s
rs

S mece

Estimating crack tip position in adhesively bonded
joints subjected to mode Il quasi-static loading

M. Mehrabi, L.M. Martulli, A. Bernasconi, M. Carboni

This is a post-peer-review, pre-copyedit version of an article published in Fatigue and Fracture
of Engineering Materials and Structures. The final authenticated version is available online at:
http://dx.doi.org/doi:10.1111/ffe. 14237

This content is provided under CC BY-NC-ND 4.0 license

DIPARTIMENTO DI MECCANICA m POLITECNICO DI MILANO

via G. La Masa, 1 ® 20156 Milano ®m EMAIL (PEC): pecmecc®@cert.polimi.it
http://www.mecc.polimi.it

Rev. 0



mailto:pecmecc@cert.polimi.it
http://www.mecc.polimi.it/
http://dx.doi.org/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

Estimating crack tip position in adhesively bonded joints subjected

to mode II quasi-static loading

M. Mehrabi !, L.M. Martulli ', A. Bernasconi ', M. Carboni '*
! Dept. Mechanical Engineering, Politecnico di Milano, Milano, Italy

Abstract

This study aimed at estimating crack tip position in adhesive bonded
joints under mode II quasi-static loading using experimental and numerical
approaches. Experimental techniques were utilized and compared,
including optical backscatter reflectometry, visual testing and a novel
strategy based on digital image correlation. Additionally, a finite element
analysis was employed to identify the numerical crack tip position and the
extent of damage within the bondline. This analysis revealed that a
significant portion of the crack propagation region in the adhesive is
occupied by the fracture process zone. Moreover, optical backscatter
reflectometry shows the potential to detect this process zone within the
adhesive that the other methods may not detect. This capability is

particularly beneficial for detecting damage at early stages.
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1 Introduction

Adhesive bonding is one of the most known and adopted joining methods, receiving
attention, for example, in acrospace and automotive industries where reliability, strength,

fatigue resistance, and lightness of joints are required simultaneously 2.

These joints are frequently subjected to a combination of different loading modes,
such as mode I and mode II. Mode I loading (opening mode) applies a tensile stress
normal to the crack plane, causing the crack faces to move directly apart. Mode II loading
(in-plane shearing) applies a shear stress parallel to the crack plane and perpendicular to
the crack front, causing the crack faces to slide relatively to each other. Mode I loading

has received significant attention from researchers -

, as it is the most common and
detrimental loading mode. However, studies 7® have shown that mode II loading can also
significantly contribute to joint failure. Therefore, mode II loading must be also

understood and accounted for developing robust adhesive bonding systems.

One of the major challenges associated with adhesive bonded joints is to guarantee
the in-service structural integrity of the joints over time. To address this challenge,
Structural Health Monitoring (SHM) and Non-Destructive Testing (NDT) are often
employed °. Techniques such as Visual Testing (VT) ! penetrant testing %13,
ultrasonic guided waves '4, acoustic emission '°, X-ray computed tomography *!¢, and
ultrasonic microscopy ? have been used for the inspection and characterization of cracks
in adhesive joints under mode II loading. Among these techniques, VT is one of the most
common, rapid, and intuitive techniques for monitoring crack propagation and it is the
only standardized technique °. It has proven to be effective in mode I loading *!7-18, In
mode II loading, however, the crack does not often propagate straight and smooth as in
mode I loading *!!. On top of that, the absence of crack opening makes it challenging to

detect the crack tip accurately. These factors can affect the accuracy of measurements and

introduce uncertainties %11,

Experimental strain measuring techniques are also useful for crack monitoring of
adhesive joints. One such technique is Digital Image Correlation (DIC), providing
valuable information about strain distribution in joints. This method has been used
successfully to locate and quantify cracks in adhesive joints under mode I loading 3%!8:1,
but requires further research for mode II loading '*2°. Optical fibres are another practical

method that provides strain measurement for crack monitoring in adhesive joints. The



most common fibre optic systems are Fibre Bragg Gratings (FBG) 2!*2, Chirped FBG
(CFBG) 23, and Optical Backscatter Reflectometry (OBR) 24, Unlike FBG and CFBG,
OBR offers distributed strain sensing over long distances. It employs swept wavelength
interferometry to measure changes in the optical fibre's refractive index. This allows for
high-resolution strain sensing over varying lengths 4. In contrast to DIC, OBR is more
ideal for in-service damage monitoring due its precision, compactness and ease of
calibration '®. Analogous to DIC, the applicability of the OBR for crack monitoring in

adhesively bonded joints under mode II loading is still an ongoing area of research ',

While experimental methods can provide valuable insights into the crack behavior of
adhesive joints, they can be supported by the numerical interpretation. The Finite Element
(FE) modelling is a useful numerical approach to study the crack propagation and damage
behavior within the bondline under mode II loading. Cohesive Zone Modelling (CZM) is
a popular approach in FE modelling of bonded surfaces, that combines continuum and
fracture mechanics to simulate damage initiation and propagation 2°. Compared to
conventional methods in fracture mechanics, the CZM technique is less sensitive to mesh
configuration and does not require an initial defect 2°. The effectiveness of CZM largely
depends on the type of Traction-Separation Laws (TSLs). TSLs describe the constitutive
relationships between the interfacial tractions and the corresponding displacement jumps
of the nodes of a cohesive element as it undergoes deformation. Different types of TSLs
have been proposed in the literature 27, such as exponential, bi-linear, or trapezoidal. The
choice of a TSL is generally based on the specific material properties and loading

28 while

conditions. For instance, bi-linear TSLs are suitable for brittle adhesives
trapezoidal TSLs are preferred for ductile adhesives 2°. This is because ductile materials
typically undergo significant plastic deformation before failure, which can be better
represented by a trapezoidal TSL 28%°. Taking advantage of CZM, some studies 2°-0-3!

have successfully analysed crack propagation in adhesive joints under mode II loading

25,27,32,33

The main objective of this study is to investigate the crack length estimation in metal-
to-metal End-Notched Flexure (ENF) bonded joints subjected to quasi-static mode II
loading. The study employs both experimental and numerical methods to monitor the
crack initiation and propagation. To this end, the OBR’s back-face strain measurement
and a novel DIC-based strategy are used as the experimental methods. These methods are

then compared to VT and another DIC-based method developed by Orell et al. 3.



