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Abstract

Fibre reinforced polymeric composites bonded with epoxy adhesives often fail ungraciously,
manifesting fibre-tear failure due to the edge peel stresses. This research work proposes phenol
formaldehyde-based hyperelastic adhesive (AF32), as a compliant adhesive for tailoring the
single lap joints consisting of GFRP adherends and well-toughened epoxy adhesive (AF3109
and EA9696) joints. The failure strength of the AF3109 and EA9696 adhesive joints is
increased by 51.64% and 24.25%, respectively by having 20% volume of compliant adhesive
in the bond line. Finite element simulations with Exponential Drucker-Prager (EDP) and
Marlow strain energy models are carried out to simulate the experimental load-displacement
response. Different failure mechanisms and the influence of adhesive intermingling are
revealed by the failure analysis. Finally, a failure mode map for the tailored adhesive joints is
proposed in terms of normalised strength ratio and the normalised volume of the compliant
adhesive.
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1 Introduction

Adhesively bonded composite joints are prominently used in original component
manufacturing or repair of airframes, wind turbine blades and gas-turbine engine casings. The
joint design can differ from simple single lap joints (SLJs) to scarf joints based on the loading
requirements, cost and available facilities [1, 2 ]. Various joint design parameters not limited
to adherend stiffness, adhesive type and constitutive behaviour, bond line length, bond line
thickness and desired adherend-adhesive interface properties were studied by da Silva at al.
[3], Tang et al. [4] and Banea et al. [5]. The parameters can be well-engineered to adhere the
structural and hygro-thermal loading conditions. Among the different adhesive joints, SLJs are
the most common, easy to fabricate and extensively investigated by the scientific community.
Adams [6] discussed that the overlapping edges undergo a high concentration of shear and peel
stresses due to the geometric and material discontinuities and out-of-plane bending caused by
the load eccentricity. These stresses are detrimental to the composite adherends bonded with
epoxy adhesives where the fibre-tear failure occurs due to inferior inter-laminar strength and it
was studied by Fitton et al. [7] with variable modulus adhesive joints. Numerous techniques
such as tapering the adherend ends, filleting and adhesive tailoring were reviewed by da Silva
et al. [8] and Shang et al. [9] to reduce the edge stress concentration. Other strategies including
increasing the through-thickness strength and tailoring the modulus of the composite adherends
to withstand the peel stresses were attempted at the expense of manufacturability. Boss et al.
[10] examined the tailoring of geometry and modulus of the single lap adhesive joints by means
of varying the braided angle along the overlap length. In the adhesive tailoring technique, a
compliant adhesive is cured at the overlapping edges and a stiff adhesive in the central region
of the joint that reduces the edge peel stresses. Previous experimental studies on the tailored
single lap adhesive joints have proved a promising improvement in the joint failure load. Fitton
etal. [7] tailored the unidirectional carbon fibre reinforced polymeric (CFRP) composite-brittle
adhesive joints using 20% ductile epoxy adhesive (Young’s moduli ratio of 7.5). da Silva et al.
[11] introduced silicon rubber strips for fabricating the steel DINC75 single lap joints bonded
with a combination of brittle and ductile epoxies. Marques et al. [12] experimented with silicon
and epoxy bi-adhesive joints for high-temperature applications: the tailored joints showed
increase in strength at room temperature and 100°C than the pristine joints. Durudola et al. [13]
reviewed the research work on the bi-adhesive joints and highlighted the challenges such as
adhesive sgqueeze out, curing cycle of the tailored adhesives and common surface treatments.
Kumar et al. [14] used 3D printed rigid polymer (VeroWhitePlus RGD835) adherends as well
as tailored the adhesive joints with two different modulus adhesives having Young’s modulus
ratio of 2 and bond line thickness of 7 mm. The tailoring strategy improved the joint strength
by more than 100%. Stapleton et al. [15] used a single adhesive system to tailor the single-strap
adhesive joints in which functional materials such as glass beads were added at the edges for
varying the modulus, resulted with 26.5% increase in the failure load.

The peel and shear stress distribution of the tailored adhesive joints were determined by several
analytical and numerical models [16-19]. However, finite element (FE) analysis is an efficient
and versatile tool to predict the material and geometric nonlinear behaviour of the adhesive
joints. Galvez et al. [20] identified the effect of Young’s modulus of bi-adhesives on the stress



singularity field (SSF) at the joint corners and showed 35.64% reduction in stress intensity.
Cohesive zone models based on traction-seperation laws can be useful to analyse the adhesive-
adherend interface failures of the adhesive joints [21]. Garcia et al. [22], Ozer et al.[23] and Xu
[24] used Exponential Drugger-Pracker (EDP) model and Stuadt et al. [25] explored Marlow
strain energy based hyperelastic model to analyse the epoxy and hyperelastic adhesives that
experience isotropic plastic hardening and extensive strain, respectively.

