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ARTICLE INFO ABSTRACT
Keywords: The microbond (MB) test is the most widely adopted micromechanical test to characterize fibre matrix
Glass fibres

interfaces but typically lacks reliability and output for determining multi-parameter interface models. In the
current research, the MB test is enhanced by incorporating Fibre Bragg Grating (FBG) sensors for local fibre
strain monitoring. Strain-force data is used to analyse and validate the type and paramter values of a cohesive
zone modelling (CZM) basis in the three-dimensional interface damage model. For the prepared epoxy resin
droplets, that are used as a benchmark case, a bi-linear CZM traction-separation law is fitted for each droplet.
The results confirm the selection of maximum FBG strain, force-strain profile with the two primary peaks in
the force-strain derivative, and the peak force to be valid for proper interface characterization. The analysis
of the performed tests clearly reveal the droplet fracture process to consist of four distinct stages. Only after
the first stage, interfacial crack propagation independent of the point on perimeter is achieved. Full debonding
occurs during the fourth stage.

Finite element analysis (FEA)
Cohesive zone modelling
Debonding

Interface

1. Introduction

The fibre matrix interface significantly affects the static strength
in the transverse and compressive directions and in general laminate
damage propagation under dynamic loads [1,2]. Additionally, the an-
ticipated interphases have an influence on the diffusion and ageing
behaviour of composites [1].

The adhesion and related mechanical strength between matrix
and the fibre surface is the corner stone of composite integrity and
the standpoint of micromechanical models. Microbond (MB) or micro
droplet - tests, resin pull-out tests and fibre push-out tests are the
current experimental methods in microscale for studying the adhesion
of fibre matrix interfaces [3]. The testing must be done on fibres
specifically due to the fact that the surface chemistry and morphology
are unique in drawn fibres compared to flat, identical plates in terms
of composition, for example.

The current interface test methods can output force and the (blade)
displacement data. For basically all practical implementations, the
displacement data is based on a control signal (of loading blades
or a clamp [4-6]) and not a precise displacement transducer (e.g.
micro-LVDT) near the interface. Therefore, in addition to inevitable
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system compliances, the output in terms of ‘displacement’ is essentially
inaccurate of the real interfacial deformation. In general, cross-head
displacement is basically never used for valid measurements in standard
fracture testing of interfaces and joints [7,8].

The current measures of fibre matrix interfacial adhesion rely on
single output, the maximum force value of the test. Thus, for analysis,
whether based on a stress or energy basis, only single parameter
solutions have been published [6,9,10]. Because the interfacial fracture
is a multi-stage process, inclusive of various nucleation and propagation
related phenomena, a unitary test output cannot be used to determine
the process constants regardless of the test series (sample) size [11] and
related statistical reliability. Optical strain measurements have been
applied for MB tests using Raman [12] or embedded Fibre Bragg grating
(FBG) sensor [13] but the inherent scatter has not allowed proper strain
output in the neighbourhood of the interface.

This work introduces the local strain as an additional measure for
MB testing. This is the first time when full-scale three-dimensional
(3D) finite element (FE) modelling and accurate force-strain data from
microbond tests is analysed in detail with a significant resolution of
crack nucleation and fracture evolution phenomena at the interface.
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2. Microbond samples and preparation

The experimental setup of the MB test is shown in Fig. 1. Silica op-
tical FBG sensor is used for the test, and they were tailored by Instituto
de Telecomunicacoes (Aveiro, Portugal). A step index single-mode glass
fibre (GF1, Nufern®) is used, with core and cladding diameters of 10 pm
and 125 pm, respectively. FBGs (3 mm long grating), separated with a
10 mm gap and spectrally separated by 5 nm, were inscribed in the
same fibre using the phase mask method [14].

