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Abstract

Thick adhesive layers have potential structural application in ship construction for the join-
ing of a composite superstructure to a steel hull. The purpose of this study is to develop
a mechanics model for the adhesive fracture of such lap joints under shear loading. Modi-
fied Thick-Adherend-Shear-Test (TAST) specimens made from a MMA-based adhesive and
steel adherents are designed and fabricated. Crack initiation and growth of these joints is
measured and monitored by Digital Image Correlation (DIC). An attempt is made to use a
cohesive zone model to predict the magnitude of shear strain across the adhesive layer both
at crack initiation and at peak load, and to predict the extent of crack growth as a function of
shear strain across the adhesive layer. The ability of a cohesive zone model to predict several

features of specimen failure is assessed for the case of an adhesive layer of high shear ductility.
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1. Introduction

Mechanical joints made from bolts and rivets are commonly used in ship building. How-
ever, bonded joints offer significant benefits such as reduced weight, reduced through-life
maintenance, and the reduction of the stress concentrations. A limitation in advancing this
technology is the lack of confidence in the use of structural adhesive by the qualifying agen-
cies. Despite the fact that adhesive joints are subjected to shear loading, studies on the mode
IT fracture of ductile adhesives have received limited attention in the literature (Yang et al.,
2001; [Martinez-Paneda et al., [2020). Our aim is to investigate the effect of geometry and
material parameters upon the shear strength of an adhesive joint for the case of an adhesive

of high failure strain.

In the potential application of adhesive joints to large ships, it is envisaged that a thick
adhesive layer (on the order of 10 mm) will be employed. Several studies have been carried
out to investigated the effect of bond thickness on the fracture and failure of adhesive joints
with an emphasis on thickness less than 1 mm (Mostovoy and Ripling, 1971} Kinloch and
Shaw, 1981} |Chai, [1986). The sensitivity of fracture energy to the adhesive bond thickness is
usually attributed to the interaction of plastic zone size and layer thickness (Hamoush and
Ahmad,, [1989; |Schmueser and Johnson, |1990; Tvergaard and Hutchinson, |1996b)). In stud-
ies performed on mode I fracture of tough elastic-plastic adhesive/steel joints, the observed
fracture changes from a single, flat cleavage plane at extremely small bond thicknesses (less
than 0.4 mm) to river-like fracture surface marks indicative of ductile fracture for higher

thicknesses (Yan et al., [2001; Daghyani et al.| [1995). In those studies, the observed fracture



energy for bond thickness in the range 1-10 mm is almost independent of thickness but is
somewhat higher than that of thin (less than 1 mm) adhesive layers (Daghyani et al., |1995]).
In contrast, much less is known about the failure of thick adhesive layers in shear. In our
study, the mode II fracture toughness of an MMA adhesive layer, of thickness 3 mm to 13

mm, and sandwiched between steel substrates, is measured.

Linear Elastic Fracture Mechanics (LEFM) is commonly used to analyse the fracture of
brittle adhesive joints (Williams, 1959; Hutchinson and Evans, |2000)). Increasingly, tough-
ened adhesives are used, and their non-linear elastic-plastic behaviour has generated the
need for new approaches. There are two major developments in this field, one is the con-
cept of the cohesive zone, as proposed by Barenblatt| (1959)) and Dugdale| (1960), and the
other is the J-integral as proposed by Rice| (1968). The cohesive zone concept is based on
a traction-separation law to describe the fracture behaviour, and the J-integral provides a
convenient means of calculating the energy release rate at the crack tip. The use of the finite
element method to model the failure of an adhesive zone by a cohesive zone idealisation is
now established, particularly for mode I loading and for a linear elastic bulk response outside
of the cohesive zone (Wei and Hutchinson| (1998 Williams and Hadavinia, 2002; Feraren and
Jensen, 2004} |Ouyang and Li, [2009). In this method, toughness is not the only controlling
parameter for fracture: the strength of the cohesive zone plays an important role too. Exper-
iments are required to measure both the interfacial toughness and interfacial strength, and
to determine the shape of the cohesive zone law. Among others, there exist two approaches
for making use of a cohesive zone in modelling the failure of adhesive joints: (i) model the

adherend and adhesive layer explicitly, and include a cohesive zone in order to represent the



initiation and growth of a crack on a pre-determined plane (Kafkalidis and Thouless|, 2002}
Andersson and Stigh, 2004); and (ii) subsume the adhesive layer and the fracture process

zone into the same row of cohesive elements (Madhusudhana and Narasimhan| 2002).

