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Experimental analysis of mode I crack propagation in adhesively bonded joints by

optical backscatter reflectometry and comparison with digital image correlation.

R. A. A. Lima, R. Perrone, M. Carboni, A. Bernasconi”

Department of Mechanical Engineering, Politecnico di Milano, Milano, Italy

The relationship between the response of backface strain distributed sensing by Optical
Backscatter Reflectometry and the damage in the adhesive was studied using double
cantilever beam specimens. Digital Image Correlation and visual inspection provided
information about the crack-tip position and the extension of the cohesive process zone.
The comparison between the features of the backface strain pattern and the position and
size of the cohesive zone led to the conclusion that, for the studied adhesive, backface
distributed sensing allows for the onset of plastic deformations ahead of the crack-tip to be
identified, opening new perspectives for fatigue crack monitoring and in-service

measurements.
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1. INTRODUCTION

The use of adhesively bonded joints in aeronautical and automotive fields has grown
significantly in recent years due to their high strength to weight ratio, design flexibility in
multi-materials joints and more uniform stress distributions concerning mechanical joints.
However, adhesive joints present a lack of long-term reliability because of environmental
and mechanical degradations [1-5]. Consequently, to increase the in-service reliability and
safety of adhesively bonded joints in primary structures, either a damage tolerant design
[6] or a Structural Health Monitoring (SHM) approach [7,8] are, nowadays, being

developed and implemented.

The damage tolerance philosophy assumes that any given structure contains defects able to
propagate during its operational life. Therefore, in order to ensure in-service safety, this
method requires the optimised definition of the periodicity (“inspection interval”) of
service interruptions for maintenance and the application of Non-Destructive Testing
(NDT). To this aim, life predictions based on fracture mechanics concepts and the
capability, i.e., the Probability of Detection, of the adopted NDT techniques must be
available [6].

On the other hand, SHM is based on real-time, or on-demand, monitoring of the structural
integrity of a component or structure during service, also called “diagnostics”, and it is a
key for the real-time estimation during service, also called “prognostics”, of the “remaining
useful life”. To this aim, a reliable evaluation of the monitored damage (at least, its size
and location), the permanent instrumentation of the monitored structure, and the

application of Big Data analytics methods to the acquired data are needed [7-9].

Despite the above-mentioned conceptual and methodological differences between a
damage tolerant design and SHM, both approaches rely on an accurate assessment of
damage size and its location, particularly in the case of adhesively bonded joints. From this
perspective, it is worth remarking that the in-service structural integrity of adhesively
bonded joints can be affected by damage (i.e. crack) initiation and propagation. That can

be a consequence of either the presence of manufacturing defects (such as voids, kissing



bonds and inclusions among many others) or in-service loading conditions (such as fatigue
or impacts) or both simultaneously, by the geometry of the joint and by the material of the

substrates [1].

Composite bonded joints can fail in the substrate (i.e., fibre-tear breaking, delamination,
and stock-break failure), in the substrate/adhesive interface (adhesive failure), or the
adhesive layer (cohesive failure). On the other hand, metallic adhesively bonded joints
mainly undergo adhesive and/or cohesive failures [10]. This work aims at testing the
capability of a distributed backface strain sensing method to monitor the crack propagation
in the bondline. Therefore, metallic substrates were chosen to exclude all the above-
mentioned damage mechanisms typical of composite joints, which might have hampered

the interpretation of results.

The backface strain measurement is widely reported in the literature [5,11,14]. The
traditional version of this method uses a discrete array of punctual strain sensors such as,
for example, conventional strain gauges fixed on the external surface of one or both
substrates of the adhesive joint. Once a crack in the adhesive propagates, the stiffness of
the joint and its strain response change. Therefore, variations in the backface strain pattern
of the adhesive joint are assessed by the sensors, and the crack-tip position can be inferred.
The main advantage of backface strain measurement consists of the possibility of being
used as an in-service damage monitoring method both in static and dynamic loading
conditions and can be applied regardless of the type of substrate material. On the other
hand, discrete sensing provides valuable information just in the regions of the joint close

to and around the applied punctual sensors [15,16].