Droplets of different sizes were prepared by a developed resin dip
method using a mixture of Araldite® LY 5052 as resin and Aradur®
5052 as hardener (Huntsman), with a mixing ratio of 100/38 (mass/
mass). Droplets were carefully positioned taking into consideration the
positions of the FBG sensors in the optical fibre. Both FBG sensor
and the blades were always located in front of a droplet because the
blades must push against the droplet, thus, the FBG sensor always
experiences tensile strain. Droplets were cured for 48 h at 27 °C.
The experiments were carried out using a FIBRObond (Fibrobotics,
Finland) micro-droplet tester [11]. The tester involves 1 N and 5 N
load cells (used respectively based on the droplet size), surgeon knives
(R35, thickness 0.254 mm, Feather, Japan) for droplet loading, and an
electrical linear motor to load the droplet. The tests were performed at
a constant displacement rate of 0.08 mm/s until full failure (debonding)
of a droplet. Separate experiments and respective simulations were
carried out for five different droplets. The geometrical features of
each droplet were captured before testing using the optical camera
(model UI-3370SE, IDS, Germany) of the FIBRObond tester. The strain
acquisition system for the FGBs was a W3/1050 Series Fibre Bragg
Grating Interrogator (Smart Fibres®) with a wavelength range of 1510
1590 nm and accuracy of +0.0006 nm. The interrogator was operated
using a Remote Interface W3 WDM (version 1.04) at a sampling rate of
50 Hz. After testing, scanning electron microscopy (SEM) was carried
out (model ULTRAplus, Zeiss, Germany). Prior to SEM studies, the
droplets were coated with a thin layer of carbon to avoid charging (see
Fig. 9).

3. Numerical model and analysis
3.1. Finite element model

Full 3D FE models were developed using Abaqus/Standard 2017
(Dassault Systémes). Each model assembly consisted of the droplet,
fibre, blades, connection adhesive and the entire sample holder. The
fibre, adhesive and the sample holder were assumed to behave along
the linear-elastic regime. In turn, each droplet was modelled with an
elastic—plastic behaviour via kinematic hardening conditions. The steel
blades were treated as rigid body elements with displacement as an
input during simulation. The material constants are shown in Table 1.
The material properties except for the epoxy droplet were provided by
the manufacturer. The shape of each droplet was determined based on
optical data taken by the tester (2). The processed data points were
imported to Abaqus, giving the true shape of each droplet. For data
comparison, a section of elements (same length as that of the true FBG
sensor) was defined to extract the simulated strain response.

The fibre model was constrained to the adhesive model as well
as to the sample holder model using the so-called tie constraint. The
sample holder model was constrained for all DOFs at the contact points.
(see Fig. 2). A frictionless and hard contact was modelled as contact
functions between the droplet models and the two blade models. The
blades were constrained in all directions except for the z-axis, as shown
in Fig. 2. Cohesive zone modelling (CZM) was employed to create the
interface between the droplet models and the two blade models. The
final FE assemblies consisted of 80,083-97,627 elements depending on
the droplet mesh. At a maximum, a mesh of 309,628 elements was
analysed to check the effects of mesh density [16].

Composites Science and Technology 195 (2020) 108163

Table 1

The values of the material constants used in the FE modelling in this study.
Part Modulus Poisson’s Element type

(GPa) ratio

FBG Fibre 70 0.22 8-node linear brick (C3D8R)
Epoxy® 3.2 0.35 8-node linear brick (C3D8R)
Blades” 220 0.29 8-node linear brick (C3D8R)
Sample holder 3.2 0.37 4-node linear tetrahedron (C3D4)
Adhesive 1.6 0.29 4-node linear tetrahedron (C3D4)

aPlastic strain evolution with discrete steps (0%, 60 MPa; 0.2%, 70 MPa) [15].
bModelled as a rigid body.
3.2. Interface model: surface-based cohesive behaviour

To consider the damage and failure of the interface region, a bi-
linear traction-separation law was employed in the form of [17]:

