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ABSTRACT

The increasing use of Adhesively-bonded joints in industrial applications resulted
in more attention to damage assessment in these joints. The aim of the present study
is to characterize the damage in bi-material double-lap adhesively-bonded joints by
Acoustic Emission (AE). Two different structural adhesives, representing a ductile
(Methacrylate-based) and brittle (epoxy-based) types, were used to bond CFRP skins
to a steel core. The fabricated joints were loaded in tension while damage evolution
was monitored by AE. Due to the difference in the fracture nature of the adhesives
“brittle vs. ductile”, different damage mechanisms occurred in the specimens;
including adhesive layer failure, steel deformation, adhesive/adherends interfacial
debonding and delamination in the CFRP skin. In order to distinguish and classify
these damages by AE, the AE features of each damage mechanism were first obtained
by conducting some standard tests on the individual constituent materials. Then,
These AE reference patterns were used to train an ensemble decision tree classifier.
Finally, the trained model classified the AE signals of the double-lap tests and the
images token by camera were also employed to verify AE results. This study
demonstrates the potential of AE technique for damage characterization of the
adhesively-bonded bi-material joints.

INTRODUCTION

The use of adhesively-bonded joints is preferred over conventional joining
techniques such as bolting, riveting and welding. They offer many advantages
including: the ability to join dissimilar materials such as steel and fiber reinforced
composites, weight savings, improved stress distribution along the bond-line and
enhancement of the corrosion and fatigue resistance characteristics [1-2].

The damage mechanisms in these joints include, but not limited to: interfacial
failure, adhesive layer failure and interlaminar failure within the adherends [3].
Heshmati et al. [4-5] did extensive experimental and numerical studies to investigate
the effect of environmental conditions, like moisture, temperature, de-icing salt
solution and cyclic loading, on the durability and the damage mechanisms of
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adhesively-bonded FRP/steel joints. The results showed that the joint strength is
function of the dominant failure mode of the joint which varied under different
environmental conditions. Thanks to the successful performance of Non-Destructive
Evaluation (NDE) techniques, such as Acoustic Emission (AE), for damage
assessment in the engineering structures, they can be good candidates for damage
characterization in such joints.

AE technique is successfully used in some studies for damage characterization in
adhesively-bonded joints [6-8]. Fotouhi et al. [7] monitored different damage
mechanisms in a sandwich structure containing a foam core adhesively-bonded to
two GFRP skins by AE. They managed to distinguish and classify four different
damage mechanisms in the sandwich specimens by analyzing AE data using wavelet
packet transform method. Xu et al. [8] identified damage modes in adhesively-
bonded composite single lap joints by means of AE and k-Means++ unsupervised
clustering methods.

Based on the available literature, there are just a few studies on the damage
assessment of adhesively-bonded bi-material joints by AE, and most of them used
the unsupervised clustering and signal processing methods to classify damage
mechanisms. The performance of these methods is not acceptable when the damage
AE signals are not clearly distinguishable. Thus, this paper deals with the damage
characterization of a double-lap bi-material joint, bonded with a thick adhesive, by
supervised classification of AE signals.

MATERIALS and MANUFACTURING

The double-lap joint consists of two steel cores separated by Teflon insert and
bonded with thick adhesive layers (8 mm) to CFRP skins as depicted in Figure 1. The
steel used in this study is high strength structural shipbuilding steel AH36. The CFRP
laminates are produced using vacuum infusion. The lay-up was [glass/0/90/45/-45]s.
The first adhesive used was a two-component Methacrylate adhesive from
SCIGRIP® SG300 Series. The adhesive tensile modulus is 207-276 MPa with a
tensile strength of 12-15 MPa and strain to failure of 40-60 %. The second adhesive
was a two-component toughned epoxy adhesive from Gougeon Brothers Inc. PRO-
SET Series. The adhesive tensile modulus is 1.93 GPa with a tensile strength of 37
MPa and strain to failure of 10.1 %.
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Figure 1. Schematic of the double-lap joint specimen.



Experimental Procedures

Tensile testing was conducted in accordance with ASTM D3528 standard [9]. A
universal tensile testing machine (Zwick Roell) with 250 kN load cell is used to apply
a displacement controlled tension with a rate of 1.27 mm/min according to the
standard and it records the load and the cross-head displacement. A camera
continuously monitors the cross-section of the specimen during the loading process
from the opposite side. The AE sensor placed on the specimen surface is used to
capture the AE activities of the specimen during the loading process. The AE sensor
was a broadband, resonant-type, and single-crystal piezoelectric transducer from
Vallen Systeme GmbH, AE1045S-VS900M, with external 34 dB pre-amplifier and
an operating frequency range of [100—900 kHz]. To eliminate the surrounding noises,
the threshold was set to 50 dB. The sampling rate was 2 MHz. A standard pencil lead
break procedure was used to check the connection between the specimen and the AE
sensor surface prior to the mechanical test. Three specimens are tested for each
adhesive type.