However, these studies were limited to non-structural applications, paste adhesives, high bond
line thicknesses, low Young’s modulus ratio, brittle-ductile adhesive combinations and high
stiffness adherends. To the best of authors knowledge, there is no published work
demonstrating the tailoring characteristics of the hyperelastic adhesives combined with ductile
epoxy film adhesives. This paper intends to examine the tailoring capability of acrylonitrile-
butadiene rubber-modified phenolic formaldehyde adhesive, introduced at the GFRP adherend-
epoxy adhesive joints by evaluating their single lap shear strength. The mechanical response
and the stress state of the adhesive joints were simulated by FE models and a comprehensive
failure analysis was carried out to map the failure modes with respect to the normalised strength
ratio and the normalised volume of compliant adhesive.

2 Materials and manufacturing

Three different types of commercially available adhesives with trade names AF3109, EA9696
and AF32 were used in fabricating the bulk adhesive specimens for uniaxial tensile testing as
well as bonding the GFRP adherends. AF3109 is a two component (epoxy + dicyandiamide)
nylon scrim supported epoxy film adhesive procured from 3M®. Hysol® EA9696 is an
unsupported epoxy film adhesive providing high toughness and excellent environmental
resistance that finds application in composite to metal bonding. AF32 is a phenol-formaldehyde
based adhesive that contains 40% to 70% by weight of acrylonitrile-butadiene rubber particles,
procured from 3M® [26]. The chemical compositions are withheld by the manufacturers due
to confidentiality. The mechanical properties and single lap shear or design strength of the
adhesives from the manufacturer’s technical data sheets (TDS) are listed in Table 1. It should
be noted that AF3109 and EA9696 adhesives are considered as stiff adhesives because their
tensile Young’s moduli are approximately 100 and 70 times that of AF32 adhesive. Relatively,
AF3109 is a high modulus, low shear strength adhesive as compared to EA9696 adhesive.

Table 1. Adhesive material properties from the technical data sheets [27-29].

Adhesive Young’s modulus Tensile strength Single lap shear strength,
name (GPa) (MPa) (MPa)

AF3109 2.69 59.6 38.6

EA9696 1.91 47.2 42.9
AF32 0.0267 15.8 17.2

For the bulk adhesive tensile testing, the film adhesive layers were degassed for every 2 layers
and cured inside a vacuum-bagged mould. The adhesives were cured at 150°C temperature,
over a period of 60 minutes, where the heating and cooling rate was maintained at 3°C/min,
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under a pressure of 520 kPa and 140 kPa vacuum. The cured adhesive plates were computer
numerical control (CNC) machined into type IV dog bone shapes (Figure 1a), as recommended
by ASTM standard D638 [30]. For the practical purpose, all three adhesives were cured using
the same curing cycle for tailoring the GFRP adhesive joints and a slight reduction in the single
lap shear strength is expected as further elaborated in section 4.5. For example, the hyperelastic
adhesive softening in the temperature range of 82°C to 99°C initiates chemical curing in
between 93°C to 132°C and forms a low strength gel. Further maintaining optimal temperature
(177°C for 120 minutes) a high degree of cure and shear strength can be achieved [29].

Unidirectional glass fibre reinforced epoxy prepregs G17500/6509/33% procured from Weihai
GuangWei Composites Co., Ltd were used to fabricate the GFRP adherends. In total, 25 layers
of prepreg were vacuum degassed for every 3 layers and stacked unidirectionally to achieve a
post-cure thickness of 2.75 mm. The uncured laminate was vacuum-bagged and cured in an
autoclave at a dwell temperature of 150°C for 120 minutes under 340 kPa pressure and 76 kPa
vacuum. The mechanical properties of the unidirectional composite as measured earlier by
Rajaneesh et al. [31] are listed in

Table 2. The cured laminate of 25 mm x 145 mm was machined using the water-assisted rotary
diamond cutter for fabricating the bonded joints. Similar adherend geometry was employed by
Ozer and Oz [23].

Table 2. Material properties of the GFRP adherend [31].

GFRP adherend properties Values
Density (kg/m?®) 2200
Tensile moduli (GPa) E1s, E2 46, 13

Shear moduli (GPa) Gi2,G13,G2s 7.0, 6.5, 4.48
Poisson’s ratio vi2, vi3, V23 0.26, 0.074, 0.44

Before bonding, the GFRP adherend bonding surface was dry-grit blasted for 25 + 5 s at 200
kPa with 120 um white alumina powder, which gave a surface roughness (Ra) of 3.07 um and
water contact angle of 48°, by removing a thin layer of the epoxy matrix. After cleaning with
deionized water, the samples were dried inside an air circulating oven for 30 minutes at 60°C
and degreased with acetone before applying the primer. An acetone-epoxy primer was prepared
in-house and coated on the adherend surface to promote good adhesion, especially with the
hyperelastic adhesives. The acetone in the primer coating was removed by drying the adherends
in a convection oven for 60 minutes at 80°C.

