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Adhesively bonded joints are used in many applications which are dynamically loaded. Thus, excellent fatigue
properties of adhesives, especially under fracture mode II, are required. The fracture mode II testing of adhesive
is challenging, where the observation of the crack length is complicated. Accordingly, compliance-based effective
crack length definitions avoiding direct observation have been used instead. The experimental crack monitoring
method using digital image correlation (DIC) is studied in this work. The DIC-based monitoring is compared to

the compliance-based method in defining the crack length. The developed DIC-based method is useful to study,
especially, the microcracked adhesive region ahead of the distinct open crack tip.

1. Introduction

A significant amount of research has been conducted to understand
failure in adhesively bonded joints. Static fracture testing has already
taken steps towards standardisation. The testing of fracture mode I has
already been standardised [1], and the mode II-related standard is being
processed. Typically, static mode II testing has been performed using the
method of end-notched flexure (ENF) [2], four-point end-notched
flexure (4ENF), or the end-loaded split (ELS) [3]. The specimen types
have differences in fracture surface friction and stability of crack prop-
agation. Recently, the focus of research has been on the method devel-
opment for fatigue. The testing for fatigue has mainly been performed
using the ENF and ELS specimens.

Fatigue testing of joints is generally more complex than the corre-
sponding quasi-static tests. One of the main challenges in the fatigue
testing of adhesives, especially in mode II loaded joints, is the mea-
surement of the crack length. Typically, the experimental methods are
based on visual observation of the open crack and using magnifying
tools, e.g. microscopes [4]. The visual observation interpretation de-
pends on the observer when the test is performed manually. The manual
observation becomes even less attractive when low load levels are used
and the testing time is increased. Other techniques not dependent on
visual observation are developed, e.g. crack gauges [5]. Clip gauges
have been used to determine the crack length in single-lap shear tests [6]
and double cantilever beam (DCB) tests [4]. In addition, distributed
optical fibre sensors have been used to characterise crack propagation in
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fatigue testing with step-lap specimens [7].

Generally, the physical crack propagation in mode I testing is defined
as the opening of the debonded interface. However, existing plastic
deformation adjacent to the crack tip complicates the definition of the
precise crack length. The damage related to the plastic-deformed crack
tip might result in several micro-crack tips or smear the crack tip beyond
the technique used for observation [8]. On the other hand, the crack
propagation in mode II testing is even more challenging compared to
mode I testing [9]. The mode II crack propagation is seen as a relative
sliding of the originally united components in the debonded interface.
Several studies have excluded the experimental determination of the
crack length in mode II testing. Crack monitoring has been considered
overly labour-intensive and inaccurate [10]. The adhesive properties,
such as plasticity, strain hardening and relaxation, add complexity [11,
12]. The challenges of the crack length have mainly been overcome by
developing numerical post-processing methods using beam theory,
specimen compliance and equivalent crack-based methodologies [8,10,
11,13]. The equivalent crack length analytical approaches have been
developed, including the fracture process zone (FPZ), which considers
the plasticisation and micro-straining [8] at the crack tip regime.

This paper studies a novel approach to characterise crack propaga-
tion using digital image correlation (DIC). The DIC is an optical con-
tactless measuring technique to study surface displacements. The
method is already an established tool and is used in various applications,
which include material testing [14], component testing [15], particle
movement measurements [16] and fracture characteristics [17]. The
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DIC can monitor even tiny details when using an optical setup that can
produce high magnification. Here, we have used the DIC-based crack
monitoring technique for mode II testing for fatigue by using an
ENF-type specimen. However, typically 20-30 mm of crack propagation
is observed in ENF fatigue specimens during a single test requiring a
relatively large field of view from the used setup. For that reason, the
DIC could not be focused locally, only on the crack tip in the adhesive.
Instead, the cracked adhesive region was studied by post-processing the
determined displacement fields of the adherends similar to the previous
work by Jokinen et al. [18]. The crack growth of the epoxy film adhesive
FM 300-2, used to join aluminium alloy adherends, was studied under
three different load levels. The DIC results were compared to the
compliance-based method and the indications by penetrating fluid
study. The main target of the work was to study the applicability of the
developed crack monitoring method based on the DIC measurements of
the adherend deformation.