For this reason, other kinds of sensors are being studied, developed, and proposed. Several
types of research investigated the performance of optical fibres as strain sensors in the
backface strain measuring method. They present greater accuracy, long-term stability, and
reduced sizes, providing less invasiveness in the system when compared to strain gauges
or piezoelectric transducers [17-19]. The main types of adopted fibre optic strain sensors
are Fibre Bragg Gratings (FBG) and Chirped Fibre Bragg Gratings (CFBG). Both measure

the strain over the length of a Bragg grating. FBGs have a constant modulation period of



the refractive index, which enables measuring uniform strains over the sensor’s length like
a strain gauge [18]. In contrast, the period of CFBG varies linearly, thus enabling short
length (limited to the Bragg gratings size) distributed sensing. Distributed sensing over a

longer length can be achieved by Optical Backscatter Reflectometry (OBR) [20].

The OBR technique uses swept wavelength interferometry (a narrow band signal launched
into the optical fibre by a low-power laser) to measure the Rayleigh backscattering caused
by the intrinsic defects present in the core of the optical fibre and producing stochastic local
modifications in the refractive index profile along its whole length. These random
disturbances produce a unique Rayleigh backscatter profile representing a fingerprint of
the whole given fibre. In addition, external temperature and/or strain stimuli produce
changes of the optical fibre refractive index and, consequently, spectral and the local
temporal Rayleigh backscattered profiles [21,22]. From these changes of the Rayleigh local
patterns, and after suitable calibration, mechanical and thermal strains can be derived and
measured. Since the reflectometer gathers a point-by-point response from the fibre, strain
measurements are distributed. The spatial resolution of this method is of a virtual kind, i.e.,
a virtual gage length is set by the user depending on the needs and can vary from fractions

of millimetres to kilometres.

Although many researchers [20, 23-25] have already studied backface strain measurement
by optical fibres, distributed strain sensing by OBR has not been fully explored as a
backface strain monitoring method yet. An application of OBR to monitor crack growth in
a double cantilever beam (DCB) specimen can be found in [26] for the case of hybrid co-
cured metal-CFRP specimens. In the present paper, a similar approach is applied to mode
I, quasi-static crack propagation in an adhesively bonded DCB with metal adherents. The
present work aims to interpret the relationship between the backface strain profile measured
by OBR and the essential features of a crack developing in the bondline of adhesively
bonded joints, which still presents open points. To achieve this goal, in the present research,
the distributed backface strain measurements along optical fibres provided by OBR are
discussed based on visual inspections and strain distributions measured in the bondline by

Digital Image Correlations (DIC).



Considering the application of experimental stress/strain analysis approaches to bonded
joints, numerous research projects used Digital Image Correlation (DIC) to measure crack

size, crack tip location, and determine adhesives' cohesive properties [27-37].

As highlighted by Gorman et al. [31] and Reiner et al. [32], DIC can be a very accurate
method to determine the energy release rate and the traction separation law of the adhesive
joints in Double Cantilever Beam (DCB) tests. In addition, this method can give important
information about the strain profile of the specimens. However, DIC can hardly be applied
as an in-service monitoring technique because of the bulky equipment (out of the lab, for
parts with non-planar surfaces, a 3D system is required) and the strict calibration

requirements and complex procedures needed to obtain accurate measurements.

In this work, DIC was not used to determine the fracture properties of the studied adhesive
like in [30-32], but as a validation tool for OBR results. OBR appears to be a promising
technique for estimating the crack front position and the size of the process zone in the
bondline of adhesive joints, particularly under fatigue loading. The present work is focused
on the use of the backface OBR methodology to determine the strain profile of cracked
adhesively bonded joints and to evaluate the relationship between the OBR response and
the actual features of the present damage. A well-defined experimental case of study (quasi-
static DCB test, i.e., an effective representative of mode I loading) is chosen to act in a
more controlled and known scenario. OBR results are then compared and discussed with

respect to DIC and visual inspection ones.

2. METHODS
2.1. Materials

DCB specimens were manufactured with high-strength steel DIN 40CrMoMn7 adherents
bonded using a bi-component 3M Scotch-Weld™ 7260 B/A (Non — Sag) epoxy adhesive.
The mechanical properties of the adhesive and the steel adherends are reported in Tables 1

and 2.



