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ABSTRACT ARTICLE HISTORY

We investigated the debonding on-demand (DoD) of adhesively ARTICLE HISTORY Received 23
bonded hybrid dissimilar joints by applying electromagnetic May 2023

induction heating to the joint overlap section, wherein the  Accepted 4 September 2023
epoxy resin is reinforced with iron oxide (Fe30,) particles. Ti- KEYWORDS

6Al-4V adherends were bonded with CFRP or GFRP adherends Debonding-on-demand;
using neat/modified epoxy adhesive. DoD tests revealed that electromagnetic induction
eddy current heating of Ti-6Al-4V was a dominant heating heating; epoxy; Fes0,
mechanism of the joints while both eddy current and magnetic

hysteresis of CFRP and Fe;O, acted as a secondary heating

factor. A low content FesO4 and thinner composite adherend

reduced the time to failure of the joints. Likewise, CFRP required

a shorter time for debonding compared to GFRP due to its

electromagnetic properties. Modifications with 2 and 5 wt.%

Fe304 for CFRP and GFRP joints led to 31% and 37% time

reduction which will be crucial for energy-saving when debond-

ing large structures. Remarkably, sandblasting improved the

electromagnetic induction capabilities of Ti-6Al-4V, leading to

a notable increase in the heating rate, which jumped from

around 20°C/s to 80°C/s. Sandblasting enhanced the surface

roughness of the adherends but only the water contact angle

of GFRP decreased considerably. Fes0, modifications increased

the epoxy residue on the Ti-6Al-4 V surface from 26% to 99%.

DIC revealed the strain distribution of bulk materials to under-

stand the thermomechanical mismatches between the materi-

als and the adhesive joints exhibited high peel stresses at the

overlap ends. The low weight content (2 and 5 wt.%) of Fez0,

exhibited beneficial effects on the mechanical, thermal, thermo-

mechanical, wettability and lap shear strength.

1. Introduction

Structural adhesives are extensively used to bond similar/dissimilar materials
in different industries such as aerospace, automotive and wind energy to
realise complex components. Epoxy (non-magnetic) and polyurethane are

CONTACT Sridhar Idapalapati @ msridhar@ntu.edu.sg @ School of Mechanical and Aerospace Engineering,
Nanyang Technological University, 50 Nanyang Avenue, 639798, Singapore, Singapore
@ Supplemental data for this article can be accessed online at https://doi.org/10.1080/00218464.2023.2256670

© 2023 Taylor & Francis Group, LLC


https://doi.org/10.1080/00218464.2023.2256670
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/00218464.2023.2256670&domain=pdf&date_stamp=2023-09-12

2 H. CAGLAR ET AL.

the most preferred adhesives for structural applications and the epoxy market
is expected to double in the next 5years..'! Although adhesive bonding is
widely accepted by various industries, there are some critical issues in adhesive
bonding applications. A careful selection of adhesives is required to prevent
detrimental issues, especially for dissimilar joint applications (typically poly-
mer composites (carbon fiber reinforced polymers (CFRP), glass fiber rein-
forced polymer (GFRP)) and metal (Ti-6Al-4V, aluminium)). This is
particularly important for applications like LEAP® Engine blades (3D-woven
composite and titanium alloy) by CFM International as mentioned in.'
Otherwise, the mismatch between the substrates’ thermomechanical and phy-
sical properties might reduce the strength of the joints significantly. These
mismatches can lead to kissing bonds or weak bonds in dissimilar joints."!
Another important issue is their negative impact on the circular economy and
decarbonization due to their incapability of proper disassembly. Thus, an
environmentally friendly design for debonding the joints is required to
enhance the reusability and recyclability of the bonded materials, especially
for those used in end-of-life vehicles. For example, two 10-year-old Boeing 787
were disassembled because they required high maintenance costs.

There are different approaches to enable debonding adhesive joints such as
applying thermal, electrical, magnetic, ultrasonic, chemical stimuli or mechan-
ical separation.!"! Anwar et al.®) examined the effects of high-energy nanose-
cond laser pulses with wavelengths of 1064 nm and 532 nm on aluminium
joints bonded with transparent polymethyl methacrylate (PMMA) polymer
for joint debonding with localised heating. The Al surface was analysed before
and after subjecting to laser energy, confirming that debonding occurred due
to surface melting, which caused minimal alterations to the Al surface.
However, a major limitation of this technique is that one of the materials
being bonded must be transparent to the laser wavelength, while the other
material must be an absorbing metal. Electromagnetic induction heating is a
promising technique due to its low energy consumption and local heating
capability. A high electromagnetic frequency field induces heat generation by
eddy current (i.e., Joule) and/or magnetic hysteresis depending on the materi-
al’s magnetic and electrical conductivity properties. Iron oxide (Fe;O,, i.e.
magnetite) particles were integrated to improve the disassembly characteristics
by exploiting their electromagnetic properties, cost-effectiveness, reusability
and recyclability.'! The authors reported 19.3% strength enhancement after
the addition of particles and 96.3% strength reduction after 3 minutes of
dielectric heating. Despite their local heating capabilities by hysteresis, iron
oxide particles require a high magnetic field and their heating capabilities are
easily influenced by the physical (e.g. thickness) and magnetic (e.g. magnetic
permeability) properties of the substrates. A recent study by Sanchez-Romate
et al.”) investigated the synergistic effects of thermally expandable particles
(TEPs) and iron oxide (Fe;0,) on epoxy adhesively bonded GFRP joints. The
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inclusion of TEPs enhanced the heating efficiency (from a slight to moderate
level) by improving the dispersion of Fe;O,. However, TEPs caused a signifi-
cant reduction of more than 30% in the lap shear strength at room tempera-
ture conditions. Piazza et al.’®! have demonstrated that the thermally
expandable particle (TEP) loaded adhesive affects the mechanical properties
and debondability of epoxy-bonded single lap joints (SLJs) made of alumi-
nium 6061 and woven carbon fiber reinforced plastic. When the joint overlap
area is heated under an electrically charged RF coil, the volumetric expansion
of TEPs weakened the adhesive, leading to joint debonding around 100 N. In
two recent studies,”'” rebonding properties of various thermoplastic adhe-
sives with Fe;O, particles were investigated using single lap joint and disk-
shape geometries, respectively.