2. Materials and methods
2.1. Specimen

The ENF specimens in this work consisted of aluminium alloy (Alu-
mec 89, Uddeholm) adherends and the studied adhesive. The adhesive
was epoxy film adhesive FM 300-2 by Solvay, which includes a ther-
moplastic polyester knit carrier. The original aluminium plates were
bonded using two adhesive film layers, and the pre-existing crack be-
tween the layers was made using PTFE film (thickness 20 pm). The
initial crack length (ag) was 0.66 L, where L corresponds to half of the
support span (125 mm). The film-bonded plates were vacuum bagged
and finally cured at 120 °C. The fabricated joined plates were water jet
cut to 15 mm wide specimens with dimensions as depicted in Fig. 1.

2.2. Mechanical testing

The experimental test setup is presented in Fig. 2. A servo-hydraulic
universal testing machine (Instron, 8800) with a 100 kN load sensor was
used to induce the cyclic loading. First, a quasi-static ENF test at a test
rate of 5 mm/min was carried out. Then, force-controlled fatigue tests at
three different loading levels were performed. The maximum load in the
static ENF test was 9674 N, and the fatigue tests were then carried out
using a load level of 50%, 60% and 70% of the static maximum force
(Fig. 3). The slight nonlinearity in the load-displacement curve prior to
the load maxima is presumably due to the initiation of the plasticised
region’s formation at the pre-crack tip. Three specimens were tested per
loading case. The applied R-ratio was 0.1, which was used to avoid total
load removal because it is known to decrease the specimen’s movement
in the test jig. The loading spectrum (waveform) consisted of a repeating
series of 16 sinusoidal cycles at the frequency of 4 Hz followed by a 1-s
static hold at the maximum force (Fig. 3), which was first screened to be
suitable parameter spectrum in terms of the performance of the used
measurement devices. It should be noted that the spectrum must have
the short hold at the maximum load at selected cycle intervals, otherwise
the type of cycling can be chosen freely.

2.3. Fracture surface characterisation

The fatigue tests were run until the crack in the adhesive layer had
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Fig. 1. The ENF specimen’s dimensions (in mm) in this study.
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Fig. 2. The experimental test setup in this work.

visually propagated near the central loading pin. After the fatigue tests,
the adherends were manually torn apart, and the fracture surfaces were
studied visually. For two of the fatigue tests, the loading was stopped
after the visually-observed crack had propagated several millimetres.
The cracked area of the specimens was studied using a penetrating fluid
(MR® 68NF, MR® Chemie GmbH, Germany). The penetrating fluid was
applied by spraying it over the same surface of the specimen observed
during the fatigue test (for crack propagation). The excess penetrating
fluid was wiped off after 10 min, and the developer fluid was sprayed on
the surface. The adherends were torn apart, and the developer fluid was
sprayed onto the revealed fracture surfaces. Finally, the fracture surfaces
were studied using the optical profilometer (Alicona InfiniteFocus G5,
Bruker).

2.4. Equivalent crack length concept

The crack length during the tests was determined using the equiva-
lent crack length-based theorem [19-21]. In the theorem, instead of
trying to detect the visible changes in the crack length (a), the effective
equivalent crack length (a,) is used to characterise the crack propaga-
tion. The equivalent crack length is calculated utilising the changes in
the specimen compliance as the crack propagates. The equivalent crack
takes, by theory, into account not only the distinct observable visual
crack length but also considers the effect of the FPZ ahead of the distinct
crack tip. The FPZ, in the vicinity of the crack tip, is difficult to observe
visually, but it affects the material’s mechanical performance. Thus, FPZ
also affects the compliance of the specimen that is being measured. The
equivalent crack length was determined using the Compliance-Based
Beam Method (CBBM) [22] as

Coorr 5 2 ( Com v
de=at AaFPZ - |:C‘0(‘0rrug + g (CO(‘orr a 1) L3:| (l)
where
3L
Ceonr=C and Cocorr = Co (2)

"~ 10Gbh "~ 10Gbh

In the above equations, C and Cy denote the current and initial (i.e.
pre-crack state) compliances of the specimen determined from the load
and mid-point deflection data. ay is the initial crack length, L is the span
length of the specimen, and G, b and h are the shear modulus, the width,
and the height of the single adherend, respectively. When using the
CBBM, q, is evaluated purely from the load-deflection data, excluding
the need to measure any exact crack length.
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Fig. 3. a) The maximum compression loads used in the sinusoidal loading applied in fatigue testing based on the load-displacement curve of the quasi-static ENF test.

b) The repeating unit of the loading spectrum for the 60% loading case.