Table 1: Mechanical properties of the adhesive 3M Scotch-Weld™ 7260 B/A [38]

Young’s Modulus (MPa) 4248 +297
Ultimate stress (MPa) 406 £1.5
Poisson’s ratio 0.35

Table 2: Mechanical properties of steel adherents [39].

Ultimate tensile strength (MPa) 1000
Yield stress (MPa) 861
Elongation at fracture (%) 14-17
Young’s modulus — E (MPa) 205000

2.2. Sample’s fabrication and preparation

Standard DCB specimens were manufactured according to ASTM D3433 [40], having
length L = 290 mm, width w = 25 mm and thickness t = 12.5 mm. Before bonding, the
substrates were sandblasted until the surface was evenly rough and then cleaned with
acetone. The adhesive was mixed using a mixing nozzle for bi-component structural
adhesives with the aid of a hydraulic applicator. Glass microspheres (concentration of 2%
by adhesive weight), with 300 um average diameter, were added to the adhesive to ensure
a uniform adhesive layer thickness. A 0.15 mm thick Teflon patch was applied to both
adherends to ensure a length of the starting notch ag of 50 mm. The polymerisation process

was done in an oven by applying a linearly increasing temperature ramp from room



temperature up to 65°C in 1.5 hours, holding 65°C for 3 hours and descending to room
temperature in 1 hour. Two specimens equipped with optical fibres were manufactured.
They are here identified as S1 and S2. Five other specimens were manufactured and tested

without optical fibres and results are reported in [39].

2.2.1. Optical fibres — bonding process

To measure backface strains, high-definition optical fibres equipped with LC/APC

connectors were bonded on the external surface of the substrates by the following steps:

o the surfaces were slightly abraded with fine sandpaper (120 grit);

e surfaces were cleaned firstly with acetone and then with RMSI (a chemical
cleaning agent used in strain gauges bonding procedure);

e fibres were positioned and kept straight with adhesive tape for the bonding process;

e the X60 bi-component epoxy adhesive (supplied by HBM Company, Germany)

was applied at room temperature with a curing time of 10 minutes.

Two different fibres’ configurations were chosen, as shown in Fig. 1 (a). The specimen
named S1 presented three parallel optical fibre paths applied to the same surface of the
sample, while the one named S2 had one single path applied to both surfaces (top and
bottom) of the specimen. The configuration with three paths bonded on the same side of
the substrate was chosen to check if the method can detect a curved crack propagation front.
With a single central path on both substrates, the second configuration was chosen to check

if backface strain profiles on the two sides of the DCB specimen differ.

2.2.2. Digital Image Correlation — surface preparation

For Digital Image Correlation, a fine speckle pattern was painted on the lateral surface of

the specimens to create a uniformly random textured pattern, Fig. 1 (b).
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Figure 1: (a) Scheme of optical fibre application; (b) Sample with speckle pattern.

The speckle pattern was obtained by applying a first thin layer of white water-based

painting followed by a random aerosol application of black painting.



2.3. DCB test procedures

DCB tests were performed using an MTS electro-mechanical testing machine with a 100
kN maximum capacity load cell. The system is equipped with a calibrated load cell rated
class 0.5 according to ISO 7500-1 for loads greater than 1 kN, i.e., it has 0.5% accuracy of
load measurements. As suggested by the ISO 25217 standard [41], a 0.5 mm/min test speed
rate was used. The load (P) and the machine’s crosshead displacement () were recorded

during each test.

For all DCB samples, a pre-cracking stage was performed, according to ISO 25217 [41],
to ensure consistency with results reported in [39]. A quasi-static pure mode I load was
applied for the pre-cracking stage with the same test speed used during the main test. When
the maximum load was achieved and a drop in the measured load was observed, the

specimen was unloaded. After complete unloading, the testing stage started.

2.3.1.  Backface strain measurement setup

To measure and record backface strains during DCB tests, the optical fibres were connected
to an OBR ODiSI-B interrogator from Luna Innovations Inc. (Roanoke, Virginia, USA).
The OBR interrogator acquires and processes the Rayleigh backscatter radiation profile
and transforms it into a strain profile. The entire fibre was used as a distributed sensing unit
with a high-space resolution in the order of millimetres. Specifically, virtual sensors,
having a virtual gauge length of 1.3 mm, were specified over discrete portions of the fibre
and used to calculate single strain measurements. The gauge pitch, i.e., the length of fibre
between the centres of a single gage and its nearest neighbour, was set to 0.65 mm. The
OBR interrogator acquired data at 5 Hz with a resolution of 1 pe. Before the DCB test
started, the acquired signal obtained by the OBR system were tared with consideration to

the temperature of the laboratory and residual strain conditions.



