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ARTICLE INFO ABSTRACT
Keywords: In this work, a novel procedure to evaluate the influence of imperfections at the interface (such
Adhesive joints as voids and interfacial failure) on the fracture resistance of adhesive joints in mode-I debonding

Mode-I delamination
DCB experiment
Fracture resistance
Cohesive-zone models

is proposed, based on an image-processing analysis of the crack surface. Its application to the
characterisation of fracture resistance of aluminium DCB specimens bonded with an epoxy
adhesive leads to a more accurate evaluation of the ‘effective’ fracture resistance by taking
into account the distribution of imperfections along the interface, therefore also confirming
that the typical oscillations and drops in the load-displacement curve can be attributed to the
imperfections.

1. Introduction

Adhesives are nowadays applied to join structural components in a variety of industries, such as automotive, aerospace and
civil engineering. Thus, a proper design of adhesively bonded structures must also include an assessment of their resistance to
failure. The most common and critical failure mode of adhesive joints, in which the adhesive connection between two (or more)
structural components is lost, is known as debonding or delamination. In order to assess the resistance of an adhesive to debonding,
it is necessary to perform tailored experiments on adhesive joints, from which relevant material parameters of the adhesive can be
determined for design purposes.

In this work, the attention will be focused on mode-I (normal) debonding and, in particular, on some challenges posed by
the presence of defects within the adhesively bonded interface and how to address them to obtain a more accurate evaluation
of the fracture resistance. Defects on the interface, such as voids or areas of poor adhesion (including interfacial failure), can
significantly decrease the bearing capacity of the adhesive joint locally and, in turn, alter the computed values of the fracture
resistance. Sometimes they may also lead to unstable crack propagation on part of the crack path.

Nucleation of voids in adhesive layers and their effects on structural behaviour of adhesive joints have been studied by several
authors in the last 50 years. Possible causes investigated include trapped air within the adhesive [1,2], moisture absorption [3,4],
substrate surface treatment [2,3], pressure applied during curing [3], remaining solvent or water from manufacture [4], adhesive
shrinkage [5]. The effects include reduction in durability and in T-peel and honeycomb peel strengths [4] and could depend on the
adhesive thickness according to Lifiner et al. [6] who noticed that the thinner the adhesive, the larger the volume fraction of voids.
By using edited photographs of the fracture surfaces, Smith [7] created an overlay of the upper and lower adhesive regions in order
to identify the failure mechanism (cohesive or interfacial) at the interface of DCB specimens, determine the percentage of interface
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Nomenclature

a Fraction of the contribution of the interfacial-failure fracture resistance with respect to the
cohesive-failure fracture resistance

a* Ratio between the shear and bending stiffness of a single DCB arm

Adf Difference between the actual crack length a and the equivalent crack length “i;

Av Increment of the cross-head displacement

G Average value of the effective critical energy release rate

u Shear modulus of the bulk material

v Poisson’s ratio of the bulk material

Q Work of separation (the area under the TSL)

Cm Average value of ¢,

EZW Average value of Go™”

Ejip Average value of Go”” determined at point i

n Total potential energy

O max Peak interface traction in the bi-linear TSL

¢ Defect-distribution coefficient

&, Defect-distribution coefficient on the bottom face

Cn Mean value of the defect-distribution coefficient

¢ Defect-distribution coefficient on the top face

[ Mean value of the defect-distribution coefficient determined at point i

A Cross-sectional area of a single DCB arm

a Crack length

ag Initial crack length

A Shear-corrected cross-sectional area of a single DCB arm

ay Equivalent crack length based on Timoshenko beam theory according to ESBT

ag Equivalent crack length based on Euler-Bernoulli beam theory

Qs Maximal value of the crack length

b Width of a DCB specimen

b; Total area of interfacial failure on both plates per unit of length

bap Area of defects per unit of length on the bottom face

by Area of defects per unit of length on the top face

bay Area of voids per unit of length

byry Effective width of the adhesive layer

bip Area of interfacial failure per unit of length on the bottom face

by area of interfacial failure per unit of length on the top face

¢ Height of the loading block for a DCB specimen

d Thickness of a single DCB arm

E Young’s modulus of the bulk material

F Applied load

Fpax Maximal value of the applied load

G, Critical energy release rate

GaPP Apparent critical energy release rate

Gﬁ’ / Effective critical energy release rate

GE Critical energy release rate based on Euler-Bernoulli beam theory

I Cross-sectional second moment of area for each DCB arm

i Counter for the points along the interface in which ¢,,; and Ezzp are determined

k Stiffness of the linear-elastic part of the bi-linear TSL

defects and correlate them to the measured fracture resistance using nonlinear regression, but without incorporating the defects in
a numerical model of the DCBs.

Patterned interfaces, in which regular patterns of voids or weak areas are intentionally introduced in the bondline, can be used to
investigate the influence of heterogeneities (imperfections) at the interface on the stability of crack propagation and on the fracture
resistance of joints [8-10].
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kg Shear-correction coefficient

L Length of a DCB specimen

n Total number of points along the interface in which ¢,,; and Ejl;p are determined
t Bondline thickness

v Cross-head displacement of a DCB specimen

x Co-ordinate along the direction of crack propagation
DCB Double Cantilever Beam

DPZ Damage-Process Zone

ESBT Enhanced Simple Beam Theory

SEM Scanning Electron Microscope

TSL Traction-Separation Law

In particular, Heide-Jgrgensen and Budzik [10,11] performed DCB experiments on joints with patterned interfaces [10] or with
a single interface discontinuity [11] and developed an analytical model that can successfully describe a sudden drop of force,
i.e. reduction in the joint’s load carrying capacity as the crack approaches the void. When the size of voids is much smaller than the
process-zone size, the force-displacement curve is smooth and resembles a stable crack growth, while for larger voids, an oscillating
behaviour related to the crack crossing sharp transitions, i.e. strong/weak adhesion zones, can be noticed. They correctly recognised
that the effective fracture energy in that case can be misinterpreted as a property of the ‘bulk’ (without the ‘voids’) bondline.
Thus, they concluded that if the properties of a perfect/homogeneous material are known in advance, the difference between the
‘measured’ and ‘perfect’ properties could be related to size and distribution of voids inside the bondline.