2.5. Digital image correlation

A three-dimensional DIC setup was used to study the adherends’
deformation in a specified (surface) area between the central loading pin
and the initial pre-crack. The DIC method is based on tracking the
movement of small facets (subsets) to which the studied digitised surface
images are divided [23]. The locations of the identified subsets are
tracked from image to image using so-called correlation algorithms.
From the result, the full-field displacement vectors of the studied surface
can be calculated. The resulting full-field data can finally be derived into
the desired quantity of interests, such as strains or velocity.

Each subset must have a unique pattern to be distinguishable from
the other identified subsets. In order to accomplish this, a thin random
black and white pattern was applied over the selected ENF specimen’s
surface using matt paints and foam rollers. The 3D DIC system consisted
of two 5 MP cameras with 50 mm objectives (using an aperture of F11)
and pulsed LED flashes. The recording rate was 0.2 Hz, and the image
exposure time was synchronised with the test machinery so that an
image pair with the two cameras were taken at every static hold step at
the maximum load and throughout the fatigue test (see Fig. 3). The
calibrated setup resulted in a scale factor of 0.0236 mm/px. The DIC
analysis with the images was carried out using Davis 10.0.5 software
(Lavision, Germany). The matching criterion was the zero-normalised
sum of squared difference (ZNSSD), and affine shape functions were
allowed for the subsets. A 6th-order spline was used as the interpolation
method. The subset and step sizes were screened first to achieve good
spatial resolution and, simultaneously, to keep the noise at a reasonable
level. Finally, 35 px and 11 px values were used in the analysis.

2.6. Post-processing of DIC data for crack length

The specified area of interest was selected to cover the area between
the central loading pin and the pre-crack tip, i.e. the region where the
crack can propagate during a test. The 3D DIC provides the full
displacement and strain fields over this area. However, due to the large
field-of-view and the resulting mm-to-pixel scale factor, the DIC setup
and the analysis parameters yielded a larger virtual strain gauge size
(VSG) (57 px or 1.34 mm) than the thickness of the adhesive layer. In
other words, the spatial resolution of the applied setup was too low to
measure the actual strain values directly (in a reliable manner) in the
adhesive. A small VSG size, close to the used thickness of the adhesive
layer, could have been achieved by decreasing the subset and step sizes
during the analysis. However, it is challenging to ensure that the strong
deformation gradients at the adhesive-adherend interfaces, and the
damaged adhesive region in front of the distinct crack would not have
specimen-wise effects on the derived DIC-based strain values in the
specimen. Also, decreasing the subset size will result increased noise in

the derived strain. Because an automated and objective method for
monitoring the crack propagation was aimed, as presented schemati-
cally in Fig. 4, the direct method to derive the crack tip position basing
on the DIC-based strain field was not considered feasible.

Fig. 5a depicts the patterned surface of an ENF specimen, which
shows the pre-crack location and the approximate location of the
instantaneous crack tip in a fatigue test. Visually defining the exact crack
tip location is difficult, if not impossible. This is especially true in mode
IT dominant tests, although the applied thin white paint over the spec-
imen surface makes the visual detection slightly easier (than without
any paint). Instead of studying the computed strains directly in the ad-
hesive layer, the developed crack tip detection method is based on
measuring the local displacement vectors of both adherends (upper and
lower) near the adhesive layer. More precisely, the displacement vectors
of the two adherends are derived along two lines (of data collection)
defined by an equal distance from the adhesive layer’s centre line (here
1 mm), as presented in Fig. 5a. A recent study used a similar technique to
determine the shear and opening strains of the adhesive layer under a
mixed-mode loading [18].