2.3.2. DIC measurement setup

The 3D ARAMIS Adjustable system by GOM was used for measuring the displacement

field on the lateral surface of each DCB specimen. The system includes two adjustable 12

Megapixels cameras, dual-LED lighting, and post-processing software. The calibration

process of the DIC system was done using a calibration panel (CP 40/MV) at a specific

stand-off distance of 697 mm (recommended for the selected measuring volume). During

this procedure, temperature and image distortions were adjusted. In the end, a calibration

deviation of around 0.03 pixels was found. The DIC hardware and analysis parameters are

reported in Tables 3 and 4.

Table 3: DIC hardware parameters.

Camera

ARAMIS Adjustable 12 M

Image resolution

4096 x 3000 pixels

Lens

Titanar B 75 mm

Aperture

22

Field-of-view

110 mm

Image scale

39 pixels / mm

Stereo-angle

25 degrees

Stand-off distance

697 mm

Measuring volume

110 x 80 x 80 [m’]

Dual LED

10°

Image acquisition rate

1 Hz — sample S1
2 Hz — sample S2




Table 4: DIC analysis parameters.

DIC software GOM Correlate 2018
Image filtering No filters were used
Subset size 33 pixels
Step size 11 pixels

Cross-correlation against

Matching criterion definition stage

Interpolant Bilinear spline

2.3.3. Visual crack length estimation

The visual estimation of crack length during the tests was performed, as suggested by ISO
25217 [40], by taking pictures via the Aramis adjustable system and an acquisition
frequency of 1 Hz and 2 Hz for specimens S1 and S2, respectively. The camera setup could
synchronise each picture frame with the related load and displacement values retrieved

from the testing machine.

For each specimen, about 20 representative frames were then considered for crack length
estimation using the GOM correlating software supplied with the Aramis adjustable
system. In each frame, two points were manually picked (Fig. 2): a reference point (Point
1) related to the end of the Teflon tape, which is the same distinguishable mark for all the
considered frames, and the crack tip position (Point 2). The distance measurement tool of
the calibrated GOM correlating software was then used to measure the crack length in each

selected frame.

10



Measured distance

DIC surface component

Figure 2: Visual evaluation of the crack length was determined through manual selection
of measurement points.

3. RESULTS AND DISCUSSION

3.1. DCB test results

The complete load versus crosshead displacement curves for both specimens are shown in

Fig. 3.
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Figure 3: Load vs displacement of pre-cracking and testing stages — (a) specimen S1 and
(b) specimen S2.

As can be seen in Figure 3, the two specimens presented similar load-displacement curves.

The blue curves represent the pre-cracking stage performed to ensure a sharp crack tip
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within the bondline. The red curves represent the quasi-static mode I testing stage and the

crack propagation during the test.

Results agreed with five other tests reported in [39]. On the fracture surface of specimen
S1, an initial adhesive failure was identified close to the Teflon patch, which presumably
took place during the pre-cracking stage, as shown in the detail of Figure 3 (a). Specimen

S2 showed a cohesive failure, Figure 3 (b).

3.2.  Crack length estimation by visual inspection

After the measurements, a load vs estimated (by visual inspection) crack length graph was

drawn, as can be seen in Fig. 4.
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Figure 4: Load vs crack length by visual evaluation.

The visual evaluation curves are divided into pre-cracking and testing stages. During the
pre-cracking stage, it is possible to notice that the specimens behaved differently. The
visually estimated crack length after the pre-cracking stage was about 59 mm and 51 mm
for S1 and S2, respectively. Sample S1 presents more significant increments in the
adhesive’s crack length at the last steps of the pre-cracking stage (from 1500 N to the

13



maximum load — about 8 mm of propagation) against an almost negligible crack length
increment in the sample S2. This difference might also be explained by the adhesive failure

mechanism observed in specimen S1, see Section 3.1.