Few studies have focused on the failure of thick adhesive layers under macroscopic shear
loading; in such cases failure can be accompanied by large shear strains in the adhesive layer
and a non-linear response of the adhesive. The present study attempts to fill this gap by
a combined experimental and modelling approach: the Thick-Adherend-Shear-Test (TAST)
is performed on a methyl methacrylate (MMA) adhesive of high shear ductility. Insight is
gained into the effect of pre-crack length and adhesive layer thickness upon the failure load.
In order to model the observed interfacial fracture of these joints, a non-linear numerical
analysis is used, incorporating a finite length adhesive layer and an appropriate cohesive
zone model. The ability of cohesive zone modelling to predict the macroscopic failure shear

strength and degree of sub-critical crack extension is thereby evaluated.

2. Materials and Methods

2.1. Bulk properties of MMA adhesive

The adhesive is Methyl Methacrylate Adhesive (MMA), with trade name Scigrip SG300-
4(E|, while the substrates of the TAST specimens are made from a low carbon steel. The

uniaxial tension response of the adhesive was measured by casting doghbone specimens from

1Scigrip. Bentall Business Park, Glover Road, Washington NE37 3JD (UK)



the adhesive; the dogbones are of gauge length 33 mm, width 6 mm, and thickness 3 mm.
Wedge grips were used to grip the ends of the dogbone specimens in the screw-driven test
machine, and the axial strain over the gauge length was measured by a laser gauge along
with reflecting tabs on the specimen. Cube-shaped specimens of side dimensions 6 mm were
compressed between two smooth plates within the test machine to measure the uniaxial
compressive response.

The uniaxial tensile stress versus strain response of the as-cured adhesive is given in
Fig. [Ifa) for three values of nominal strain rate 1 x 1072 571, 2 x 1073 s~! and 4 x 10~
s71. Note that the nominal tensile yield strength increases from 6.2 MPa to 7.9 MPa by
increasing the strain rate. The yield strengths are measured based on the 0.2 % offset strain
method. The Young’s modulus of this adhesive varies from 262 + 33 MPa to 312 = 15 MPa
within the range of strain rates considered. Moreover, the ultimate nominal tensile strength
slightly increases from 11.6 MPa to 12.8 MPa. A wide range of scatter was observed for the
nominal failure strain which does not significantly vary with strain rate. True stress versus
strain responses under tension and compression with nominal strain rate of 4 x 107% s~! are

compared in Fig. (b) The small elevation in compressive strength over tensile strength is

consistent with the well-established pressure dependence of yields of polymers.

2.2. Measured response of TAST adhesive joints

In order to evaluate the fracture response of MMA adhesive when sandwiched between
steel adherends, a modified Thick-Adherend-Shear-Test (TAST) specimen was designed and
manufactured (see Fig. . The thickness h of adhesive layer was varied from 3 mm to 13

mm, and the pre-crack length, ag was varied from 0 mm to 20 mm. In order to manufac-