The method of defining the crack tip location is illustrated in Fig. 5b.
Fig. 5b shows the displacement in the y-direction (vertical) for the upper
and lower adherends after the first block of the repeating cycles of the
test (i.e. initial), and after 3000 cycles. A video presenting the adher-
ends’ displacement over a single fatigue test is found in the Supple-
mentary data. The separation (Ad = dypper — diower) between the
displacements of the upper and lower adherends is determined along the
whole adhesive line (inside the specified area of DIC measurement). In
the beginning of a test, the initial pre-crack tip location can be visually
observed (confirmed). The separation in the adherends’ deformation at
the pre-crack location, under the initial hold at the maximum force after
the first block of cycles, is used as the definite threshold value repre-
senting the crack position. This threshold is used to determine the DIC-
based crack length or, in other words, the position of the DIC-based
equivalent crack tip location.

A MATLAB script was written to find, from each curve, the ‘hori-
zontal’ location (x), where the same Ad is observed as at the pre-crack
tip at the start of the test (hold at the load maxima). Both the separa-
tion of sliding (x-direction) and opening (y-direction) deformations, as
the basis for the crack tip detection, were studied. It should be noted that
the curvature of the specimen was not taken into account here. Still, its
effect on the determined displacements at the adherends’ surfaces (in
the specified region) can be considered negligible due to the large radius
of the specimen curvature.
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Fig. 5. a) A propagating crack during a fatigue test (the specimen with a DIC pattern). The red and blue lines show the data collection along which the adherend’s
displacement for further DIC analysis is exported. b) The principle for the method is to determine the instantaneous crack location from the adherend’s (opening)
displacement. The ‘initial’ refers to the measured status at the first hold in the load maxima (i.e. cycles = N = 16).

3. Results and discussion
3.1. Fracture surfaces and penetrating fluid experiments

The fatigue tests were continued until the crack, by visual observa-
tion, propagated right below the central loading pin. All the specimens,

the glued adherends, were torn apart after testing, and the fracture
surfaces were optically studied. Representative fracture surfaces for

Upper 50% Lower 50%

Upper 60% Lower 60%

three different fatigue load levels are shown in Fig. 6. In addition to the
tested specimens, a fracture surface after a quasi-static ENF test is shown
for comparison.

The pre-crack was formed between two layers of film adhesive dur-
ing the specimen fabrication. The fracture surfaces indicate that the
crack propagated closer to the upper adherend (surface), as observed
similarly in other studies [24]. In most of the specimens, the crack found
its way from the adhesive layer’s centre line towards the upper

centerline

Upper 70% Lower 70% Upper static Lower static

Fig. 6. (Above) The fracture surfaces of the fatigue-tested specimens (load levels of 50%, 60%, 70%) and a quasi-static tested ENF specimen. (Below) An optical
image is taken from a cross-section of a tested specimen (50%). The red bar presents the approximate distance (1.365 mm) from the pre-crack tip to the stable crack
path point near the upper adherend. The blue line presents the thickness of the adhesive layer (0.592 mm).
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adherend’s surface just after a few millimetres of propagation (Fig. 6).
Although the fracture propagated very near the upper adherend, the
failure mode is still cohesive for every test based on adhesive residue.

Two fatigue tests at the load level of 60% were stopped before the
visually detected crack propagation below the central loading pin. The
first test was stopped after 1500 cycles, and the second after 2000 cycles.
These specimens were studied using the penetrating fluid method, and
the analysis images are shown in Fig. 7. The pre-crack tip is located on
the right-hand side of the image, and the crack has propagated to the
left. The fracture surfaces of the specimens can be divided into three
regions: 1) the white region on the left, 2) the pink-tinted region in the
middle, and 3) the dark purple region on the right. The white colour
indicates the fracture surface where the penetrating fluid had not
migrated, i.e. where the adhesive had been entirely intact when the
penetrating liquid was applied. The dark purple colour indicates the
region where the penetrating liquid had flown readily, i.e. there was a
distinct crack. In the pink-tinted region, the assumption is that the
amount of the penetrating liquid had been significantly lower than the
location of the distinct crack with the well-penetrating liquid. However,
as some liquid had penetrated through the specimen in the width di-
rection (from one surface and up to the opposite surface), there must
have been continuous cracks (or micro tunnels) throughout the adhesive
layer in the width direction of the specimen. The lengths determined
based on the colour categories are presented in Table 1. The observed
non-uniformity of the pink-tinted region, in the width direction of the
specimens, is presumed to have formed due to fabrication-based voids in
the adhesive layer.