K¢ for 6<ag
=)
o= :ll_ao coy for ay<é<a 1)
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where a, = 0y3/K and a; = 2G,./o,. For the interface, ¢, defines

the damage onset, K the cohesive stiffness prior to damage onset, &
the contact separation, and G, the energy of debonding for a mixed-
mode fracture. The current interface model utilizes a maximum stress
criterion (Eq. (2)) for the damage onset and a mixed-mode power
law criterion (Eq. (3)) for the damage evolution. The subscripts s, ¢,
and n are the first and second orthogonal in-plane shear and out-of-
plane normal components of the traction vector in the contact element
coordinate system, respectively. The mode I component was assumed
to behave similarly with the mode II and mode III for G, and z:
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Here, the CZM model was fitted for each droplet (presuming variation
in the real interface constants) with the related ‘debond strain’ (¢,,,,)
as a primary target value and the ‘maximum force’ (F,,, = F,;) as a
secondary target value. The simulated F,; value was assumed to involve
some deviation from an experimental value due to FE models typically
slightly lack compliance. Initial estimates of the fracture energy were
calculated by the shear lag model according to Scheer and Nairn [18].

4. Results and discussions
4.1. Experimental results of microscale fracture

Fig. 3(a) and (b) present the strain and force output obtained from
the experiments. The plot consists of the experimental results of five
different droplets of varying embedded length and droplet diameter
(see Table 2). Strain-time and force-time graphs exhibited a very slight
kink per droplet, labelled as &, and F,, (i=1 to 5), respectively.
The force (F,,,,) and strain (e,,, ) monotonically increased up to a
maxima followed by a sudden failure (final debonding of the droplet),
as indicated in Fig. 3. When a droplet debonds, the force transfer via
interface ceases to be, i.e., force drops close to the zero level. In some
cases, friction or deformation of the meniscus sustain a slight force
level. The overall force-strain curve is shown in Fig. 4 for Droplet 3.
The corresponding experimental and simulated force-strain data for
all the droplets (Droplet 1, 2, 4 and 5) are given in a report [16]. A
comparison of the peak load of debonding (i.e. F,) with the embedded
area per droplet indicates that a good range of embedded lengths was
used here to verify the findings in general [16].
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Fig. 3. Experimental raw data for five different droplets: (a) strain—time graphs for different droplets; (b) force-time graphs for different droplets.

4.2. Interfacial behaviour and related material constants

From the well-known Shear lag equations [18], we obtained a value
of 42 J/m? as the trial value of fracture energy G, (for Droplet 3).

Further more, three different combinations of G, and = were considered
and compared to experimental results, as shown in Fig. 4. It should be
noted that there could be several combinations of G, and = for which
the simulated peak force fits the experimental peak force. Fig. 5(a)
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Fig. 5. The iteration of values of G, and 7, in comparison with the experimental results for Droplet 3; (a) force versus normalized displacement; (b) force versus strain; (c) the
first derivatives of force-strain data.

Table 2
Determined dimensions of the droplets and the fitted interface constants.
Droplet (diameter, embedded length /,) Critical = G,
(mm) (MPa) (J/m?)
1 (2=0.218, /,=0.561) 9 41
2 (2=0.384, 1,=0.731) 10.5 130
3 (2=0.376, 1,=0.687) 10 130
4 (2=0.452, 1,=0.786) 11 130
5 (2=0.206, /,=0.524) 11 85

shows the simulated reaction force over the displacement. It is evident

that the test (Droplet 3) could have several combinations of G, and
z. Interestingly, the kink (F;,,) observed with the different G, and
values have similar features. It is interesting to note that the position
of the kink also varies with the blade’s initial position (contact point

with the droplet) and it is important to define the position for the tests
performed in practice [19]. Fig. 5(b) shows the force-strain curves and

Fig. 5 (c) shows the first derivative curves of the force-strain data (G,
and 7 values surveyed). The experimental force—strain derivative shows

two major peaks (Peakl and Peak2) representing local maxima and
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minima, respectively. As an example, the experimental Peak2 best co-
incides with all three iterations (FEA) whereas the first peak (Peak1) is
only reproduced by the third numerical iteration. With higher values of
7, the second peak is observed for all the value combinations, whereas
the first peak is observed only with a higher G, (130 J/m?). Upon
studying the stress distribution at the interface (Droplet 3), a smooth
exponential decay of the shear stress (along the fibre co-ordinate) with
the value of G, = 130 J/m?2 was observed [19].