Digital image correlation (DIC) is a technique for tracking local displace-
ment fields and strain in the mechanical testing of materials. DIC measure-
ments have various applications such as studying the fatigue failure behaviour
of CFRP/AL joints,!""! the shear nonlinearities of nanocomposites''?! and the
cohesive zone length measurements."*! In adhesive joints, DIC can monitor
the full field surface strain distribution on the joints and predict the strength of
the joints.['*!°!

In this study, a two-part paste epoxy adhesive was used to bond the CFRP or
GFRP (with varying thicknesses) with Ti-6Al-4 V. Although a few studies
considered Fe;0, for debonding of adhesive joints via electromagnetic induc-
tion heating, to the best of our knowledge, there is no available study is on
debonding Fe;O4-modified structural adhesively bonded dissimilar joints
while preserving/enhancing the lap shear strength at service temperatures.
The effects of electromagnetic induction heating on debonding of the epoxy
adhesively bonded joint (that exhibits a crosslinked structure inhibiting the
debonding process) were investigated. This study included the following
investigations: (i) thermal/thermomechanical characterizations of the materi-
als, (ii) bulk sample characterization, (iii) surface roughness and contact angle
measurements before and after sandblasting, (iv) single lap joint tests and (v)
in-situ electromagnetic induction heating test under a static load of the lap
joints.

2. Experimental materials and procedures
2.1. Materials

High purity (about 99.5+%) 15-20 nm size near-spherical (see Figure 1) iron
oxide (Fe;O,) particles (supplied by US Research Nanomaterials) were used in
this work!'®! as this size range show superparamagnetic behaviour."”! The
chemical composition of the powder in ppm is Cr (2) — Co (35) — Na (55) -
Mn (39) - Ni (16) - Mg (2) — Al (4.78) - Fe304 (99.5%) and its true density is
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Figure 1. TEM micrograph showing the morphology of iron oxide (Fe;0,) particles!®.

in the range of 4.8-5.1 g/cm™!'® As a ferrimagnetic material, Fe;O, particles

have a Brunauer - Emmett-Teller (BET) surface area of 81.98 m?/ g which has
a positive correlation with the magnetization of the nanoparticles.!"® In our
specific case, Fe;O, particles gain superparamagnetic properties under 20 nm
size.

A high strength, toughness, and temperature resistance two-part epoxy
(supplied by 3 M™) Scotch-Weld™ DP490 was used as an adhesive with proper-
ties listed in Table 1.

Unidirectional glass fiber reinforced epoxy prepregs of areal density 175 g/
m” (G17500 supplied by Weihai GuangWei Composites Co., Ltd, China) were
stacked to manufacture GFRP laminates. These prepregs have 33% + 3% epoxy
resin, 66% of fiber with less than 1% volatile substance by weight and their
mechanical properties are listed in Table 2.

HexPly® M21 (Hexcel) woven carbon prepreg was used to manufacture
CFRP adherends, whose properties are provided in Table 3. This prepreg
has excellent toughness and high residual compression strength after impact.
Both GFRP and CFRP laminates of required thickness were cured as per the
suppliers’ recommended curing cycle.

Table 1. The material properties of DP490 epoxy adhesive.'"

Temperature -55°C 23°C 80°C 120°C 150°C
Shear strength (longitudinal) (MPa) 23.7 30.2 11.9 2.8 1.9
Shear strength (transverse) (MPa) 31.6 28.7 12.7 32 1.7
Peel strength (DaN/cm) - 9.24 7.32 - -

Table 2. Mechanical properties of unidirectional GFRP laminates."?%"

Young's modulus Shear modulus ~ Tensile strength  Compressive strength ~ Poisson’s  Density (kg/
(GPa) (GPa) (MPa) (MPa) ratio m>)

46 7.0 950 700 .26 2200
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Table 3. The material properties of HexPly® M21.

In-plane In-plane CAl
Young's Tensile  Compression Compression shear shear @
modulus strength modulus strength modulus strength ILSS 300 Tg Density
(GPa) (MPa) (GPa) (MPa) (GPa) (MPa) (MPa) J  (°Q) (g/cm®)
739 880 63.9 820 4.8 94 70 270 195 1.59

Grade 5 Ti-6Al-4V sheets of 0.5 mm thick, were sourced from William Gregor Ltd, UK and their mechanical properties
are listed in Table 4.

Table 4. Supplier provided material properties of Ti-6Al-4V (where L-longitudinal and T-
transverse).