Additionally, FE analysis is used to improve the interpretation of the experimental results
by providing numerical crack tip location and the extent of damage within the bondline.
Cohesive properties for modelling the adhesive layer in FEM were derived through
numerical optimization. The combination of experimental and numerical analysis allows
for a thorough comparison of crack tip position estimation using various monitoring

approaches.

2 Experimental procedures

2.1 Materials and ENF sample fabrication

The adopted adhesive is a bi-component epoxy 3M Scotch-weld™ 7260B/A Non-sag,
and the substrate is a high strength DIN 40CrMoMn7 steel grade. The mechanical
properties of the materials were taken from the experimental work of 2°, tabulated in Table
1. The sample dimensions followed the ASTM D3433 standard and are schematically
depicted in Fig. 1.

Table 1. Mechanical properties of adhesive and adherend ?°. “+” denotes standard deviation.

Material Young's Yield stress Ultimate Poisson's Ratio
modulus [MPa] [MPa] stress [MPa]
Adhesive 3M Scotch-
+ + +
T TR 4,248 + 297 3542 40.6 £1.5 0.35
Adherend steel DIN 205,000 861 1,000 0.29

40CrMoMn7
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Fig. 1. Three-point bending ENF test configuration: (a) side view of the sample while optical fibre (red line)
bonded to the bottom surface of the adherend, (b) bottom view of the sample showing parallel paths of optical fibre
bonded to the back-face of the adherend (not scale drawing).

Manufacturing of the samples began by sandblasting the adherends. After
sandblasting, the surface of the adherends were thoroughly cleaned with acetone. To
guarantee the uniformity of 0.3 mm adhesive thickness over the bondline, glass
microspheres with diameter of about 0.3 mm were mixed with the adhesive. The weight
ratio of the glass microspheres to the adhesive is 2%. In addition, a 0.15 mm thick Teflon
tape was bonded to inner part of the upper and lower adherends (total thickness of 0.3
mm) to prevent bonding and create an initial notch of 50 mm. The use of Teflon also
minimized the friction between the adherends during the test. To create a sharp initial

notch tip, a razor blade was inserted at the beginning of the adhesive bondline.

The adhesive curing process was completed in an oven through the following stages:
a 1.5-hour increasing ramp from room temperature to 65 °C, followed by a 3-hour period
of continuous temperature at 65 °C, and lastly a 1-hour decreasing ramp from 65 °C to
room temperature. Afterwards, the overflown adhesive was cleaned from the lateral
surfaces of ENF samples. Two specimens, named S1 and S2, were manufactured using
the described procedure. Before performing the ENF test, the blade was taken out from
the sample S1 to check its influence on the structural behaviour with respect to the case

of specimen S2 where the blade was left in place.



2.2 Crack monitoring setup and measurement procedure

2.2.1 End-notched flexure test configuration

The three-point bending ENF test was chosen for the experimental quasi-static tests
(see Fig. 1(a)). The MTS Alliance RF/150 electro-mechanical testing system was
employed with a 150 kN load cell. The test speed rate was 0.8 mm/min. The load (P) and

displacement () of the testing machine were acquired throughout each test.

2.2.2 Visual testing

An Allied Vision Manta CCD camera equipped with an Optem lens system mounted
on the back side of the specimen was used to track the crack propagation by the VT
method (see Fig. 2 (a)). To increase the contrast between the lateral surface of the
specimen and the crack, a water-based white paint was uniformly applied to the
background surface. A high frame rate video (120 frame/second) was captured by the
visual camera during each test and the magnification was set to 1.1x. The footage was
then converted into individual image frames using MATLAB®. Corresponding values of
load and crosshead displacement, acquired by the testing machine, were then associated

to each frame for data analysis.

7

Fig. 2. Three-point bending ENF test setup: (a) The visual camera mounted on the back side of the ENF
specimen and (b) DIC device mounted on the front side of the ENF specimen.



2.2.3 Digital image correlation

A stochastic and high-contrast (black and white) speckle pattern was painted on the
lateral surface of the ENF samples to be used with DIC. The speckle pattern was created
as follows: a base layer of water-based white paint was first applied. Then, black paint
was randomly sprayed from varying distances and angles to create the random speckle
pattern. The DIC system utilized in this study was the 3D measuring instrument GOM
ARAMIS equipped with 12 megapixels cameras, while GOM Correlate software (ver.
2020) served as the post-processing software. The system was mounted on the lateral side
of ENF samples to measure the strain field (see Fig. 2 (b)). The acquisition frequency was
then set to 2 Hz, and, for the region of interest, subset size and step size were adjusted to

33 and 11 pixels, respectively.

