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Fibre metal laminates (FML) are hybrid materials perspective for wind‐turbine, containers and marine objects,
besides the aerospace industry. During the manufacturing process some faults can occur and can be hazardous
for the reliability of FML structures. One of the most critical defects are kissing bonding due to their lack of
detectability and strength compared to traditional delamination defect. The quantitative explanation were
under consideration, such as loads effects; material properties; prediction of response; fracture analysis. The
purpose of this work is the evaluation the impact of this type of defect on the part in‐plane and the out‐of‐
plane mechanical properties. It was presented that even responsive NDT methods are not able to detects the
kissing bonding defect in FML components. Simultaneously, the kissing bonding impact on mechanical prop-
erties in FML is significant. In the case of FMLs with the orientation of the fibre perpendicular to the peel direc-
tion there is one failure pattern which is interlayer fracture. Whereas in the case of FMLs with the direction of
the fibres longitudinal to the peel direction two failure patterns occur which is interlayer fracture and translam-
inar fibre crack. Depending on the kissing bonding area width the interlayer fracture in the composite can be
observed until kissing bonding defect area and then transmission of the crack to the metal/composite interface
through the fibres. In the case of low extension of poor adhesion area, the two parallel interlaminar cracking
can be seen, one at the metal/composite interface in poor adhesion area, the second continuous in the compos-
ite layer.
1. Introduction

Fibre metal laminates (FML) are hybrid materials perspective for
wind‐turbine, containers and marine objects, besides the aerospace
industry. The base of FMLs construction is connection of thin metal
sheets with fibre‐reinforced‐polymer composites without adhesive
films [1,2] or other adhesive interlayers since the fracture toughness
of the metal/composite interface is provided by an appropriate metal
surface preparation, such as anodizing and primer with a corrosion
inhibitor [3,4]. FMLs are characterized by unique properties such as
fatigue [5,6], corrosion [7–9] and impact resistance [10–12]. Never-
theless, delaminations at the metal/composite interface are critical
and adversely affect the strength properties [13–15]. The fracture
toughness of a metal/composite interface constitutes the weakest fac-
tor of FMLs [10,16]. The fracture of the metal/composite interface in
FMLs can be initiated because of external load conditions, especially
impact [17,18] and fatigue [19,20]. The high adhesion properties
provide an effective bridging effect (increasing the fatigue resistance)
and prevent the mode I fracture (increasing the local buckling ten-
dency and post‐impact compression resistance). However, manufactur-
ing induced defects can be also extremely hazardous for the structural
reliability. Abouhamzeh M. et. al. [21] presented the experimental
analysis of the effect of gaps and overlaps on the mechanical properties
of FMLs. The authors reported the significant reduction of tensile and
interlaminar shear strengths. Croft et al. [22] concluded that, there are
cases in which the reduction of mechanical properties due to manufac-
tured defects is even 13%. Also Lan et al. [23] reported significant
changes of tensile properties of FMLs with manufacturing defect such
as kissing bonds.

The solution to the problem of manufactured and operational
defects in FMLs is via non‐destructive evaluation procedures. Until
now, a lot of works have been published about ultrasonic testing meth-
ods [24–26] and others NDT [27–29] reliable for FMLs. All of them are
based on simulated defects with foreign objects or true damage caused
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Table 1
The scheme of tested laminates.

No. FML
description

Layer
sequence

Fibre
orientation

Kissing bonding
width [mm]

Number of
samples

Test

1 SLS_Ref Al/CFRP
(0)2/Al

0° 0 3 NDT,
SLS2 SLS_5mm 0° 5 3

3 SLS_10mm 0° 10 3
4 SLS_15mm 0° 15 3
5 SLS_20mm 0° 20 3

6 TP_0_Ref Al/CFRP
(0)2/Al

0° 0 5 NDT,
T-peel7 TP_0_4mm 0° 4 5

8 TP_0_12mm 0° 12 5
9 TP_0_20mm 0° 20 5
10 TP_90_Ref Al/CFRP

(90)2/Al
90° 0 5

11 TP_90_4mm 90° 4 5
12 TP_90_12mm 90° 12 5
13 TP_90_20mm 90° 20 5

Nomenclature

FML [−] fibre metal laminates
(0) [−]fibre orientation along to the major axis (length of the

sample)
(90) [−]fibre orientation perpendicular to the major axis

(length of the sample)
SSR [−]signal to signal ratio
f(xn,ym R da)_SA [%]the value of the signal outside the kissing bond-

ing area
f(xk,yp ∈ da)_ SB [%]the value of the signal in the kissing bonding

area
da [mm2] the area of defect
xn ; ym ; xk ; yp [−]point coordinates linked with sample geometry
W [J] the rate of total external work
γ [J] the debonding energy per unit area of crack advance
δ [J] the dissipative energy per unit area of crack advance
b [mm] sample width
_x [mm] width of kissing bonding area
v [m/s] velocity of point of application of peel forces
P [N] peel force