Yield
strength
Young's modulus Tensile (0.2%) %
(GPa) strength (MPa) (MPa) Elongation Chemical composition
117 963 (L) — 971 937 (L) — 1.1 (L) =  C(.009) - N (.004) - Fe (.2) -Al (6.13) - VV (3.88) - O
(M 900 (T) 10.7 (T) (.15) - Y (<50 PPM)

2.2. Experimental methods

To prepare the adhesive mixture, the epoxy resin and Fe;O, particles were
accurately measured using a milligram-sensitive electronic balance. The two
components were then mixed together in a planetary mixer (SK-300SII,
Kakuhunter) at 2000 rpm for 120 s. Subsequently, the mixture underwent
degassing at 2200 rpm for 30 s to remove any entrapped air. Next, the
Fe;O4-epoxy resin mixture was combined with the hardener in 2:1 ratio in
the mixer, blending at 2000 rpm for 240 s, followed by another degassing
step at 2200 rpm for 60 s. The resulting adhesive samples were manufac-
tured with Fe;O, concentrations of 0 wt.%, 2 wt.%, 5 wt.%, and 10 wt.% for
further characterization and testing purposes. The adhesive mixture was
vacuumed for 900 s to remove any entrapped air. The samples were then
placed on silicone moulds, specifically used for testing the thermomecha-
nical properties. Cure was achieved by allowing the samples to cure at
room temperature for 24 hrs, followed by a heating step at 80°C for 1 hr in
an oven.

The adherend preparation process involved several sequential steps
for effective bonding. First, the overlapping region of the adherends was
sandblasted with 80 grit size aluminium oxide (Al,O;) particles to
enhance surface roughness and mechanical interlocking. Subsequently,
thorough rinsing under running water removed any residual particles,
followed by gentle drying with a paper towel. Complete drying was
achieved by placing the adherends in an oven at 60°C for 30 min.
Next, the sandblasted surfaces were cleaned with acetone to eliminate
contaminants, and a brief air-drying period ensured a clean and dry
surface. To maintain a consistent bondline thickness, thin stainless-steel
spacers (0.2 mm thick) were inserted between the top and bottom
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adherends. Finally, the joints were cured by allowing them to cure at
room temperature for 24 hrs, followed by heating at 80°C for 1hr in an
oven using 3 LEAP® DP490 adhesive.

The glass transition temperature (Tg), storage modulus (E’) and loss
tangent (tand) of CFRP were determined using a dynamic mechanical
analyser (DMA Q800, TA Instruments) at a heating rate of 5°C/min and
a frequency of 1Hz as described in reference.”!! The same method was
applied to obtain E’ and tan & values of Ti-6Al-4 V, GFRP and Fe;0,-
epoxy samples between 40°C and 150°C at a heating rate of 10°C/min.
Glass-transition temperature (T,) of the Fe;O4-epoxy samples was mea-
sured wusing differential scanning calorimetry (DSC Q200, TA
Instruments) at a heating rate of 20°C/min. The through-thickness
thermal diffusivity of the CFRP, Ti-6Al-4V and Fe;O4-epoxy samples
at room temperature was measured using ai-Phase Mobile M3 type (ai-
Phase Co. Ltd.). Thermo-mechanical analyser (TMA Q400, TA
Instruments) was used to measure the through-thickness coefficient of
thermal expansion (CTE). The test sample of 6 mm diameter size were
heated from an initial temperature of 40°C to a final temperature of
140°C at 10°C/min under small compressive force of 0.05N. By mon-
itoring the dimensional changes of the samples, the through-thickness
coefficient of thermal expansion (CTE) was determined. The in-plane
coefficient of thermal expansion (CTE) of the individual materials, along
with the surface roughness and water contact angle of CFRP and Ti-
6Al-4 V, were assessed in accordance with the methodology described in
our previous study.!*”!

The Contoured Double-Cantilever Beam (CDCB) tests were conducted to
measure the adhesive fracture energy using, Gyc, using symmetrical 25.4 mm
wide aluminium adherends test materials according to ASTM D3433.1**) The
tensile properties of plastics and Ti-6Al-4 V were characterized by conducting
uniaxial tensile tests on dog-bone samples as per ASTM D638 and ASTM E8,
respectively.****! GFRP and CFRP samples were manufactured in the Type I
geometry (overall length: 165 mm), while epoxy samples were fabricated in the
Type IV geometry (overall length: 115 mm). Likewise, Ti-6Al-4 V was cut
according to subsize specimen dimensions.

As shown in Figure 2, in-situ thermomechanical tests (simultaneous appli-
cation of induction heating and static load) were conducted using EasyHeat
10 kW by Ambrell. After trial tests under different static loads and at various
amperages, it is decided to conduct the experiments at 275kHz, 300.3 A
heating via a four-turn induction coil with an inner diameter of 40 mm and
under a static load of 110 kg. During the experiments, temperature measure-
ments at the bondline, on the CFRP overlap region and Ti-6Al-4 V surface (2-
4 cm away from the bondline) were recorded using a FLIR A655sc long-wave
infrared (LWIR) camera.
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Figure 2. In-situ electromagnetic induction heating under a 110 kg load system (top) and
schematic illustration of joint configurations.

