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Abstract

Laboratory experiments demonstrate that a novel carbon nanotube (CNT)-based sensing
layer embedded in the bondline of an adhesively bonded structural joint can detect and monitor
deformation and damage progression of the adhesive layer. In this study, experimental and
numerical investigations were performed to identify any effect of an embedded CNT-based
sensing layer on the bond strength of that joint. To evaluate the mechanical behavior of such a
bondline configuration, two sets of single-lap specimens, with and without sensing layer, were
prepared and tested to determine the bond strengths of the respective types. Two-dimensional
digital image correlation (2D DIC) was utilized to estimate the load-displacement response of the
test specimens. Three-dimensional cohesive surface finite element models of the test specimens,
with and without the sensing layer, were created and validated using the experimental
measurements. It is shown that the embedded CNT-based sensing layer does not influence the
bond strength of the single-lap joint.

Keywords: Adhesive joint, composite, debonding, cohesive zone modeling, experimental testing,

carbon nanotube sensing layer, fracture mode mixity.
Introduction and Motivation

Most structures are composed of various members connected by structural joints and are

the critical load-carrying paths in a structure. Adhesive joints are becoming increasingly popular

*Corresponding author at: Civil and Environmental Engineering, Portland State University, 1930 SW 4th Avenue, Portland, OR 97201,
USA. E-mail address: thomas.schumacher@pdx.edu. Phone: +1-503-725-4199, Fax: +1-503-725-4282.
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since they may reduce stress concentrations, enable uniform load distribution, have better fatigue
properties, and can join different kinds of material (e.g., steel and fiber reinforced polymer (FRP))
which are advantages over employing traditional fasteners including rivets, bolts, welds, or other
mechanical fastening techniques. Adhesive joints are expected to perform optimally under both
sustained as well as cyclic loading. However, lack of design guidelines or modeling techniques to
accurately capture the maximum load carrying capacity of adhesive joints or understand their
behavior and failure mechanisms have led to overly conservative designs. Failure mechanisms of
adhesive joints are difficult to characterize, especially for adhesively bonded composite joints.
Different types of failure can occur in adhesive, adhesive-adherent interface, adherent depending
on fabrication procedures, geometric configuration, loading conditions, and weather conditions.
Therefore, adhesive joints are often considered as the weak link among structural elements. As a
result, mechanical fasteners such as bolts are often added alongside the adhesive layer. Thus there

is a critical need to monitor potential damage in the adhesive joints such as debonding.

Researchers have used various techniques to monitor and diagnosis adhesive bondlines, for
example, fiber Bragg grating [1, 2], acoustic-laser technique [3], and ultrasonic technique [2].
Carbon nanotubes (CNT) have been used for in situ sensing of FRP using carbon nanotube
networks [4]. Debonding between the adherents in a joint system can be detected by directly
dispersing CNTs in the adhesive [5]. An approach has been proposed by Ahmed et al. [6] to
monitor the adhesive joints and it has been successfully demonstrated that debonding damage can
be detected by means of a CNT-based sensing layer embedded in the bondline. This layer is
composed of a nonwoven fabric coated by CNTs and the nanotubes form an electrically conductive
network where electrical/mechanical coupling is capable of detecting stresses in the joint offering
potential for structural monitoring leading to more efficient joint designs and early warning of

failure.

In the finite element (FE) models to predict failure load of adhesively bonded joints, the
bondline thickness can be neglected for a thinner adhesive layer. A thick adhesive bondline may
require for a misaligned structural joints. In this research, embedding a CNT-based sensing layer
requires a thicker than usually recommended bondline. Therefore, FE models with a thicker

adhesive layer, compare to other studies [7, 8], were developed. In addition, inclusion of the
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sensing layer in the bondline may enhance potential stress concentration. The CNT-based sensing

layer embedded in bondline was also included in the current study.

This research evaluates the critical performance of the bondline of the CNT-based sensing
layer through developing a FE model and validating the model with laboratory tests. The specific
objectives of this study were to (a) to establish the strength, and failure mode of single-lap joints
that have thick adhesive bondlines with and without embedded CNT sensing layers, (b) develop
an FE model to accurately predict the observations, and (c) compare the FE modeling results with
additional data from the literature.