GIc [N/mm] adhesive fracture energy in mode I
GIc’ [N/mm] distorted adhesive fracture energy in mode I in

kissing bonding area
σ [MPa] cleavage stress at distance d of metal ‐ composite

adhesive
σ0 [MPa] boundary cleavage stress at d = 0
d [mm] the distance along t‐peel of adhesive
Y [GPa] Young modulus of adhesive
E [GPa] Young modulus of adherend
a [mm] adhesive layer thickness
w [mm] adhesive width
I [mm4] moment of inertia of the adherent cross‐section
m [N*mm] moment arm of peel force
θ [°] peel angle
Ω [rad] the angle between peeled arms
Ω1 [rad] the angle between peeled arms before kissing bond-

ing
Ω2 [rad] the angle between peeled arms over the kissing bond-

ing area
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by e.g. impact loads. It should be noted that these classes of defects are
not the only cases in which the risk of rapid degradation of mechanical
properties during operation of real structures can occur. One of the
most critical are zero thickness delamination type of defects, namely
kissing bonding defects or zero volume bonds [30]. The kissing bond-
ing is an area at the layer interface where the two surfaces are held
together by a compressive stress with no molecular forces acting
between them [31,32]. Jiao and Rose [33] defined a kissing bond as
a perfect contact between two surfaces which transmits no shear stress.
The kissing bonding defect can also occur in layered structures such as
composites, and structures with adhesive joints. The source of the kiss-
ing bonding defect is the manufacturing process were release agents
are used during the molding process of composites [34]. The problem
of kissing bonding in term of NDT effectiveness, as well as the effect on
the mechanical properties, were investigated a couple times. Tighe
et al. [35] described the problem of the identification of kissing defects
in adhesive bonds using infrared thermography. They concluded that
the kissing bonding caused the bond to fail via adhesive failure and
cannot be identified through material thermal contrasts. Jeenjitkaew
and Guild [36] presented work where the objective was the demon-
stration that the strength of joints containing kissing bonds can be pre-
dicted using FEA, and that local measurement of strain around kissing
bonds could form a basis for their monitoring or detection. Moreover,
Jeenjitkaew and Guild [36] presented that the kissing bonding defects
can make an adhesive joint strength reduction up to 35%. Markatos
et al. [34] focused on the effects of manufacturing‐induced and in‐
service related bonding quality reduction on the mode‐I fracture
toughness of composite bonded joints. Authors showed that conven-
tional NDT, such as ultrasonic and X‐ray inspection, are not capable
to sufficiently detect the kissing bonding defects. Simultaneously,
authors have shown that the release agent can reduce the fracture
toughness of the bonded joints even about 70% of the nominal
strength.

Kissing bonding in FMLs has not been evaluated yet. FMLs are
materials with numerous interfaces with different physical properties,
which is problematic for NDT methods. Also, the proper adhesion at
the interfaces is critical for fatigue or post‐impact properties. More-
over, the current approaches for the evaluation of kissing bonding in
adhesive joints, cannot be straightly transferred to FMLs because of
the different nature of metal/composite connection and share of fibres
in stresses transfer. The aim and innovative aspects of this work refer
to the problem of the impact of this type of defect to in‐plane and out‐
2

of‐plane mechanical properties. The mechanics of complex hybrid
structures is the direct core of the work. The experimental and analyt-
ical approach is used to recognize fracture phenomena. The descrip-
tion of these aspects can be helpful in understanding the kissing
bonding impact to reliability of FML and represent the beginning of
better manufacturing processes design and non‐destructive testing
methods.
2. Materials and methods

2.1. FMLs and kissing bonding defect

FMLs based on aluminum (2024‐T3) and unidirectional carbon pre-
preg (single layer thickness 0.05 mm, EP135, NTPT, Switzerland) were
tested. Such FMLs are one of the new generations of FML, perspective
for wide application in the machine and building industry. The scheme
of tested laminates is presented in Table 1. Different kissing bond
widths (Fig. 1) were considered to evaluate a threshold on the effect
of the defects on the laminate’s mechanical properties. The laminates
were labelled as follows:

SLS – sample for single lap shear test
TP – sample for t‐peel test
REF – reference sample without kissing bonds



Fig. 1. The scheme of samples for SLS (a) and T-peel (b) tests.
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(0) ‐ fibres 0° – along the sample length
(90) ‐ fibres 90° – perpendicular to sample length
_x mm – width of kissing bonding area
The lay‐up sequence of the tested laminates was 0° (along the sam-

ple length) for Single Lap Shear (SLS) tests and 0° and 90° for T‐peel
test. The single layer of aluminum has the thickness of 4.3 mm and
0.3 mm for SLS and T‐peel samples respectively. The selected fibre ori-
entations represent two extreme mechanical responses at the metal‐
composite interfaces. It is connected with the stress direction, where
stresses along fibre direction are transferred to the fibres while perpen-
dicular is transferred mostly to the matrix between fibres.

The kissing bonding defect was simulated by using a release agent
“frekote” (PTFE based liquid foil, Airtech Safelease #30 Mold Release,
Airtech International Inc, USA), placed on the metal sheet surface by a
nonwoven fabric wipe (Sontara, Scotch Brite, 3 M, USA). The frekote
release agent was applied on the surface of two aluminium layers.
The samples views and kissing bonding location are presented in
Fig. 1.

Laminates were manufactured by using an autoclave method
(Sholtz Mashinenbau, Germany) with the stages and parameters pre-
sented in Table 2.
Table 2
The scheme of FMLs flat panels and samples manufacturing.