ture the modified TAST joints, the low carbon steel substrates were grit blasted and then
degreased with acetone. The adhesive was applied (in accordance with the manufacturer’s
recommendations) using a manual applicator gun with a static-mixing nozzle. The adhesive
layer thickness, h, was adjusted by shims. All specimens were room temperature cured in
ambient air for two weeks. Sharp pre-cracks were generated by razor tapping. For each
configuration, at least three specimens were tested. Crack extension was measured by using
a high-resolution video-camera integrated in a Digital Image Correlation (DIC) system. The
tests were conducted at room temperature (20° C) on the TAST specimens using a screw-
driven test machine. The average shear strain rate within the adhesive layer was held fixed
at 6 x 107* s7! and, to accomplish this, the cross-head speed was varied in proportion to
the adhesive layer thickness. The average shear stress 7 = F/(2Wb) versus average shear
strain 4 = u/h is plotted in Fig. [3{(a) for the choice ap = 0 mm and h = 8 mm. Repeat tests
are included in the plot in order to indicate the degree of scatter. The DIC images of the
side face of the specimen at the onset of crack initiation Aa = 0", and for crack extensions
Aa =9 mm and 45 mm, are shown in Fig. (b) The 7 versus 7 response is initially linear,
followed by a strain hardening regime before reaching a peak value and subsequent softening.
Crack extension initiates (Aa = 07) in the post-yield hardening regime, with peak stress

accompanied by Aa =9 mm for the specimen reported in Fig. [3(b).

2.3. FEffect of adhesive thickness and pre-crack length on shear response of TAST specimens

The effect of adhesive layer thickness upon the shear stress 7 versus shear strain 7 re-
sponse and upon the crack extension response Aa () is shown in Fig. 4| for the case of no

pre-crack (ap = 0). The red dots indicate the onset of cracking, Aa = 07. Both the shear



strength (maximum 7) and the maximum achievable shear strain 4 decrease with increasing

layer thickness.

The value of 4 corresponding to the onset of crack growth Aa = 07 decreases with in-
creasing layer thickness, see Fig. [ll(a). Note that the value of ¥(Aa = 0T) much exceeds
the yield strain (on the order of 0.1) in all tests. Some insight is given into the role of layer
thickness h on crack initiation in a related study (Askarinejad et al., 2020) on TAST tests
for an elastic, brittle epoxy adhesive. In that study, the shear stress (and consequently shear
strain) for crack initiation scaled as h~'/3 due to the presence of a corner singularity at each
end of the adhesive layer. In the present case a corner singularity persists but the adhesive
is non-linear in response, and an analysis is more complex (and beyond the scope of the
present study). Fig. (b) shows the effect of adhesive layer thickness on crack extension of
specimens with pre-crack length of ag = 0 as a function of shear strain across the adhesive

layer.

In order to evaluate the effect of pre-crack length upon the fracture response, specimens
of adhesive layer thickness h = 3 mm, and pre-crack length ag = 0, 10, and 20 mm, are com-
pared in Fig. [5] The average shear stress versus shear strain responses across the adhesive
layer are compared in Fig. (a). Red dots on the T versus 4 curves indicate the degree of
crack extension (Aa = 1, 5, and 10 mm). Both the shear strength and the level of shear
strain across the layer at failure decrease as the pre-crack length ag increases. Fig. (b) shows
the effect of pre-crack length on crack extension of specimens with adhesive layer thickness

of h = 3 mm as a function of shear strain across the adhesive layer. The degree of crack



extension Aa () up to a shear strain of ¥ = 0.7 is almost independent of the value of ay. At

~ > 0.7 the rate of crack extension Aa with respect to 7 increases with increasing value of aj.

2.4. Critical crack sliding displacement

The magnitude of the critical shear displacement at the crack tip of a pre-crack, at the
onset of crack growth, is measured by means of DIC. As shown in Fig. @(a), five digital
gauges are placed behind the crack tip. The spacing of the gauges is 1 mm, and the first
one is 1 mm behind the crack tip. Figure [6[b) shows the mode II shear displacement versus
distance from crack tip, for a representative case (h = 8 mm and ay = 20 mm), as measured
by the digital gauges. For this specimen, crack advance initiates (Aa = 07) at ¥ = 0.33
and the jump in crack tip shear displacement is 1.4 mm. This measurement was repeated
for specimens with h in the range of 3 mm to 13 mm and ap = 0 and 20 mm. Thereby, an

average value of 9, = 1.3 mm was obtained.