Experimental Characterization of Single-Lap Joint

Two sets of single-lap joint specimens, with and without CNT-based sensing layer in the
bondline, were tested. The test setup and specimen dimensions are shown in Figure 1. Ten
specimens were prepared and tested for each set. The composite plates were fabricated from 16
plies of M40J carbon/epoxy prepreg (Toray Composite Materials America, Inc.) by curing at a
temperature of 135°C and a pressure of 296 kPa in an autoclave for 120 minutes. The steel plates
were sandblasted to create uniform surface roughness and promote adhesion. The composite
laminates were prepared by sanding the surface by hand with 320 grit silicon carbide abrasive
paper. The abraded surfaces were then cleaned with alcohol. A two-part epoxy paste adhesive
(Hysol 9309.3 NA, Henkel North America), was used to join the steel and composite plates. A
uniform bondline thickness of 2.0 mm was maintained for both sets of specimens (with and without
embedded sensing layer). The adhesive layer was cured at 82°C for an hour according to the
manufacturer’s instructions. The CNT-based sensing layer was prepared by dipping an aramid veil
in a CNT sizing bath for depositing CNTs on the aramid fibers. The dipped aramid veil was dried
and cut into desirable size which was embedded in the bondline during the application of adhesive
material. Details about manufacturing and embedding the sensing layer can be found in Ahmed et
al.[6]. The location of the sensing layer in the bondline is shown in Figure 1 (c). A universal testing
machine (Instron 5985) was used to load the specimens in tension in displacement-controlled

mode. The specimens were loaded to failure at a constant rate of 13 mm/min.
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Figure 1: (a) Test specimen configuration and configuration of the overlap zone (b) without and

(c) with the embedded sensing layer.

All tests were recorded at 60 frames per second at a resolution of 720 x 1250 pixels using
a digital single-lens reflex camera to analyze deformed shapes at various loading levels and to
estimate true specimen end-to-end deformation using the two-dimensional digital image
correlation (2D DIC) technique. This approach was used instead of a traditional displacement clip
gage, which cannot be properly attached to a non-symmetric specimen. Also, crosshead

displacement is not representative of specimen displacement as it includes grip slippage.

For the 2D DIC measurements, a speckle pattern was applied using spray painting on the
side of specimen’s end tabs (see Figure 2 (a)) prior to testing. In this study, normalized cross-
correlation was used to estimate the true displacement between the specimens’ end tabs using the

sequence of recorded digital images, using the following equation [9] :

Tuylf )~ fup][t(x—uy-v)—i]
_ 1/2
{Zaslf )= Fup)” SxyltCe—uy-v)-t12)

y(u,v) = 1)

where, £ is the search area; ¢ is the target area; £ is the mean of the target subset and f;, ,, is the
mean of f(x, y). A rectangular shape target subset was selected that has a distinguishable variation
in gray level, on the edge of each of the spackle-patterned end. Based on the expected displacement

of the end tab, the search areas were selected by offsetting the target subset. Figure 2 (b) shows a
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typical distribution of normalized cross correlation. The position of this distribution identifies the
location of the target subset for the corresponding loading levels which was used to estimate rigid
body displacement of the target subset. Figure 2 (c) shows the displacement of a target subset that
represents the displacement of the corresponding end tab. True specimen deformations are then
calculated using the relative displacements of the end tabs. Two specimens were also instrumented
with linear variable differential transformers (LVDT) to compare with the 2D DIC displacement
measurement. The LVDT was attached near to one of the end tabs and an extension piece was
attached near to the other end tab to measure the displacement (shown in Figure 2(a)). In addition,
one test specimen was instrumented with three strain gages mounted on the steel adherend in the
overlap region with one mounted in the center of the overlap and two at each edge to validate the
FE model.
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Figure 2: (a) Typical search areas and target subsets to estimate the specimen deformation and
attached LVDT (top) and acoustic emission sensor (bottom, data not analyzed for this paper), (b)
computed normalized cross-correlation coefficient to find the best match of a target subset in the

search area, and (c) sample speckle pattern in the search area with initial and final location of a

target subset.



119
120
121
122
123
124
125
126

127

128
129

130

131
132

Figure 3 shows the average failure load of the single-lap joints without and with sensing
layer, 9.6 kKN and 9.7 kN, respectively. A two-sample t-test confirmed that no statistically
significant difference exists between the observed failure loads for the specimens with and without
the embedded sensing layer. Also, the failure mechanism for both sets of specimens was similar.
Figure 4 shows typical failure surfaces for both sets of specimen. As shown in Figure 4, interfacial
failure was observed in both sets of specimen and some carbon fibers were pulled out from the
adherent (composite plate) all specimens of both specimen types. Thus, the CNT-based sensing
layer does not influence the bond strength (in terms of failure load) or failure mechanism.
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9000

7500
6000

4500
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3000
1500

|
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0

Figure 3: Comparison of experimentally obtained average failure load of the single-lap joints
without and with sensing layer. The error bars are located at plus/minus one standard deviation.