Step
no.

Name of the
manufacturing stage

Stage details

1 Preparation prepreg cutting, metal sheets cutting, quality
control
key parameters: not applicable

2 Kissing bonding frekote deposition on metal sheets, air drying
key parameters: step total time 12 h

3 Lamination lamination layer by layer in clean room
key parameters: not applicable

4 Vacuum bag vacuum bag [37]
key parameters: vacuum − 0.08 MPa

5 Curing process Pressure temperature 1 - time > temperature 2 -
time > cooling
key parameters: pressure 0.4 MPa through the total
process time 8.5 h temperature 80 °C through
2 h > 150 °C through 3 h > 30 °C heating and
cooling temperature rate 1.2 °C/min.

6 Samples preparation
and quality control

Abrasive cutting, macroscopic analysis of samples
key parameters: not applicable

3

2.2. Non-destructive tests

Non‐destructive inspection of samples with kissing bonding defect
was made by using the ultrasonic Phased Array Pulse‐Echo (PAPE) and
ultrasonic Through Transmission Phased Array (TTPA) techniques.
The PAPE method is appropriate for hybrid structures, because of
cross‐section picturing. Such analysis enables the observation of the
adhesive line and detection of damages located on it [25]. The second,
one of the most sensitive methods used in FML were used for kissing
bonding detection. The TTPA method is appropriate for identification
the wave attenuation, which can be a criterion for assessing the struc-
tural changes, without affecting the signal by secondary and interlayer
wave reflections [26].

In case of the PAPE methods the defectoscope Omniscan MXU‐M
(Olympus, Japan) were used, with 64 piezoelements transducer
(5L64 type of phased array head, Olympus Japan). The frequency
5 MHz, elevation 10.0 mm, active aperture 38.4 mm, pitch 0.6 mm
were used. The TTPA analyses were made using the OmniScan MXII
ultrasonic defectoscope (Olympus, Japan) and TomoView Inspection
software for results analysis (Olympus, Japan). The TTPA tests also uti-
lised the Olympus 5L64‐I1 ultrasonic transducer (64 piezoelements,
frequency 5 MHz, elevation 10.0 mm, active aperture 38.4 mm, pitch
0.6 mm), virtual aperture VPA (8 piezoelements, wave angle: 0°), and
Olympus 5L64‐I1 receiver transducer (64 piezoelements, frequency
5 MHz, elevation 10.0 mm, active aperture 38.4 mm, pitch 0.6 mm),
virtual aperture VPA (8 piezoelements, wave angle: 0°). It was demon-
strated through deep analysis, that the above parameters are effective
in FML structures evaluation [25,26]. The test schemes were presented
in Fig. 2.

The cross‐section analysis of FML structure in the area with the
kissing bonding in the cross‐section plane is presented in Fig. 3.

As it was demonstrated in Fig. 3, the solution to simulation of a
kissing bonding defect is effective. There is no visible delamination
at the metal/composite interface. Simultaneously, the touching of
metal and carbon/epoxy layer is real. The microstructure prepared
in the place of the kissing bonding was applied, shows the normal
structure of fibre metal laminates. The elements that belong to it are
aluminium, anodising surface (oxide layer (Al2O3) [46], grey area
between Al and epoxy matrix of composite, see. Fig. 3) and composite
(carbon/epoxy) (see. Fig. 3). The significant observation is invisibility
of Frekote layer at the metal/composite interface as a separate layer.
There are two major reasons for the above phenomena. First is the
spongy morphology of the oxide layer. The applied anodising based



Fig. 2. Phased Array pulse-echo ultrasonic test on the example of SLS (a) and Phased Array through-transmission ultrasonic test on the example of T-peel (b).

Fig. 3. The microstructure of FML and area with release agent.
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on chromic acid anodizing (CAA, manufactured based on the aero-
space standard in PZL Świdnik, a Leonardo Helicopters Company,
Poland) generate on the aluminum surface firstly porous sub‐layer
and growing from its oxides with columnar nature [45,46]. The liquid
phase of the Teflon film applied on such surface makes its soaking into
the spongy oxide layer. In normal features, the epoxy matrix of com-
posite, during the curing process, should flow into the empty spaces
in the oxide layer. In the case of appropriate integration of epoxy
matrix of composite and oxide layer, the properties of the metal/
4

composite in FMLs shows a better fracture toughness than epoxy
[43]. The second reason is related to the contamination process of
an epoxy matrix and Teflon film. During the curing process, and the
stage of partial transformation of the matrix into a liquid state, Teflon
film can be integrated with the epoxy [31]. That is why the clear
boundary of the Teflon and epoxy is invisible. The above fact is the
reason, why kissing bonding is named “zero thickness delamination”
in the worldwide literature [30–32]. All the above elements ensure
that the Frecote (PTFE ‐based release agent, as kissing bonding defect)



Fig. 4. The scheme of SLS (a) and T-peel (b) tests.
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is an excellent representative of kissing bonding defects [30,35,36],
which is also realistic for the industrial processes in composite
manufacturing.

2.3. Strength tests

Two types of strength test were performed. The first one, single lap
shear (SLS) test, was considered for the assessment of the kissing
defect impact on in‐plane load condition. The second one, T‐peel test,
was considered for the assessment of the kissing defect influence to
out‐of‐plane load condition.