2.2.4 Optical backscatter reflectometry

Following the layout in Fig. 1, optical fibres were bonded to the bottom surface of
adherend using the HBM X60 bicomponent epoxy adhesive. As shown in Fig. 1, three
parallel paths of optical fibres were adopted for strain measurement to detect any non-
straight crack front. Prior to bonding, the surface was thoroughly cleaned. The 2 meters
long optical fibre was connected to an OBR interrogator (ODiSI-B by OBR Luna
Innovations Inc.) via an LC/APC connector. The OBR interrogator captures the Rayleigh
backscattering pattern throughout the fibre and, by means of a suitable calibration,
converts it to strain values. The device was connected to a PC for data processing,
visualization, and storage purposes. The data acquisition frequency was set to 5 Hz.
Furthermore, the length of virtual strain gauges over the fibre-optic was 1.3 mm with
adjacent sensors being superimposed by 0.65 mm. Additionally, a taring procedure was

considered before data acquisition during tests.

3 Numerical modelling

FE analysis was performed using ABAQUS/Standard 2018 (Dassault Systémes
Simulia Corp.) on the ENF sample under mode II loading to support the interpretation of
the estimated position detected by VT, OBR and DIC. For the simulation of the crack
propagation within the adhesive layer, the Cohesive Zone Model (CZM) » was used

considering both a bi-linear and a trapezoidal Traction-Separation Law (TSL), as depicted



in Fig. 3. While a bi-linear TSL is commonly associated to brittle adhesives and the a
trapezoidal one to ductile ones, in some researches 23343 the bi-linear TSL was
successfully employed to model ductile adhesives. To explore this further, both triangular

and trapezoidal models were used for the ductile adhesive considered in this study.
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Fig. 3. (a) Bi-linear and (b) trapezoidal traction-separation laws.

3.1 FE model of ENF test

The specimen geometry of the 2D FE model follows Fig. 1. Following the
experiments, the Teflon tape was modelled between the two adherends alongside of the
notch to correctly simulate their sliding during the test. For simplicity and computational
efficiency, the adherends and adhesive were modelled as a solid part, and then partitioned
suitably. A friction coefficient of 0.01 was considered to model the contact between the
Teflon layers, while a value of 0.2 was used to model the contact between the adherends

and roller surfaces.

Three reference points (red points in Fig. 4) were defined at the centre of each roller,
coupled to the external circumferences of their corresponding rollers. To simulate the
displacement-controlled test, a vertical displacement of 3.2 mm was applied to the
reference point of the upper roller. This specific displacement value was derived from the
experimental load-displacement curve when the test was interrupted (see Section 4.1).

Additionally, all displacements and rotations of the support rollers were constrained.

The mesh size for the adherend and the adhesive is 1x1 mm and 1x0.3 mm,
respectively. Besides, four-node bi-linear plane-stress quadrilateral 2D solid elements
were considered for the adherends using reduced integration (CPS4R). For the adhesive

layer, four-node linear 2D cohesive elements (COH2D4) were employed. To ensure



comparability with reference 2, the plane-stress condition was applied in this study.?

Moreover, a comparison between the plane-stress and plane-strain conditions revealed

only a negligible difference in the results.
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Fig. 4. FEM model of ENF sample.

The material properties of the adhesive and the adherends are based on Table 1. Three
primary parameters namely the critical strain energy release rate (Gc), the initial stiffness

parameter (e), and the ultimate stress (S) are required for the implementation of CZM
02

according to the bi-linear TSL. Moreover, the R ratio (R = _51) must also be considered

)
for the trapezoidal TSL. Note that the bi-linear TSL is a specific trapezoidal TSL with

R=0. The estimation of the parameters is described in the following sub-sections.
3.2 Estimation of input parameters

3.2.1 Critical strain energy release rate (Gic)

Three well-known analytical approaches are introduced to estimate the mode II
critical toughness (Gnc) from the experiments: the Compliance Calibration Method

(CCM), the Compliance-Based Beam Method (CBBM) and the J-integral method.

The Compliance Calibration Method (CCM) developed by Wang and Williams 3¢,
combines the Irwin-Kies’s equation and the Corrected Beam Theory. The CCM assumes
that the compliance of the specimen, which is the ratio of the displacement to the load

(P/d), 1s a function of the crack length (a). Note that the VT measurement was used for



determining the crack length.

3mpP2a?
2b °

(1)

Gic =

where b is the width of the adherend, and m is a coefficient derived by the regression

analysis between specimen compliance (C = J6/P) and the cubic crack length (&°):
C =D+ ma3, (2)

and D is a constant value.

De Moura and de Morais 37 developed a method called Compliance-Based Beam
Method (CBBM) that utilizes beam theory and specimen compliance during testing.
Using CBBM, the mode II critical toughness (Gic) can be estimated without measuring

the crack length during the ENF test:

Gre = 16b2Efh3’ G)

where / is the thickness of the adherend. a. stands for the equivalent crack length that
considers the effect of the FPZ, which is calculated by:

1
a, = [_C ad + 2 (Leorr _ 1)L3]5, (4)
Cocorr ocorr
where L is the span length and ao is the notch length, whereas Cco- is the corrected

compliance expressed as:

3L
Ceorr = C — 10Gbh’ (5
The Cocorr 1s 1nitial corrected compliance, following the same formula in Equation (5),
and the G stands for shear modulus of the adherend. The Erin Equation (3) is the flexural
modulus of the specimen, considering the effect of the adhesive presence:

E. = 3a3+213
F ™ 8bh3Cocorr ’

(6)

The J-integral method developed by Rice *® is a contour integral that is independent

of path and its value can be interpreted as the energy release rate under damage formation.



Therefore, it can be an alternative to accurately estimate the Gy;c when the Linear Elastic
Fracture Mechanics (LEFM) assumption is invalid, particularly in the analysis of

adhesives working into the plastic regime.