Budzik et al. [12] also investigated mode-I fracture behaviour of width-varying DCB specimens (arms), but with such specimens
it is not possible to isolate the influence of the changing adhesive width on the load-bearing capacity of the adhesive joint as the
width of the arms also changes simultaneously. Moreover, the specimens studied by Budzik et al. in Ref. [12] had a regular change
of width (defined by a function) along the specimen.

Although the last cited articles (Refs. [7-12]) shed some light on the effect of defects, a systematic procedure to detect the
presence and extract the distribution of interface defects on broken specimens and a rigorous quantitative evaluation of their effects
on the structural response have not yet been provided and are the main research gaps addressed in this article. To this end, a
post-mortem analysis of broken DCB specimens, previously tested by the present authors (see Ref. [13]), is presented. It reveals
a non-negligible part of the interface characterised by either patches of interfacial failure or by the presence of voids within the
adhesive. In fact, the aim of the work presented in this article is not to investigate the reasons why defects can be present on the
interface, but rather to study the relation between these defects and the characteristic bumps in the load-displacement curves that
are found by many authors testing similar types of adhesives, which also result in oscillating R-curves [14-17]. A second aim is to
propose a multi-parameter material model that could take these effects into account, so that a more accurate determination of the
fracture resistance of the adhesive is obtained.

To achieve the above aim, a novel method is presented, which is based on some simple-to-implement image processing followed
by a procedure developed to extract the distribution and nature of defects so that these can be translated in a reduction of the
effective width of the adhesive due to voids/interfacial failure. A multi-parameter material model that takes these effects into account
is then used, so that a more accurate determination of the fracture resistance of the adhesive is obtained.

By taking into account the defects at the interface, it is possible to compute what we will indicate in this paper as the ‘effective’
value of G, and denote by G*/ '/ Instead, by not accounting for the reduced amount of adhesive, the value of G, is lower than the
effective one and we will indicate it as ‘apparent’ and denote it by G:*’. More generally, in this paper we will use the adjectives
‘effective’ or ‘apparent’ next to a parameter or property to imply that the parameter or property takes into account or not the
presence of imperfections, respectively.

Some interplay between the defects of the interface and its rate dependence can take place [11]. However, as stated by Blackman
et al. [18], the effects of material rate dependence could be negligible under quasi-static conditions and are not expected unless the
strain rate varies across few orders of magnitude. Therefore, also with a view to focussing on the original aspects of this present
contribution, in this paper rate dependence will not be specifically considered and the focus will be on the experiments conducted
at a single speed, namely at 0.1 mm/min.

2. Experimental tests and results

Experimental tests have been carried out on DCB specimens made of aluminium Al 6082-T6 bonded with Araldite” 2015
structural adhesive. The preparation of the specimens was done according to BS ISO 25217:2009 [19] and the technical data sheet
provided by the manufacturer [20]. The average value of the adhesive thickness for the 4 considered specimens was 0.15 mm with
a coefficient of variation equal to 17%, which is less than the limit value reported in the standard (20%). Geometrical properties of
the specimens are reported in Fig. 1 and Table 1. Young’s modulus and Poisson’s ratio of the aluminium read E = 70700 MPa and
v = 1/3. Loading blocks were used to attach the specimens to the tensile testing machine. Four debonding tests have been performed
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Fig. 1. Geometry of DCBs tested; dimensions are reported in Table 1.
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Fig. 2. Experimental individual load-displacement curves for the 4 tested specimens and the corresponding average curve.

Table 1

Dimensions of the DCB specimens according to Fig. 1.

Dimensions [mm] L d b a, ¢ t
Average value 250 6.35 25.4 40 60 0.15

at cross-head displacement speed of 0.1 mm/min. The tests were performed at room temperature using a 30 kN electromechanical
Instron testing machine. More details about the experimental set up can be found in [13].

The individual load-displacement curves for 4 tests together with the corresponding average are given in Fig. 2. Notice that, in
order to produce a single average curve, the raw data from the test were postprocessed and an average computed for each cross-head
displacement increment of 0.2 mm. This is why load—displacement data for values of the cross-head displacement less than 0.2 mm
is not given in the plot. As shown in [13], such load-displacement data result in R-curves where similar experimental scatter can
be noticed.

As reported in [13] and shown in Fig. 3 for a representative specimen, post-mortem analysis of the broken specimens revealed
several defects in the adhesive layer. These are either areas where interfacial failure has occurred, or areas with complete lack of
adhesion, which we will refer to as ‘voids’ for simplicity. Although investigating the causes for these imperfections is outside the
scope of this paper, the following observations can be made. Voids can be created if the adhesive layers on two adjacent plates do
not completely connect after pressing the plates together due to insufficient thickness of the adhesive or trapped air. On the other
hand, it is also possible that curing of the adhesive generates the voids due to shrinkage of the material.

After analysing the crack surfaces of all tests, it can be concluded that the voids are more frequent and larger than the
interfacial-failure zones. The only explanation for occasional interfacial failure could be some grease or dirt that remained on the
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surface after cleaning, although such problems have not been noticed during the preparation of the specimens. As explained in
the introduction, voids and/or interfacial failure in the adhesive layer must have an influence on the computed fracture resistance,
which is investigated in detail in the following section.

3. Evaluation of the effective fracture resistance by accounting for interface defects

In the following subsections, the difference between the effective and apparent fracture resistance will be defined depending on
whether the defects on the interface are taken into account or not.