3.2. Results based on the compliance-based approach

When the crack propagates, it results in a decrease in the bending
stiffness of the ENF specimen. Thus, crack propagation increases the
specimen’s measured compliance. As the tests here were performed with
the force-controlled movement, the deflection of a specimen increases
with the crack propagating. An example of the change in the mid-point-
related deflection (measured at the point of maximum force per cycle) is
shown in Fig. 8a. The equivalent crack length curves for different load
levels, determined by using the compliance measurements and Eq. (1),
are depicted in Fig. 8b. The tests were stopped intentionally when the
crack was visually estimated to be propagated near the central loading
pin.

In general, the shape of the curves remains similar, and the decrease
in load level shifts the equivalent crack length towards a higher cycle

Pre-crack

Fig. 7. The fracture surface of a fatigue test specimen after the adherends have
been torn apart (60% load level) and after the application of penetrating fluid.
Two examples are shown: a test stopped after a) 1500 cycles, and a test stopped
after b) 2000 cycles.
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Table 1
The crack lengths determined with different methods for the specimens stopped
after 1500 and 2000 loading cycles.

Specimen  Penetrating Penetrating Effective DIC, DIC,
fluid, purple fluid, pink- crack opening-  shear-
(crack) area tinted length a, based based
[mm] (microcracked) [mm] [mm] [mm]
area [mm]
Loading 4-5 17 3.5 19 7
60%,
1500
cycles
Loading 11-13 22-32 10 30 21
60%,
2000
cycles

count. The specimen-wise scatter in the crack propagation behaviour
increases with the decreased load level. The curves show that, for
approximately the first 5 mm, the value of a, propagates with a highly
nonlinear growth rate. After this regime, the crack propagates at a
steadier rate until a, reaches approximately 22-25 mm. Basically, this
crack (length) shows the point where the compression—caused by the
central loading pin—starts to cause compressive normal stress at the
adhesive. This behaviour has been explained to hinder self-similar crack
growth [10]. The compression in the loading direction can also be seen
in Fig. 5b, where the deformation curves of the adherends, determined
using the DIC-based displacements, are shown. The normal stress at the
adhesive changes from small tensile stress to compressive stress at a
distance of approximately 22 mm from the pre-crack. In addition, this
location is near the point of the ultimate valley of the deformed shape of
the specimen under bending.

3.3. Results based on the DIC-based approach

Fig. 9 shows the progression of the determined separations (Ad)
determined from the opening and shear deformation data (i.e. in y- and
x-directions of the adherends) along the adhesive line during a fatigue
test. The black dots in Fig. 9 present the points for a proceeding test,
where Ad (either opening or shear direction) having the defined
threshold value representing the crack tip is observed. To sum up, this
data presents the location maps where the deformation state at the
adherends (over a test) is similar to the initial condition (at the vicinity
of the pre-crack location).

At the beginning of a test, the opening-related Ad is naturally very
small. Still, as the test proceeds, a more prominent separation is formed,
and the curves’ shape changes. Fig. 9b shows the procedure results but
determined from the shear deformation (namely based on the dis-
placements in the x-direction).

3.4. Sensitivity of the DIC-based approach

Fig. 10 depicts the determined crack propagation using the opening
and shear data versus the cycle count for a median specimen (60% load
level). It is interesting to see the effect of the threshold on the detected
crack length, which was used to define the original crack tip. The sep-
aration value (Ad) for the pre-crack location, after the first repeating
loading cycle (‘Initial’ point), is the reference against which the accu-
mulating data is analysed in the method. The crack-defining threshold
can technically be freely selected. The results show that the method,
when based on the shear separation, is highly sensitive to the used
threshold value. However, the effect is much less for the crack length by
the opening-based data.