Taking advantage of the strain of the adherend and adhesive, Leffler 3° presented a
simpler formulation of the J-integral to derive mode II critical toughness, eliminating the
need for rotation calculations:

_ 9(Pag)*> | 3Py 7
J= 16b2Eh3 ' 8bh ’ )

where ay is notch length, £ is Young’s modulus of the adherend, and vy is local sliding at
the notch tip, which is measured using DIC at each acquisition stage in this study (detail
of which is addressed in 3°). A comparison of the mode II critical toughness estimated by

CCM, CBBM and J-integral method is shown in Table 2.

Table 2. Comparison of Guc values of the adhesive estimated by CCM, CBBM and J-integral methods for
samples S1 and S2 and their mean values.

Samples s1 S2 mean S1 - S2 Reference %
Giic by CBBM [N/mm)] 10.8 10.56 10.68 6.63

Giic by J-integral [N/mm] 8.36 7.64 8 -

Giic by CCM [N/mm] 7.3 5.23 6.27 -

As is evident in Table 2, the CBBM yields the highest Gic estimation among the three
methods. Interestingly, it estimates larger Gc values compared to the findings reported
in reference » for the same adhesive. This difference can be attributed to the absence of
a pre-cracking stage in the current study, a stage that was utilized in 2. As reported in 2,
the pre-cracking procedure introduces a new length to the initial notch (ay), which reduces
the overall stiffness of the bonded joint, making it more compliant. The change in
compliance directly impacts the final Gyc values because the CBBM estimates it based
on the actual compliance of the structure. It is worth noting that larger Gc values imply
that more energy is required to propagate a crack, which leads to a larger area under the
load-displacement curve. Consequently, this may result in a higher ultimate load and a

delay in the initiation of crack propagation.



On the other hand, CCM shows the lowest Gc estimation compared to the other
methods. One possible reason is that the CBBM takes into consideration the FPZ effect
when calculating the equivalent crack length. This consideration can lead to a longer
crack length, and consequently, a larger Gic estimation. Similarly, the J-integral method
incorporates the non-linearity of the adhesive into its calculations, which is particularly
useful for the ductile behavior of the considered adhesive in this work, leading to a higher

estimation of Gyc.

The use of the equivalent crack length (a.) concept in CBBM eliminates the need for
direct crack length measurement. However, a mismatch between the equivalent crack
length and the measured one has been reported 442, affecting the estimated value of Gic
negatively. On top of that, CBBM and CCM were established based on the linear elastic
fracture mechanics (LEFM) that do not account for the ductile behaviour of the adhesive
used in this research 33. As a result, for the FE analysis, the mean Gyc value estimated by

the J-integral approach is here adopted.

3.2.2 Initial stiffness (e) and ultimate stress (S)

In order to determine the remaining CZM parameters i.e., initial stiffness (e; and er)
and ultimate stress (S7 and Spy), numerical optimizations were performed using the
commercial software package Isight™ (ver. 6.3) developed by Dassault Systémes
Simulia Corp. as introduced by Cardamone et al. 2. To this end, load-displacement curves
of the FEM and experiments are matched by optimizing the CZM parameters through an

iterative process.

The adopted objective function of the optimization is the sum of the squared
difference between the load values of FEM and experiment for the same displacement,

based on the Equation (7):
f = Zi (R - PFEM)?, (7

where n represents the number of sampling points, P;*? and P#*M stand for the load values
of the experiments and FEM, respectively. Furthermore, the Hooke-Jeeves direct method
was selected for the optimization strategy. A thorough description of the optimization

strategy in this study is provided in *. For mode I loading, the stiffness parameter is



defined as e; =E/t,, whereas for mode II loading, it is ey =G/t,. The ¢, stands for the
adhesive thickness, while £ and G refer to the elastic and shear modulus of the bulk
adhesive, respectively. This provides an approximate initial value of the stiffness
parameter for the first iteration of optimization, offering a sufficiently high value to
ensure convergence and prevents numerical issues. In some research 4>*, the value of the
stiffness parameter was chosen significantly larger than the actual stiffness of the material
(e.g., 10% or 107 MPa/mm). However, during the optimization, the value will be adjusted
if the problem achieves convergence. Thus, initial and optimized values may differ.
Indeed, the stiffness parameter, as noted in #°, lacks physical meaning. It does, however,
have a significant numerical role in reproducing the observed experimental behaviour. It
should be emphasized that for both bi-linear and trapezoidal TSLs, the critical fracture
toughness G¢ must be considered as a fixed input value, while optimization is performed

just on stiffness (e) and ultimate stress ().

4 Results and discussions

4.1 Load-displacement curve

Fig. 5 depicts the load-displacement curves for both S1 and S2 specimens in black
circles. The load-displacement behaviour for both samples is consistent with the results
reported in 23. A comparison of the initial slope (from 0 to point A) and the fracture load
(at point B) between the two curves reveals a negligible difference, which could be
attributed to experimental uncertainties and sample manufacturing. This suggests that the
presence of the blade in S1 has no significant effect on the compliance of S1. According
to Fig. 5, three regions can be observed in the load-displacement curves, which is

consistent with the observation described in '%;

e 0 to A: the region with a steeper slope (higher stiffness), where the Fracture
Process Zone (FPZ) is likely not to have yet formed.

e A to B: the region at which the slope of the curve decreases (compliance increases)
and the FPZ is likely to be developing.

e B to C: the region at which the crack propagates unstably until it reaches the
loading point. After point C, the crack is in its closest position to the loading point

and there is insufficient driving force to propagate it further.
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Fig. 5. ENF load-displacement curves of (a) S1 and (b) S2 represented three different regions: 0 to A:
region with a steeper slope (higher stiffness), A to B: region where the compliance increases and the FPZ
develops, and B to C: unstable crack propagation.