3.1. Apparent vs. effective fracture resistance

As discussed in the previous section, there are two principal types of defects at the interface, namely (a) interfacial failure and
(b) voids. In general, it is reasonable to assume that both of them reduce the fracture resistance and therefore cause local bumps in
the load-displacement curves. In fact, by assuming that the DCB arms act as Euler-Bernoulli beams clamped at the crack tip, the
critical energy release rate can be approximated as [21]

£ _ 13[9F*2
Gem G =3\ Er M

where superscript E refers to Euler-Bernoulli beam theory, F is the applied load, v is the cross-head displacement and E[ is the
bending stiffness of a single DCB arm. From Eq. (1), it follows that a reduction in the fracture resistance G. leads to a drop of
the force F for the same values of the remaining parameters. As shown in [21], formula (1) for Gf , in which only the measured
force—displacement data is required, gives a very accurate approximation of both G, and the work of separation 2 (area under the
traction-separation law (TSL) of the interface) for a wide range of cases, i.e. Gf ~ G, ~ Q.

If the presence of defects at the interface is neglected and therefore, if it is assumed that only cohesive failure occurs over an
interface that is fully covered with adhesive, the bumps in the load-displacement curve could be effectively attributed to a local
change of the material properties of the adhesive, i.e. to a local, variable reduction of its fracture resistance. As a consequence,
bumpy R-curves, in which the fracture resistance can significantly change during crack propagation, are obtained. However, the
fracture resistance computed in this way is not an inherent material property of the adhesive, because it is affected by the presence,
distribution and nature of defects at the interface. Therefore, as anticipated in the Introduction, this will be referred to as the
apparent fracture resistance and denoted by G:*”. Instead, the effective fracture resistance of the adhesive, Gﬁf /. will be introduced
by accounting for the reduced size of the interface area (due to the presence of defects).

For DCB specimens, whose width b is constant along the length of the specimen, we can introduce a coordinate x along the
direction of crack propagation. To each coordinate x there corresponds a straight line orthogonal to the x axis, of length b, and on
this line we can identify the portion of the line affected by some defect, in the form of either a void or interfacial failure. In this
way, an effective width, denoted by b, , whose size depends on the width of the defects at any given point along the length of the
DCB, so that b, = b,/ ;(x), can be introduced.

Indicating with IT the total potential energy, from the derivation of Griffith’s fracture propagation criterion (see e.g. [21]) it is
easy to verify that it can be written in the usual way

. 1001

a>0 — _Z E = Gc (2)
also when b is not constant for each value of the current crack length a. Therefore, if the constant b is replaced with the effective
width b,/ ,, function of x, and assuming that the crack front is still orthogonal to the longitudinal direction of the specimen and
therefore is fully defined for each value of a, then G, can be replaced with the effective fracture resistance G/ 1f instead it is
assumed that b is constant and equal to the width of the specimen, meaning that the interface defects are neglected, then G, should

be replaced with the apparent fracture resistance G.”". Therefore, by setting x = a, it can be written

—’Z—Z = G/ ()b, s ;(a) = GEPP(a)b. (3)

The effective fracture resistance fof , by definition, should be an inherent property of the material but, as such, it can still be
characterised by some scatter, both from specimen to specimen in the same test conditions, and within the interface of a single
specimen. Therefore, Gﬁf S will in general be a function of x, i.e. a.

The effective fracture resistance can be defined from Eq. (3) as
Ggpp(a)
{(a)
where {(a) = b,/ (a)/b is a factor with limit values 0 and 1 corresponding to no adhesive and no voids over the width, respectively.
Therefore, in order to determine Gﬁf / we need to determine the apparent fracture resistance (for which standards and well-
established procedures exist, e.g. Ref. [19]) and the effective width of the adhesive (i.e. coefficient ¢). In this work, we will in

particular focus on the latter.
It should be noted that {(a) in Eq. (4) takes into account both interfacial failure and voids. The portion of the width affected by
interfacial failure, b; must take into account interfacial failure on each of the plates, so that b; = b;, + b;;,, where indices 7 and b refer

G/ (a) = : @
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to the top and bottom plate, respectively. On the other hand, the portion of the width with voids will be denoted by b,,. In addition,
we will assume that the fracture resistance in the case of interfacial failure, Gi, is smaller than that in the case of cohesive failure,
Gﬁf /. By introducing a coefficient a, this can be written as G =a Gﬁf 1, with 0 < a < 1. Note that the value of coefficient « could
change along the interface because the lack of adhesion that triggers interfacial failure could be caused by variable type and degree
of local imperfections on the adherend’s surface. However, not only is it impossible to determine the distribution a(a) a-priori, but
it also cannot be done in an accurate manner by analysing the crack surfaces of the broken specimens, which will be discussed in
more detail in Section 3.3. Therefore, for the sake of simplicity, we will assume that « is a constant. By separating the contributions

of the interfacial and cohesive failure in Eq. (3), we obtain

G/ ()b, s (@) = GL(a)by(@) + G (a) [b— b,(a) — by(a)] , 5)
whereby it follows that

b.s (@) =b— (1 —a) [b,(a) + by(a)] — b,(a) (6)

Therefore, in order to determine b,,,, we will need to measure the amount of voids and interfacial failure on each plate over the
width for any position along the interface. The procedure for extracting these data from the broken specimens is proposed in the
next subsection.

3.2. Defect-data extraction procedure by image processing of fracture surfaces

The proposed procedure for identifying and quantifying defects at the interface is based on the photographs of the broken
specimens’ crack surfaces. Interfacial failure completely removes the adhesive from one part of the specimen, leaving the aluminium
surface open. When photographed under the light, this surface will shine and clearly distinguish itself from the matt surface of the
adhesive where cohesive failure has occurred. Likewise, the inner surface of voids, unlike the surface of the broken adhesive where
cohesive failure occurred, has a glossy finish that also shines when photographed under the light. Therefore, the same technique
can be applied to identify both interfacial failure and voids.