3. Results and discussion
3.1. Thermal/Thermomechanical measurements

As Fe;0,4 has an anisotropic shape and nonuniform distribution inside the
epoxy, it is worth measuring CTE in different directions. The addition of
Fe;O,4 reduced CTE in the x- and y-directions of the epoxy, except for the 5 wt.
% Fe;O4-epoxy in the y-direction (Table 5). On the other hand, the absolute
value of CTE of epoxy in the z-direction (through-thickness) was increased by
Fe;0, addition except for 2 wt.% Fe;O4-epoxy (Figure 3a). More voids might
be formed by the addition of particles which increases the viscosity of epoxy
due to air entrapment. Thus, epoxy with high Fe;O, content shrinks more
during heating by filling the voids. Thermal mismatch seems weaker for CFRP
joints than for GFRP as GFRP has a small expansion characteristic in the z-
direction while all other materials are shrinking in the z-direction (Figure 3b).
As CTE depends on the component phase and their interactions with each
other, a strong interfacial bonding reduces the CTE substantially./*"!
Increasing Fe;O, contents caused a somewhat decreasing CTE of epoxy as
Fe;0, has a low CTE.?”!

T, of neat epoxy increased in the range of 0.6-2.7% with the incorporation
of Fe30, particles. T, of cured epoxy is related to the segmental mobility of
molecules®® and the slight increase in T, points out the relatively good
interfacial interaction between epoxy and Fe;O, particles restricting the move-
ment of polymer chains. DMA analysis unveiled temperature-dependent
storage modulus (E’) and tan § of all materials (Figures 4-5) as well as Ty of
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Figure 3. Effect of temperature on the z-direction dimension change of neat/hybrid epoxy samples
and adherend materials.
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Figure 4. Effect of temperature on storage modulus (£') and tan & of neat/hybrid epoxy laminates.

CFRP and GFRP. E’ of neat epoxy was affected more than Fe;O4-epoxy
samples with the increasing temperature. In other words, Fe;O, enhanced
the thermal stability of the epoxy, but it caused deterioration of the E’ at room
temperature conditions. Decreasing E’ and increasing tan § indicate a decrease
in crosslinking by the addition of Fe;0, particles.”* T, of GFRP and CFRP
were found 134.8°C and 197.5°C, respectively. Measured T, of CFRP was
found very close to the nominal value of the technical data sheet (Table 3).
At 120°C, E’ of GFRP, CFRP, and Ti-6Al-4 V exhibited a reduction of 0.4%,
8.9%, and 0.8% respectively, compared to their respective values at room
temperature. This decrease in storage modulus indicates a slight decrease in
stiffness or rigidity of the materials at elevated temperatures. Although GFRP
has lower T, than CFRP, it has higher E’ and a lowertan§ which can be
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Figure 5. Effect of temperature on storage modulus (E') and tan & of GFRP (top left) CFRP (top
right) and Ti-6Al-4V (bottom).

interpreted as a comparable adhesion between the resin and fibers for both
materials at 120°C. Thermal diffusivity, a, of Ti-6Al-4 V (shown in Table 5) is
the highest among all adherend materials while a of CFRP has almost one
order of magnitude lower value than Ti-6Al-4 V. Thermal diffusivity of GFRP
was half the value of CFRP. Neat epoxy has the lowest a while the addition of
Fe;0, increased a of all Fe;04-epoxy a minimum of 15% because Fe;O, has
higher thermal diffusivity (proportionally higher thermal conductivity) than
epoxy. Notably, 10 wt.% Fe;O4-epoxy has lower thermal diffusivity than 5 wt.
% Fe;0,4-epoxy due to the air entrapment in the epoxy + Fe;O, mixture during
mixing.*%! It is known that air has lower thermal conductivity than polymers.
Therefore, high % of the air inside epoxy reduced the thermal diffusivity of the
epoxy + Fe;O,4 mixture.

3.2. Bulk material property characterization

The displacement of the deformation was measured using the crosshead
movement during the uniaxial tensile testing. Room temperature and
approximately 100°C tests were conducted on dogbone specimens of all
materials using the digital image correlation (DIC) technique. In all
specimens, the deformations were predominantly localized in the failure
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region. The incorporation of Fe;O, particles resulted in a reduction in the
maximum strain to failure, indicating increased brittleness of the epoxy.
Additionally, Fe;0, particles caused a decrease in the elastic modulus and
tensile strength of the epoxy at both room and elevated temperatures.
This can be attributed to the spherical morphology (low aspect ratio) of
the Fe;O, particles’®' as well as the possible stress concentration caused
by particle agglomeration.”*?! The presence of any voids in the epoxy-
Fe;O0, mixture may have further contributed to these effects. It is worth
noting that neat epoxy samples were tested around 91.2°C while Fe;O,-
epoxy were tested around 104°C. An increase in temperature led to
increased strain to failure as all materials become more ductile at higher
temperatures.