Following the surface preparation, the pristine adhesive joints (S1, S2 and C1, see Table 3 for
nomenclature) were fabricated with a single layer of adhesive (25 mm x 50 mm) whereas the
tailored adhesive joints were designed with two different proportions of compliant adhesive
(,) for the total bond length (1), as given in Table 3. A metallic shim of 0.2 mm thickness was
placed underneath the top adherend to control the bond line thickness. Detailed joint fabrication
process is included in section S1 of supplementary information. The choice of [, relative to [
was selected randomly as 5 mm and 12.5 mm because (a) it is difficult to fabricate the joints
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having [. smaller than 5 mm due to adhesives intermingling and squeeze-out and (b) [, greater
than 12.5 mm would require more complaint adhesive and may reduce the joint strength.

Table 3. Design details of the pristine and tailored adhesive joints and [;, is 50 mm.

Stiff Compliant Proportion Description
S.No Design . . 21,
adhesive adhesive (E)

1 S1 AF3109 - 0 Prisitine AF3109 epoxy SLJ
2 S2 EA9696 - 0 Pristine EA9696 epoxy SLJ
3 C1 - AF32 1 Pristine AF32 hyperelastic SLJ
4 AAl AF3109 AF32 0.5 .

5 AAD AF3109 AF32 0.2 AF3109 based tailored SLJ
6 EAl EA9696 AF32 0.5 :

; EAD EAQB96 AF32 0.2 EA9696 based tailored SLJ

After bonding, the alignment tabs made up of M21 woven GFRP laminate, having a dimension
of 25 mm x 25 mm were bonded using a quick fix liquid adhesive (industrial-grade SG 110-2).
The total thickness of ~2.95 mm ensured that the line of applied force passes through the bond
line. Single-element TML strain gauges, GFLA-3-350-70 were bonded on either side of the
GFRP adherend, at a distance of 5 mm from the edge of the overlap length, to measure the
localized strains along the axis of tensile loading. Figure 1b depicts the dimensions and strain
gauge locations of a typical tailored adhesive joint design with stiff adhesive of length, [,
placed in between the outer compliant adhesive of length, ..
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Figure 1. Geometric details of samples and FE models with representative boundary and
loading conditions. All dimensions are in millimeters: (a) type IV dog bone shape bulk



adhesive of 3 mm thickness and (b) single lap adhesive joint. All the samples have total bond
length (I;,) of 50 mm and width of 25 mm. [, value is either 5 mm or 12.5 mm.

3 Experimental and numerical methods

The uniaxial tensile testing of bulk adhesives for developing the EDP and Marlow material
models and single lap shear testing to assess the tailoring effect were a part of the experimental
investigation. Commercial finite element software, ABAQUS® standard was used to simulate
the mechanical response of bulk adhesives and adhesive joints and carry out the detailed stress
analysis under uniaxial tensile loading. Figure 2 shows the flow chart of the experimental and
numerical approaches employed in the current investigation.

Uniaxial tensile testing of Single lap tensile
bulk adhesives shear testing of .| Failure
v pristine and tailored | |  analysis
SLJ
FE modelling of bulk
adhesive tensile test specimen v

v Comparison of
force vs local strain

FE modelling of pristine and
tailored SLJ response

Y !
Comparison of shear and peel

stress between the pristine
and tailored SLJ

A\ 4

Failure map <

Figure 2. Experimental and numerical methodology for tailoring the adhesive joints.

In industrial applications, the actual-load strain response of the adhesive joints may differ from
the narrow single lap test samples tested in a controlled enviroment. In certain cases, other tests
such as push-out tests can be carried out to sufficiently characterize the adhesives [32].

3.1 Tensile testing of the bulk adhesives and adhesive joints

The uniaxial tensile testing of the bulk adhesive was performed under displacement control, at
1 mm/min, using a 10 kKN Shimadzu Universal Testing Machine (UTM) equipped with an in-
built video extensometer with a gauge length of 25 mm and elongation range of 200%. The
tensile force and strain (both longitudinal and lateral) measured by the load cell and video
extensometer were used to calculate Young’s modulus, Poisson’s ratio, yield strength and
extended hardening values.

An Instron (UTM having a load cell capacity of 50 kN was used to conduct the tensile testing
of pristine and tailored adhesive joints at a displacement loading rate of 2 mm/min. The failure
load was measured by the load cell whereas the displacement was recorded through the
crosshead displacement. The ultimate average shear strength of the adhesive joints (z;) under
tensile loading was obtained by 7, = P,/ A, Where Pmax is the maximum load at failure and
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A is the adhesive bond area (1250 mm?). The soldered wires of the strain gauges (SG1 and
SG2) were connected to the TDS-303® data logger for acquiring the localized strain at a
frequency of 1 Hz. All the tests were conducted at room temperature of 25 + 2°C and a relative
humidity of 50 + 5%.