The normal strain (in the y-direction, matching the loading direc-
tion) in the aluminium adherend is negligible during the bending of the
ENF specimen in this study. Therefore, the measured displacement
separations (Ad values) in the y-direction due to the progressing crack in
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Fig. 10. Crack propagation curves and the effect of the crack-defining threshold when using a) the opening data; b) the shear data (60% load level).

the adhesive originate practically only due to the changes in the adhe-
sive layer. Thus, the exact (y-) distance of the extracted displacement
vectors at the adherends (distance from the adhesive centre line) has an
insignificant effect on the DIC-based method when using the opening
data. This is illustrated in Fig. 11, where the crack propagation length,
obtained using the adherend deformations extracted at two different (y-)
distances (1 mm and 3 mm), are shown. Again, the shear data-based
results show a high sensitivity for the selected distance.

The minimum distance where the adherend displacements can be

derived is significantly affected by the parameters used in the DIC
analysis and, especially, by the subset size. Basically, the distance must
be more than half of the adhesive thickness plus half of the subset size
(here 0.71 mm). When this condition is fulfilled, the local displacement
information for the DIC analysis is obtained only on (pixels of) the
aluminium adherend outside the adhesive-adherend interface (affine
deformations assumed).
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hesive layer’s centre line, on the crack propagation. The effect is shown for data
related to opening and shear deformation.

3.5. Comparison of the approaches to detect the crack length

The crack lengths determined using the two approaches for a typical
(median) test specimen (at 60% load level) are shown in Fig. 12. The
trend of all the curves is similar, resembling an S-curve. In these S-
curves, a clear increase in the crack propagation rate is detected after the
first essentially linear propagation phase. However, the crack propaga-
tion curves between the DIC and CBBM approaches still differ
significantly.

Although challenging, by careful pure visual observation of the
recorded (camera) images, the position of the crack tip or, at least, the
plasticised adhesive can be manually estimated at the painted specimen
surface. This basically forms a third method of determining the crack
length. By comparing the methods, the visual observation of the crack
matches best with the DIC-based method using the opening

451

40| o DIC opening u,gmslﬂ“ﬁ'm:
o DIC shear FSIP o

35+ ¥ Visual crack o
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w
o

N
o

=k
[&)]

Effective crack length [mm]
> 3

5000 6000

0 1000 2000 3000 4000 7000 8000

Cycles

Fig. 12. Comparison of the crack propagation (length) determined with three
different methods.
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displacement data. On the other hand, the shear displacement-based DIC
method matches quite accurately with the CBBM results. The CBBM
shows the shortest determined crack length.

The crack lengths of the tests stopped after 1500 and 2000 cycles,
determined with the different methods, are shown in Table 1. It can be
seen that the CBBM results in comparable values with the values ob-
tained via the analysis of penetrating fluid. More specifically, the data
matches the dark purple region in Fig. 7. The opening data-based DIC
resulted in comparable values with the pink-tinted region. The crack
lengths detected with the different techniques for the specimen loaded
for 2000 cycles are illustrated in Fig. 13, together with optical micro-
scopy images. The distinct crack, close to the upper adherend (seen in
close-up 2), is visible approximately to the same point (distance) as
given by the compliance-based equivalent crack length (point B). The
region between this point (point B) and the point given by the length
result of the opening data-based DIC method (point E) shows a clear
repeating, inclined cracking pattern in adhesive. Basically, this region
also corresponds to the pink-tinted region observed using the pene-
trating fluid.

According to the results, the developed opening-based DIC method
reveals thus the region of the adhesive, in which permanent damages in
the adhesive have occurred due to the cycled loading. On the other hand,
the length of the distinct, continuously open crack can be estimated well
with the CBBM. The shear-based DIC method seem to correlate with the
CBBM, but the method is highly sensitive on the analysis parameters
hindering its use. The considered methods to monitor the progressing
crack in fatigue loaded ENF test are summed up in Fig. 14.