7%
7y

Figure 4: Photos showing typical failure surfaces of single-lap joints: (a) without and (b) with

sensing layer.
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Figure 5 shows the crosshead displacement of the testing machine compared to the
specimen displacement measured using LVDT sensors and computed 2D DIC displacements. It
can also be observed that even though the test was run in displacement control, the specimen
experiences varying deformations due to slippage of the specimen in the grips. Mounting a LVDT
sensor on the single-lap joint can be difficult as the LVDT may rotate depending on the mounting
location, which would add an additional displacement component. This is why optical
measurements were utilized in our characterization Figure 5 shows that the displacement measured
by the LVDT sensor mounted on the specimen and the computed 2D DIC displacements match

closely. The obtained load-displacement responses were utilized to validate the FE model.
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Figure 5: Comparison between crosshead, LVDT, and 2D DIC measured displacements.
Finite Element Modeling of the Single-Lap Joint

Damage Modeling Approach

There are three major modeling techniques available to model adhesive bond joints: (a)
stress based (continuum mechanics), (b) fracture mechanics based, and (c) damage modeling.
Damage modeling enables capturing the complete response of the structure including predicted
maximum load carrying capacity and damage progression. In this research, a damage modeling
approach was utilized. Two different approaches are available for damage modeling: (i) continuum
approach and (ii) local approach. The difference between local and continuum approach is how
damage can form and propagate in the model. In the local approach, paths and surfaces and in the

continuum approach, finite areas and volumes can be predefined for damage formation and
7
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propagation, for 2D and 3D models, respectively. Gongalves et al. [10] demonstrated that 3D
analysis can better resemble experiments by estimating significantly different stress distributions
from 2D analysis in a simple single-lap joint configuration. To perform the damage analysis using
the 3D local cohesive zone (CZ) approach, damage propagation path(s) and zero thickness
surface(s) need to be predefined. A zero thickness cohesive surface in an interface can be achieved

by moving the slave nodes onto the master surface.

Our damage modeling combines the aspects of strength-based approach, to define damage
onset, and fracture mechanics approach, to simulate damage propagation (debonding). In CZ
modeling approach, the purpose of the CZ is to simulate damage (eventually leading to fracture)
using a constitutive model of cohesive surface (Eq. 2) which is separated from the bulk material
responses. Figure 6 shows the separation kinematics of surfaces S7 and S5. The relative
displacement of homologous points (X and X, in Figure 6) is known as the displacement jump,
8(X) =n— nywheren = f,(X); ny = f,(Xp) and £and £ represent the nodal maps describing

displacement between deformed surfaces (Saand Sg) and undeformed surfaces (Sa°and Sg°).

VXeS]:S5cA

VX,eSg:Spc A

SA
/ 53'

Figure 6: Cohesive interactions are illustrated to define the displacement jump.

The components of the local interface traction (including normal and tangential) can be
computed from the bilinear traction-separation laws (Eq.2) [11]. The traction components (i) in
CZ are given by:

Kiai lf 0< 51' < 50‘1'
0; = (1 - di)Ki5i if 60,1’ < (Si < Smax,i (2)
0 if 51’ = 5max,i
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where, i = direction of the corresponding traction component = n, s, t; n = normal direction; sand

t = tangential direction of traction ; K; = penalty stiffness; &; = displacement jump; and, damage

—;S"E?'i(sr i"'i)). Because di is computed for dmax,i > 8i > do,i, thus 0 < dj <1. The
i\Omax,i™ 9o,

reduction of stiffness can be simply computed by (7-d;) K: when Smax,i > i > do,i (Figure 7). If 5i >

parameter, d; =

do,i (Figure 7) the stiffness values gradually decrease and the amount of decrease can be estimated
using a linear softening behavior. The stiffness goes back to zero when &; approaches to dmax,i.

h

i=nst
J=15L 10

Figure 7: Pure mode constitutive relationship between traction and displacement jumps where j =

type of pure mode.