3. Finite element modelling

The steel has a sufficiently high yield strength (oy = 300 MPa) compared to the adhe-
sive that it behaves in a linear elastic manner, with a Young’s modulus £ = 220 GPa and a
Poisson ratio v = 0.3 (Yan et al) 2014)). The material response of the adhesive is modelled
using J2 flow theory. Isotropic hardening is assumed and the material stress-strain curve is
obtained from averaging six replicate shear experiments of h = 3 mm, ay = 0. The result-

ing shear stress-strain curve is shown in Fig. [7, with linear extrapolation assumed for v > 1.0.



Damage and failure of the adhesive layer is modelled via cohesive zone elements placed
along each interface between the adhesive and the substrates. We limit our simulation of
crack growth to samples with long pre-cracks ag > 10 mm as these specimens exhibit mode
IT fracture, circumventing the complexities associated with cohesive zone modelling of crack
initiation from the interface corner under changing mode-mix (Tvergaard and Hutchinson,
1993; |(Camanho et al., 2003 |Askarinejad et al., 2020). Thus, for our purposes, it is adequate
to consider the progressive failure of a shear cohesive zone (see Fig. . Failure of the
adhesive/substrate interface is idealised by an assumed shear traction 7' versus separation
law 9, of initial slope K. Following Tvergaard and Hutchinson| (1992), a trapezoidal shape
is assumed for the 7'(0) relation, as characterised by three values of the separation (d1, ds,

d.) and a shear cohesive strength 7. The work of separation per unit area is defined as

Ty = =7 (6, + 0y — &) (1)

N | —

We hold fixed the ratios d;/d. = 0.05 and 05/, = 0.95, and thereby treat J. and 7 as
the two primary parameters that define the cohesive zone law. A scalar damage variable
0 < D < 1is defined in terms of the secant modulus 7/§ = (1 — D)K. As shown in Fig. [§]

the traction-separation law can be divided in three regions such that,

( (
Ko if § <6y 0 if § <4y

T=9+ ifo,<6<s, + DP=y1-% ifo, <6<s (2
F(1— 9= if 0y < 6 < 0, F(1— 0= if 0y < 6 <4,
\7'( 50_52> 1 2 = =~ \7’( (50—62> 1 2 X ~

The damage D versus separation ¢ response is shown in Fig. (b) The cohesive zone model

9



is implemented in the commercial finite element package ABAQUS by making use of cohesive
surfaces. The trapezoidal law is introduced in ABAQUS by stating the damage D versus
separation o characteristic in tabular form. The model is discretised with linear quadrilateral
elements and a mesh sensitivity study is conducted to ensure that the fracture process zone

is adequately resolved (del Busto et al., 2017).

3.1. Calibration of the cohesive zone law

The value of cohesive zone strength 7 = 13 MPa is chosen by matching the predicted
shear strength of the TAST specimen to the observed value for the choice h =3 mm and
ap =10 mm, see Fig. [(a). In the simulations an unbounded toughness is assumed such
that ., = co. It remains to choose a value of §,. for the cohesive zone law. This is achieved
by matching predictions of force F' versus displacement u to the measured response in Fig.
@(b) for the TAST specimen of geometry h = 3 mm and ay = 10 mm. Selected values of
0. in the range of 6. = 1.3 mm to J. = 2 mm are used in the predicitions. Best agreement
is obtained for the choice . = 2.0 mm. Recall that a direct measurement of the critical
sliding displacement for the initiation of crack advance is §. = 1.3 mm from Fig. [(b) and

the related discussion.