3.2 Finite element modelling of the bulk adhesives and adhesive joints

Finite element (FE) analysis was carried out for the following two categories: (a) a dog bone
shape adhesive model having the geometric details of ASTM standard D638-type 1V, to verify
the applicability of EDP and Marlow models and (b) the pristine and tailored SLJ model to
analyse the tailoring effect on the tensile load-displacement response. No failure criteria were
applied to the adhesives and GFRP adherend.

The bulk adhesive model was discretized using 2360 CPS4R elements (4-node bilinear plane
stress quadrilateral, reduced integration, hourglass control) and applied with fixed and
displacement boundary conditions at both ends, respectively (Figure 1a). A displacement of
2.5 mm along the longitudinal direction (ux) was applied to the AF3109 and EA9696 adhesive
models, whereas the AF32 adhesive model was loaded with 50 mm to capture the large strain
response. The non-linear geometry option was enabled to accommodate the adhesive hardening
and large strain-displacement relation. The von Mises effective stress and logarithmic strain
along the longitudinal direction were taken from the central element (Refer Figure S2 of
supplementary information)

The schematic diagram in Figure 1b illustrates the dimensions and boundary conditions used
in the numerical modelling of a tailored adhesive joint FE model. The clamping and
displacement loading conditions were simulated as in the single lap tensile shear testing. All
the pristine and tailored adhesive joints models were assumed in-plane strain condition, as the
width (25 mm) of the adhesive joints was higher than the thickness (2.75 mm). The GFRP
adherend, AF3109 adhesive, EA9696 adhesive and alignment tabs were meshed with CPE4R
(A 4-node bilinear plane strain quadrilateral, reduced integration, hourglass control) elements.
The overlapping region of the GFRP adherend was discretized with 15 elements, through-
thickness direction with a double bias ratio of 15. The top and bottom surface element size was
0.033 mm x 0.037 mm that increased to 0.033 mm x 0.55 mm in the middle. The structural
mesh of AF32 adhesive region had CPE4RH (4-node bilinear plane strain quadrilateral, hybrid,
constant pressure, reduced integration, hourglass control) hybrid elements to integrate the poor
compressibility of the hyperelastic adhesives. The entire adhesive region has six through-
thickness elements of 0.033 mm x 0.033 mm (Refer Figure S3 of supplementary information)

3.3 Adhesive material models for FE simulations

The adhesive joints with high toughness adhesives and high peel stresses could not be modelled
with simple elastic behaviour. The elastic material properties of adhesives measured through
uniaxial tensile testing were given as input to the FE models (Table 4).



Table 4. Elastic material properties of the adhesives used in FE modelling.

Adhesive name Young’s modulus (GPa) Poisson’s ratio

AF3109 2.25 0.43"
EA9696 1.63 0.43
AF32 - 0.49

*Reference [33].

Exponential Drucker-Prager (EDP) model was shown to represent the pressure-dependent yield
behaviour of ductile epoxy adhesives and the details are summarised in Appendix. Smith [33]
and Mohapatra et al. [34], characterised the EDP parameters of EA9696 adhesive and analysed
various joint configurations including single lap shear, wide lap shear, thick adherend lap shear
and scarf joints. The EA9696 adhesive joint behaviour was well predicted by the EDP models
with extended hardening material properties as compared to von Mises yield behaviour. The
current study uses the same a, b and dilatation angle (y) values to reasonably predict the
behaviour of epoxy adhesives EA9696 and AF3109, refer Table 5. The extended hardening
values for the model were extracted from the uniaxial tensile testing and listed in Table S1 and
Table S2 of supplementary information.

Table 5. EDP paramaters for the epoxy adhesives AF3109 and EA9696 [33].

EDP parameters AF3109 and EA9696 adhesives
a 0.11603019 MPat
b 2
Dilation angle 3.5°
Flow potential eccentricity 0.1

The constitutive behaviour of the hyperelastic adhesive, AF32 is governed by models such as
Ogden, Mooney-Rivlin and Marlow and these can be calibrated against a combination of
properties measured via uniaxial tensile, biaxial tensile, plane (pure shear) and simple shear
tests. In this study, the Marlow model was employed which requires nominal stress and strain
values which were directly imported to ABAQUS® from the uniaxial tensile test
measurements.

4  Results and discussion

The experimental and numerical results of the bulk adhesives and adhesive joints along with
failure mode analysis are presented in the following subsections.