4.2 Methods for crack length estimation

4.2.1 Visual testing

According to the VT method, the crack tip was the point where the painting layer
starts to fracture, as indicated by the black arrow in Fig. 6 (a). Subsequently, the assumed
crack length was visually measured at each load level during the ENF test for S1 and S2,
as shown in Fig. 6 (b). Additionally, three points on the load-displacement curve from

Fig. 5 (points A, B, and C) are also marked in this figure.

Fig. 6 (a) reveals the non-uniformity of the crack growth under quasi-static mode II
loading, which poses challenges in localizing the crack tip. For example, in the region
from A to B in Fig. 6 (b), the crack tip identified by VT seems to advance by 12 mm and
10 mm in S1 and S2 specimens, respectively. Nevertheless, this region corresponds to the

stage before unstable propagation occurs, where the FPZ is developing.

Furthermore, the measured length from 0 to A does not experience any visible change
in both S1 and S2, showing that the FPZ is possibly has not yet formed. Finally, in the
region from B to C, the unstable crack propagation measured by VT amounts to 38 mm

and 37 mm for S1 and S2, respectively.



®)

(a)

Considered crack tip

——S1
0t --8-- 52 |4

0 10 20 30 40 50 60 70
Visually measured length [mm]

Fig. 6. Visual inspection for crack growth monitoring: (a) a frame captured by the visual camera for S1 (b)
estimated crack length vs. load for S1 and S2 samples.

4.2.2 Digital image correlation

Considering the three-point bending ENF test, the shear deformation is mainly
affecting the adhesive layer as its elastic modulus is significantly less than that of the steel
adherends. This results in the adhesive layer experiencing higher strain values during the
test. Therefore, analysing the shear strain directly along the adhesive layer may provide
a useful feature for estimating the crack length. To this end, an acquisition line is applied
over the adhesive bondline to directly extract the shear strain using GOM Correlate
software (see Fig. 7(a)). In the software, the shear strain component on the x-y plane is
denoted as "Epsilon (XY)". The measurement points along the acquisition line are spaced

at intervals of 0.05 mm.
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Fig. 7. Side view of the S1 sample captured by DIC (a) the data acquisition line over the adhesive
bondline to directly extract the shear strain and (b) the data acquisition lines to measure the displacement
of the upper and lower adherends.

The strain distribution along the data acquisition line in Fig. 7(a) was found to be
separated into two regions: a fluctuating (noisy) region and a more steady one (see Fig.
8). This discrepancy in strain behaviour is likely due to the difference in strain
morphology between the bonded and unbonded (fractured) regions. In the bonded area,
the strain is relatively uniform and continuous, and there are no sudden changes in the
geometry or material properties over the bondline. Therefore, the strain measurement

obtained from DIC is more accurate, and there is less noise in the strain profile.

However, in the fractured region, there are large strain gradients due to the presence
of the crack. In this region, friction between the two fracture surfaces, and their roughness,
can also contribute to the noise in the strain profile. Therefore, the strain measurement in
this region is more susceptible to noise. The separation between fluctuating and steady
regions thus represents a transition point that can be inferred as the potential position of

the crack tip.
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Fig. 8. (a) Fitting of the shear strain profile along the bondline under 16.6 kN load for S1 sample. (b)
Residuals analysis for the identification of the transition point between the fluctuating and steady regions
using AIC algorithm.

To better highlight the transition between the two regions, a nonlinear regression
based on the smoothing spline algorithm was applied to the shear strain profile using
MATLAB® (see Fig. 8(a)). This algorithm generates a cubic spline by minimizing a cost
function that consists of the sum of the squared differences between the observed data
and the fitted curve. To control the level of smoothness applied to the curve, the algorithm
employs an associated Smoothing Parameter (SP), which is defined between 0 and 1. As
SP approaches 1, the fitting curve closely fits the data points, whereas 0 provides the
smoothest possible curve (a straight-line). In this study, the SP was set to 5e-3, which is
small enough to effectively highlight the difference between the two regions. The
residuals of such a regression were then extracted to facilitate the selection of the

transition point between the two regions (see Fig. 8(b)).

The accurate estimation of the transition point between two regions is crucial for the
proposed methodology. To address this challenge, an algorithm based on the Akaike
Information Criterion (AIC) % is employed. AIC is frequently used in signal processing

analysis 4

, splitting the signal into two adjacent time series with distinct statistical
characterizations. The separation point of the time series is distinguished by the point
where the AIC is minimized. In this study, instead of time series, the shear strain with
two distinct regions is introduced. In Fig. 8(b), the green dashed line (DIC-AIC) indicates
the estimated transition point by AIC algorithm between the fluctuating and steady

regions, as compared to the crack tip estimated by VT (purple line).



To evaluate the accuracy of the DIC-AIC technique, a comparison is made with
another DIC-based method called Separated Adherend Zone (SAZ) introduced by Orell
etal. 3. The SAZ method analyses the strain in the adhesive layer indirectly by measuring
the relative displacement of both the upper and lower adherends near the adhesive layer.
To accomplish this, two data lines are defined at an equal distance (1.5 mm in this study)
from the adhesive layer, as shown in Fig. 7(b). The objective is to measure the difference
in the relative displacement of adherends, both horizontally (shear) and vertically
(opening), at the initial notch tip when 60% of the maximum load is applied (near point
A in Fig. 5). Then, the equivalent difference value is found for loads greater than 60%.
Selecting 60% from the range of 50%, 60%, and 70% ensures a balance: it is sufficiently
high to induce significant damage in the adhesive joint, yet low enough to ensure stable
crack propagation that can be effectively monitored. This particular value aligns closely
with point A, where the slope of the load-displacement curve changes, indicating the
initiation of damage and carrying significant physical meaning (see Fig. 5). For further

detailed information on this technique, readers may refer to 3.