The proposed procedure for extracting the defect data from the photographs is described by the three columns in Fig. 3 for
a representative specimen. In the first column (Fig. 3(a)), the surfaces of the broken adhesive on the top and bottom plate are
shown. These images have been obtained by cropping out from the original photos everything except the interface surface and
then transforming this quadrilateral area to a perfect rectangle with length-to-width aspect ratio 197:25.4. The upper edge of this
rectangle corresponds to the initial crack tip, whereas the lower edge corresponds to the free end of the DCB. The positions of the
initial crack tip and the free end of the specimen correspond to a; = 40 mm and a,,,, = L — b/2 = 237 mm, respectively, while the
width of the interface is b = 25.4 mm. Note that the value of q,,,, has been rounded to integer for the sake of simplicity, as the
resulting error is only 0.13%.

max

The photos from Fig. 3(a) are first converted to an RGB format and then, using only the blue channel, contrast and brightness
are adjusted manually. By applying binarisation, the image is converted to black and white, which is the result shown in Fig. 3(b).
Black colour represents cohesive failure, while the defects (interfacial failure and voids) are depicted in white.

These photos of the top and bottom surfaces have 1973 x 254 black or white pixels each and, by comparing pixels at each
position, four cases can be easily distinguished, namely cohesive failure, interfacial failure on the top plate, interfacial failure on
the bottom plate and void. For example, by denoting black and white colour by 0 and 1, respectively, summing the photos of the top
and bottom surface will give 0 in case of cohesive failure and 2 in case of voids. On the other hand, subtracting the bottom surface
from the top surface will give 1 in case of interfacial failure on the top plate and —1 in case of interfacial failure on the bottom
plate. By summing the result of all pixels over the width at each position along the length, b;(a), b;,(a) and b, can be obtained.
Such data contains some amount of experimental scatter, which is mostly due to variations of the photo quality (light, sharpness,
resolution etc.) and imprecisions of the procedure for extracting the data, such as manual adjustment of contrast and brightness
(which can alter the final black-and-white result) and overlapping (summing or subtracting) the photos of the top and bottom plate
that are not perfectly aligned. All these factors are responsible for creating some artificial interfacial failure in the final result (see
Fig. 3(c)), but, as it will be shown later, this is compensated by choosing a value of coefficient « that provides the best agreement
with experimental load-displacement data and/or R-curves of the apparent fracture resistance. The data is finally filtered using a
9-point average, which gives results presented in Fig. 3(d). The complete procedure for extracting the defect-distribution data from
raw photos is coded in Wolfram Mathematica and the code is available for download from the link provided in the “Supplementary
data” section.

By comparing the top and the bottom surfaces in Fig. 3, it can be noticed that in the first (upper) part of the interface (for x
between 40 and approximately 90 mm), interfacial failure is dominant. For the rest of the interface surface (for x > 90 mm), it
can be noticed that the voids are mostly dominant because the white patterns are nearly symmetrical. However, because of the
aforementioned imprecisions, a non-negligible amount of artificial interfacial failure is obtained around the voids.

In the next subsection we will first present a procedure for determining the apparent fracture resistance and then, using the
extracted defect-distribution data, we will compute the effective fracture resistance and determine an optimal value of coefficient
a.
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Fig. 3. Example of extraction of defect-distribution data on a representative specimen: the original (a) and the processed photos (b) of the broken adhesive
surfaces for both plates, the obtained 2D defect-distribution (c) including voids (black areas) and interfacial failure on the top (red areas) and bottom surface
(blue areas) and the longitudinal distribution of the defects (d).

3.3. Approximate calculation of the local values of the effective fracture resistance

In order to compute the apparent fracture resistance we will use a data-reduction scheme based on the equivalent crack length,
which does not require the experimental measurement of the crack length. The equivalent crack length is the value of the crack
length that, using the measured values of the applied load F and displacement v, satisfies the simple beam deflection formula for a
cantilever beam. In the case of Euler-Bernoulli beam theory, the equivalent crack length will be denoted by af; and is defined by
the following equivalent relationships [21]:

2F(at )y 3ET

q v E 3/3EIv

= e F= = = 7
YT T3Er 2aE ) fea =\ 2F 7

By doing this, we are assuming that DCB arms are clamped at an ‘equivalent’ crack tip, which does not correspond to the actual
crack tip. In fact, because at the actual crack tip both relative separation and rotations of the arms can occur before failure, for the
same values of F and v, the equivalent crack length will be always larger than the actual one. Assuming that the equivalent crack
length is a function of the actual one, i.e. af; = aeEq(a), for a case with prescribed cross-head displacement v, the applied load can be
written as F = F(v, agl (a)). Note that function af (a) cannot be determined without measuring the actual crack length. Therefore, in
the present work we will only assume that this functional dependency exist, but it is not known. Since

_ _l. 1 E
H—H(v,a)—EFU—EF(U,aeq(a))U 8
using Eq. (7), we have:
ot _ v _9E1 Y% ©
da 2 2(a5}(a))4 da

It was shown in Ref. [21] that daf; /da is extremely close to unity for a wide range of cases in a DCB test. In other words, although
the difference 4af = a—af;(a) is in general not negligible, it can be considered constant across the crack length. Therefore, replacing
v from Eq. (7),, we can write:

o Flag @y

2 N 1
da EI (10)
and the equivalent crack can be approximated as
ai(a):a+AaE an
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Fig. 4. Load-displacement plot (a) and the equivalent R-curve (b) for the representative specimen.

Assuming that 4a* can be determined (or at least approximated), the effective fracture resistance can be computed as
201 E ()2
F(a,,(a)

besr(@EI (12)

Gﬁf Ta)~

Substituting this result in Eq. (4) gives the same result as combining Egs. (1) and (7),, which confirms that G”” = G and the
apparent fracture resistance can be therefore computed as
F*(al (@)

bEI

Plotting function (12) would give the effective R-curve, which is expected to be smoother than the apparent one, because the
bumps in the load—-displacement curve can be compensated by taking into account the reduced effective width of the adhesive on
the interface. As 4af in Eq. (11) is unknown, obtaining the effective R-curve is not straightforward. However, a relatively simple
method for estimating the value of 4a” is proposed below.