When CFRP was heated to a temperature of 111.5°C, significant mechanical
degradation was observed. The elastic modulus and failure stress (og,;) of the
CFRP were reduced by 63.9% and 60.6% respectively. This indicates a sub-
stantial decrease in the material’s stiffness and load-bearing capacity under
elevated temperature conditions. The room temperature properties of GFRP
were obtained from the technical data sheet and in a comparative study.'*"’
GEFRP at the elevated temperature had 44.1% lower elastic modulus and 44.8%
lower og,; compared with the room temperature properties. Despite the
average testing temperature of GFRP being 20.2°C lower than that of CFRP,
the CFRP exhibited a higher elastic modulus at 111.5°C compared to GFRP.
This suggests that CFRP retains its stiffness better at elevated temperatures
compared to GFRP. However, it is important to note that the tensile strengths
of GFRP were higher than those of CFRP at both temperatures as indicated in
Tables 2 and 3. This indicates that GFRP possesses greater resistance to failure
under both low and elevated temperature conditions compared to CFRP. As
provided in Table 6, Ti-6Al-4 V has lower mechanical properties at an elevated
temperature of 106°C (Fig. S1). Tensile yield, ultimate and failure stresses
(Ovield» OuTs and Og,;) decreased by 8.9%, 5.5% and 15.4% with increasing
temperature, respectively, due to thermal softening and Elastic modulus
decreased by 45.9%. Average ¢, and &, were changed by —27.5% and 24.7%
at the failure point with about 80°C rise of temperature (from room tempera-
ture) which makes it more ductile (Fig. $2). Additionally, the average &, yie1q at
room and elevated temperatures are 1.61% and 1.90% whilst average &, yrs are
12.5% and 13.7%, respectively. Consequently, it can be anticipated that there
will be increased rotation, crack initiation, and propagation at the overlap end
of Ti-6Al-4 V during the single lap joint (SL]) tests at both temperatures. The
strain mismatch between the epoxy and Ti-6Al-4 V is expected to amplify due
to the thermal mismatch between the two materials. Ti-6Al-4 V exhibits a
positive correlation with increasing temperature, while epoxy demonstrates a
negative correlation. Moreover, incorporation of Fe;O, into the epoxy further
stiffens the adhesive. These factors contribute to the generation of thermal
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stresses at the interface between the adhesive and the adherent, particularly
near the adhesive-free ends and the adhesive-adherend interface.**!

CDBC (i.e., tapered double cantilever beam TDCB) was employed to
determine the adhesive fracture energy, Gjc, according to the simple beam

theory (SBT) as:>4
4P? (3a* 1
6= (3 +1) g

where P is the applied load, E is the aluminium Young’s modulus (assumed as
69 MPa) and the geometry factor, h is the height of the aluminium adherend
(19.4 mm) and a is the crack length (80 mm).

Adding Fe;O,4 showed a toughening effect on the adhesive except for 5 wt.%
Fe;0, case that has a 3.9% lower GIC, than neat epoxy. On the other hand, 2
wt.% and 10 wt.% Fe;O, loading have 39.0% and 37.0% higher Gjc, respec-
tively. This can be interpreted as restricted crack propagation at the z direction
(through-thickness) due to likely plastic void growth by inclusions of
nanoparticles.*®! Although, other characterization results (mostly x and y
directions) revealed adverse effects of Fe;04 on the mechanical properties of
epoxy. Table 6 lists that the average residue on the aluminium surface,
measured through image processing of failure surfaces, increased with the
incorporation of Fe;O, particles. This indicates a shift towards a more cohe-
sive type of failure, indicating improved adhesion of the hybrid epoxy to the
adherend surface. Moreover, this increase in residue is associated with an
enhancement in fracture toughness, specifically for the 2 wt.% and 10 wt.%
Fe;0, loadings. CTE of neat/hybrid epoxy samples affected somewhat their
failure strain. For example, 2 wt.% Fe;O, inclusion diminished the CTE of neat
epoxy. Consequently, the difference between the strain values of neat epoxy at
room and the elevated temperature was decreased after introducing 2 wt.%
Fe;0,.

3.3. Surface roughness and contact angle analysis

The surface profiles of untreated and sandblasted CFRP, GFRP and Ti-6Al-4 V
were characterized because the surface properties effect such as skewness and
kurtosis the bonding and debonding behavior the joint.*®! The results are
shown in Figures 6-8, respectively. After sandblasting, the fibers of FRP
composites were exposed at the surface (CFRP-woven, GFRP-unidirectional)
as sandblasting mainly results in the removal of the epoxy. Table 7 lists the
surface roughness measurements of CFRP, GFRP and Ti-6Al-4 V. The differ-
ence between peaks and valleys for all materials was increased after the
sandblasting. After sandblasting, the surface roughness of CFRP, GFRP and
Ti-6Al-4V increased by 1121%, 111% and 10.5%, respectively. Ra,1 of
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(@) um - (b) -
Untreated Sandblasted 70

40
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Figure 6. The surface profile of (a) untreated and (b) sandblasted CFRP adherends.

(@ Untreated um  (b) Sandblasted

Figure 7. The surface profile of (a) untreated and (b) sandblasted GFRP adherends.

(a) Hm (b) wm
Untreated 75 Sandblasted 25

0 0

Figure 8. The surface profile of (a) untreated and (b) sandblasted Ti-6Al-4V adherends.

untreated CFRP, GFRP and Ti-6Al-4 V increased by 1232%, 111% and 10.4%,
whereas Ra,2 of untreated CFRP, GFRP and Ti-6Al-4 V enhanced by 2585%,
1840% and 927% after sandblasting, respectively. Sssk of the CFRP is lower
than 0 and hence its surface has valleys before and after sandblasting mostly.
The surfaces of GFRP (only sandblasted) and Ti-6Al-4 V have positive S
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Table 7. Three and two-dimensional surface roughness parameters.

Adherend type Sa(um)  Sq(um)  Sek Sk Sp (M) S, (Um) S, (um) *R,; (Um) *R,, (um)
Untreated CFRP 112 140 -0.18 3.11 376 412 7.89 0.56 0.27
Sandblasted CFRP 13.7 160 -004 207 383 36.9 75.1 7.46 7.25
Untreated GFRP 6.29 829 —052 934 362 47.7 83.8 4.09 0.20
Sandblasted GFRP 133 16.6 027 3.06 585 46.6 105 11.1 3.88
Untreated Ti-6AI-4V 4.96 5.14 022 192 864 7.17 15.8 4.90 0.11
Sandblasted Ti-6Al-4V  5.48 6.21 030 263 221 133 354 541 1.13

*Ra1 and *R, ; -=> Gaussian filter, 0.8 mm.