SLS test methodology was based on the ASTM D1002‐01 [38]. To
provide the possibility of manufacturing the appropriate share of the
area of kissing bonding in total metal/composite adhesion area, the
dimensions of the samples were enlarged in comparison to proposed
by a ASTM D1002‐01 standard [38] (Fig. 1). According to the designed
dimensions (Fig. 1 and Table 1) the share of kissing bonding in SLS
was 10%, 20%, 30% and 40% of total metal/composite adhesion area
(1000 m2). The SLS tests were conducted with a tensile speed of
2 mm/min.

T‐peel tests were conducted according to ASTM D1876‐08 [39].
The T‐peel tests were conducted with the tensile speed of 30 mm/
min. The scheme of the test was presented in Fig. 4.

For both tests, the force–displacement curves and the cracked sur-
face images resulting from the fractured samples were reported and
analysed in Section 3.

3. Results and discussion

3.1. NDT inspection

The ultrasonic non‐destructive analysis of the samples type SLS
(SLS_20mm) and T‐peel (TP_0_20mm) are presented from Figs. 5–8.
The 20 mm width of kissing bonding was presented as a representative
case, which is characterized by the highest probability of detection
(the highest share of “frekote” in the adhesive area).
5

As it can be seen on the Phased Array pulse‐echo tests results of
manufactured kissing bonding structure, the no differences can be vis-
ible between defective and normal area. The view of the total area of
the sample with kissing bonding is homogeneous (C‐scan maps, Figs. 5
and 6). Outside the kissing bonding area the signal level on the A‐scans
is the same as over the defected area. The full transparency of kissing
bonding area for UT is obvious. No signal variations were observed for
relatively that samples (SLS type of samples) and for thin samples (T‐
peel type of samples, overall thickness 0.8 mm). Even doubled frekote
films, did not affect the UT sensitivity and detection possibilities. How-
ever, the release agent is not a foreign object, empty spaces of delam-
inated areas in FMLs for which the Phased Array UT method is the
most effective [25]. Due to the fact, that the liquid release agent (rea-
son of kissing bonding defect) cannot be visible in the structure, and is
integrated with the epoxy resin and is soak into the anodised layer, its
physical nature is different in comparison to other types of defect met
in the FML structures. In general, foreign objects (like not‐removed
rests of the foils from manufacturing stages) or delaminations (empty
spaces between separated layers) are characterized by other physical
properties in comparison to the intact FML system even with the kiss-
ing bonding defects. Due to differences in attenuation (foreign objects)
and reflections (delaminations) of the ultrasonic wave during propaga-
tion through defected FML is possible to identify this defect. In the
case of a kissing bonding defect, the contact between each layer is a
fact. Also, no elements of the FML where the local variations of the
acoustic impedance possible to pure detection.

The Through Transmission Phased Array (TTPA) test results of SLS
and T‐peel samples with kissing bonding 20 mm width are presented
in Figs. 7 and 8 respectively.

The TTPA tests results are similar to PA results. Both did not detect
any kissing bonding areas. The key to damage identification in UT
methods is the attenuation level, and without significant differences,
focused on the expected areas (damaged via a frekote) of the attenua-
tion, the C‐scan maps will stay homogenous (C‐scan map, Fig. 8). Even
if the reference signal amplitude is set on 80%, the rather structural
influence on the wave attenuation is visible, but not a kissing bonding



Fig. 5. Phased Array Pulse-echo test result of SLS sample with 20 mm width of kissing bonding.

Fig. 6. Phased Array Pulse-echo test result of T-peel plate with 20 mm width
of kissing bonding.
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(C‐scan maps, Fig. 7). The detailed analysis of signal attenuation was
made using the coefficient signal‐to‐signal ratio. The use of the
signal‐to‐signal ratio (SSR) index was delivered for the purpose of
the kissing bonding identification (Eq. (1)).
Fig. 7. Through Transmission Phased Array test result o

6

SSR ¼ f ðxk; yp ∈ daÞ SB
f ðxn; ym R daÞ SA ð1Þ

where:
f(xn,ym R da)_SA is the value of the signal outside the kissing bond-

ing area (signal B [%]) (see. Fig. 8)
f(xk,yp ∈ da)_SB is the value of the signal in the kissing bonding area

(signal A [%]) (see. Fig. 8)
da – area of simulated / defected area
xn ; ym ; xk ; yp ‐ point coordinates in sample
SSR can be defined as the ratio of the maximum possible power of a

signal outside the simulated defects to the power of a signal around the
middle point of simulated defect (in case: kissing bonding). Using SSR
gives the same boundary conditions for signal analysis in samples,
even if specific noise is different for each sample. The place to a mea-
sure the signals in defined areas were random but with respect to the
conditions: xn,ym R da and xk,yp ∈ da. Two measured signals outside the
kissing bonding area and two measured signals inside the kissing
bonding area in each T‐peel sample (examples of one signal from kiss-
ing bonding area and one from the area outside the kissing bonding
were pointed on Fig. 8 – blue arrows) were calculated and presented
in Table 3.