3.6. Remarks on the DIC-based opening separation

The opening (between adherends) in an ENF test is not intuitive
when pure mode II loading is considered. However, small ‘opening’
deformations have been documented originating from the phenomena
due to the micro-cracked and segmented adhesive [25], and the
roughness of the fracture surfaces [21]. Basically, non-zero damage
(preceding the crack tip) and Poisson’s ratio less than 0.5 of the adhesive
will also have to open the stiff adherends after cracking. The opening
deformations observed by DIC can also partly be explained by contact
surface roughness when there is no perfect match in the contact of the
adherend surfaces encountering shear-induced sliding. The ENF spec-
imen has a pre-existing crack tip made by a release film strip. Based on
our observations, it is pretty typical that the fabricated pre-crack plane
has some waviness. The waviness is formed due to the unbalanced
shrinking of the (PTFE) release film during the adhesive curing process.
This waviness at the specimen end region can clearly be detected after
tearing apart the adherends, as depicted in Fig. 15. It should be noted
here that the opening by the waviness balances out when the

Crack propagation direction
—_—

2

Fig. 13. An optical image of the adhesive layer after the fatigue-tested spec-
imen showing various locations for the detected crack (lengths) with different
methods. The loading level was 60%, and the test was stopped after 2000 cy-
cles. A = pre-crack location, B = effective crack length, C = crack with pene-
trating fluid and purple colour, D = the minimum length of ‘FPZ’ with
penetrating fluid creating a pink-tinted region and E = crack length with DIC
opening-based data.
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New method using DIC
- Combines the best features

* Purely continuum mechanics based
concept with ideal deformation to
match change in compliance

below the length-scale of the
entire specimen
* Can be automated based on test-
machine data

observations

. Local, actual deformation ) T
Compliance-change based ||__—* based crack tip opening — Visual monitoring
crack tip opening based crack tip opening
* Established method * Possibility to observe local effects

affecting adherend’s true

deformation, yet no direct

determination of crack tip

* Nodirect relation to what happens * Concept based on the idea of

tracking the separation of adherends

due to crack opening

* Can be automated based on test
machine and DIC data

* No errors due to operator’s * No errors due to operator’s

observations

+ Possibility to observe local damage
phenomena — basically at an infinite
accuracy
* Difficult to handle cracks with
multiple crack tips
* Plasticity and micro-cracking might
disguise actual crack (tip)
Cannot be automated due to
human-in-link
* Errors due to operator’s subjective
observations

Fig. 14. Summary of the compared methods for the crack tip monitoring in ENF fatigue test.
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Fig. 15. A profilometer image of a lower adherend’s portion of the fracture surface (top) and the line contour shows the height profile (bottom). The right-hand edge

is the specimen end, and the crack has propagated to the left from the pre-crack.

crack-defining threshold is selected specimen-wise in each test.
3.7. Formation of the fracture process zone (FPZ)

The FPZ is the established designation to define the non-negligible
region ahead of the distinct crack tip where the material has already
undergone softening damage. The damage can happen by different
means, including plastic deformation, microcracking, crack-branching,
microvoid formation and possible fibre bridging [22,26,27].

The results of this study revealed that extensive microcracking was
prominent in the adhesive layer after testing (the inclined cracks in
Fig. 13). The woven carrier is a feature of the adhesive film product that
can increase the likeliness of microcracking. It is suggested here that the
interfaces between the filaments of the polyester carrier and epoxy are
prone to microvoids. In practice, microcracking and damage function as
the desired toughening mechanism and also increases the size of the
FPZ.

The microcracked region was visually detected here during and after
the tests. However, accurate length measurement for FPZ is ambitious.
The penetrating fluid indicated a rather distinct region between the open
crack (purple colour) and the undamaged region. It is suggested here
that this region (the pink-tinted region) is the microcracked region.

Due to the FPZ, unambiguous detection of any ‘true’ crack length is
practically impossible [3]. Eventually, this fact complicates the analysis
of the ENF tests since the size of the FPZ affects the resolved fracture
energy. The effective crack length (a.) determined with the CBBM in-
cludes, by theory, also the FPZ because the derivation of a. bases on the
measured (real) changes in the flexural rigidity of the ENF specimen
(including the FPZ) [22,28].

3.8. Separated adherend zone (SAZ)
The DIC-based method presented here analyses crack propagation

according to the measured adherends’ separation. The determined
(crack) length for opening data, i.e. the separated adherend zone (SAZ),

shall be distinguished from the CBBM results with the FPZ. From the
mechanical point of view, the SAZ, depending on the threshold and for
the ENF specimen, makes the separation of the adherends more prom-
inent whenever damage or plastic deformation of adhesive occurs. With
the current formulation, the SAZ does not distinguish if the separation is
due to the propagation of any ‘true’ crack or the expanded plasticised or
damaged region in the adhesive layer. The penetrating fluid, however,
indicated a good correlation between the length with the microcracked
region and the SAZ.