4.1 Validation of the bulk adhesive tensile behaviour

The measured experimental and simulated numerical true stress versus true strain response of
the bulk adhesives AF3109 and EA9696 are shown in Figure 3a. The initial linear elastic
response of the stiff adhesives AF3109 and EA9696 was described by the tensile modulus,
being the calculated values using 0.2% yield criteria were 2.27 + 0.95 GPa and 1.64 + 0.02
GPa, respectively. After deforming to a maximum strain of approximately 0.0365 and 0.1372,
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the AF3019 and EA9696 were failed at the ultimate tensile stress of 59.72 + 0.95 MPa and 48.3
+ 2.7 MPa, respectively. Similar material behaviour was well-predicted by the EDP model used
in the FE analysis. Figure 3b reveals the hyperelastic behaviour of AF32 adhesive and the final
failure could not be measured due to constraints in the gauge length of the video extensometer.
However, the elastic-plastic response captured to a large strain of 75% was reproduced by the
Marlow model.
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Figure 3. Uniaxial tensile stress versus strain response of the bulk adhesives: (a) AF3019 and
EA9696, stiff adhesives and (b) AF32, compliant adhesive. FE denotes the results
obtained from the finite element analysis.

4.2 Single lap shear strength of the tailored adhesive joints

The tensile force and displacement response of the pristine adhesive joints (S1:AF3109 and
C1:AF32) and the AF3109 based tailored joints (AAland AA2) were depicted in Figure 4a.
Bonded joints with stiff adhesive have shown initial non-linear behaviour until around 6 kN,
followed by a linear response till catastrophic failure. Whereas the pristine joints with
compliant AF32 adhesive had shown non-linear response until the final failure at 16.44 kN
load. The tailored adhesive joints were failed at an extended peak load of 28.64 kN and 36.6
kN that were 18.63% and 51.64% higher than the AF3109 adhesive joint (S1). Figure 4b
compares the tensile force versus cross-head displacement response of the pristine adhesive
joints (S2:EA9696 and C1:AF32) and EA9696 based tailored joints (EAL and EA2). The S2
adhesive joints were failed at a maximum tensile load of 26.62 + 1.36 kN whereas the EA1 and
EA2 tailored joints were subjected to an average failure load of 24.62 + 0.18 kN and 33.08 +
1.19 kN, respectively. Surprisingly, the failure displacement of the stiff EA9696 adhesive joint,
S2 was 1.15 times higher than the compliant adhesive joint, C1 because EA9696 adhesives can
be subjected to more shear loading than AF32 adhesives (refer the single lap shear strength
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data from Table 1). It should be noted that the SLJ (C1) behaviour was not expected as the bulk
adhesive (AF32) due to the adherend boundary constraints.
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Figure 4. Tensile force versus cross-head displacement response of SLJs (a) AF3109-AF32
based joints and (b) EA9696-AF32 based joints.

The area under the load-displacement curves is a measure of the fracture energy and it is
illustrated as a bar chart in Figure 5 for all the tested joints, along with the in-plane global
stiffness, a slope of the linear portion of load-displacement response. The energy absorption of
the AA1 and AAZ2 tailored joints were 43% and 115% higher than the underlying pristine joint,
S1. In the case of the EA9696 based tailored joints (EAL and EA2), the energy absorption was
decreased by 21% and increased by 34.1%, respectively, as compared with the pristine joint,
S2.

The stiffness of stiff adhesive joints (S1 and S2) were 1.15 and 1.12 times of the compliant
adhesive joint (C1), respectively. Although the ultra-low modulus, hyperelastic adhesive was
used for the tailoring, no reduction in joint stiffness was observed. Kumar et al. [35] showed
that the in-plane global stiffness of the bi-adhesive joints was not significantly (< 0.5%)
reduced by introducing the compliant adhesives through an analytical model. Within
experimental scatter, there was no significant change in the in-plane global stiffness of the
tailored joints comprising the AF3109 adhesive, whereas a maximum increment of 18.8% was
observed with EA9696 based tailored joints (EA2). The increase in stiffness could be attributed
to the reduction in edge shear and peel stresses and the following failure modes.
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Figure 5. Energy and in-plane global stiffness of the pristine and tailored adhesive joints
determined from the single lap shear testing.

The experimentally measured tensile response of the pristine adhesive joints (S1:AF3109 and
C1:AF32) and the AF3109 based tailored joints (AAl and AA2) with the corresponding FE
simulations were depicted in Figure 6. The local strain of the GFRP adherend, near the bonded
surface measured by the strain gauge SG1 was plotted with solid lines, whereas the outer
surface strain recorded by the strain gauge SG2 as dashed lines. Similarly, the corresponding
FE simulation responses are denoted as FE1 and FE2, indicated by filled and unfilled markers,
respectively which compares well with the experimental measurements. Initially, the GFRP
adhesive joints were subjected to a small amount of bending moment, up to 6 kN, as revealed
by the presence of tensile and compressive strain at either side of the adherend. The slight
deviation between the numerical and experimental curves of the tailored joints was generally
attributed to manufacturing deficiencies such as adhesive intermingling and unsymmetrical
compliant adhesive proportion as discussed further in section 4.3. A strain gauge, SG2 in the
AA2 joints was slightly mis-aligned by about 10°, relative to the axial direction. Due to this
experimental error, the measured strain value was higher than the numerical prediction because
the modulus of unidirectional composite is lower along the off-axis direction.
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Figure 6. Force versus local strain response curves of the pristine and AF3109 based tailored
joints. SG and FE refers to the strain gauage and finite FE simulation values, respectively.