During the damage process of interface, a droplet undergoes plastic
deformation. Although the elastic limit is here a known parameter, the
hardening laws play a major role. Naturally, a single force parameter
cannot be used for confirming the proper hardening. Here, classical
plasticity with kinematic hardening condition was observed to match
experiments and was tested for various conditions (elastic-perfectly
plastic, elastic—plastic with isotropic hardening and elastic—plastic with
kinematic hardening conditions). Each of the cases were tested for
the fitting; the process involving the maximum peak force as well
as maximum peak strain, and the kink strains in the derivative. The
most accurate fitting was found with the third case of hardening law
where the maximum strain and force matched the experimental values.
In addition, SEM imaging was used to verify the final, permanent
deformation of the droplet and in comparison with the simulated
deformation.

4.3. Features revealed by force-strain data analysis

Due to the fact that a MB test mostly shows tensile behaviour of
the fibre, the interfacial phenomena are mainly revealed by the first
and the second derivatives of the force-strain curves. The interfacial
loading along the CZM regime contributes only ~8% of the strain
energy whereas the rest of the strain energy is stored in the other parts
of the model, primarily in the bulk droplet and the fibre.

The first derivatives of two example droplet samples are shown in
Fig. 6(a-b) and Fig. 6(f-g), respectively. To understand the division
between the simulated damage in the droplet and the fibre-droplet
interface, the energy curves from the FE simulations must be monitored
and compared to the experimental force-strain data. Moreover, the law
of conservation of energy must be confirmed before a detailed analysis.
To study the detailed characteristic features of the MB test, curves are
considered only until the debonding. By considering the entire process
to be quasi-static prior to the final debonding of a droplet, the energy
balance can be written as Y} E,.;,, = X, E, s1r- Here, Eppoe0 = Eppyp +
E;p, where Ep,,p is the energy dissipated at the established cohesive
interface, and E; is the internal energy of the rest of the model during
the simulated test. Also, E; = Egp + Epp, wherein Ep ) is the energy
dissipated by the plastic deformation of the droplet’s polymer and Egj
is the recoverable strain energy. It can be seen that the 1% derivative
peaks match with the evolution of the energy division by FE analysis,
as shown in Fig. 6(c) and (h). The derivative curves and the energy
curves for Droplet 3 and Droplet 4 are presented in a report [16].

When the blades initially come in contact with a droplet, external
work is being done to the system. Due to the deformation in a droplet
(elastic—plastic), energy is gradually stored and finally, used for plas-
tic deformation. As the traction-criterion at the interface exceeds the
critical stress value (9 MPa for Droplet 1 and 10.5 MPa for Droplet
2), interfacial damage onsets with a marked energy consumption.
For clarity, only the loading phase until debond is considered in the
interpretation (more data in a report [16]).

Let us consider the first test (Droplet 1), as shown in Fig. 6. The first
derivatives of force-strain curves (experimental and FEA) indicate two
significant peaks (Peak1 and Peak?2). There are only slight irregularities
seen in the energy dissipation due to the interfacial behaviour. From
the simulation, it was verified that this distortion is not affected by the
selected traction or critical fracture energy values. Merely the geometry
of the droplet and blade contact affect these deviations. It is worth
noting that the volume fraction of Droplet 1 is lower than that of the

Composites Science and Technology 195 (2020) 108163

fibre (V| > V, as defined in a report [16]). Finally, a large change in the
rate (slope) of interface damage is indicated at two distinct strain levels:
0.04% and 0.107% (Fig. 6(c)). The energy dissipated due to the plastic
deformation of the droplet is increased over the strain range from 0 to
0.04%, as given by a sudden change in the slope.