Fig. 16a depicts the effective crack length curves (60% load level)
determined by the CBBM and DIC-based methods. The difference be-
tween the two methods is presented in Fig. 16b. The result suggests that
the SAZ begins to develop first. It is presumed to originate due to the
plastic deformation and microcracking of adhesive ahead of the origi-
nally blunt pre-crack tip (i.e. nucleation). However, this first phase does
not affect the measured compliance (within experimental scatter) nor
the effective crack length a, by the CBBM. When the SAZ reaches 11 mm,
the effective crack length determined by the CBBM increases, this in-
crease is assumed to originate due to the formation of a coalesced crack
in the adhesive (near the upper adherend surface in this study). There-
after, the FPZ and the SAZ increase at different rates. The difference
curve (Fig. 16b) indicates that the length of the SAZ (in front of the FPZ)
increases as the test proceeds. This indicates that the length of the
deformed adhesive (its zone ahead of the crack) is not exactly stable, but
increases as the crack propagates during an ENF test.

In Fig. 16b, a clear change in the curve is observed at 4000 cycles,
which equals the SAZ and FPZ lengths of 24 mm and 6 mm, respectively.
The distance of 24 mm is also the location of the valley point in the
deformed shape of the ENF specimen because of the unsymmetrical
deformation due to the pre-crack (Fig. 5). Around this valley point, the
value of normal strain in the loading direction in the adhesive layer
changes from tensile strain to compressive strain. The observation in-
dicates that when the microcracked adhesive region propagates and
reaches the valley point of the bent specimen, the slope of the crack
propagation rate determined by either of the methods significantly
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Fig. 16. a) Determined effective crack lengths with the FPZ (by the CBBM) and SAZ (by the DIC-based adherend opening). b) The difference between the CBBM and

the SAZ-crack lengths.

increases. The behaviour was similar in all the tests with different load
levels. Therefore, the development of the damaged or plasticised adhe-
sive region tends to affect the crack propagation rate of the ‘distinct’
crack determined by the CBBM.

4. Conclusion

The work focused on characterising crack propagation in FM 300-2
epoxy adhesive film under fatigue loading using the ENF specimen.
The crack propagation in the ENF test is shown as sliding at the
debonded interface when there is mode II loading. The sliding is
exceptionally challenging to observe visually. Moreover, the precise
crack length definition is not unambitious due to the damaged large
region ahead of the distinct crack. In this work, the applicability of a
DIC-based approach is developed and analysed in detail. Instead of
aiming to detect the distinctly visible crack, the new approach uses the
adherends’ deformation to define the damaged region in the adhesive by
studying the introduced specimen’s separated adhesive zone (SAZ). The
applicability of both opening (vertical) and shear (horizontal) defor-
mation of the adherends was considered. The reference results were
provided with the established CBBM method. In addition to the devel-
oped approach and the CBBM, penetrating fluid measurements were
performed to study the developed crack in the adhesive layer.

Based on this work, the following conclusions can be made:

e The DIC measurements indicated small opening deformation be-
tween the adherends of the ENF specimen. The observation was used
in defining the damaged adhesive region in the specimen.

e The crack monitoring was achieved with the established SAZ-defined
crack tip.

e The DIC-based method estimates a larger crack length than the
CBBM.

e The penetrating fluid measurements indicated two different regions
at the specimen fracture surface. The intensively penetrated region
agreed with the CBBM results and was verified as the distinct crack
length. The less penetrated region agreed well with the DIC method
with the opening data and is suggested to denote the damaged
microcracked adhesive in ahead of an open crack tip.

The length of the microcracked region ahead of the distinct crack

increases as a fatigue test proceeds. However, it does not obviously

affect the compliance of the bent ENF specimen. On the other hand,
its size was eventually observed to affect the propagation rate of the
distinct crack in fatigue-loaded ENF specimens.
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