4.3 Failure analysis

The failure modes of the tested adhesive joints and their corresponding percentages were
analysed as per ASTM D5573-99(2019) [36] and the failure surface images are presented in
Table 6. The pristine adhesive joints, S1 and S2 were shown fibre-tear failure (FT) whereas the
compliant joint exhibited thin-layer cohesive failure (TLC). The tailored adhesive joints AA1
and EAL showed a mixed failure: a combination of TLC and cohesive (COH) failure in the
compliant and stiff adhesive regions respectively. The tailored joints AA2 and EA2 were also
revealed a combined failure of TLC, COH and light-fibre-tear (LFT) failure.
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Table 6. Failure surface and major failure modes of the tested adhesive joints. All the images
correspond to the total bond length of 50 mm. Abbreviations FT, COH, TLC and LFT refer to
fibre-tear, cohesive, thin-layer cohesive and light-fibre-tear failure modes. The failure mode
percentages are given in the brackets. The epoxy and hyperelastic adhesive transition region
is highlighted in the tailored SLJs.

S1: FT(90%), COH(10%)  S2: FT(96%), COH(4%)  C1: TLC(98%), LFT(2%)

AAL: COH(50%), TLC(50%) AA2: COH(47%), LFT(33%), TLC(20%)

EAL: CF(50%), TLC(50%)

i ‘
B " 1
“ :

The microscopic images of the AAl and AA2 failure surface in Figure 7 shows the
intermingling of the AF3109 and AF32 adhesives having disparity in strength and stiffness,
also known as the transition region. The AF3109 adhesive was flown into the AF32 adhesive
region due to: (a) the mismatch in stiff and compliant adhesive viscosities while curing and (b)
the potential energy imbalance due to small inclination of the curing setup that resulted in
unsymmetrical compliant adhesive proportion (I.). The manufacturing challenges such as
adhesive squeeze out and curing setup were outlined by Durodola [13]. Another important

13



aspect of this study was investigating the implications of manufacturing deficiencies on the
joint performance and the failure mechanisms.

. Plyfailure in
Wi AF3109

.a = . 5

Figure 7. Failure surface near the transition region: (a) fibre-tear failure originating from the
stiff adhesive (AF3109) region in the AA1 joint and (b) initiation of the fibre-tear failure only
at AF3109 region of the AA2 joint.

Figure 8a depicts the fibre-tear failure of untailored composite SLJs due to high edge peel
stresses. The delamination initiated at the both adherends would propagate to the outer edges
and finally fracture in the middle. However, the complex fracture paths were revealed by the
tailored adhesive joints having intermingled stiff and compliant adhesives as shown in Figure
8b, 8c and 8d.

Figure 8b shows the fracture path of the AAl joint (50% AF3109 and 50% AF32) and the
unsymmetrical compliant adhesive length (I.) due to the curing process. The four different
regions from left to right are: (a) pure AF32 compliant adhesive region erless than 12.5 mm-
the crack was in the adhesive bond line,showing TLC failure (b) transition region- the
delamination in the first ply of the composite adherend at an insignificant length could not
continue in the laminate pliesand hence the crack kinks back to the former region with FT
failure, (c) stiff AF3109 adhesive region- the crack was seen in the adhesive bond line resulting
in complete cohesive failure exposing the nylon scrims on the failure surface of both the
adherends. In this region, the AF3109 adhesive was subjected to the maximum shear stress, a
clear indication of attaining its full material strength and (d) pure AF32 compliant adhesive
region greater than 12.5 mm- the crack was still presented in the adhesive bond line, revealing
TLC failure.

Figure 8c shows the crack path of the AA2 joint containing 20% AF32 adhesive. The crack
path was observed in both edges of the pure AF32 compliant adhesive. However, the stiff
adhesive region was observed with a combined adhesive cohesive and fibre-tear failure of
composite that was not uniform across the width. So this [, can be considered as a critical value
where the peel dominated failure changes into shear dominanted failure.

Figure 8d shows the crack path selection in the EA2 joint having 20% AF32 adhesive. Similar
to the AA2 tailored joint, the pure AF32 adhesive region were exhibited TLC in both edges
and the stiff EA9696 adhesive region was observed with a combined COH and LFT failure. In
spite of having the adhesives intermingling with unsymmetrical [., the reliability and
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repeatability of the tailored joint seem higher, referring to the experimental scatter of the joint
failure strength (refer to Table S3 in the supplementary information). A maximum of 3.6%
scatter in joint strength was noticed in the EAZ2 joints.