Table 8. The water contact angle of CFRP and Ti-6Al-4 V.

Adherend type Contact angle in degrees
Untreated CFRP 80.9 +2.7
Sandblasted CFRP 792 £34
Untreated GFRP 73.1
Sandblasted GFRP 57.3
Untreated Ti-6Al-4V 61.6 + 5.4
Sandblasted Ti-6Al-4V 82.7 + 6.5

values which indicate peaks are more than valleys before and after sandblast-
ing. Sandblasting resulted in lowering Sy, for untreated CFRP, GFRP and Ti-
6Al-4 V surfaces which is an indication of removing surface defects of
untreated samples.

Sandblasting of untreated CFRP led to a minor change (2.1%) in the water
contact angle as indicated in Table 8. Interestingly, sandblasting of Ti-6Al-4 V
increased the water contact angle despite the similar enhancement in surface
roughness as reported in.*”) This phenomenon could be attributed to the
potential alteration of the chemical composition on the surface, such as a
decrease in titanium (Ti) content and an increase in aluminium (Al) content,
caused by the aluminium oxide grid-blasting process. Similar findings have
been reported by Costa et al..!**! The rise in water angle indicates a decrease in
the wettability of Ti-6Al-4 V surfaces and the increased likelihood of air
entrapment at the surface.

3.4. Single lap joint (SLJ) tests

The effects of different wt.% of Fe;O, on the SLJ were investigated at room
temperature conditions. The lap shear strength versus displacement response
curves depicted in Figure 9 shows an initial linear response up to around 0.5
mm followed by non-linear response similar to that of is typical for dissimilar
joints.'"¥ The DIC technique was utilized to understand full-field strain
distribution on the SL] samples using three different cameras simultaneously.
Strain distribution in the x, y (transverse and longitudinal directions, respec-
tively) and major axes are shown in Figures 12-13. The x, y and major axes
strains were more dominant at the overlap ends of the joints than the middle



16 @& H

CAGLAR ET AL.

20 1 1 1 1 1 1
18 A ""'1
o A £
"“‘ //’ it 1
16 RS IV
o 7 2 3
—_ &y, L A | 1
Sl o o A :
% 14 "." P 1 ' | 1
= ."‘;g”/: """"""""" | E 1 !
@12 < & HL 1
g .'."‘ Y 1 | 1
(7] 10 ‘\:;‘; 1 ’ '
PR
s A R P 0 wt.% Fe,0, (GFRP)
[}]
= 8f k4 2 wt.% Fe,0, (GFRP)
o j’*’ ....... 5 wt.% Fe 0, (GFRP)
& 6r ij ....... 10 wt.% Fe 0, (GFRP)||
ak ¢ — —0wt% Fe,0, (CFRP) ||
'! 2 wt.% Fe,0, (CFRP)
a2t / — —5wt.% Fe,0, (CFRP) ||
4 — —10 wt.% Fe,O, (CFRP)
0 1 1 1 1 1 1
0 0.5 1 1.5 2 2.5 3

Displacement (mm)

Figure 9. Representative lap shear stress cross-displacement responses of the joints.

region. The strain distribution on the major axis is computed by GOM soft-
ware using the principal axis transformation of the strain tensor.*> *°! The
strain distributions along the major axis and x-axis exhibit similarities, sug-
gesting that peel stresses are predominant. Additionally, the maximum strain
along the major axis occurs at the ends of the overlap regions. The bondline
ends undergo significant deformation due to bending, particularly after the
non-linear deformation caused by increasing load eccentricity. As indicated in
Table 9, CFRP-Ti-6Al-4 V joints exhibited superior SL] than GFRP/Ti-6Al-4
V joints, primarily due to CFRP has a higher elastic modulus than GFRP.
Despite GFRP having better wettability characteristics, the lower elastic mod-
ulus of GFRP resulted in reduced joint strength. Additionally, CTE mismatch
is higher for GFRP/Ti-6Al-4 V which causes thermally induced stresses (dur-
ing the curing process) and/or the anisotropic nature of GFRP may have led to
strength reduction.”?”! Although adding Fe;O, to epoxy did not always
increase the SLJ strength of the joints, the % epoxy residue always higher on
the Ti-6Al-4 V surfaces compared with the neat epoxy joints as shown in
Figures 10-11. The difference between trends might result from a CTE mis-
match between the Fe;O4-epoxy and the adherends due to high temperature
curing. Neat (0%) epoxy configuration of GFRP/Ti-6Al-4 V joints induced
lower SLJ at room temperature conditions than GFRP/GFRP joints, as
reported in our previous study'®*! because of a lower bending stiffness of Ti-
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Figure 10. The results of the SLJ test conducted on CFRP/Ti-6Al-4V joints.