Figure 7 shows the pure mode constitutive relationship between traction and displacement
jump. K is a numerical parameter [7, 10, 12]. The highest value of penalty stiffness, which will not
introduce any numerical difficulty, e.g., spurious oscillations [13], can be used to ensure the least
relative displacement of the interface nodes before the damage onset point. To simulate the thick
adhesive, the adhesive stiffness is decoupled from the penalty stiffness. Eq. 3 [14] can be a
guideline to determine Kx values; where A >> 1, Ezis through thickness Young’s modulus, and
taan IS thickness of adhesive. In general, in a pure tension mode and interface between two uniform
thickness plates, A> 50 introduces 2% stiffness loss due to presence of the interface which is
found accurate enough for the most problems [14]. For mode I, a simplified form of normal
stiffness (K» = Eaan/tadn) has been used by de Moura et al. [15] which indirectly captured the effect
of adhesive layer thickness. The relationship between K»and K:in Eq. 4 ensures proper energy

dissipation [7, 13]. For a thin adhesive layer in a joint the normal stiffness of the bondline can be
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computed using Eqg. 5 [16] when the maximum adhesive thickness has been limited by t/47* =
2Gjc Eqdn

2
(Gmax,i)

, Where Eagn = elastic modulus of adhesive and Gjc = critical pure mode fracture energies.

Ky = =22 3)
tadn
K = K M <Umax,n>2 (4)
n t Gic Omax,t
_ Eaan 1-Vadn
Kn = tadn ((1+Vadh)(1—2Vadh)) ()

Strengths and Poisson’s ratio of the adhesive, omaxi, vadn, are physical material properties
obtained from experimentations. In Abaqus [17], the penalty stiffness and maximum values of

normal and shear stresses are user defined parameters.

In case of mixed mode conditions quadratic interaction of traction (Eq. 6), known as Ye’s
criterion [18], can be used as the damage onset criterion [12, 19].

() 2 o 2 pu 2
) + ) + G) = ©
Omaxn Omax,s Omax,t

During the damage evaluation stage, B-K law [20] can capture the variation of energy

dissipation rate caused by the mode mixity where Gic, Guc and Grc are mode |, mode Il and total

critical strain energy release rate.

G n
Grec = Gic+ (Ge — Gie) (¢) (7)

Gic+Girc

If mode Il occurs, the criterion is [12]:

Gric+G n
Grc = Gic + (Gpe — Gic) (&) (8)

GictGrict Gric

G can be experimentally obtained using double cantilever beam (DCB) specimen and end-notch
flexure (ENF) specimen can be utilized to obtain Gy. 7 parameter obtains from fitting the

experimental values from DCB, ENF, and double cantilever beam (DCB) experiments [13, 20].
Experimentally obtained Gjc and ai can be used in Eq. (9) to evaluate damage in the model.
5maxi
Gjc = [, ™" 0, d6; )

For a linear softening material (Figure 7), the energy equation simplifies to
10
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GjC 2 max,i amax,i (10)

Gjcand nvalues are user defined parameters in the model which should be estimated based
on experiments as discussed above. Typical values of Gjccan be used to perform damage modeling
[7, 8]. However, it is noteworthy that Gjcand 7 values control the model responses after the damage
initiation.

Specimen Geometry and Meshing Approach

FE models of a single single-lap joint without the sensing layer were created in ABAQUS
[17]. Actual dimensions of the steel and composite plates (100.0 x 25.4 x 1.5 mm?) and adhesive
(25.4 x 25.4 x 2.0 mm?, shown in Figure 1) and boundary conditions simulating the physical
conditions (shown in Figure 8) were used in the models. A study of mesh size sensitivity was
conducted and mesh scheme shown in Figure 9 (a) was adopted. General-purpose continuum
quadratic brick elements with 20 nodes (C3D20 [17]) were used to create the adherents and the
adhesive. 3D continuum interface element with 27 nodes (C3D27 [17]) were utilized for the CZ
neighboring adhesive elements. Zero thickness cohesive surfaces were created (as discussed in the
previous section) between adhesive and adherents, including steel-adhesive and composite-
adhesive interfaces (labeled A and B in Figure 8 (b)). These are created by co-locating the nodes

on the surface of the adhesive and the nodes on the interface surfaces of steel and composite plates.

The damage initiation zone has been selected according to the suggestion of Li et al.[21].
Also, Gongcalves et al. [22] used similar damage initiation areas in their modeling approach. To
simulate the specimen with sensing layer, in addition to the modeling techniques described above,
a 0.45 mm thick layer with orthotropic material properties was introduced to simulate the sensing
layer inside the bulk adhesive layer (Figure 9 (b)) according to a typical bondline configuration of
specimen with sensing layer is shown in Figure 9 (c). A perfect bond between adhesive and sensing
layer interfaces was assumed considering that the sensing layer was completely infused within the

bulk adhesive materials (Figure 9 (c)).