As it is applied in practice the 6 dB loss (or more) of wave signal is
considered as a structural defect. This corresponds to a 50% decrease
in the signal from the reference value (SSR value more about 0.5 or
less). The physical kind of kissing bonding defect from the assumption
will not have such drastic attenuation because of physical contact
between individual layers. However, the detailed analysis of wave
f SLS sample with 20 mm width of kissing bonding.



Fig. 8. Through Transmission Phased Array test result of T-peel plate with 20 mm width of kissing bonding.

Table 3
T-peel SSR analysis.

FML panel name Sample no.

1 2 3 4 5

SSR

TP_0_4mm 0.93 1 1 1 0.99
TP_90_4mm 0.94 0.97 1.06 0.99 0.97
TP_0_12mm 0.9 0.96 1 0.93 0.96
TP_90_12mm 0.99 0.89 0.99 1.1 1.07
TP_0_20mm 0.98 1 1 0.92 0.99
TP_90_20mm 1.1 0.96 1 0.96 1.01
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attenuation, presented in Table 3, cannot show any pattern and repet-
itive of wave attenuation due to kissing bonding area. The measure-
ments were conducted straightly over the kissing bonding area for
each tested sample and in the place near the kissing bonding defect.
The maximum difference of attenuation between area over the kissing
bonding and normal adhesion is 11% (case TP_90_12mm). Even if
some SSR variations can be observed in Table 3, there are not caused
by a kissing bonding area, but by composite features (variations in
local fibre and matrix content). This phenomenon is confirmed by
cases were SSR parameter is higher than 1, which indicate that the
attenuation in the perfect bonding area was higher than in the kissing
bonding area (even a 10% higher – e.g. case TP_90_20mm, Table 3).
Summarizing, based on NDT results, with highly sensitive methods,
the kissing bonding defect in FMLs is not detectable because of the
strong adjacency of individual layers in FML. This is because of not
only physical contact between layers but also the liquid nature of kiss-
ing bonding defects (relies films, oil, etc.). The acoustic impedance of
this type of media, and the thickness equal near‐zero (liquid media fill
the unevenness of the aluminium surface) causes practical trans-
parency for ultrasonic wave. Moreover, the above facts are the same
barrier for other types of NDT methods, such as thermography,
eddy‐currents, tomography etc.

Possible is that the kissing bonding is the area with a weak adhe-
sion (not without any adhesive strength), which means that the layers
touching is characterized by kind of adhesion and surfaces compress-
ibility and matching. The strength aspect will be presented in the next
sections.

3.2. In-plane shear strength of metal/composite interface

The force – displacement and mean values of maximum force of
SLS samples were presented in Fig. 9.
7

The first stage of increasing force is quite linear until 0.4 mm of dis-
placement for all the tested case (Fig. 9). After this two characteristic
FMLs responses were noted. The first is the stiffness reduction and fur-
ther force increasing as in the case of sample SLS ref no. 1, samples SLS
5 mm no. 1 and 2 and samples SLS 15 mm no. 2 and 3. The second one
is a rapid drop of force at about 500–1000 N per 0.01–0.02 mm of dis-
placement and further force increasing. Both observed phenomena are
related to crack formation. However, the stiffness reduction is caused
by initiation and propagation correlated with the displacement, in con-
trast to the second phenomena where higher stress accumulation and
rapid crack propagation can be expected. Based on the results of in‐
plane shear strength can be stated generally, that kissing bonding
causes a reduction of in‐plane shear strength of FML. However, despite
the four times larger area of kissing bonding (from 100 mm2

– sample
SLS_5 mm until 400 mm2

– sample SLS_20 mm) the strength reduction
equal ~ 19% (mean values, Fig. 9). Based on this, it can be expected,
that the kissing bonding does have some strength, and the force
applied to first breaking up this bonding is needed [30]. Two major
factors can justify this. The first one is that the kissing bonding have
marginal strength, and the force applied to prior break‐up of the bond-
ing is needed (it was also presented in the out‐of‐plane t‐peel test). In
practice, at the beginning process of the load, the displacement is low,
and the most important is the initial in‐plane strength [correlated with
the ref. 39,49]. Increasing the displacement causes the initiation pro-
cess of the delamination due to shear stresses increase. And then the
rapid crack at kissing bonding occurs what reduces the real adhesion
area which also means that the overall strength is limited. The second
one is related to the shear stress growth in the SLS sample configura-
tion. As it was presented in detail by Kumar et al. [30], Her [47] and
He [48], stress concentration is higher at the edges of an adhesive joint
due to geometrical discontinuity leading to strain localization in the
region. It shows, that the central located kissing bonding area has a
limited impact on the initial behavior on a load of the single‐lap joints.
The fractured surface of SLS samples (reference and with various area
of kissing bonding) are presented in Fig. 10.

As it can be observed on fractured surfaces of SLS samples the dom-
inant failure has a cohesive nature. The reference sample is damaged
with a cohesive type of failure. The fracture of SLS_ref type of FMLs
was initiate by a interlaminar share at the metal/composite interface
near the edge (Fig. 10 a). But finally shear fracture was transferred
to composite (0)/composite (0) interface ‐ the poorest element of the
SLS FML configuration. Above can be an additional factor of not signif-
icant reduction of shear strength despite the increasing share of kissing
bonding area. As the share of the kissing bonding increases the failure
type becomes mixed – cohesive/adhesive. However, the locations of



Fig. 10. The fracture surface after SLS test of reference FMLs (a) and FMLs with kissing bonding width 5 mm (b), 10 mm (c), 15 mm (d) and 20 mm (e).