3.3. OBR measurements

In general, the backface strain profile generated by the applied loads over the surface of
adhesively bonded specimens displays a characteristic peak strain associated with the
position of the crack tip in the adhesive [14, 24, 42]. The DCB specimens studied in this
work displayed the backface strain pattern measured by OBR shown in Figure 5 for
specimen S1. As both specimens presented similar results, only the results of sample S1

are presented in this section.

Sample S1 presents three optical fibre paths bonded on the back face of one of the two
substrates (Fig. 1a). The exemplificative optical fibre strain profile distribution at 1762 N

as a function of the optical fibre length is represented in Fig. 5.
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Figure 5: Optical fibre strain distribution at 1762 N (sample S1).
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As the optical fibre length was known, it was possible to determine the position of specific
points of interest. So, the beginning and end of the bonded paths on the back face of the
specimens were identified using a localised heat source (optical fibres are also sensitive to
changes in temperature, not only in mechanical strains) that, once placed close to the fibre,
caused an alteration in the OBR pattern. So, the beginning (A1, A2 and A3) and end spots
of the optical fibres bonded paths (B1, B2 and B3) were identified.

As can be observed, the strain distribution of the optical fibre presents three symmetrical
curves associated with each path. Thus, along with paths #1 and #3, the signal travels
through the fibre from the unloaded extremity of the specimen (B1 and B3) to the loaded
one (A1l and A2), while path #2 is the opposite.

The maximum strain peak observed at this point of the test was about 800 pe and can be

associated with the beginning of the bonded region, according to Saha et al. [43].

Figure 6 (a) and (b) show the exemplificative evolution of the acquired signals during the
pre-cracking and the testing stages for path #2, respectively (strain profiles were rectified,

i.e. made positive).

15
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Figure 6: Peak strain as a function of its position on the specimen length (path #2): (a)
pre-cracking stage and (b) testing stage.

Each curve represents the strain profile recorded at a specific load level reached during the
test. As can be seen in Figure 6 (a) for the pre-cracking stage, the peak strain started to

grow, keeping the same position up to 1400 N. Then, when the load exceeded 1400 N, a
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shift of the strain peak position was observed, and it could be related to crack propagation

during the pre-cracking stage.

Figure 6 (b) showcases the strain profile of the optical fibre during the testing stage. When
the maximum load was reached (curve 6), the crack started to propagate again, and the
peak position shifted accordingly. In contrast, the absolute value of the strain peak
remained almost constant (in the interval between 850 and 950 pe). The same behaviour

was found along the other fibre paths (paths #1 and #3).

The peak position of path #2 as a function of the applied load during the pre-cracking and
testing stage can be observed in Figure 7. As already discussed, the peak position during
the pre-cracking stage maintains almost the same position until 1400 N, and then it moves
from the initial position (ag = 50 mm) to 58 mm as it reaches the maximum load of the
pre-cracking. During the testing stage, the assessed peak position further increases as the

crack propagates.
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Figure 7: Load vs peak position of path #2 during the pre-cracking and testing stage.
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3.4. DIC measurements

The DIC setup was synchronised with the load and displacement outputs from the testing
machine, allowing the correlation between them and the picture frames taken during the
test (about 700 frames for each test). The images present a resolution of 1 pixel equal to

3.45 uym.

DIC post-processing stage was performed using the GOM Correlate software. As shown
in Table 4, a subset of 33 pixels and a distance of 11 pixels between each subset centre
were chosen. A Region Of Interest (ROI) was selected, and a colour-coded map was
created, for each frame, correlating the variations in the DCB vertical displacement fields.

Figure 8 shows sample S1 vertical displacement map under 780.5 N (frame 220).

[mm]
0.750
I 0.725
0.700

0.675

Loading point =

Figure 8: Vertical displacement measurements in the specimen’s surface of sample S1 at
frame 220 (780.5 N).

The displacement field coloured map created by the correlation software does not give
enough information for the crack-tip localisation and, consequently, the estimation of crack
length. Moreover, the resolution of the DIC system does not allow for the local strains in
the adhesive to be measured accurately. Therefore, the method proposed in [44] to identify

the crack tip position in composites DCB was applied. This method identifies the position
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of the crack tip as the point of transition between two zones, the first characterised by
constant relative displacement between the adherents and the second characterised by

variable displacement.