Using load—-displacement data of the representative specimen, produced for each increment of displacement 4v = 0.01 mm, the
equivalent crack length af:] and the corresponding value of Gf have been computed for each available pair (F, v) using Egs. (7) and
(1), respectively. The first part of the load—displacement plot and the equivalent apparent R-curve (GF -afq plot) are given in Fig. 4.
Note that GF represents the apparent fracture resistance only when the crack is propagating, i.e. when a > 0. However, because the
experimental crack-length measurements are not available, determining whether the crack propagates or not has to be done in an
indirect way.

Virtual experiments with perfect interface (such as those performed in [21]) show that crack propagation will start when a plateau
of the equivalent apparent R-curve plotted for all available (F,v) pairs is reached. Before that, GF computed for (F,v) pairs with
a = 0 will increase very rapidly and obviously does not represent the apparent fracture resistance. Because in Fig. 4(b) the plateau
of the apparent R-curve is not a straight line (due to defects on the interface), the start of crack propagation has been assumed at
the point with the smallest value of ¢ where the incremental change of G with respect to af; changes sign (i.e. dGF /daf; ~ 0).
Note that the cross-head displacement of that point is larger than that corresponding to F,,,,, which is shown in Fig. 4(a). This is
due to the development of the damage-process zone in front of the crack tip before crack propagation [22].

Thus, for the representative specimen, the first point on R-curve plateau corresponds to af; (ag) = 50.24 mm, which from Eq. (11)
gives 4af = 10.24 mm. Note that 4a® is not the length of the damage-process zone (DPZ) because in the concept of equivalent crack
length, besides damage softening, linear elastic behaviour (which also results in relative displacement and rotations of DCB arms at
the crack tip) is neglected in front of the crack tip. Therefore, the DPZ should be certainly shorter than Aa”.

Using this result it is possible to compute the apparent and the effective R-curve with approximated crack length a on the
horizontal axis. In Fig. 5, a comparison between the normalised apparent R-curve and the distribution of the normalised effective
width of the adhesive, {(a) along the interface is shown for the entire range of possible values of coefficient a« between its limits O
and 1. It can be noticed that the extracted defect data resembles the shape of the normalised apparent R-curve fairly well, but it is
strongly influenced by the value of a.

The values of the fracture resistance are normalised with respect to the maximum value of G¥, max(GF), computed during crack
propagation. For the representative specimen max(GZ) = 0.352 N/mm was obtained for a ~ 217 mm. By doing so we are assuming
that at that location there are no defects at the interface. In fact, as it can be seen in Fig. 5, the effective adhesive width at that
location reaches its maximal value (very close to 100%). Values of G (a) used in Fig. 5 have been computed for the same values
of a as the defect-distribution data ¢(a) by linear interpolation of the closest values computed for the fixed values of the prescribed
displacement v. Note also that the last value of GE used in the same plot corresponds to a = 220 mm, which is due to the abrupt
separation of the plates when the crack approaches the right-hand end of the specimen.

G (a) ~ (13)
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Fig. 5. Distribution of the normalised apparent fracture resistance (Gf (a)/ max(Gf)) and the mean defect-distribution data (¢, (a) = b, (a)/b) along the interface,
with the latter additionally filtered using a 9-point average, for the representative specimen.

Table 2

Average values (AVG), standard deviation (SD) and coefficient of variation (CV) for the
normalised effective width of the adhesive ¢, normalised apparent fracture resistance G:"”
(computed as G;”(a) = GE(a)/ max(GF)) and normalised effective fracture resistance (computed
as ijf(a) = G{"(a)/¢(a)) for different values of coefficient a.

Function of a AVG SD cv
normalised G 80.14% 11.13% 13.89%
0 ¢ 69.09% 15.01% 21.73%
a = e
normalised G*// 123.74% 25.82% 20.87%
w05 ¢ 78.92% 12.55% 15.90%
e normalised G*// 105.46% 18.77% 17.80%
. ¢ 88.75% 11.20% 12.62%
a=
normalised G¢// 92.40% 15.49% 16.76%

It can be noticed from Fig. 5 that, at some locations, no value of coefficient « can capture the shape of the normalised apparent
R-curve. This indicates that either the void-extraction procedure is not sufficiently accurate or there are effects other than defects
in the adhesive layer that can alter fracture resistance of the adhesive. It is expected that, by employing a more reliable method for
obtaining the defect-distribution data, such as 3D [2,23] or X-ray [6] scans, an even better correlation between ¢(a) and normalised
G2 (a) would be obtained.

The normalised effective fracture resistance could be computed by dividing the normalised apparent fracture resistance by ¢{(a)
(both plotted in Fig. 5). However, this is not done here because these two plots are still not close enough, which does not reduce,
but instead amplifies the fluctuations in the normalised effective R-curve.

Instead of adding the normalised effective R-curve to Fig. 5, which would make the figure less clear, the results are given in
Table 2. It can be noticed that, independently from the value of «, the coefficient of variation (CV) for the normalised effective
fracture resistance is higher than for the normalised apparent fracture resistance, which, considering our hypothesis that Gﬁf I
(unlike G¢™) is an inherent material property, cannot be an acceptable result. It is obvious that a representative effective R-curve
(Gﬁf 4 (a)) cannot be obtained in this way due to all inaccuracies mentioned earlier. Moreover, for a« = 1, the average of Gﬁf 4 (a) is
less than max(G."" (a)), which should not be the case if we assume that the average value of fo / (as an inherent material property)
is representative for the entire interface.

Therefore, b, cannot be obtained without making any a-priori assumptions on the relationship between G;”” and fo /, and/or
the value of coefficient a. As for the latter, from now on we will assume that « = 0.5 because the results of Fig. 5 show that
this assumption is reasonable and sufficiently accurate. Moreover, as it will be shown in Section 3.4, introducing this assumption
will significantly simplify the expression for b,,,. Also, because we previously concluded that the effective R-curve cannot be
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accurately determined using the available data, we will now focus our attention on obtaining the average value of ij 7 that will
be representative for the entire interface or, more generally, for a specific type of adhesive.