ENSEMBLE BAGGED TREE CLASSIFIER

The ensemble bagged tree classifier blends several CART decision trees to get a
better functionality in comparison with one decision tree. It divides the original
training dataset to several subsets. Then a random combination of some subsets is
selected to train a specific decision tree and it continues to all the trees be trained. In
the prediction phase, the classifier assigns a specific class (label) to a new fed data
which the assigned class is one that results in the highest weighted average of the
posterior probability computed using the selected trees. For each class ¢ € C and each
tree; t =1, 2, ..., T; the posterior probability (p,(c|d)) of class c, given data d, using
tree t is calculated as:

_pdlep(c)
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If S is considered as the set of indices of selected trees involved in the class
prediction of data d, the weighted average of the class posterior probabilities over the
selected trees is then calculated as [10]:
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where [(t€T) is 1 if t is in the set S, and 0 otherwise, and o, is the weight of tree

t. Finally, the predicted class (PCpygecq(c|d)) for data d is the class that yields the
largest weighted average [10]:
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RESULTS and DISCUSSION

The AE activities of the double-lap specimens under tensile loading were
captured by the AE sensor mounted on the surface of the specimens. Figures 2 and 3



show the load and AE frequency versus the displacement for both types of specimens.
The load-displacement response of the Scigrip specimens has a nonlinear behavior
from the beginning of the test up to the final failure with a significant plasticity and
damage progression leading to a ductile fracture. On the contrary, the load-
displacement response for the Proset specimens is almost linear up to the final failure,
which can be described as a brittle fracture. There is no AE activity for both
specimens at the beginning of loading which indicates that there is no damage in the
double-lap specimens to start with. The camera images taken from the double-lap
specimens also do not show any detectable damage in the specimens in this region.
The AE activity of Scigrip specimen starts at the displacement of 2.5 mm
approximately, where a few AE activities were captured with a frequency less than
150 kHz. The image of Scigrip specimen at the same instant shows the crack initiation
in the adhesive material (see Figure 2(b)). At the displacement of 4 mm, considerable
AE activities start and besides the low-frequency AE signals, some other AE events
with a frequency up to 250 kHz are captured. The last AE events’ group with a
frequency range of [300-400 kHz] initiates at the displacement of ~4.5 mm. All these
AE activities continue to the displacement of 11 mm, where the final fracture occurs.

In the case of the Proset specimens, the first AE activity occurs at the
displacement of 0.6 mm which corresponds to the crack initiation at the adhesive
material (see Figure 3(b)). From this point to some moments before the final fracture
of the specimen, limited number of AE events are recorded indicating that there is no
considerable damage in the specimen, and that all the applied work on the specimen
is stored in the form of strain energy. At the moment of the final fracture, some AE
activities with different frequency ranges are captured representing different damage
mechanisms activated in the specimen at the same time.
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Figure 2. a) The load and AE frequency versus the displacement, and b) the camera image of Scigrip
specimen since AE activities initiate.
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Figure 3. a) The load and AE frequency versus the displacement, and b) the camera image of Proset
specimen since AE activities initiate.

The fractured specimens are shown in Figure 4. As expected, different damage
mechanisms can be spotted for the two types of specimens. For the Scigrip specimens
(see Figure 4(a)), the dominant damage mechanisms are plastic deformation and
crack growth in the adhesive material. In addition, some steel/adhesive interfacial
debondings can be spotted in the middle of the specimen, where the notch is, and at
the upper and lower free edges. In addition, no delamination is observed in the CFRP
skin for this type of specimens. Finally, there is infinitesimal debonding at the
CFRP/adhesive interface at the middle of the specimen where the crack in the
adhesive material reaches the CFRP/adhesive interface. In the case of Proset
specimens (see Figure 4(b)), there is a complete debonding at the steel/adhesive
interface and also a large interlaminar delamination in the CFRP skin. Moreover,
some clear transverse cracks are seen in the adhesive.
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Figure 4. Different damage mechanisms in the fractured specimens a) Scigrip and b) Proset.