To illustrate how this method can be applied to adhesively bonded joints, an analysis of the
displacement field along vertical lines (y-direction), drawn across the bondline, forming a
grid of lines horizontally spaced (x-direction) by 2 mm, is presented in Fig. 8. First, the
relative vertical displacement along lines was determined using a function of the GOM
correlate software, which allows for the displacement values along selected reference lines
to be extracted from the measured displacement field. The relative displacements were then
evaluated by analysing the extracted data. This analysis of the vertical displacements also

allowed for the strains in the bondline to be inferred, as discussed in the following

paragraphs.
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Figure 9: Relative vertical displacement along the line (d) of Figure 8 at different load

levels.

Figure 9 showcases the vertical displacements data along the line segment (d) of Figure 8

in different loading conditions. The relative displacements are constant through the
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thickness of the substrates. This corresponds to an almost rigid displacement of the points
belonging to the substrates, far from the bondline. Non-null relative displacements are
recorded only across the bondline, in the region indicated by two parallel dashed lines in

Figure 9.

The 2 mm wide region between the black dashed lines of Figure 9 does not correspond to
the thickness of the adhesive (0.3 mm). Gorman et al. 2019 [31] stated that this extended
transition region could be related to the measurement noise effect that depends on the
subset size choice and the cameras' resolution. However, the displacements evaluated
outside the dashed region can be accurately measured since the much higher elastic

modulus of the metallic substrates ensures minimal strain effects on their surface.
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Figure 10: Relative vertical displacement along lines (a), (b), (c) and (d) of Figure 8 at
frame 220 (780.5 N).

Figure 10 showcases the relative vertical displacement of the lines (a), (b), (¢) and (d) of
Figure 8 at frame 220 (applied load of 780.5 N). Line (a), located at the farthest distance
from the loading pins, presents almost zero values of relative vertical displacement. On the

left of line (a), similar small values of relative displacement can be found, allowing for a
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zone of constant displacement to be identified. Displacement along lines (b), (¢) and (d)
are increasing with the distance from line (a). The zone on the right of line (a) corresponds

to what is defined in [44] as a “variable displacement zone”.

According to [44], the point representing the transition from the constant displacement
zone to the variable displacement zone can be associated with the crack-tip. The transition
point is identified as the point where relative displacements exceed a threshold defined
based on the standard deviation of the displacements along the vertical line segments of
the constant displacement zone. Relative displacements across the bondline far from the
crack tip, on the side opposite to the loading pins, due to the typical noise of DIC
measurements and to the presence of a deformable layer of adhesive (the latter do not
present in [44]), are small, but not null. Figure 11 showcases the standard deviation values

of the relative displacement measured along each vertical line of the grid.
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Figure 11: Standard deviation of the relative vertical displacement along all the lines
created at frame 220 of sample S1 (780.5 N).
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In Figure 11, it is possible to identify an almost constant standard deviation zone with slight
fluctuations in the proximity of the crack opening. These variations can be associated with
the slight rotation that the samples undergo during the test producing compressive effects
in the region near the crack-tip [44]. This zone corresponds to the constant displacement
zone. The maximum value of the standard deviation in this zone defines the threshold used
to identify the crack tip in [44]. Here, to differentiate this point from the crack tip identified

by visual inspection, this point will be indicated as “DIC opening point”.

The analysis of the displacement values along all the line segments of Figure 8 is time-
consuming. The absence of relative displacements along y-direction within the adherents
allows for a more efficient evaluation of the relative displacements through the bondline to
be obtained using the virtual extensometers defined in GOM software. These virtual
extensometers can be automatically created along two parallel horizontal lines, and relative
displacements can be extracted with low computational effort. Relative displacements were
measured by a grid of equally spaced virtual extensometers defined with a step of 0.25 mm

and a total length of 6 mm.

In order to interpret the transition between constant and variable displacement zones (DIC
opening point) in terms of damage in the adhesive, strains in the bondline were inferred
from relative displacements between the adherents. The strains (in the y-direction) in the
bondline were calculated by dividing the relative vertical displacement by the bondline
thickness. Since the elastic modulus of the substrates is more than forty times larger than
that of the adhesive, the relative displacement can be ascribed entirely to the adhesive layer.
Thus, the transverse strain evaluated at the position of the DIC opening point is equal to
1%. The 3M 7260 B/A bulk specimens displayed an elastic behaviour up to 1% strain and
then an almost perfectly plastic behaviour up to 7%, the ultimate strain at failure [38].
Therefore, the point identified as the DIC opening point can be related to the onset of the
plastic behaviour in the adhesive and not to the crack tip, as it was in [44] for the

delamination of composite DCB specimens.