Fig. 9. SLS results for FMLs with different kissing bonding widths.
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the adhesive type of failure are not random. It can be observed, that
the adhesive type of failure is precisely correlated with the kissing
bonding area (Fig. 10). The fact of local changes of the failure type
is caused by poor adhesion (frekote area) and contamination phenom-
ena of composite with release agent (dark areas visible on composite
layer, Fig. 10) [31]. Because of two not poor matching behaviours of
FMLs with kissing bonding after in‐plane shear load (not significant
strength reduction and evident impact of kissing bonding to failure for-
mation), the more critical type of load was proposed ‐ t‐peel test.
8

3.3. Fracture properties of metal/composite interface

The representative force–displacement curves of FMLs (0) and (90)
with kissing bonding defects after t‐peel test were presented in Figs. 11
and 12 respectively.

The force–displacement curves after t‐peel test of FMLs are charac-
terized by the beginning peak of force which is the point of the initial
crack threshold and further descending of force. The smooth nature of
force descending is characterized more to FML (0) than FML (90)
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(Figs. 11 and 12 respectively) because of less share of transverse
matrix cracking when the fibres are along the peel direction. Nonethe-
less, independent on fibre direction, the FML with the proper adhesive
at the metal/composite interface (due to surface preparation) is char-
acterized by a cohesive type of fracture in the composite after the peel
test. The differences in the character of force ‐ crack growth between
FML(0) (Fig. 11) and FML (90) (Fig. 12) can be explained by a cleav-
age stress theory (see. Eq. (2)) [40].

σ ¼ σ0ðcosβdþ KsinβdÞeβd ð2Þ
where:

β ¼ Yw
4EIa

� �1=4

ð3Þ
Fig. 11. The force–displacement curves of FML

9

and

K ¼ βm
βmþ sinθ

ð4Þ

where:
σ – cleavage stress at distance d of metal ‐ composite adhesive

[MPa]
σ0 ‐ boundary cleavage stress at x = 0 [MPa]
d – the distance along t‐peel of adhesive [mm]
Y – Young modulus of adhesive [GPa]
E – Young modulus of adherend [GPa]
a – adhesive layer thickness [mm]
w – bond width [mm]
I – moment of inertia of the adherent cross‐section [mm4]
s (0°) with various kissing bonding width.
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m – moment arm of peel force [mm]
θ – peel angle
According to Eqs. (2) and (3) the cleavage stress at a random dis-

tance along t‐peel of adhesive is dependent on some materials and geo-
metrical factors. In the case of t‐peel of appropriate metal‐composite
adhesive, the higher meaning has material factors. The major feature
which changes when the t‐peel of FML(0) and FML (90) occurs is
the Young modulus of an adherent. Due to crack propagation inside
the composite (considered in FML as an adhesive component), the stiff
Fig. 12. The force–displacement curves of FML
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carbon fibres interact with the adherent (aluminium). The fibre orien-
tation along with the sample length cause quite constant stiffness of
adherent and quasi‐linear crack growth (and force path) in the adhe-
sive area. The different situation is in the case of FML (90). The per-
pendicular fibre orientation cause crack migration between fibres,
which means that the local stiffness of an adherent is change as well
as the crack direction not always longitudinal orientated to the adhe-
sive plane. In result, force fluctuations can be observed. The sudden
drop of force and simultaneous change of damaged interlayer in
s (90°) with various kissing bonding width.
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FML was observed over the total area of kissing bonding, independent
on fibre architecture (Figs. 11 and 12). The force behaviour can be also
explained by stress theory when the kissing bonding area is consid-
ered. Because of lack of adhesion at the metal ‐ composite in the kiss-
ing bonding area the material features of adherent and adhesive are
the same for both type of FMLs. However, rapid crack opening at
the metal ‐ composite in the kissing bonding area occurs, the peel
angle and moment arm of peel force are changing (spring response
of aluminum arm). Simultaneously, stress relaxation occurs. The force
drops significantly. However, constant sample opening occurs and
force level is slowly back to previous levels (Figs. 11 and 12). The
spring effect of the aluminium arm due to lack of adhesion area can
be proved by a changing the angle (ΔΩ= Ω2/Ω1) between both peeled
arms before kissing bonding (Ω1), over the kissing bonding area (Ω2).
The visualization of the Ω angle is presented in Fig. 13. The Ω angle
equal 2θ (when he gravity effect is neglected [42,44]).
Fig. 13. The scheme of the angle (Ω) between both peeled arms.

Table 4
The values of the ΔΩ different kissing bonding variants.

FML sample Ω1 [rad] Ω2 [rad] ΔΩ

TP_0_ref 1.61 (±0.01) – –

TP_0_4mm 1.62 (±0.05) 1.57 (±0.06) 0.97
TP_0_12mm 1.54 (±0.05) 1.42 (±0.05) 0.92
TP_0_20mm 1.42 (±0.07) 1.30 (±0.03) 0.92
TP_90_ref 2.15 (±0.03) – –

TP_90_4mm 1.97 (±0.02) 1.88 (±0.05) 0.95
TP_90_12mm 2.44 (±0.09) 2.27 (±0.08) 0.93
TP_90_20mm 2.13 (±0.06) 1.94 (±0.05) 0.91

Table 5
The peeling parameters for normal adhesion and kissing bonding in FMLs.