Using the AIC algorithm in comparison to the SAZ approach, the crack length is
derived at different stages of DIC, corresponding to the data points of load-displacement
during the test, as shown in Fig. 9. For the sake of brevity, in this study, the SAZ method
based on the horizontal and vertical relative displacements are referred to as DIC-SAZ-
dX and DIC-SAZ-dY, respectively. The results show that there is a discrepancy between
DIC-AIC and VT even at the initial load level, ranging from 0 to A. In fact, the DIC-AIC
estimated a larger crack length, where it is expected to observe a length equal to the initial
notch length (ap). This overestimation implies that the transition point from the
fluctuating region to the steady one may not be precisely located at the actual crack tip,
but rather at a different location. In contrast, the DIC-SAZ method does not exhibit such
an error. This is because it assumes that there is no crack initiation or propagation before

the load reaches 60%, as shown in Fig. 9.

As the load increases from A to B, a discrepancy between both DIC methods and VT
becomes evident. From point B onward, where the crack starts to propagate in an unstable
manner, there is agreement between DIC-based techniques and VT in estimating the crack
length. These observations suggest that both DIC-based approaches consistently estimate
the initiation of the crack earlier than VT from point A to B, while during unstable

propagation, there is good conformity between them. As the crack gets closer to the



loading point, the force that drives its propagation gradually decreases, which is why

similar predictions are expected when approaching the loading point.
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Fig. 9. Estimated crack length of experimental techniques at different stages of DIC using VT and DIC-based
techniques for specimens (a) S1 and (b) S2.

4.2.3  Optical backscatter reflectometry

The variation of the strain distribution at the back-face of the ENF sample S1,
measured with the OBR technique, is shown in Fig. 10. Each curve is associated with the
strain distribution at a certain load level during the test, which is highlighted by different
colours. Fig. 10 also demonstrates that there is a conformity between the three fibre paths
Al1-A2, B1-B2, and C1-C2 (see Fig. 1). Therefore, just the middle path (C1-C2) is
considered for the following analysis. Some fluctuating behaviour can be observed in a
few parts of the curves. This might be due to a lack of uniformity in the bonding of the
fibre to the adherend since the fluctuating regions exhibit a similar trend as the load
increases. Furthermore, since the OBR results for the S1 and S2 samples are nearly

identical, the focus in this section will be on sample S2.
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Fig. 10. Strain distribution of three optical fibre paths bonded to the adherend surface of S2 sample under
different load levels.

According to Fig. 10, the strain profile shows two distinct peaks in the first region of
the load-displacement curve, from 0 to A. The presence of the left peaks could be related
to the transition from a more compliant structure (the two separated arms) to a less
compliant structure (the bonded arms). This structural transition results in strain
redistribution, contributing to the formation of the left peaks in the strain profile. On the
other hand, the right peaks could correspond to the roller that applies a concentrated load

to the ENF specimen.

The stiffness of the joint changes during each loading stage, causing variation in the
strain behavior. For instance, prior to unstable crack propagation (from 0 to B), the left
peaks gradually move to the right as the load increases. These left peaks reflect the
changes occurring during the development of the FPZ. As the load further increases, the
crack unstably propagates from B to C, and the two strain peaks merge into one, resulting
in a single peak that potentially indicates the occurrence of unstable crack propagation.
This will also be investigated through FE analysis in section 4.4. The strain peaks selected
based on this approach are indicated by black crosses on the experimental curves of path

C1-C2 in Fig. 10.

The crosses in Fig. 11 show the position of strain peaks captured by OBR along the

path C1-C2, compared to the estimated lengths of other experimental techniques at



different stages. Similar to '3, the following analyses in this study do not consider DIC-
SAZ based on horizontal displacement (dX); therefore, the term DIC-SAZ refers to the
vertical displacement (dY) !3. Apart from last stages, it is evident from the figure that the
OBR strain peaks are constantly ahead of the lengths estimated by the other techniques.
Previous studies have shown conflicting results regarding the ability of the strain peak
captured from the specimen back-face to monitor the position of the crack tip. One study
18 found that it could identify the crack tip under both mode I and mode II loadings, while
another !2 showed that it could detect the onset of the FPZ under mode I loading. To gain
a better understanding of strain peaks' relationship with the crack tip position, in the case
of mode 1II loading, it will be compared to the findings from the FE analysis presented in

the following sections.
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Fig. 11. Position of strain peaks captured by OBR in comparison to estimated crack length of other experimental
techniques at different load levels for specimens (a) S1 and (b) S2.

4.3 Optimized cohesive parameters

The cohesive parameters (i.e., ez, err, Stand Si7) optimized for each specimen and TSL
are listed in Table 3, while the corresponding trapezoidal and bi-linear TSLs are plotted
in Fig. 12. Based on Table 3, both trapezoidal and bi-linear TSL appear to have a high
er/eyr ratio. However, this does not necessarily imply that the material is stiffer in mode I
loading than in mode II loading. The stiffness parameter (e) primarily plays a numerical
role and does not reflect the actual material behaviour. In contrast, the low Sy/Sy ratio
implies that the adhesive material has a higher stress bearing capability in mode II loading
than in mode I loading. The most important parameters are Gic and Giic, which reflect

the actual fracture behavior of the adhesive under different loading conditions. In this



study, the Gic/Gpc ratio is less than 1, suggesting that more energy is required to
propagate a crack in mode II loading than in mode I loading, which is crucial for

understanding the mixed-mode fracture behavior of the adhesive.