11
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247 Figure 9: Meshing scheme (a) with a sensing layer, (b) without a sensing layer (c), and
248 photographs showing the bondline of a typical test specimen with a sensing layer.
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Material properties and damage modeling parameters

Appropriate penalty stiffness for the interaction of cohesive interface, A; values, were
selected to provide sufficient stiffness as well as to avoid numerical problems as discussed in the
Damage Modeling Approach. Four different sets of penalty stiffness and a perfect interface (= tie
connection) were considered for evaluating the interfacial stiffness effects on global stiffness
change of the model. Ksand A:values were considered to be identical and A»values were computed
using Eq. 4 to ensure proper energy dissipation. Ksvalues used in this investigations are 1 x 103,
2x 103, 3x 103 and 5 x 103 N/mm3. Figure 10 shows the effect of this variation in interface
stiffness on the load-displacement response of the model without an embedded sensing layer. It
was found that the predicted maximum load carrying capacity increases along with the increase of
penalty stiffness; however, the increase of stiffness is insignificant and almost converging while
using the higher K values. While comparing with the load-displacement response of the perfect
interface model (tie connection between adhesive and adherents), a maximum of 4.75% global
stiffness reduction was found up to the damage onset point (of the numerical model) while using
K= 3 x 103 N/mm3. This stiffness reduction is considered to be sufficient for this simulation
given that the model with K= 5 x 103 N/mm?3 exited with an error of too many iterations required
for convergence. Thus for the further evaluation of the FE damage models, Ki= 3 x 103 N/mm?3

was used.
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Figure 10: Effect of interface stiffness on the load-displacement response.

Tension test results of steel and composite plates are shown in Figure 11. The adhesive
properties of Hysol adhesive (listed in Table 1) were taken from the experimental results by Kim
et al.[23]. Ramberg-Osgood (R-O) model (Eq. 11) [24] was used to replicate the elastic-plastic
behavior of steel similar to prior work [25] and adhesive (the required parameters are listed in
Table 1).

f=2qq(2) (11)

€o Oo Oo

where, & = yield strain; o, = yield stress; a = dimensionless constant representing yield offset; n

= hardening exponent.

Figure 11 (a) shows the measured stress-strain diagram and R-O fit. The hardening
exponent and yield offset values (n = 24.4 (Eq. 12) and a= 1.07 (Eq. 13)) were calculated using
the equations proposed by Kim et al. [25]

a ln(z—’;
— 0.002 E (13)

Oo

14



282  where, Es = elastic modulus of steel; g, = ultimate tensile strain of steel; oy = ultimate tensile

283  strength of steel.

284 It can be observed that better fit of stress-strain data can be obtained using n = 105. The
285  values of n and a for adhesive material were obtained by R-O model fitting the Kim et al’s [23]

286  experimental data.

(a) | ___(b)

450

2000
Composite #1
400 r 1800 + |~ - - Composite #2
-------- Composite #3
350 1600 Composite #4
- = = Composite #5
= 300 - 1400
o
?_, 250 | 1200
© 1000 |
% 200
= 800 -
@ 150 |
600 r
100 Steel #1
-------- Steel #2 400 r
sof | R-O model n= 24 .4 200 -
=== == 2-0 model n = 105 /
&

0 ‘ | ‘ 0 ‘ | ‘
0 2500 5000 7500 10000 0 2500 5000 7500 10000

287 Strain (pe) Strain (pe)
288 Figure 11: Tensile coupon test results of (a) steel plate, (b) composite plate.
289 Critical fracture energy values, Gjc, were taken from the experimental results of Tomczyk

290  [26]. Ye’s criterion (EQ. 6) was utilized to predict the damage onset and B-K law (Eq. 8) [20] was
291 used to capture the energy dissipation variation due to the mode mixity and to evaluate damage
292  propagation. Since the ‘7’ value is unknown, extreme values (1.5 and 5.0) were utilized to evaluate
293  the effect on predicting the maximum load carrying capacity and results were discussed in FE

294  Model Validation section.

295 Orthotropic material properties were used to simulate the mechanical behavior of the
296  sensing layer. Elastic modulus along length and width of sensing layer were used 3875 MPa [27]
297  and elastic modulus of the sensing layer along the thickness direction was assumed to be that of

298 adhesive material considering the very low fiber volume fraction and orientation. Shear moduli

15



299  were approximated to be 1000 MPa and Poisson’s ratio of the sensing layer was assumed to be

300 identical to the adhesive material.