< N )
(c) (d)

Figure 8. Competing fracture paths in SLJs under the tensile load: (a) conventional SLJ
having composite first-ply or fibre-tear failure (b) insignificant ply failure in the transition
region at AA1L, (c) fibre-tear failure originating in the transition region of AA2 and (d)
multiple failure modes in EA2. Refer to Table 3 for notations.

4.4  Finite element analysis of the tailored adhesive joints

Figure 9a shows the GFRP adherends-adhesive interfacial shear strength calculated on the
bottom adhesive surface over the 50 mm bond length. Maximum shear stress values of 36.34
MPa, 16.52 MPa, 36.43 MPa and 36.48 MPa were ascertained in the adhesive joints S1, C1,
AAL and AA2, respectively at the instant of joint failure load. It is to be noted that the shear
and peel stress distribution for the pristine joints follow the modified Goland and Reissner (G-
R) models [37].

In the pristine adhesive joints (S1 and C1), the stresses are concentrated at the free edges and
reduced to a minimum across the overall length of the bond line. Unlike the pristine joints, the
minimum shear in the tailored joints was observed at the joint corner edges due to the presence
of hyperelastic adhesive. Severe deformation of AF32 adhesive in the overlapping edges of the
tailored joints was observed and represented by the presence of positive shear stress. The AAl
exhibiting uniform shear stress distribution in the middle was due to yielding of the AF3019
adhesive that can be confirmed by the cohesive failure surface. In this context, a small valley
in the shear stress distribution plot of the AA2 adhesive joint was identified, implicating the
yielding had not yet occurred.

Figure 9b shows the peak peel stress of 54.93 MPa and 21.51 MPa was observed at the
overlapping edges of the pristine joints, S1 and C1. The edge peel stresses of the tailored joints
AALl and AA2 were reduced by 77.83% and 66.17%, respectively. Whereas, the tensile peak
peel stresses of 53.64 MPa and 54.13 MPa was observed at the stiff and compliant adhesive
transition region of the respective tailored joints. The observed stress discontinuity in the
transition region was due to the varying Young’s modulus with displacement or strain
continuity. The other transition region in the bond line was regarded with compressive peel
stress in contrast to the pristine joints.
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Shear stress (MPa)

Bond length (mm)
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Figure 9. Stress distribution at the bottom adhesive-adherend interface across the bond the
length when the displacement corresponding to the failure force is applied: (a) shear stress and
(b) peel stress.

4.5 Failure mode map for the tailored adhesive joints

Herein through proper surface treatment to the GFRP adherends, the adhesive failure was
suppressed, leaving either composite adherend fibre-tear failure or cohesive failure. A failure
mode map was obtained in Figure 10 by plotting the normalised failure strength (ratio of the
joint strength (z,) with stiff adhesive design strength (z)) against the normalised compliant
adhesive volume (21./1,). Using the rule of mixtures (RoM), a upper bound to the tailored
adhesive joint strength can be expressed in terms of stiff and compliant adhesive design
strength () as,

TroM = (1 - Zl_lc) Ts t+ (ZI_ZC) Tc 1)

b

It is to be noted that the uniform curing cycle adopted for the tailored adhesives may not achieve
the optimal mechanical properties. Hence, the failure strength of the tested joints should be
benchmarked with two different values:

a) The design strength provided in the manufacturer data sheets (as in Table 1), different
standards such as ASTM D1002, and MMM-A-132 are used by manufacturers to
characterize the single lap shear strength of the polymeric adhesives. It denotes the
maximum load-carrying capability of the adhesives under pure shear, cured with
optimum conditions. The pristine joints S1 and S2 were only able to utilize 50% of their
adhesive strength (). By tailoring with 20% hyperelastic adhesive. the AF3109 and
EA9696 joint strength (AA2 and EA2) were increased to 76% and 62% of T, 4r3109
and T ga9696, repectively.
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b)

Normalised joint strength (t¢/ts)

The theoretical upper limit calculated by RoM, equation 1- In this study, by tailoring
with 20% hyperelastic adhesive, atleast 85% of Tz ar3109 @Nd 70% Of Trom Ea9696
Tg ar3109 Were attained by the AA2 joints and the EAZ2 joints.

1.0 - _ i
RoM applicable o AF3109 tal_lorl_ng
... region, = R, A EA9696 tailoring
S TR - - = AF3109 upper limit
a R .
0.8 A o S EA9696 upper limit
Tl Untailored
b A c o R stiff adhesive
‘ = JOInt strength
0.5 §--------- N .
A ~ e
| d -
. \\“\—.;_\x\ lo)
Peel dominated A
031 failure Shear dominated failure
2!c zzc
FT, 2 <R, CFand TLC, 2% > R,
0.0 ¥ > . . : >
0 0.2 0.4 0.6 0.8 1

Normalised volume of compliant adhesive (21./1;)

Figure 10. Failure mode map for the tailored adhesive joints in terms of normalised joint

strength and compliant adhesive volume. The critical ratio, R, is defined by Zl—lc at which the
b

normalised joint strength is maximum.