Table 3. The optimized cohesive parameters obtained by Isight™ software using bi-linear and trapezoidal TSLs
for FE simulation of S1 and S2 samples. Note that the mode I critical toughness (Gic) is adapted from 3.

S | TSL Gic Giic S Su e € R
ample
method [N/mm] [N/mm] [MPa] [MPa] [MPa/mm] [MPa/mm]
bi-linear 1.05 8.36 25 37.5 1,500 383 -
S1
trapezoidal 1.05 8.36 21.2 27.6 1,720 304 0.65
bi-linear 1.05 7.64 28 39.5 1,811 402 -
S2
trapezoidal 1.05 7.64 28.3 24.5 2,207 371 0.6

The load-displacement curves of the optimized FE model, extracted using bi-linear
and trapezoidal TSL, are compared to the experimental ones at different load levels for
samples S1 and S2 in Fig. 13. Fig. 13 illustrates that the optimized bi-linear TSL was
unable to closely match the experimental load-displacement curve, particularly beyond
point B. In contrast, the trapezoidal TSL showed a better agreement with the experimental

load-displacement curve.

While Cardamone et al.'s assessment ° focused solely on comparing the experimental
and numerical load-displacement curves, the current analysis goes a step further by
considering the back-face strain profiles, as well. This approach provides a more
comprehensive evaluation of the accuracy and reliability of each TSL, which will be

further discussed in the following section.
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Moreover, a sensitivity analysis was conducted on the mode I and mode II cohesive

parameters considering specimen #2 with a trapezoidal TSL. The dependency of the

parameters was checked incrementally by adding and subtracting 25% and 50% of their

optimal values. As shown in Fig. 14(a), it was found that the cohesive model is not overly

dependent on mode I parameters including e; and S;. On the other hand, in Fig. 14(b), ex

notably affects the slope of the load-displacement curve, whereas S;; mostly influences

the displacement at which failure occurs as shown in Fig. 14(c). Note that the trapezoidal

TSL includes an additional plateau at the peak stress (see Fig. 12), which represents a

phase where damage progresses at constant stress. This phase is followed by a steep

decrease in traction, leading to a sharper drop at peak load (point B in Fig. 13) in the load-

displacement curve. On the other hand, the bi-linear TSL assumes a linear behavior



between traction and separation and lacks such a plateau. As a result, it has a longer and
less steep softening part, resulting in a smoother transition at peak load in the load-

displacement curve. 26
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Fig. 14. The sensitivity check of mode I and mode II cohesive parameters: (a) er and Si, (b) en and (c) Su.

4.4 Bi-linear vs. trapezoidal TSL in crack propagation modelling

Since the FEM results in S1 are nearly identical to those in S2, only the results for S2
are discussed. As previously stated, in addition to the experimental and numerical load-
displacement curves, the current analysis will take into account the back-face strain
profiles for a more comprehensive comparison 2°. The load-displacement curve in the
FEM is extracted from the loads and displacements of the upper roller. The back-face
strain recorded by OBR is compared to the strain captured from the bottom edge of the
specimen in the FEM (blue line in Fig. 4). Moreover, the state of the cohesive layer is
described by the SDEG (scalar stiffness degradation) parameter. Once the SDEG value
reaches 1, the cohesive element is considered as fully degraded and therefore it is
eliminated, indicating the point at which a crack tip has fully developed. Black circles in
Fig. 15 highlighted the location of this numerical crack tip. Cohesive elements with

SDEG values greater than 0 and up to 0.999 constitute the fracture process zone **4°,

The load-displacement curve and the back-face strain profile of the FEM extracted by
bi-linear TSL in comparison to the experiment for different load levels are provided in
Fig. 15. As observed previously, in Fig. 15 (a), it is evident that no bi-linear TSL could
be optimized to effectively produce a load-displacement curve close to the experimental
one beyond point B. More importantly, as shown in Fig. 15 (b), a discrepancy also exists
in the strain profile recorded at the bottom edge of the FE model. Indeed, the numerical

strain curves do not match well the trend or magnitude of the experimental ones.
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On the other hand, it was possible to find a trapezoidal TSL through optimization
which led to a good agreement with the full experimental load-displacement curve (see
Fig. 15 (¢)) and back-face strain profile (see Fig. 15 (d)). Before unstable crack
propagation, both strain magnitude and the profile shape are in-line with the experimental
ones. The agreement has been considerably improved with respect to the triangular TSL,
although after crack propagation, the numerical strains were found to be lower than the
experimental ones. However, even in these stages, the agreement is still better than the

bi-linear TSL.

The poor agreement of the bi-linear TSL model in both load-displacement and back-
face strain curves is likely due to the ductile behaviour of the adhesive, which is also
reported in 3. The trapezoidal TSL offers a better model for the elasto-plastic behaviour

of the adhesive, as its shape (see Fig. 3 (b)) represents a longer damage softening than the



bi-linear TSL (see Fig. 3 (a)). For these reasons, in the following, the FE analysis was

based on the trapezoidal TSL.

The FE analysis reveals that the OBR strain peak does not correspond to the position
at which the crack has fully developed (SDEG = 1), i.e., the numerical crack tip. In Fig.
15 (d) for instance, prior to unstable crack propagation (from 0 to B), the peaks on the left
are constantly ahead of the numerical crack tip, and gradually move to the right with
increasing load. Even after unstable propagation, the position of the peaks remains ahead
of the numerical ones. To better understand the meaning of the strain peaks detected by
OBR, further FE analysis is employed in the following section. Such analysis can also
help interpreting the position indicated by VT and DIC with respect to the numerical
crack tip and the level of damage within the FPZ.