Indeed, there is an abrupt change in the slope after the 0.107%
of fibre strain. The reason can be better understood via the areal
interfacial damage, as shown in Fig. 6(c). At the point Epyp , the
interfacial damage has spatially covered the circumferential direction
of the droplet-fibre surface near the fibre entry to the droplet. At the
point of ~33% of the process time/displacement, a thorough crack
nucleation around the fibre is achieved. At this transition point, the
energy of interfacial damage (by Epyp, and Epyp,) is suddenly
increased. After this point, the essentially abrupt debonding occurs
(i.e., the front of open crack propagates). Overall, an amount of strain
energy (of 0.011 mJ, in Fig. 6(d)) is stored in the system during the
loading process and ~20% is transmitted to the interface (Fig. 6(e)).
The internal energy and strain energy of the entire model involve a
significant slope-change at E; g, and Egp, , which corresponds to Peakl.

In comparison, the large Droplet 2 (with different V; /V,) has similar
behaviour as Droplet 1 except for the fact that the energy curves have
much smoother transitions. As the blades come into contact with the
droplet, the plastic energy dissipation grows in a smooth polynomial
fashion up to 0.10% of strain (Fig. 6(h)). Then, the curve exponentially
evolves until the ’debond force’ peak (F,). The damage at the interface
dissipates energy with a nonlinear growth, starting at a 0.10% of strain
(Epmp,)- The interfacial damage energy once again rises abruptly
at a point of 0.28% strain (Ep,p,) that is the main contributing
factor for the position of Peak2 (FEA) in the 1% derivative curve. The
absolute strain energy (SE) of the entire model is higher compared
to Droplet 1 and also the portion of strain energy at the interface is
significantly higher but the relative strain energy along the interface
tends to decrease with an increase in the droplet volume (within the
size regime studied here).

4.4. Fracture process at fibre-droplet interfaces

There are two significant features, which were observed for all
the samples, with all of the force-strain derivative curves and the
simulation data (energy consumption per damage mode). In summary,
there is a good agreement of behaviour between Droplet 2, Droplet 3
and Droplet 4 because there is a small change in the volume of these
droplets (also V; > V). In contrast, Droplet 1 and Droplet 5 have a
lower volume fraction of the droplet. As the volume of the droplet
increases, the strain energy for the entire model increases but the
strain energy at the interfacial region decreases (Fig. 7). This suggests
that the size of the droplet inevitably affects the practical accuracy of
experimental data that should describe an interface. Fig. 8 shows the
damage energy at the interface for all of the studied droplets as well
as visualizes the crack propagation and stress accumulation along the
interface.

The interfacial damage can be described in four stages of fracture:

+ Stage 1: At this stage, the applied load on the droplet leads to
fibre elongation and deformation of the droplet. There is no crack
nucleation at the interface (z,,. > 7).

Stage 2: Now 7, = r, hence damage is locally initiated near
the blade location (see Fig. 8(f)). Damage progresses circumferen-
tially with an increase in the rate of damage energy. At the end of
the stage 7, ~ = wherein the damage rate has become constant as
well as the growth of interfacial damage in the fibre’s longitudinal
direction (Fig. 8(g)). Typically, the MB tests loading has reached
around 40% of the peak levels of force or displacement or fibre
strain.

Stage 3: The interfacial damage progresses and extends spatially
in the fibre’s longitudinal direction. A smooth transition of inter-
facial damage occurs from point ii to iii (as shown in Fig. 8(h)).
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« Stage 4: There is an abrupt rise in the consumption of interfacial
damage energy; final debonding emerges and crack-front propa-

gates towards the non-damaged last portion of the interface (the
intact meniscus).