Figure 12 showcases the comparison between the position of the DIC opening points and

the crack-tip position identified by the visual evaluation versus the load during the pre-
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cracking and testing stage of specimen S1. During crack initiation, at the beginning, the
DIC senses the opening of the arms of the DCB specimen behind the crack tip, whose
position is fixed and determined by the Teflon patch. Therefore, the DIC opening point is
placed behind the crack tip. Then, when the crack starts propagating, the DIC opening point
passes over the crack tip and then stays in front of the crack tip until the end of the pre-
cracking stage. Here, the two-point almost coincide, most probably because of the adhesive
failure reported in Figure 3a. During the following testing stage, similar behaviour can be
observed, but in this case, where the propagation is cohesive, the position of the DIC
opening point is always in front of the crack-tip position determined by visual evaluation.
When the failure is cohesive, the distance between the DIC opening point and the crack tip
identified by visual evaluation can be interpreted as the length of the process zone [45], as
depicted schematically in Figure 13. For the case at hand, this distance remained almost

constant and around 10 mm during the tests.
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Figure 12: Comparison between crack-tip position determined by the visual evaluation
and DIC opening point, corresponding to 1% of strain in the adhesive, as a function of the
testing load in the pre-cracking and testing stages for specimen S1.
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Figure 13: DIC opening POINT and its association with the onset of plasticisation of the
adhesive instead of the crack-tip position within the adhesive — illustrative scheme.

The analysis based on DIC allowed for the onset of plasticisation within the adhesive to be
identified, a position which can hardly be identified by the visual evaluation method. On
the other hand, this method cannot be used in service life measurements due to the already
mentioned bulky equipment and calibration requirements. OBR and fibre optic sensors are
believed to be more versatile for in-service life measurements. Therefore, it is interesting
to study the relationship between what was observed visually and measured by DIC and

the characteristic features of the strain profile recorded by OBR.
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3.4.1. Comparison of OBR to the other experimental techniques

A comparison between the crack length inferred by visual inspection, the location of the

onset of plasticity (DIC opening point), and the position of the strain peak recorded by

OBR as a function of the applied load during the pre-cracking and the testing stages is

presented in Figures 14 and 15 for specimens S1 and S2, respectively.
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Figure 14: Comparison between the results obtained by the different techniques during

(a) pre-cracking and (b) testing stage - specimen S1.
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Figure 15: Comparison between the results obtained by the different techniques during
(a) pre-cracking and (b) testing stage - specimen S2.

During the pre-cracking stage of specimen S1, a good agreement between the position of

OBR strain peaks, DIC opening and visual evaluation of the crack tip was found. Their
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N, then moved towards slightly higher values of a, until the end of the pre-cracking stage.



In specimen S2, a good agreement was found between the position of the OBR strain peaks
and the position of the crack tip identified visually, which remained almost equal to the
initial 50 mm (position of the initial patch). In contrast, the position of the DIC opening
gradually increased to 60 mm. This difference between the DIC outputs during the pre-
cracking stage of both samples can be explained by an adhesive fracture surface observed

at the beginning of sample S1 pre-cracking stage.

After unloading and during the successive test phase, for both specimens S1 and S2, it was

observed that:

e when the load increases, up to the load peak, the positions of the OBR peaks and
the crack tip detected by visual inspection remain almost equal to those reached
after pre-cracking, whereas the DIC opening gradually increases;

e once the peak load is passed, it can be observed that the position of the DIC opening
keeps travelling ahead of the crack tip, while the OBR peak positions are always
comprised between the DIC opening and the crack tip detected visually. In
specimen S2, the position of the OBR peaks and DIC opening point almost

coincided.