301 Table 1. Material properties and damage parameters used for the advanced FE model.
Steel Composite Adhesive Damage parameters
Es=210x 10° MPa; E;= 200 x 10°MPa; Ea=2.62Xx 10°MPa Gmaxn = 35 MPa;
vs=0.3; E2 = Es= 8.4 x 10° MPg; ; For steel —adhesive interface,
n= 105; viz=v13 = 0.3; va=0.38; Omaxs = Omaxt =27 MPa;
o=1.07; vaz = vo1= 0.45; n=>5; For composite -adhesive
oo =391 MPa S12=S13=7.23x 10° a=0.1; interface,

MPa; 60=32 MPa Omax;s = Omaxt = 26 MPa;
S23 = 3.79 x 10° MPa Gi=2.61 N/mm;
S = shear modulus Gn= G =5.22 N/mm

302 FE Model Validation

303  Simulation of results with and without embedded sensing layer

304 Figure 12 shows that the load-displacement response and predicted failure load of the FE
305 models with and without sensing layer are practically identical to model the specimen with a
306  sensing layer embedded in the bondline. This agrees with the experimental findings. Thus it is
307  concluded that the sensing layer does not need to be considered in the FE model. Therefore, for
308 the subsequent evaluation of FE models, the response of a general model without a sensing layer

309  was utilized.
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Figure 12: Load-displacement response of FE models with and without sensing layer.
Comparison between Experimental Measurements and FE Results

The experimentally obtained failure load of the single-lap joint were compared with that
of FE model. As previously discussed, in the simulation the B-K law [20] was utilized to the
estimate the total critical energy required for damage propagation under mixed mode conditions.
The curve fitting parameter of the B-K law, 7, was not experimentally determined; therefore 2
extreme values for 7 (1.5 and 5.0) were assumed according to the suggestion of Sarrado et al. [7]
and results from both are reported. It was found that the higher » value predicts a lower maximum
load (see Figure 13), which is expected according to Eq. 8. Specifically, in mixed mode conditions,
a higher n value estimates a lower total critical energy, which allows for an earlier damage
propagation, thus, produces a lower maximum failure load. FE element predictions of failure load
for the two extreme values of # are 10.4 kN (» = 5.0) and 10.9 kN (» = 1.5), which are in a close
proximity of the average experimental measurements of the specimens without and with an
embedded sensing layer are 9.6 kN and 9.7 kN, respectively. Figure 13 also compares the load-
displacement response of the FE models and the experimental measurements. It can be observed

from these data that the experimental measurements are in close agreement with the FE results.
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328 Figure 13: Load-displacement response of the FE models and four experimentally obtained 2D

329 DIC measurements.

330 Figure 14 shows a comparison between measured (eexp) and computed (ere) normal strains
331 attwo load levels and three locations of strain gage (shown in the inset). Two loading levels were
332  selected to evaluate the FE response before and after numerical damage onset. It is evident that the
333  FE and experimental normal strain results match closely.
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Figure 14: Comparison of experimental and FE normal strain in steel plate at two different

loading levels. Strain gage locations are shown in the inset.

Figure 15 (a) and (b) show the normal traction and peel stress distribution in the CZ and at
the mid-thickness of the adhesive at two different loading levels, (a) immediately before numerical
damage onset and (b) at the maximum loading level. It was found that the peeling stress (c22) and
normal traction (on) at CZ have identical trending stress distributions along the lap length.
Magnitudes of peeling stress at mid- thickness of the adhesive were less than the magnitudes of
that in the CZs. A similar behavior was also observed for the distribution of shear stress (c12) and
tangential traction (os), which are shown in Figure 15 (c) and (d). It can also be seen that the
magnitude of shear stress increases with increasing load. Shear lag behavior can be evaluated by
integrating shear stress at the mid-thickness of the adhesive along the length of the joint and
comparing with the total transferred load (which in this case is total load applied).
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Figure 15: Cohesive normal traction and peel stress distribution in the CZ and in the mid-
thickness of adhesive: (a) before numerical damage onset and (b) at the maximum loading level;
cohesive tangential traction and shear stress distribution in cohesive zone and in the mid-

thickness of adhesive: (c) before numerical damage onset and (d) at the maximum loading level.

