 2D assumption and considering
a bi-axial loading. Fig. 22 shows the evolution of this parameter along
the interface (r = R, — %“ Fig. 20). This parameter represents the stress
criterion and decreases steadily according to the distance from the free
edges. The coupled criterion will be solved at a specific distance from
the free edge by using Eq. (6).

The energetic criterion given in Eq. (3) compares the incremental
energy G, and the critical energy release rate G,. Mesh unbuttoning is
performed similarly to [18] to simulate the crack propagation. In order to
easily solve the coupled criterion, A" (a) is used as a dimensionless
parameter which is dependent on the crack length because of the mixed
mode. VCCT is performed to estimate the evolution of the mixed mode.
As shown in Fig. 23, the dimensionless parameter exhibits a local max-
imum followed by a local minimum, then an increasing curve. In the area

Fig. 20. Schematic view of a bonded joint.
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Fig. 24. Comparison of the failure load prediction and experimental data for
three adhesive thicknesses.

of the local minimum, the energetic parameter is assumed to be constant.
This correction was applied for single lap joint geometries in [18,22].
The resolution of the coupled criterion is performed using di-
mensionless parameters (Eq. (6)). Both energetic and stress-based cri-
teria are simultaneously satisfied for an internal length denoted a*. The
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resolution procedure is detailed in the literature in [18].
6. Discussion

The failure strength properties of the adhesive were identified by
performing Arcan tests as described in Section 4.1.2. The fracture
toughness of the adhesive in mode I and II comes from the literature
[13,12]. The failure predictions of the tubular bonding are performed
according to the procedure described in Sections 2.3.1 and 2.3.2. The
influence of the adhesive thickness obtained experimentally is shown in
Fig. 24. Because of the non uniform stress distribution in the bonded
joint, the failure load is presented in kN. The computation of an
equivalent stress seems difficult. For lower adhesive thickness (f, 0.2
and 0.4 mm), the comparison between experimental data and failure
prediction obtained by coupled criterion is in good agreement. The
failure predictions are conservative for the previous adhesive thickness
at a loading rate of 0.5kN/s. However, for 1.0 mm thick joint, the nu-
merical failure prediction is higher than the experimental data. Ob-
servation of the fracture surface (Fig. 18(b)) shows porosity with large
diameter air bubbles. However, the numerical simulation takes into
account a model without any defects. These points could explain the
non-conservative prediction for higher adhesive thickness.

A second experimental campaign was performed to analyse the ef-
fect of the overlap length as shown in Fig. 25. The failure predictions
obtained by FEA are in good agreement with experimental data.

The last experimental campaign deals with the influence of the
loading rate on the failure load of the bonded assembly. Tubular sam-
ples with an overlap length of 5mm and adhesive thickness of 0.4 mm
were tested at 0.5 and 5.0 kN/s as presented in Fig. 26. The failure load
increases with the loading rate.

The modification of the stress-based criterion accounts for the
evolution of the failure load according to the loading rate. However, the
numerical results are still conservative compared to experimental data.

7. Conclusions

In this paper, the numerical estimation of the failure of bonded
joints was obtained by using a coupled criterion. The failure of the
bonded joints is considered to occur when both stress based and en-
ergetic based criteria are satisfied simultaneously at a certain distance
from the singular point. This criterion is performed by using material
strength and fracture toughness of the adhesive. In order to take into
account the loading rate effect on the failure load of the bonded
structure, a modification of the stress criterion was proposed in this
paper. The adhesive strength was estimated with a modified Arcan test
at three loading rates. A tubular bonded sample was designed in order
to evaluate the validity of the proposed approach. Both the bonded set-
up and the loading device were carefully investigated to guarantee the
obtained results. Then, a comparison between experimental and nu-
merical failure load was performed. The proposed method presents a
good agreement between numerical and experimental for different
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35
. ®Experimental
i 30 | | @FEA
o
(=)
= 25
g
= 20
S
15

0 2 4 6
Loading rate [kN/s]

Fig. 26. Tubular sample L,. = 5mm and ¢, = 0.4 mm: comparison of the failure
load prediction and experimental data for two loading rates.

configurations (bondline length and thickness). The modification of the
stress based criterion is able predict the evolution of the loading rate. As
a first perspective on the current work, the behavior of a bonded joint
under complex loading could be investigated with the tubular sample
(torsion, tensile torsion combined or separated). In addition to that,
other modifications of the coupled criterion must be implemented to
take into account the non-linear behaviour of the adhesive materials.
Finally, the fatigue behaviour of bonded joints could be investigated by
using the tubular sample. The influence of cyclic and alternate loading
could be performed using the proposed tubular devices.
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