4.5. Fibre return movement at debonding

The position of the droplet along the fibre, during the MB test,
can have significant effects on Stage 4 (in Fig. 8) due to the different
amount of absolute deformation related to a critical level of load
(and fibre strain). Droplets at three distinct positions are shown in

Fig. 9. Based on the droplet position and fibre elongation during the
fourth stage, there is no fibre return movement in Droplet 1 and 2
until the complete debond. As the fibre’s loading length (i.e., distance
of the point of blades from the sample holder) increases, the fibre’s
backward displacement already initiates during Stage 4 although the
droplet yet has not debonded. For instance, Droplet 1 is closer to the
fibre fixing point at the holder (s = 6.25 mm), hence deformation of
the fibre (6 ) is around 11 times the droplet’s embedded length. The
recoverable strain energy in the test of Droplet 3 begins to get released
at 4 a = 0.49 mm due to the deformation of 34.5 times the droplet
size and the three times higher absolute return deformation needed
to release the corresponding amount of energy (than for the location
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Fig. 7. Total strain energy versus droplet volume, at the MD test’s point of debond strain (e
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Fig. 8. (a) Energy dissipated at the interface for MB tests with four distinct phases of fracture; (b-e) global von Mises stress contours at 4 distinct locations i, ii, iii and iv

respectively; (f-i) interfacial damage

of Droplet 1). The backward displacement means that the recoverable

energy will turn into kinetic energy of the fibre in real test. Based

on Fig. 9, only for Droplet 3, slight dynamic effects at the end of

Stage 4 could affect the behaviour. If interfacial damage is coupled

with friction [20], these dynamic effects could also affect the fibre

displacement.

state (CSDMG) at 4 distinct locations i, ii, iii and iv respectively.

4.6. Advantages of measuring local strains with FBG

As FBG sensors experience their local strain right ahead of the
droplet, the sensor also allows one to get an exact stress—strain curve
of the fibre with the droplets and over the entire (dynamic) range of a
test. The effects of system lag, compliance and linear motor calibration
have no effect during a measurement. Due to the proximity of the FBG
sensor with the droplets, its readings are clearly more sensitive to slight
interfacial mechanics than the load cell—the load cell being typically
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Fig. 9. (a) The SEM images of the Droplets 1, 2 and 5 and their respective position along the fibre; (b—d) the fibre displacement from the initial position of blades (6,) and blade
distance from holder (s) as a function of crack growth (4 a) for different droplet sizes during Stage 4.

connected to relatively large system masses (e.g. sample holder unit or
blade unit). Additionally, a fibre only carries axial loads similarly to
the FBG readings making the local strain monitoring independent of
friction or calibration due to a ‘primary’ measuring direction (such as
in a load cell or displacement transducer).

5. Conclusion

This paper investigates the use of local strain by using optical fibres
as an additional output during MB testing and analyses the full-field
three-dimensional behaviour via finite element simulations. The results
reveal that all the three outputs are not only useful but crucial in
resolving the interface fracture problem: peak strain, peak force, and
the first derivative of the force-strain profile. Thus, a single solution
for finite element methods was defined for the fibre droplet interface
by applying fracture toughness and critical traction as well as the
validation of model’s stiffness. For FBG sensor application with an
optical fibre and epoxy droplets, the test setup is able to clearly reveal
the four fundamental stages of fracture: reversible (elastic) loading
regime, crack nucleation, growth and full debond. For the interface
between optical fibre and epoxy, precise fracture toughness and critical
traction values per droplet were determined. Many of the previous
models rely on a single parameter, not least because of the long history
of load being the most precise test output. Based on the work here, any
bi-linear interface model capable of producing a cohesive zone between
a droplet and a fibre requires a strain sensor for accurate strain and
stress—strain derivative data.
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