In order to investigate the evolution behavior of each damage mechanism by AE,
it is essential to first distinguish and classify the different damage mechanisms
according to their AE features. To achieve this aim, standard tests on the individual
constituents are conducted to simulate and capture the AE events associated with the
damage mechanisms that occur in the double-lap joints. The specifications of the
individual constituents tests are summarized in TABLE I.

The AE signals of the individual constituents’ failure are collected from the
aforementioned tests, and they are used to train an ensemble decision tree classifier.
Thus, eight commonly used AE parameters consisting of amplitude, rise time,
duration, counts, energy, RMS, centroid frequency, and peak frequency are extracted
for each AE signal and fed into the classifier as the data features, and the signal label
is defined as the response.

Cross-Validation method was used to protect the classification against overfitting
by partitioning the data set into 5 folds and estimating the accuracy on each fold. The
performance of the classifier is evaluated by the confusion matrix shown in Figure 5.
The overall accuracy of the classification for Scigrip and Proset training data set is
99.5 % and 99.8% respectively. This indicates that the classifier has been trained
effectively and ensures its good performance to classify the DLJ specimen’s signals.
The largest error is associated with the “Steel deformation” in Scigrip specimen
(25%).

TABLE I. THE SPECIFICATIONS OF THE INDIVIDUAL CONSTITUENTS TESTS

Material Type of test Standard Data label
Tensile ASTM E8 [11] .
Steel Shear ASTM B831 [12] Steel deformation
Tensile ASTM D638 [13]
Adhesive Mode | Reference [14] Adhesive failure
Mode 11 Reference [14]
Steel/Steel adhesively-
bonded DCB Mode | ASTM D5528 [15]
CFRP/CFRP Interfacial debonding
adhesively-bonded Mode | ASTM D5528 [15]
DCB
CFRP Tensile ASTM D3039 [16] Skin failure
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Figure 5. The confusion matrix of the trained model for training data set of specimens; a) Scigrip
and b) Proset.



After training the classifier, the AE signals of DLJ specimens are classified and
labelled by the trained model. The cumulative AE energy curve of the four
aforementioned damage mechanisms is shown in Figure 6. In the case of Scigrip
specimen, damage is characterized by a progressive nature and it initiates at load
levels which are much less than the maximum load. The AE accumulative curve
(Figure 6(a)) suggests that the dominant damage mechanism is adhesive failure which
is consistent with the visual inspection results (see Figure 4(a)). Interfacial debonding
AE signals represents the second highest class of damage featuring the steel/adhesive
interface debonding at the lower edges of the specimen as depicted in Figure 4(a).
Although the AE accumulative curve suggests that there is skin failure in the Scigrip
specimen, visual inspection (see Fig. 5(a)) does not show any visible delamination or
fiber breakage in the CFRP skin. Thus, this can be due to matrix cracking occurring
locally at the crack tip in the middle of the specimen’s length. The measured
longitudinal strain of the steel core at the maximum load was less than the yield strain.
This ensures that the steel deformation’s AE signals are due to the elastic deformation
of steel and there is no concern about any yielding of the steel core.

Unlike the Scigrip specimen, the damage in the Proset specimen (see Figure 6(b))
occurs instantaneously at the maximum load. In this case, the dominant damage
mechanisms captured by AE are skin failure and interfacial debonding. The stress
singularity due to the crack tip in the case of the Proset adhesive leads to local fiber
breakage and delamination initiating from the inner surface of CFRP skin (see Fig.
5(b)). This can be attributed to the brittle nature of the Proset adhesive as it does not
undergo as much plastic deformation as the Scigrip counterpart. Again, the steel
deformation signals are checked to ensure that they are due to the elastic deformation
of the steel core with no sign of yielding.

CONCLUSION

Double-lap joint specimens were fabricated of a steel core bonded to two CFRP
skins by two types of adhesive; a ductile “Scigrip” and a brittle “Proset”. In-situ
damage monitoring with AE during tensile loading of the joints revealed that the
dominant damage in the Scigrip specimen was adhesive failure, while the interfacial
debonding and the skin failure were the dominant damages of the Proset specimen.
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Figure 6. The cumulative AE energy curve of different damage mechanisms for a) Scigrip, and b)
Proset DLJ specimens.



In order to distinguish and classify different damage mechanisms by AE, some
standard tests were conducted on the individual constituents while the AE was
recording the AE signals of individual damage mechanisms. These AE signals were
used to train an ensemble bagged tree classifier. Then, the trained model classified
the damage AE signals of Scigrip and Proset double-lap joint specimens. The
dominant damage mechanisms predicted by AE were consistent with the visual
inspection results. This study demonstrates the potential of AE technique for damage
characterization of the adhesively-bonded bi-material joints.
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