3.4. Calculation of a weighted average of the effective fracture resistance

Assuming that « = 0.5, Eq. (6) can be rewritten as
byi(a) + byy(a)
-

where for a given a, by, = b, + b;; and b,, = b, + b, represent the total amount of defects (voids and interfacial failure) on the top
and bottom plate, respectively. The amount of adhesive on each plate can be then defined as

beyy(@ =b- (14)

b—by(a) b—byy(a)
G = Td( and () = Tdb( 15)
for the top and bottom plate, respectively. Thus, Eq. (14) finally becomes
(a) + {y(a)
beys(a) = %b = Cul@b, (16)

where ¢,,(a) is the distribution of the mean amount of adhesive on both plates at position a. Note that in our defect-data extraction
procedure ¢,(a) and ¢,(a) correspond to the amount of white pixels (see Fig. 3(b)) on the top and bottom plate, respectively, which
makes them easy to obtain, but as such, they contain no information about the type of the defect (void or interfacial failure).
However, obtaining the effective adhesive width from Eq. (16) without this information is possible only because we previously
assumed that « = 0.5.

Taking the average of both sides of Eq. (4) over the entire specimen gives

A 1 -
G = —Ggarr 17)
Em
where
N 1 Amax
Gl = ———— / G (@), (a)da (18)
¢ fa‘:)max Cm(a)da 0 c m
is the weighted average of G<//,

— 1 Amax
= —/ {m(a)da (19)
Apax — Ao Ja,
is the average value of ¢,,,

amax
Gw=—1 / G (a)da (20)
a aq
max 0 0
is the average of G2’ and a,,,, is the maximal value of the crack length for which experimental (F,v) data is available. Note that
usually a,,,, does not reach to the end of the specimen (a,,,, < L — b/2) because the last part of the crack propagation is unstable
due to final dynamic collapse.
As G are ¢,, are not true functions in the practical implementation of the procedure, but lists of values computed at discrete
points (co-ordinates x), their averages can be approximated as

max

n

_ 1 .
G E G 21
¢ n+ 1 & e 21
n
~Lye, 22

where Gj’l’.p and ¢, ; are the apparent fracture resistance and mean defect distribution determined at point i (i = 0,1,2,...,#) that
corresponds to position a = a, +i in mm (because in our case adjacent points are 1 mm apart). Although through image-processing
&, can obtained for the entire interface (i.e. n = 197), as explained earlier, the number of points n for which G* can be computed
will typically be less than 197 because of the final dynamic collapse. This small discrepancy will be here neglected and, for the sake
of simplicity, different values of n will be used in Egs. (21) and (22). Our preliminary analyses have shown that this simplification
has a negligible influence on the final values of ¢,,.

For the representative specimen, ¢, = 0.79 obtained from Eq. (22) with n = 197 gives the average effective adhesive width
Ze 77 =20.06 mm. This means that for this specimen, 21% of the interface has defects. From (21) it follows that G:*” = 0.282 N/mm,
with n = 180. It should be emphasised that in order to obtain this result, the actual crack length « has been estimated using the
approach presented in the previous subsection for each measured (F, v) pair. For the same dataset, the apparent fracture resistance
has been computed using the formula for GF (Eq. (1)). Then, using linear interpolation, values of G:*” have been computed for
values of the actual crack length a = g + i, where i =0,1,2,...,180. Finally, the average value of the effectlve fracture resistance
follows from (17) as sz / = 0.357 N/mm. Note that this value is within 1.5% of the maximum computed value of the apparent
fracture resistance max(GF) = 0.352 N/mm.

10
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Fig. 6. Bi-linear traction-separation law (TSL) embedded in the CZM.

Although this procedure for obtaining éﬁf I is relatively simple, it could be simplified even more by avoiding the estimation
of the actual crack length and compute the average of the apparent fracture resistance not with respect to the crack length a (or
coordinate x), but with respect to the cross-head displacement v (as the experiments were displacement-controlled). Therefore, for
the sake of simplicity, G:”” can be computed as the average of all values of Gi*” computed from (1) for each v — F pair after the
peak load, i.e. during crack propagation.

By taking the average of all values of G.”" computed from (1) during crack propagation for an increment of the cross-head
displacement 4v = 0.01 mm, G- = 0.285 N/mm has been obtained, which is only approximately 1% higher than the value obtained
from (21). Thus, the procedure for computing G:*” can be simplified without significantly affecting the accuracy.

In order to account for shear deformability of the DCB arms, instead of using Eq. (1), G¢¥’ can be computed using the

Enhanced-Simple-Beam-Theory (ESBT) data-reduction scheme [24] as

2 A a*
Ggppz%z<aﬂ+m> (23)

app
c

El HA,

where uA; is the shear stiffness of DCB arms computed as the product of the shear modulus y, cross-sectional area A and the
shear-correction coefficient k, = 5/6, a* = uA,/EI, while the equivalent crack length is defined as

(24

with af; defined in (7). For the representative specimen, values of Go”7 computed using Eqgs. (1) and (23) are essentially the same.
This is in line with the results presented in Ref. [24], where it was confirmed that taking into account shear strains has a very small
effect on the computed fracture resistance using the concept of equivalent crack length, even for arms that are more shear-deformable
than the aluminium ones used in the present work (e.g. arms made of composite materials). For an even more sophisticated definition
of the equivalent crack length see Ref. [25].

In the next section we will use Gﬁf / and ¢{,(a) as an input for numerical simulations, whose results will illustrate the influence
of the defects on the interface on the load—displacement response of the DCB. In addition, in Section 4.2, the numerical model will
be used to demonstrate that in general G/ # G /¢ along the interface.

4. Numerical simulations
4.1. Numerical model with a variable adhesive width

The concepts of apparent and effective fracture resistance can be relatively easily implemented in numerical modelling of
debonding. In this work, we use the finite-element model for DCB tests presented by the authors in Ref. [13], where relevant
details can be found. Note that the model used in the present work is rate-independent [26,27], which is a simplification of the
rate-dependent model implemented in [13]. We will now briefly review the cohesive-zone model (CZM), based on the bi-linear
traction-separation law (TSL), focussing on the changes needed to take into account a variable width.