3.2. Accuracy of the cohesive zone model

Recall the definitions of average shear stress 7 = F/(2Wb), shear strain ¥ = u/h and
crack extension Aa. Finite element predictions of 7 () and Aa (7) are compared with the
measured responses of TAST specimens in Fig. [10]for the choice 6. = 2.0 mm, and in Fig.
for 5. = 1.3 mm. In parts (a) and (b) of each figure we consider the tests with ap = 10 mm,
whereas in parts (c) and (d) the tests are for ap = 20 mm. The cohesive zone model gives

10



an accurate prediction of 7 () for the case ap = 10 mm, h = 3 mm and 6. = 2.0 mm; this
is not surprising as the values of J. (and 7) for the cohesive zone model were chosen for this
choice of geometry. However, the cohesive zone model (with d, = 2.0 mm) is less accurate
in the prediction of Aa (%) for the choice ap = 10 mm and h = 3 mm, see Fig. [L0[b). In
broad terms, the cohesive zone model, in its present form, has a limited ability to predict
the sensitivity of the 7 (%) curves and the Aa (¥) responses over a range in values of h and
ag, for either choice of d.. It is instructive to summarise the TAST results and associated
predictions by plotting in Fig. the shear strain 7 for the initiation of crack growth, and
the value of 4 at peak 7, each as a function of A. In the experiments, at small values of
h (< 6 mm), the value of 4 to attain peak load is almost double that required to initiate
a crack. In contrast, for h > 10 mm, crack initiation occurs at peak load. The cohesive
zone calculations correctly predict that the value of 4 for crack initiation, and to achieve
peak load, both decrease with increasing h; however, the cohesive zone calculations predict

significantly lower values of 4 for crack initiation than the observed values.

3.8. Alternative modelling approaches

Our comparison of finite element predictions and TAST measurements suggest that it is
challenging to use a cohesive zone model to predict failure of a ductile adhesive of limited
work hardening capacity and high value of strain prior to cracking. The relatively flat stress
versus strain curve implies that triggering of the cohesive zone is sensitive to the choice of co-
hesive strength 7. Modified approaches within the realm of cohesive zone modelling include
strain-dependent cohesive zone models (Tvergaard and Hutchinson| [1996a)) or triaxility-

dependent traction-separation laws (Anvari et al.l 2006; [Banerjee and Manivasagam), 2009)).
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Alternatively, models based on continuum damage mechanics concepts can be employed.

Damage mechanics models typically have a damage initiation criterion, which can be

stress, strain, or energy-based, and a damage evolution law (Kachanov, 1986} [Simo and Jul,

11987 |(Chaboche] 1988)). The material stiffness is degraded progressively according to the

evolution of the damage variable D; D is usually a scalar, but can be tensorial when damage

is anisotropic in nature. The main drawback of conventional damage mechanics models is the

strong mesh dependency due to the loss of ellipticity of the governing equations (Needleman),

11988; Peerlings et al., [2002)), although numerical techniques have been developed to allevi-

ate such mesh sensitivity (Oliver, [1989). The problem can also be regularised using higher

order models, also termed non-local, involving gradient quantities and one or more associ-

ated length scales (Geers et al., 1998; Bazant and Jirasek, [2003). These models have been

widely used in recent years, both for capturing size effects and for avoiding a pathologically

localised post-peak response (De Borst et al., [1999; [Engelen et al., 2006; Martinez-Paneda;

, 2019). Closely related to non-local damage models are phase field fracture models,

where the phase field (damage) variable evolves on the basis of Griffith’s energy balance

(Francfort and Marigo|, [1998; Bourdin et al., 2000; Kristensen and Martinez-Paneda; 2020)).

Thus, phase field models provide a link between damage mechanics and discrete cracking.

The consideration of a strain-based or energy-based cracking criterion appears to be
better suited than a traction-based cohesive zone law for capturing the failure of adhesives
that undergo large irreversible strains with limited hardening. The need to model toughness

and the attendant material length scale suggests the use of non-local models involving spatial
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gradients or the integration of relevant quantities over a finite volume. However, is not yet
clear which class of models can capture, for a single set of parameters, the multiple fracture
features (peak load, fracture process zone size, critical crack opening) that accompany the

failure of adhesive joints.

4. Conclusions

A combined numerical and experimental study of the Mode II fracture of a ductile ad-
hesive joint is reported. A modified TAST setup, with a thick layer of MMA adhesive, is
used in order to explore the effect of adhesive layer thickness on the initiation and growth
of an interfacial crack between MMA adhesive and steel substrates. Regardless of pre-crack
length, the adhesive layer deforms by a large shear strain of 0.18 to 0.35 (depending on the

adhesive layer thickness) prior to crack initiation.