6Al-4 V (0.5mm thick) than GFRP (2.5 mm thick).!*!! Besides, thin metal
adherends are prone to experiencing plastic deformation, leading high loca-
lized strains might reduce SLJ strength.*?) CERP does not display yielding
under tension as it is an elastic-brittle material.”** The joints between CFRP
and Ti alloy, which were bonded using epoxy adhesive reinforced with 5 wt.%
nanoparticles, exhibited a mixed failure mode along with lower strength when
compared to joints reinforced with 2 and 10 wt.% nanoparticles. Conversely,
the other mixtures resulted in cohesive failure. Table 6 indicates that the
fracture toughness was lower for the 5wt.% joints, making them unable to
withstand relatively high peel stresses. Consequently, the 5 wt.% joints failed at
a lower load compared to the 2 and 10 wt.% joints. Figures 12 and 13 provide
visual evidence of the different deformation behaviours of the materials after
failure. In the case of Ti-6Al-4 V, plastic deformation is observed, indicated by
the permanent change in shape even after the failure event. The Ti-6Al-4V
side of the joint exhibits higher deformation compared to CFRP and GFRP
depicting asymmetrical deformation due to mismatch in material properties
and free-edge stress concentration factors. The higher deformation in the Ti-
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Figure 11. The results of the SLJ test conducted on GFRP/Ti-6AIl-4V joints.
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Figure 12. Strain distribution for 2 wt.% Fe304-Epoxy (CFRP/ti-6Al-4V) joint and after failure.

6Al-4 V side may lead to localized stress concentrations and can contribute to
crack initiation. The strains observed near the lap ends are commonly asso-
ciated with the formation of a hinge-like behaviour, where compressive strains
develop.""* This hinge formation can result from the non-linear deformation
of the joint under load, leading to concentrated stresses near the lap ends. The
remaining areas experienced almost zero strain i.e., small deformations



THE JOURNAL OF ADHESION 19

Major axis After failure

1 S
: Ti6AlaV
-1.16 -0.32 -117

Figure 13. Strain distribution for 5 wt.% Fe304-Epoxy (GFRP/ti-6Al-4V) joint and after failure.
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existence. Ti-6Al-4 V was fixed from the end while the samples were pulled
from the composite adherends’ side during the tests. The strains at the lap end
of composite adherends were found higher than Ti-6Al-4 V. It is known that
crack initiation happens at the bondline of similar joints symmetrically.
However, as dissimilar joints were investigated here, cracks initiate at one of
the overlap ends randomly (Figures 12-13). The rotation angle was correlated
with the SLJ strength mostly. In general, the high displacement induced a
higher rotation angle and CFRP had a higher rotation angle than GFRP due to
being thinner and hence less stiff but having a higher strength than GFRP
joints. Additionally, the strain distribution in the y-direction is higher at the
inner surfaces of the adherends (bonded side) compared to the outer surfaces,
as shown in Figures 12-13 where #1 and #2 correspond the cameras’ viewing
from either left or right of the joint. #1 shows the inner (bonded) surface of Ti-
6Al-4V and outer surfaces of FRP adherend whilst #2 shows the inner
(bonded) surface of FRP adherend and outer surface of Ti-6Al-4 V. This
observation indicates that the highest strains and deformations occur in the
region where the adhesive interacts with the adherends, suggesting the pre-
sence of localized stress concentration in the bonded area. Especially Ti-6Al-4
V demonstrated higher strain in the inner surfaces (#1) which were higher
strain than FRP adherends. In other words, nonuniform through-thickness
strain and displacement distributions.

Better wettability of GFRP and CFRP promoted a higher % of epoxy residue
on their surfaces than Ti-6Al-4 V. The % residue correlated with S, of the
material surfaces positively. CFRP surfaces had slightly more epoxy residue
compared to GFRP surfaces due to lower S;, of CFRP minimizes the stress
concentrations at the surface and allows for better adhesion between the epoxy
and CFRP.®! On the other hand, the low yield strength of Ti-6Al-4 V may
contribute to interfacial failure,**! resulting in a lower amount of residue.
Also, Ti-6Al-4 V exhibited the poor wettability characteristics (lowest surface
roughness and highest contact angle after sandblasting) among the three
adherend types which contributed to the low epoxy residue. Still, almost all
joints displayed a mixed failure mode. The cohesive failure mode only



007 > D>/9L > W>EEL SV S00L "PIXIN :IN ‘@AIS3Y0D 1) ‘BAISYpPY Y

W LTS 5’86 99°'L SLOFELL SOFLEL  Axoda-yOga] %M 0L

W 1’29 L6 80°¢ 6L0FELT SO0F L9l Axoda-yO£34 %M §

W 4% 68 €91 L0 F0C¢ L0OF Sl Axoda-y0ga4 %M T

W Sy L'v6 ¥9'C LE0OFCLT LLFYSL Axoda-y0g34 %M 0 Av-I¥9-11/d44D

p] 9LL 6'S6 €€T Or'0F¥SC STF9LL  Axoda-yOga4 %M 0L

W S'/9 L'26 we 0£0F6£C L'0OFv9L Axoda-y0£34 %M §

p] 9L 6'86 80°€ 0L0FLTE YZF6LL Axoda-y0g94 %M T

W ¥'8¢ ¥'s6 vee LF0F0CT 60FC9lL Axoda-y0€34 %M 0 Av-I¥9-11/d44D
spow (N-IV9-1L (d¥4D 4o dy49 () a1bue (ww) (edW) adAy jeuarey adAy puasaypy
ain|ie4 uo) SaNpISal JO 9 dbeIDAY uo) saNpIsal JO 9, dbeISAY uollelol abesany  Juswede|dsip abesany 1S abesany

‘SjusWlainsesaw 1S9] Jeays deq 6 9|qel

H. CAGLAR ET AL.

o
(o]