FML sample N/mm(150) N/mm’(kb)

TP_0_ref 0.164 (±0.03) –

TP_0_4mm 0.189 (±0.01) 0.187 (±0.0
TP_0_12mm 0.192 (±0.02) 0.145 (±0.0
TP_0_20mm 0.258 (±0.03) 0.09 (±0.02
TP_0 average 0.2 0.14 (↓−30
TP_90_ref 0.830 (±0.12) –

TP_90_4mm 0.795 (±0.13) 0.300 (±0.0
TP_90_12mm 0.819 (±0.08) 0.173 (±0.0
TP_90_20mm 0.636 (±0.08) 0.077 (±0.0
TP_90 average 0.77 0.18 (↓−76
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The values of the angle were presented in Table 4.
The analysis of the ΔΩ shows that the kissing bonding area has an

impact on the stress relaxation of the peeled FMLs arms. The lack of
adhesion leads to faster energy release. Significant differences can be
observed between FML with various fibre orientation. The FML (0)
can be characterized by a relatively low peel angle in comparison to
FML (90). The simple explanation concern the stiffness of the arm.
As it was presented in Fig. 11, in the case of FML (0) the crack propa-
gate as a translaminar fracture of carbon composite. It causes the
higher stiffness of a peeled arm due to its hybrid nature (aluminum ‐
longitudinal carbon fibres). In the case of FML (90) the perpendicular
carbon fibres do not cause a significant increase in arm stiffness. Is also
visible, that the lack of adhesion width has an impact on stress relax-
ation of peeled arms. When the width increase, the peel angle become
lower due to the higher distance of arms free straightening.

Simultaneously with the arm spring effect, the fracture mechanisms
are changing. The wider the kissing bonding area the clearer the
impact on fracture can be seen. Even in the case of FML_0_4mm sam-
ple, the de‐adhesion of fibres at the metal‐composite interface is visi-
ble, despite the keeping intact of fibres (Fig. 11). This effect results
from enough strength of carbon fibres to transverse force as a result
of local changing the degradation plane in FML (from composite‐
composite to composite‐metal and reverse). By the assumptions of
quasi‐static (no kinetic energy) and steady‐state conditions (elastic
energy stored in the strips is only due to bending and constant due
to inextensibility assumptions) [41] the rate of total external work
(W) can be expressed by Eq. (5).

W ¼ 2P � v ¼ γ þ δð Þ � b � v ð5Þ
where:
γ and δ denote the debonding and dissipative energies, respec-

tively, per unit area of crack advance
b – sample width [mm]
v ‐ velocity (m/s) of point of application of peel forces
P – force [N]
In particular, if δ is zero, and symmetrical loading and material

properties prevail on both sides of the interface such that the failure
of the interface occurs purely by opening mode, then γ represents
the mode I fracture toughness (GIc) of the interface [41,42]. The δ
was estimated as zero value, because of measured forces (less than
30 N) and cross‐section of one strip (6 mm2) means that the possible
stress value in the strip is less than 5 MPa, which is much under the
elastic limit for Al‐2024 T3. Those means that Eq. (5) can be simplified
to Eq. (6), and it is appropriate to the comparison of the kissing bond-
ing zone and areas with normal adhesion.

γ ¼ 2P
b

¼ GIc ð6Þ

where:
GIc – adhesive fracture energy in mode I [N/mm]
GIc GIc’

0.329 (±0.05) –

2) 0.377 (±0.02) 0.374 (±0.04)
3) 0.385 (±0.03) 0.290 (±0.07)
) 0.516 (±0.16) 0.194 (±0.03)
%) 0.40 0.29 (↓−27.5%)

1.660 (±0.24) –

9) 1.589 (±0.27) 0.600 (±0.19)
2) 1.639 (±0.16) 0.345 (±0.04)
1) 1.272 (±0.16) 0.154 (±0.02)
.6%) 1.54 0.37 (↓−75.9%)
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The values of peel force per unit width (measured in the distance
150 mm of peeling ‐ N/mm(150) and in the kissing bonding down‐
peak force ‐ N/mm’(kb)) as well as GIc and GIc’ (apostrophe indicates
the value for the kissing bonding) were presented in Table 5.
Fig. 14. The mechanisms of crack propagation in contact with the kissing bondin
perpendicular (c).