4.5 Comparison of the considered methods for crack length estimation

Fig. 16 shows that the FE model of the ENF sample corresponding to point C of the
load-displacement curve. At this stage, some of the cohesive elements are fully damaged
(SDEG = 1). The grey highlighted region in Fig. 16 represents the fully damaged zone,
indicating the crack propagation in that area according to the simulation. Moreover,
elements with SDEG greater than 0 and up to 0.999 are also highlighted ahead of the
numerical crack tip. As shown, the FPZ thus seems to occupy a vast portion of the crack
propagation region in the adhesive. This is consistent with both numerical and
experimental analyses in the literature '3254%3° The FE analysis thus showed that a
relatively small portion of the adhesive completely separated, while a significantly larger

portion of it was damaged.
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Fig. 16. The FE model of ENF sample under 20.8 kN load corresponding to point C on the load-displacement
curve. The fully damaged zone contains the elements with SDEG = 1, while the FPZ includes all elements with 0 <
SDEG < 0.999.

Fig. 17 shows the location of the different analysed techniques over the bond line

compared to the FE estimations. Before the load-displacement curve reaches point A, all



the techniques remain within 5 mm from the initial value reported for the first analysed
stage (below 5 kN, Fig. 17 (a)). Interestingly, this initial value for the OBR was already
about 5 mm ahead of the crack tip, while for the other techniques, the initial value was
within 1.5 mm from the reference point at notch tip. At point A, the FE simulations
highlight already in this stage the formation of a large FPZ (see Fig. 17 (c)). The OBR
and the DIC-AIC seem to be slightly affected by such formation.

After point A and before reaching point B (see Fig. 17 (¢)), the OBR moves by about
11 mm, while the other techniques did not vary significantly. According to the FE
analysis, in these stages, the FPZ develops significantly. The consequent stress
redistribution due to this development thus seems to affect the OBR more than the other

techniques.

In point B (see Fig. 17 (g)), the FPZ keeps developing, with some elements already
experiencing the softening part of the TSL (note that further FPZ development might have
been prevented by the presence of the loading roller). In this point, the location identified
by the OBR technique displayed a very large displacement, reaching a location close to
the loading roller, possibly indicating the development of potential damage within the
FPZ 13, Moreover, the DIC-based techniques and the VT moved between 10 mm and 14

mm from the notch tip.

Finally, in the last analysed stages, corresponding to point C and beyond (see Fig. 17
(h), (1), and (j)), the DIC-based techniques displayed significant advancements, while the
OBR remained close to the loading roller. Note that the DIC-based techniques and the

VT seem to move together to very close locations.
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Fig. 17. Comparison of the estimated length of different techniques versus stiffness degradation (SDEG) of
cohesive elements at different loading levels for specimen S2. The cohesive length is indicated by the black double
arrow at (c) stage 3 and (i) stage 9.

From the above analysis, it is clear that the DIC-based techniques and the VT all

identify very close points in the FPZ (ideally the same), while the OBR points out to a



different location further from the notch tip. It is arguable that the point identified by the
three close techniques (DIC-AIC, DIC-SAZ and VT) might be the crack tip itself. This
observation would be in contrast with the FE simulation, since this location does not
correspond with the numerical crack tip. It is thus possible that the point identified by
these techniques is ahead of the crack tip: indeed, the large process zone may cause earlier
fracture in the paint for the VT, large displacements differences in the adherends for the
DIC-based methods, or back-face strain redistribution for the OBR to justify an earlier
detection. This last point could also be confirmed by the FE model: in the simulation, the
distance between the identified point and the numerical crack tip is mostly composed of
elements in the softening part of their TSL (see Fig. 17 (h) and (i)). The adhesive in this
region is thus significantly more compliant (due to high damage) than the pristine

adhesive, thus causing larger displacements and deformation.

5 Concluding remarks

This study employed experimental and numerical methods to estimate the crack
length in metal-to-metal ENF adhesive joints under quasi-static mode II loading. Using
OBR, the back-face distributed strain was measured. Additionally, a new strategy for
crack length estimation based on adhesive shear strain using the DIC. Post-elaboration
procedures were employed for OBR and DIC to estimate the crack tip position. The
performance of these approaches was then compared to the VT and another DIC-based
method developed by Orell et al. '3. Finally, FE analysis was used to provide further
insights into the interpretation of the positions detected by experimental techniques in
relation to the numerical crack tip and the state of damage within the bondline, both before
and after unstable propagation. The following conclusions were drawn based on the

adhesive, loading conditions, and framework that were examined in this study.

e For the FE modelling of crack propagation, it was demonstrated that the
trapezoidal TSL outperforms the bi-linear TSL, which was highlighted in both

the load-displacement curve and the back-face strain profile.

e FE analysis revealed that a significant portion of the crack propagation region
in the adhesive is occupied by the FPZ whereas only a relatively small portion
of the adhesive experienced complete separation. The experimental methods

appear to be influenced by this large FPZ and possible damage within it, with



OBR being more affected, and VT and DIC-based techniques being less
affected.

e OBR back-face strain peak demonstrates its ability to detect potential damage
within the adhesive that other methods may not capture, both before and after
unstable propagation. This capability is especially advantageous for identifying
early-stage damage in practical applications, such as crack initiation, before it

progresses to complete failure.

e Both DIC-based techniques also show sensitivity in identifying a certain level
of potential damage, which is less than OBR but similar to that of VT. This
characteristic makes DIC valuable for detecting damage, both before and after

unstable propagation.

e The VT is also consistent in identifying the significant level of possible damage
within the bondline, similar to DIC-based techniques. Nevertheless, potential
factors that may affect its performance must be considered, such as visual

CITrors.
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