Both observations agree with the existence of a process zone between the DIC opening and
the crack tip. In addition, in both cases, the OBR strain peaks tend to be closer to the DIC
opening points than crack tips. Finally, it is worth mentioning that in specimen S2,
equipped with three optical fibre's paths, minor variations in each path's maximum strain
peak values (approximately + 2 mm) were recorded. However, it was not possible to infer
a curvature of the crack front because the relative positions of the strain peaks changed
during the propagation. In specimen S1, equipped with a single path on each adherend, no
significant differences between the strain measurements on both sides of the substrates
(upper and bottom part of the sample) were found.

For the present case of a thick metal DCB the simplest configuration with a single path is
appropriate because the crack front is likely to remain straight. However, multiple paths

can give additional information about the crack front for thin composite or hybrid
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adhesively bonded joints like in ref [26], where a curved propagation front is more probable

to occur; this layout should be preferred.

The direct comparison between the DIC opening points, visual evaluation positions and the

OBR peaks for both specimens is reported in Figure 16.
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Figure 16: Comparison of the peak position and the crack length measured by the DIC
and visual inspection during the testing stage for (a) specimen S1 and (b) specimen S2,
with their respective confidence intervals (CI — 95%).

Figure 16 showcases the confidence analysis of the correlation of OBR data (positions of
the strain peak) to DIC opening points (red curves) and the visual evaluation of the position
of the crack tip (grey curves). The confidence bands associated with DIC and visual
evaluation do not intersect for both specimens, meaning that both data sets are statistically
different. However, the curve interpolating OBR data on DIC opening points falls close to
the theoretical line oriented at 45° for both specimens, indicating that the position of the
strain peak identified by the OBR method matches well that of the DIC opening point. For

specimen S1, the average vertical offset between the theoretical and the interpolating line
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is around 3 mm, whereas for S2 the vertical offset is negligible. Conversely, for both
specimen S1 and S2, a much larger vertical offset characterizes the interpolating lines of
OBR data on visual evaluation of the crack tip. This indicates that the position of the strain
peak identified by the OBR method matches the DIC opening point better than the crack
tip position. Therefore, for the studied adhesive and in a condition of cohesive failure, the
strain peak position acquired by OBR is able to identify the onset of plasticisation of the

adhesive instead of the crack tip position, i.e. the adhesive fracture.

Even when a not perfectly cohesive failure occurs (pre-cracking of specimen S1), the OBR
strain peak position still falls in the region between the onset of the plasticisation
determined by the DIC and the position of the completely fractured adhesive identified by
visual evaluation. These results suggest that OBR back face strain measurements could
identify damaged zones before any significant failure/fracture occurs, at least for adhesives
with similar ductile behaviour as that of the one studied here and in the same loading

conditions.

Future work will focus on fatigue loading and different loading modes and joints. In fatigue
loading, a smaller cyclic plastic zone is expected and therefore, it is needed to check if the
OBR method is still capable of identifying the onset of plasticity. As for loading modes
and joints, in this work tests were conducted using the DCB specimen, which proves to be
an excellent scientific tool, but it is far from a real joint. Therefore, the response of the
OBR method in mode II, mixed-mode and real structural joints needs to be investigated
before a reliable structural health monitoring system based on OBR back face distributed

strain measurements could be proposed.

4. CONCLUDING REMARKS

The feasibility of applying OBR as a backface strain profile measurement tool of adhesive
bonded double cantilever beams was investigated in this work. The obtained results were
compared with DIC and visual inspection. As a result, the following conclusions can be

drawn:
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- The opening point identified using DIC as suggested in [44], i.e. the position where the
transition between constant and variable relative vertical displacement between the
adherents takes place, in the case of adhesively bonded DCB joints, for the particular
adhesive studied in this work, corresponds to the onset of plasticisation of the adhesive
and not to the crack-tip position;

- During crack propagation, the position of strain peaks recorded by OBR agrees with
that of the DIC opening point; this suggests that an OBR backface strain method can
identify the onset of the damage process zone in the adhesive rather than the crack tip
position; although the size of the damage process zone cannot be determined, this
feature is very attractive for the application of this technique as an experimental and in-
service measuring approach because the onset of adhesive damage happens earlier than
its final failure (fracture);

- Between DIC and OBR, the second appears to be more suitable for in-service damage
measurement of bonded joints outside a laboratory; DIC, mainly due to the bulky

equipment required, is likely to remain confined into the laboratory.
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