12
The results of a study on the interlaminar fracture toughness prop-
erties (critical adhesive fracture energy which represents mode I frac-
ture toughness (GIc) of the interface) in all samples resulted from
composite de‐cohesion. It can be noted that the average interlaminar
g defects in FML dependent on fibre direction: along with peeling (a,b) and



M. Droździel et al. Composite Structures 269 (2021) 114027
fracture toughness of FML outside the kissing bonding area is nearly
four times larger (0.4 to 1.54 N/mm, see Table 4) for FMLs with per-
pendicular fibre orientation in order to t‐peel direction. The presence
of fibres with an orientation other than 0° reduces the value of GIc
parameter in FMLs [42]. This fact is connected with the stiffness of a
strip during the peel‐test. The strip is stiffer if the fibres (0) are inte-
grated with it. This results in a tendency to straightening of a strip dur-
ing peel test, and easier opening the FML in the composite layer. The
results of a study on the interlaminar fracture toughness properties
over the kissing bonding area (distorted mode I fracture toughness
of the interface ‐ GIc’) show that the release agent on the aluminium
surface has a significant impact on the adhesive properties at the
metal‐composite interface in FMLs. In the case of FML (0) the reduc-
tion was almost 30% (average), while for FML (90) exceeded 75% (av-
erage). Moreover, the tendency of increasing the reduction scale was
obvious with the increasing of the kissing bonding width (Table 5).

Based on the observations of damage of fractured area after t‐peel
tests, as well the analysis of calculated values, two types of crack for-
mation mechanisms due to kissing bonding can be described in a
model way (Fig. 14).

In the case of FMLs with the perpendicular fibre orientation to the
peel direction the one failure pattern occurs. This is an interlayer frac-
ture through the epoxy matrix in FML section with appropriate bond-
ing, and crack migration to the metal/composite interface in the poor
adhesion. The above is due to kissing bonding defect and immediately
behind the kissing bonding area starting a new crack migration to
composite matrix volume (Fig. 14c). In the case of FMLs with the
direction of the longitudinal fibres to peel direction two failure pattern
occurs. Depending on the poor adhesion area width the interlayer frac-
ture in the composite can be observed until kissing bonding defect area
and then transfer the crack to the metal/composite interface through
fibres (translaminar fibre crack, see Fig. 14b). In the case of low width
of poor adhesion area, the two parallel interlaminar cracking can be
seen, one at the metal/composite interface in poor adhesion area,
the second continuous in the composite layer (Fig. 14a). The translam-
inar fibre crack type of fracture can cause more significant loss of local
peel force and reduction of strain energy release rate in mode I, while
the two parallel interlaminar cracking type of failure, due to constant
major path of matrix cracking, can cause an only small variation of
peel strength.

4. Summarizing

4.1. Background

The purpose of the work was the evaluation of kissing bonding
defects in fibre metal laminates by using NDT techniques appropriate
for FMLs and the impact of this type of defect to in‐plane and out‐of‐
plane mechanical properties. As it was described, the FMLs are the
materials with numerous interfaces with different physical properties,
which is problematic for lack adhesion area recognition. Simultane-
ously, the perfect adhesion at the interfaces is critical for fatigue or
post‐impact properties.

4.2. Detection

The ultrasonic phased array pulse‐echo and through transmission
phased array were selected as NDT methods. It was presented that
even sensitive UT methods are not able to detect the kissing bonding
defect in FML. This is because of not only physical contact between
layers but also the liquid nature of kissing bonding defects (relies
films, oil, etc.). The acoustic impedance of this type of media, and
the thickness equal near‐zero (liquid media fill the unevenness of the
aluminium surface) cause practical transparency for ultrasonic wave.
13
4.3. Impact on mechanical properties and fracture

For the assessment of the impact of the kissing bonding defects on
properties on FML the in‐plane shear and out‐of‐plane peel test was
conducted. Based on the mechanical test was presented that the type
of failure is correlated with the kissing bonding area. However, in the
case of in‐plane shear strength, not significant strength reduction was
observed for kissing bonds with different widths. This suggesting that
the kissing bonding does have some initial strength and the force to
first breaking up is needed. In case of t‐peel test was observed that
release agent on the aluminium surface has a significant impact on
the adhesive properties at the metal‐composite interface in FMLs. In
the case of FML (0) the reduction was almost 30%, while for FML
(90) exceeded 75%. Moreover, the tendency of increasing the reduc-
tion scale was obvious with the increasing of the kissing bonding
width. The reason for poor mechanical properties of the metal/com-
posite interface in the defective surface by the kissing bonding is
the no effective adhesion between the epoxy matrix of the composite
component of FML and the anodised surface of aluminum. The PTFE‐
based liquid release agent, used as a kissing bonding defect, soaks the
porous and columnar Al2O3 sub‐layer build in the chromic acid ano-
dising process of aluminium. Additionally, the contamination effect of
the release agent and epoxy during the curing process occurs. In fact,
such an area can be characterized by non‐separated volume in the
FML structure and simultaneously does not keep the appropriate
properties because due to lack of interaction n between the epoxy
and anodised layer. The lack of adhesion is the result of changing
the crack paths propagation during mode I of FML. Finally, two types
of crack formation mechanisms due to kissing bonding were
described. It was observed that some damage mechanisms are possi-
ble for specific FML construction: (1) parallel cracking of matrix
cracks and metal/composite interface, (2) one interlaminar crack
with migration to the metal/composite interface or (3) crack propaga-
tion through various interlayers with fibre cracking in poor adhesion
area.

4.4. Future works

The problems with the detection of kissing bonding defects are the
base of findings in other types of NDT techniques. The possibilities of
vibration‐based methods will be considered. Moreover, based on cur-
rent work, the kissing bonding defects impact during more complex
stresses‐state will be investigated, such as impact (out‐of‐plane) or fati-
gue (in‐plane).
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