The following observations were made with the help of the failure mode map.

when, 2 = 0, the adhesive joint was entirely cured with the stiff adhesives and the
lp

composite joints failed by GFRP fibre-tear due to the edge peel stresses. By selecting
adherends with higher interlaminar strength and stiffness; high strength- very low
modulus adhesives; reducing the out-of-plane bending or using various techniques to
reduce stress concentration, the maximum normalised joint strength can be attained.

Hence, the RoM is not applicable in this region ‘a’

zzc

when, < R, (the critical ratio is around 0.2 for the current joint design) the edge

peel stresses were reduced significantly (> 65%); however, the secondary tensile peak
stress occurs at the compliant-stiff adhesive transition region, producing composite
fibre-tear failure at the central stiff adhesive region whereas cohesive failure was
observed in the compliant adhesive portion. Prediction of the composite fibre-tear
failure load in terms of joint parameters, material properties for the SLJ is beyond the
scope of this paper.
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when zl_zc = R.,, the optimized compliant adhesive proportion at which the joint was
b

subjected to maximum failure load and failed by adhesive shearing mechanism. The
dominant failure mode was noticed as COH failure in the stiff adhesive region.
when ZI—ZC > R, (region ‘c’ and ‘d’), the joints were bonded with a considerably higher

proportion of the compliant adhesive where the joints were failed by shear mechanism
and the failure strength was expected to decrease, befitting the RoM. If 7, < t,, the
joint strength is constrained by the compliant adhesive shear strength, leading to the
final failure, at a lower load, like that of pristine joints (refer region ‘c’, AAl joints).
Further increasing the compliant adhesive can lead to the joint strength even lower than
the stiff pristine joints, as seen in the region ‘d’ (EA1 joints) and interestingly, the
failure mode is cohesive. Hence, it is not recommended to design the tailored joints
with the compliant adhesive having very low design strength (7, < tg).

The design objective should be to reduce the composite adherend edge peel stresses and
shifting the ply failure of composite into cohesive failure of adhesives in order to utilize the
maximum design strength of the stiff adhesives (zg).

5 Conclusion

From the experimental testing and FE simulations of the GFRP SLJs with bi-adhesives, the
following conclusions are being made :

1.

The SLJ strength of the GFRP ductile epoxy adhesive joints exhibiting first-ply failure
due to the peel stress dominance can be tailored with hyperelastic adhesives to improve
the load-bearing capacity. Tailoring of the AF3109 and EA9696 based GFRP SLJs with
20% of hyperelastic adhesive improved the failure strength by 51.64% and 24.25%,
respectively.

Finite element simulations consisting of EDP and Marlow models predicted the tensile
behaviour of the bulk adhesives and SLJs, compared well with the experimental
measurements. An increase in joint strength was attributed to the reduction in the edge
peel stresses.

Failure analysis of the tested joints revealed that the failure mode changes from
adherend fibre-tear failure to cohesive failure of adhesive due to tailoring through
maximum utilization of the stiff adhesive design strength.

Manufacturing issues such as adhesives intermingling, same curing cycle and the
unsymmetrical compliant adhesive length was observed and considering the low
experimental scatter (a maximum of 3.6% in the EA2 joints), the failure strength was
less influenced by these manufacturing deficiencies. The failure analysis showed
complex fracture paths that were dominated by stiff adhesive.

Failure mode map suggests that the compliant adhesive proportion in the stiff adhesive
bond line should be optimized to reduce the edge peel stresses as well as retaining the
maximum proportion of stiff adhesive to resist the shear loads.
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Appendix A- Exponential Drucker-Prager (EDP) model

The yield behaviour of tough ductile epoxy adhesive is a function of hydrostatic and von-Mises
effective or equivalent stresses and is expressed as [38]:

aqg® =p +p; (A1)

where p, g and p, are hydrostatic stress, equivalent stress, and hardening parameter representing
hydrostatic tensile strength. ‘@’ and ‘b’ are the plastic strain independent adhesive material
parameters: b = 2 fits well with the experimental data for epoxy adhesives [39]. ‘@’ in terms of
adhesive’s hydrostatic stress sensitivity parameter (1) (which is a ratio of the compressive yield
stress (o) to the tensile yield stress (o) ) can be expressed as,

1
“= Tove A2

The hardening parameter (p;) is given by,

)LO'T

Pe = 30-1) (A3)
The dilation angle or flow parameter (y) characterising the plastic flow in terms of plastic
Poisson’s ratio (9°) is expressed as,

3(1-29P)
2(1+9P)

tany = (A4)
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