In a bi-linear TSL, depicted in Fig. 6(a), besides the fracture resistance, here denoted by £ and representing the work of separation
(the area under the TSL), two additional parameters, namely the maximal normal traction ¢,,,, and the initial stiffness k, are required.
As shown in Ref. [21] and discussed earlier, it will be assumed that £ ~ G,. It was also demonstrated in [13] that the three
parameters of the bi-linear CZM can be instantaneously and accurately identified using the free software DCB PAR [28]. Because in
this approach a fully bonded interface is assumed, these are actually the apparent interface parameters.

While the influence of the width of the adhesive on the value of the fracture resistance follows directly from the definition of
G, its influence of other parameters of the bi-linear CZM is less obvious. However, analytical expressions derived in [22] and used
in the parameter-identification algorithm presented in [28] clearly confirm that, for the same load—displacement data, reducing the

11
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Table 3

Apparent and effective values of parameters
defining the bi-linear TSL for the case of the rep-
resentative specimen. The apparent parameters
were identified using DCB PAR software [28].

Parameter Apparent Effective
Q [N/mm] 0.285 0.361
o [N/mm?] 39.66 50.20
k [N/mm?] 73340 92835
450
400 4 —o--Experiment (representative DCB specimen)
1
‘\ --=- Model - Fully bonded interface (‘apparent' interface parameters)
350 |
 \ ——Model - Variable adhesive width ('effective’ interface parameters)
= =0 o\ = = Model - Fully bonded interface (‘effective’ interface parameters)
® 250
o
o
2 200
o
o
<
150
100
50
0

0 2 4 6 8 10 12 14 16 18
Load-line displacement [mm]

Fig. 7. A comparison between the results of DCB-test simulations using the apparent and effective interface parameters, and the experimental results for the
representative specimen.

width of the interface by a factor ¢, (where {,, < 1), increases the values of o,,,, and k by a factor 1/¢,,. From there, it can be
easily shown that by reducing the width of the adhesive, characteristic values of the relative displacements §. and §, (see Fig. 6(a))
remain unchanged.

Therefore, the effective values of @, ¢,,,, and k for the case of interface with defects can be obtained by dividing the apparent
parameters by ¢,,. In Table 3, a comparison between the apparent and the effective parameters is given for the representative
specimen with £,, = 0.79. Note that DCB PAR [28] computes G*”” not according to (21), but using values of G” computed for
equidistant cross-head displacements during crack propagation, as explained at the end of Section 3.4.

As for the displacement input parameters, DCB PAR provides values of §, = 5.41 - 107* mm and 6, = 0.014 mm, which are both
apparent and effective parameters, as previously noted.

Once the effective interface parameters are known, the next step is to use the complete mean defect-distribution data ¢,,(a) as
the input for the numerical model. Contributions of the interface to the residual vector and stiffness matrix (see [13] for complete
expressions) are computed by taking into account the variation of the effective width of the adhesive along the interface. In each
integration point in each finite element, the effective width of the interface is computed from the available ¢, (a) data by linear
interpolation.

Three different simulations have been performed, whose results are given in Fig. 7 for the representative specimen. In the first
simulation (dashed red line), a fully bonded interface is assumed and the apparent values of the interface parameters used. This is
also the commonly used approach. In the second simulation (solid black line), the variable effective width of the adhesive along
the interface is modelled using the defect-distribution data ¢, (a) and the effective interface parameters. Finally, a ‘fully bonded’
interface (the width is not scaled) with the effective interface parameters is modelled in the third simulation (dashed blue line).

It can be noticed that the model with variable adhesive width and the effective interface parameters (solid black line) can capture
the bumps in the experimental load-displacement data with a good level of accuracy. This result confirms that the bumps in load—
displacement plots DCB tests can be attributed principally to the defects of the interface. The model also accurately captures the
final failure of the DCB specimen, which is not the case when the apparent interface parameters are used and fully bonded interface
assumed (dashed red curve).

It is important to note that results shown in Fig. 7 have been obtained without any manual curve fitting as they follow directly
from strictly defined crack-surface photo analyses and parameter-identification procedures.

12
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Fig. 8. Mean defect distribution ¢,, from the representative specimen and the one assumed in the virtual experiment.

4.2. Virtual experiment on a specimen with variable width of adhesive layer

It was noted in Section 3.3 that, in Fig. 5, a perfect correlation between the normalised apparent fracture resistance and the mean
defect-distribution data ¢,, is not expected for a number of reasons. A very small discrepancy can be expected due to the assumption
that Aef = a—aF (a) is constant, which is nearly but not strictly true. Another reason for expecting some discrepancy is that the 2D
defect-distribution data is lumped on a 1D function ¢,,, in which the actual 2D distribution of defects and the distinction between
voids and interfacial failure are both averaged out. Furthermore, even if we wanted to employ the full data on the 2D distribution
of defects and on their nature, the 1D beam model used would not capture its effects.

On the other hand, if all potential sources of error were excluded, there would still be another reason for the above-mentioned
discrepancy in Fig. 5. This is investigated in this section, by analysing some suitably constructed ‘virtual experiments’. More precisely,
using a numerical model in which a variable width of the adhesive layer along the interface is given as an input, the relationship
between the apparent and effective fracture resistance defined in Eq. (4) will be investigated. Simulations have been conducted
using the same finite-element model used for the simulations reported in Section 4.

Defect distribution data reported in Fig. 5 is here replaced by a sinusoidal function for ¢, (a) that oscillates around the mean
value ¢, = 0.8 with an amplitude of +20% and wavelength of 40 mm (see Fig. 8). Such a regular distribution, instead of the actual
one, is used to show how same defects can cause different behaviour depending on their location along the interface.