Failure Mechanism

Figure 16 shows a comparison of experimental and FE damage stages of the specimens
with an embedded sensing layer. The FE model was able to simulate the large distortion of the
substrates under the maximum loading level which was produced by the large eccentricity induced
from the thick adhesive layer (as shown in Figure 16 (c) and (d)). Also, FE model was able to
simulate the debonding propagation in the interface between adhesive and adherents which agree
with experimental findings as clearly illustrated by Figure 16 (e) and (f). It should be noted that

the crack initiation in the bondline varied from specimen to specimen, which became evident from
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the digital videos. In other words, the ratio of crack initiation load to failure load varied among
specimens. Since no microscope was used during the experiments, a detailed characterization of

crack initiation and failure mode was not performed.

(a) (b)

Figure 16: Different stages of damage propagation in experimental and FE results, respectively:
(@) and (b) initial condition, (c) and (d) at maximum loading level, (¢) and (f) post peak
deformation. (a), (c), and (e) are photos taken during the experiment and (b), (d), and (f) are snap

shots produced from the FE modeling.

Stability of the relationship between tractions and displacement jumps were evaluated for
this model and are shown in Figure 17. Both parameters were normalized, by oOmaxiand Omasx, i
computed using Eqg. 10. Considering the negligible quantity of o, it is not presented here. The
linear softening behavior with lower stiffness values can be observed in Figure 17. The damage
onset points are mathematically determined based on Ye’s criterion (Eq. 6) [18]. In general, it is
evident that the constitutive relationship between traction and displacement jumps was stable for
the utilized FE discretization (meshing scheme) throughout the displacement domain. Thus, for
this FE model (where cohesive surfaces are considered in between the thick adhesive layer and
both adherents), both potential instabilities, which can be generated from the corresponding
relative physical properties (high interface stiffness relative to low adhesive stiffness) and FE

discretization that is too coarse [28] were avoided successfully.
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Model Validation: Influence of Adhesive Thickness

In this research, all the specimens had 2 mm bondline thickness. Therefore, the influence
of adhesive thickness on the shear strength of single lap joints investigated by da Silva et al. [8]
using three different kinds of adhesives have been evaluated by the FE models. Those experimental
results were also used by Sarrado et al. [7] to evaluate their proposed finite-thickness cohesive
element. Simulation results from applying the modeling techniques used in the present study were
compared with those of da Silva et al. [8] and Sarrado et al. [7], and are discussed in this section.
The mechanical reasons of bond strength degradation due to the thicker bonlines are discussed

from based on current simulation results.

The geometry of da Silva et al.’s [22] test specimens are shown in Figure 18, where the
adhesive thicknesses tzq:» = 1.0 mm (b), 0.5 mm (c), and 0.2 mm (d). As part of the present work,
FE models of the single-lap joints were created in ABAQUS using the same modeling techniques
discussed above. Specifically, actual dimensions of adherents (120 x 25.4 x 2.0 mm? steel plates)
and adhesive (25.4 x 25.4 X tza» mm?® (Figure 18 (a) to (d)) and appropriate boundary conditions

(Figure 18 (a)) were used in the model. Also, general-purpose continuum quadratic brick elements
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(C3D20) were used to create adherents and adhesive and 3D continuum interface element (C3D27)
were utilized for the interface between adhesive and adherents. The meshing scheme is shown in
Figure 18 (b) to (d).

(a) Adhesive Steel plate
70
§ 26 mim mm 4.25mm / thickness 2 mm
L s 5 (T . 4
' ! rYYYY
S
(b  (¢) (d)

Figure 18: Geometry, boundary conditions, and meshing schemes to simulate experimental tests
of da Silva et al.[8].

The material properties and damage modeling parameters are shown in Table 2 and were
taken from the experimental material characterization results of da Silva et al. [8]. The normal
strength of the adhesive was taken from a tension test of Hysol EA9321 and the shear strength of
adhesive was calculated from a relationship between adhesive thickness and shear strength
considering an adhesive thickness of zero.  was not reported; thus, two extreme 7 values were
again used in this study. A values were selected to be as high as possible to ensure avoidance of

any numerical issues.
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Table 2: Material properties and damage parameters used for FE model of da Silva et

al.’s [22] experiment.