The ability of a cohesive zone model, with a trapezoidal shear cohesive zone law, to
predict failure of an adhesive lap joint is evaluated. After suitable calibration, the shear
cohesive zone is capable of predicting the fracture strength and shear strain at peak load
of a TAST specimen for a limited range of layer thickness h. The model is less accurate in
predicting the details of crack extension as a function of shear strain. The study suggests
that a cohesive zone model, based on a traction-displacement law, requires careful calibration
when applied to highly ductile adhesive layers that display limited strain hardening and a

large plastic strain prior to crack initiation.
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Figure 1: (a) Nominal tensile response of Scigrip-300 adhesive in bulk form, for strain rates from ¢ = 4x 1074
s71to 1x1072 571, (b) True stress oy versus true strain €; curves in tension and compression, at ¢ = 4 x 1074

s~ L
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Adhesive layer d

Figure 2: Modified TAST specimen. 2W = 100 mm, h = 3 — 13 mm, H = 50.4 mm, g = 30 mm, ag = 0 — 20

mm, d =5 mm, b = 6.35 mm.
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Aa=6—11mm
at peak load

Figure 3: (a) Typical force-displacement curve in a TAST test (h = 8 mm, ap = 0, ¥ = 6 x 107% s~}

7 = F/(2Wb), ¥ = u/h), and (b) the corresponding DIC image of shear strain contour in each stage of

deformation.
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Figure 4: Effect of adhesive thickness on samples with ag = 0 (no pre-crack). (a) average shear stress-shear
strain across the adhesive layer curves (red marks on the curves shows Aa = 07 mm), (b) crack growth

versus shear strain across the adhesive layer.
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Figure 5: Effect of pre-crack length on specimens with adhesive layer thickness of 3 mm. (a) average shear

o

stress as a function of shear strain across the adhesive layer (marks on the curves shows A = 0%, 5, and 10

mm), (b) crack growth versus shear strain across the adhesive layer for these cases.
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Figure 6: (a) Method used to obtain sliding displacement jump §, at the crack tip prior to crack growth. (b)
Sliding: displacement profile for the choice h = 8 mm, ap = 20 mm. Note, in (a), the finite opening of the
pre-crack along the crack flanks; it is due to the saw-cut in manufacture. The tip of the pre-crack is sharp,

due to razor tapping.
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Figure 7: The measured shear stress-strain for the adhesive (i/h = 6 x 1074 s7!) from a specimen of height

h =3 mm, ag = 0.
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Figure 8: Shear traction-separation response: (a) trapezoidal traction-separation law, with secant modulus

(1 — D)K; and (b) damage evolution versus separation. In this study: d; = 0.05 . and d2 = 0.95 ..
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Figure 9: (a) Effect of assumed value for 7 on the obtained force-displacement curve, (b) Effect of §. on
load-displacement curve obtained from finite element simulations compared to the reference experiment (h =

3 mm, ap = 10 mm). Note: From DIC, §. = 1 - 1.5 mm.
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Figure 10: Experiment vs simulations for (a) and (b) ap = 10 mm; (c¢) and (d) ap = 20 mm, assuming
d. = 2.0 mm. Parts (a) and (c) give the average shear stress versus shear strain 4 across the adhesive layer,
from experiments and simulations. Parts (b) and (d) show crack extension Aa as a function of 4 across the

adhesive layer.
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Figure 11: Experiment vs simulations for (a) and (b) ap = 10 mm; (c¢) and (d) ap = 20 mm, assuming
d. = 1.3 mm. Parts (a) and (c) give the average shear stress versus shear strain 7 across the adhesive layer,
from experiments and simulations. Parts (b) and (d) show crack extension Aa as a function of 4 across the

adhesive layer.
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Figure 12: Shear strain 4 across the adhesive layer at crack initiation and peak load versus adhesive layer

thickness h for (a) ap = 10 mm, and (b) ag = 20 mm.
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