For the virtual experiment, the value 2 = 0.35 N/mm was chosen because it corresponds to the maximum value of the apparent
fracture resistance computed for the representative specimen, which is also expected to be close to its effective fracture resistance.
The peak interface traction and stiffness of the linear-elastic part were assumed to be 6, = 50 N/mm? and k = 9000 N/mm?,
respectively. By keeping the same values of £2 and k while increasing 6,,,, the behaviour of the adhesive becomes more brittle.

Using the same geometrical and material data for the DCB arms as those reported in Section 2, the load—displacement curve
shown in Fig. 9 has been obtained. Not only does it confirm that defects on the interface cause bumps in the force-displacement
plots obtained in DCB experiments, but it shows also shows that the same pattern of defects can lead to unstable crack propagation
depending on its location at the interface. Such behaviour is represented by snap-backs in the load-displacement plot that have been
captured using the damage-based arc-length method [29]. Obviously, in a real displacement-controlled experiment, such snap-backs
would be cropped and substituted with a (nearly) vertical line, which can be seen also in Fig. 7. The last and the largest snap-back
in Fig. 9 corresponds to the final detachment of the plates. It can be noticed that the load-displacement curve for the interface with
sinusoidal defect distribution oscillates between curves obtained for the limit cases with no defects and constant 40% voids, that
correspond to limits (extremes) of the void distribution given in Fig. 8.

It is noticed that the longer the crack, the less stable the crack propagation. In fact, sharper snap-backs can be observed for
larger crack lengths. This can be explained by the fact that all repetitive drops in the load-displacement curve must have the
same area because the same defect-distribution patterns shown in Fig. 8 are repeated periodically. The shape of these drops in a
load-displacement plot changes because the amount of crack propagation per unit increment of cross-head displacement reduces
as the crack advances. This explains why in order to compensate the energetic drop due to voids, besides reducing the force, for
longer cracks it is also necessary to reduce the displacement, which leads to snap-backs.

Incidentally, the transition from snap throughs to snap backs, as well as the increased steepness of the latter with further increase
in crack propagation, may also explain the fact that, when oscillations of the load—displacement curves are due to a not sufficiently
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Fig. 9. Force—displacement plot obtained using the damage-based arc-length method [29] for the sinusoidal defect distribution over the interface given in Fig. 8.
In addition, the force—displacement curves for interface without defects and constant 40% voids are given.

refined mesh across the cohesive zone in a numerical model, convergence of an incremental implicit nonlinear solution procedure
becomes more and more difficult as the crack propagates, even when arc length procedures are used [26,30].

The R-curve of the apparent fracture resistance computed using formula (1) for GF has been normalised with respect to @ and
shown in Fig. 10. It can be noticed that the normalised R-curve resembles the sinusoidal shape of ¢,,, but is shifted to the left with
respect to it. Additional analyses, not shown here for the sake of brevity, confirmed that this shift reduces as the adhesive becomes
more brittle, i.e. with increasing o,,,,, while keeping £ and k unchanged. This suggests that for ¢,,,, — o the apparent R-curve and
the plot of ¢,, would overlap. In other words, based on these virtual experiments we can conclude that definition (4) of the effective
fracture resistance is strictly valid only for the LEFM limit case. Obviously, the more brittle the adhesive, the more accurate the
prediction of the effective fracture resistance using formula (4). Moreover, reducing o,,,, increases the length of the DPZ and in
turn makes the crack propagation more stable and less sensitive to the presence of defects. In fact, as reported in [10,11], the size
of the DPZ will determine the sensitivity of the load-displacement response to the presence of voids and in turn the stability of the
crack propagation.

It can be concluded that the computed values of G¢*” are influenced not only by the local values of ¢,,, but also by values of
¢, in front of the crack tip, i.e. inside the DPZ. The smaller the DPZ, the shorter the anticipation (i.e. the horizontal shift). Results
shown in Fig. 10 confirm that the distribution of defects along the interface (i.e. ¢,,) transfers to the R-curve.

Based on these observations it can be concluded that obtaining the effective fracture resistance cannot be done accurately using
expression (4) even using perfectly accurate data from virtual experiments, in which all the issues mentioned at the start of this
section do not arise.

5. Conclusions

In this work, the influence of imperfections in the adhesive layer (consisting of voids and interfacial failure) on the fracture
resistance of adhesive joints in mode-I debonding has been studied, which led to the following conclusions:

+ A relationship between the effective fracture resistance, computed by taking into account a reduced effective width of the
adhesive layer due to defects, and the apparent fracture resistance, obtained by neglecting any imperfections at the interface,
is presented. It has been shown that bumpy R-curves of the apparent fracture resistance clearly resemble the plot of the effective
adhesive width over the interface.

» A novel procedure based on image processing of the photographs of the cracked surfaces of DCB specimens has been proposed
for extracting the defect-distribution data (both voids in the adhesive layer and interfacial failure). The procedure has proven to
be relatively easy to implement and capable of identifying the distribution of imperfections over the interface with satisfactory
accuracy.

» By means of virtual experiments, in which defect-distribution data and effective interface parameters are known in advance,
it has been shown that the apparent R-curve anticipates the plot of the defect-distribution data by a value that depends on the
brittleness of the adhesive, i.e. the size of the damage-process zone.
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Fig. 10. Normalised R-curve of the apparent fracture resistance compared to the effective width of the adhesive on the interface.

» A simplified approach for identifying the effective interface parameters for the purpose of numerical modelling, in which
the average value of the effective fracture resistance is computed by dividing the average values of the apparent fracture
resistance by the average value of the defect-distribution data over the interface, has been presented. Using the average
effective interface parameters and the identified defect-distribution data in the numerical model, good agreement between the
results of simulations and the experimental load-displacement curves have been obtained. Moreover, the proposed procedures

for obtaining the defect-distribution data and apparent interface parameters are essentially automatic, which makes them very
fast and practical.

The proposed approach could be improved by introducing more sophisticated and accurate methods for detecting the imper-
fections at the interface, such as 3D scan or X-ray tomography. While the effect of voids can be implemented relatively easily in
numerical models by reducing the interface area, assessing the fracture resistance of the areas characterised by interfacial failure
requires more investigation.
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