Steel Adhesive Damage parameters
Es=210 x 10 MPa E.=3.87 x 103 MPa Omaxn = 45.97 Mpa;
vs=0.30 va=0.36 Omax,s = 18.50 Mpa,

Omaxt= 18.50 Mpa;

Kn= 2.40E4 N/mm?;

Ks= Kr=7.74 x 10° N/mm?;
Gr=0.45 N/mm;

G =Gur=0.90 N/mm ; n=[1.5 5.0]

All results show that the strength of a single-lap joint reduces when the adhesive thickness
increases, which supports the experimental conclusions of da Silva et al. [8]. The experimental
and FE results of da Silva et al. [8] and FE simulation results of Sarrado et al. [7] are shown side

by side with the current FE model response in

Table 3 and Figure 19. The authors’ 3D FE element results show close agreement with the

experimental results and other previous FE predictions.

Table 3. Modeling results for varying advesive thicknesses compared to literature.

Adhesive Experimental results FE modeling results
thickniggs da Silva et al. [22] daSilvaetal. [8] Sarradoetal. [7]  Current study
(mm) (kN) (kN) (kN) (kN)
(7=50-15) (7=5.0-15)
0.2 11.2 11.6 10.5-10.8 9.8-10.3
0.5 9.5 104 9.9-10.6 89-9.7
1.0 8.2 8.8 85-9.3 76-84
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Figure 19: Comparison between experimental and FE failure loads for three different bondline

thicknesses. Points representing simulation results are offset horizontally for better readability.

Figure 20 shows the effects of adhesive thickness and 7 on the load-displacement response
of the FE models created in this study. The deformation of the specimens with thicker bondlines
is higher due to higher shear deformation of the bondline, which contributes to the deformation in

the loading direction.
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Figure 20: Effect of adhesive thickness variation on predicted load—displacement response of

single single-lap joint (a) n = 1.5and (b) = 5.

Even though it is evident from the study of da Silva et al. [8] that a thicker adhesive
bondline can significantly decrease the bond strength, this may not be true for different joint types
and practical adhesive bonded joints where adherents are considerably thicker and stiffer compared
to that of the adhesive layer. This can be explained from a mechanical point of view: as the
adhesive thickness increases, the eccentricity between the applied loads increases, which creates
more bending in the overlapping area. Simulation results also show this causes the peeling stress
contribute to the damage onset increases. For this configuration, it was found from the simulation
results that the contribution of normal stress in damage onset for 0.2 mm and 1.0 mm thick
bondline were 41% and 59%, respectively. The normal stress attribution increments to the damage
onset due to a thicker adhesive layer can vary according to the geometric configuration of the joint
and material properties of the adherents. As discussed by Muller and Rath [29], the adhesively
bonded joints with thicker adherents have a higher bond strength than that of joints with thinner
adherents. Moreover, if the adherents’ thickness is significantly higher than the adhesive thickness
in a single-lap joint, a change of adhesive thickness would have a smaller effect on the bond
strength. Her and Liu [30] showed that for a double-sided patched joint, thicker adhesives
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experiences less stress. Thus, adhesive thickness needs to be carefully selected considering the

geometry of the joint, the type of adhesive, and adherent material properties to obtain an optimum

performance.

Conclusions

In this study, the mechanical influence of an embedded CNT-based sensing layer in the

bondline of a single-lap joint was illustrated using experimental and simulation results. From this

study the following major development were made.

From the experimental data, no significant difference in the failure load was observed
between the specimen with and without sensing layer. This observation reinforced the
potential that sensors embedded within adhesive can be utilized for structural applications
without significantly degrading the joint strength.

A suitable FE modeling methodology was established to model a joint with thick adhesive
bondline. The FE model was validated using the experimental results including the failure
load, strain distribution in steel substrate, and load-displacement response. It was found
that modeling results agree with the experimental data. It is noteworthy to mention that 2D
DIC technique can be used to effectively estimate the end to end deformation of the single-
lap specimens.

A sensing layer was embedded in the bondline in the FE model. It was concluded that for
FE modeling, this specific configuration of adhesive bondline, including the sensing layer,
does not significantly change the mechanical response and thus is not necessary to model.
FE element models were developed to investigate the reasons for bond strength degradation
observed when thicker adhesive layers were used in a single-lap joint configuration. FE
models with various adhesive thicknesses were validated using the experimental results
from literature. It was also argued using the current FE simulation results that bond strength
does not only depend on the bondline thickness, it also depends on geometry, operational

weather, length of overlap and stiffness of substrate etc.

It can be concluded that the sensing enabled adhesive layer can be used for various

structural purposes. Moreover, the FE modeling technique used in this research can be utilized to
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model more complex configurations consists with sensing enabled bond line. The FE model would

allow us to optimize the system by predict the maximum load carrying capacity.
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