THE JOURNAL OF ADHESION 21

appeared at the two highest strength CFRP joints. Light fiber tearing on GFRP
surfaces was found but almost none for CFRP even if SL] for CFRP joints were
higher. The findings from our study, supported by reference!*! and illustrated
in Fig. S3, confirm that woven composites, specifically CFRP in this case,
exhibit a lower susceptibility to delamination. This characteristic is attributed
to the inherent structural properties and interlocking nature of the woven
fabric reinforcement, which enhances the interlaminar strength and resistance
to separation between layers. Contrarily, GFRP adherends indicated delami-
nation as shown in Fig. S4. Shear bands were formed at the bondline of 5 wt.%
Fe;O, GFRP joint and 2 wt.% Fe;O, CFRP joint as an indication of the
enhancement of shear strength of the joints. The epoxy residue was smooth
on the CFRP and GFRP surfaces mainly as this displayed the high peel stresses
while Ti-6Al-4V presented rough epoxy residue which pointed out shear
stress was predominant. The incorporation of Fe;O, led to by 26% to 99%
increase in the adhesive residue that indicates an enhancement of the adhesion
between epoxy and Ti-6Al-4V surface. Although additional of Fe;O4
decreased the storage modulus of epoxy, Fe;0, increases the lap shear strength
in most cases due to its better wettability. Compared with neat epoxy GFRP/
GFRP joints,**) GFRP/Ti-6Al-4 V joints had more epoxy residue on their
surfaces.

3.5. In-situ electromagnetic induction heating under a static loading

In this study, dissimilar joints, specifically CFRP/Ti-6Al-4 V joints and GFRP/
Ti-6Al-4 V joints with GFRP adherends of different thicknesses (around 2.60
mm for thin and around 3.30 mm for thick), were subjected to in-situ electro-
magnetic induction heating under a constant static loading of 1.1 kN. The
joints were modified with different weight percentages of Fe;0,-epoxy. The
purpose of the experiment was to investigate the effects of in-situ heating and
Fe;04-epoxy content on the joint’s mechanical behavior. The geometrical
details of the dissimilar joints were tabulated in Table 10. The bondline
thicknesses at the end of CFRP were 2-3 times thicker than Ti-6Al-4V
which probably resulted from insufficient molding. However, the same mold-
ing technique provided more uniform bondline thickness along the overlap.
The size of the overlap area was similar among all joints. 2 wt.%. Fe;0,4-epoxy
bonded CFRP/Ti-6Al-4 V joints had a lightly thicker bondline at the free end
of the CFRP side and a thinner bondline at the free end of the Ti-6Al-4 V side
as indicated in Table 10.

The thermal images of some tests just after failure are shown in Figure 14.
The joint overlap region was located between the first and third coils from the
left. As the content of Fe;O,within epoxy increases, the temperature distribu-
tion in the overlap region of Ti-6Al-4V just after failure became more uniform.
More than the overlap region of all adherends were sandblasted before the
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Bondline: 139°C Bondline: 160°C
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Figure 14. Thermal images of 2 wt.% Fe;0,4 epoxy bonded CFRP/Ti-6Al-4V joint (top left), 5 wt.%
Fe30,4 epoxy bonded GFRP (thin)/Ti-6Al-4V joint (top right) and 5 wt.% Fe30, epoxy bonded GFRP
(thick)/Ti-6Al-4V joint (bottom).

20222907 _Ti-MidRegion Sel 1602® ¢ 20222907_Ti-EndTabRegion

00:00:05.000 0.8 00:00:05.000

20222907 _Ti-EndTabRegion

Figure 15. Thermal image of Ti-6AI-4V (untreated (top left) & sandblasted sample (top right)) at 5™
second of the test and sandblasted at 1.6™ second (bottom).

tests. Remarkably, an interesting observation was made during the induction
heating process: the sandblasted regions of Ti-6Al-4V heated up faster than
the untreated region (as depicted in Figure 15). This can be attributed to the
surface cleaning effect of sandblasting on Ti-6Al-4V, which eliminates surface
contaminants that can hinder efficient heating through a shielding effect.!*”’
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Additionally, the sandblasting process can alter the electrical conductivity of
the surface, enhancing its Joule heating capability and further contributing to
the accelerated heating of the sandblasted regions. Similarly, sandblasting can
activate the Ti-6Al-4V surface by creating micro-roughness and introducing
surface irregularities. These activated surfaces can exhibit improved receptiv-
ity to electromagnetic energy, promoting more effective heat generation dur-
ing induction heating. As shown in Figure 15 (bottom), reaching the
maximum readable temperature (160.2°C) of the thermal camera at Sp1, Sp2
and Sp3 points on the sandblasted surface of Ti-6Al-4V took 0.80 s, 1.64 s and
1.00 s, respectively. On the other hand, electromagnetic induction heating of
untreated and sandblasted GFRP was unsuccessful to heat up by electromag-
netic induction as GFRP does not carry electrical/magnetic properties. In
Tables 10-11, the geometrical dimensions and temperature profile with time
to failure of tested joints are listed, respectively. As demonstrated in Figure 17,
CFRP joints with pure epoxy exhibited a shorter time to failure compared to
GFRP joints as CFRP has an induction heating capability as it is electrically
conductive and exhibits relative magnetism.!*®! In contrast, thicker GFRP
joints required a significantly longer time to fail, exceeding the failure time
of thinner joints by more than 50%, as shown in Figure 16. The thicker
adherends act as a thermal insulator, impeding the penetration of electro-
magnetic fields and reducing heat generation within the joint. The addition of
Fe;0, into the epoxy adhesive further reduced the time to failure.'® This
could be attributed to factors, such as enhanced electromagnetic coupling
between the CFRP or Ti-6Al-4V adherends and the adhesive, improved heat
generation within the joint, or altered mechanical properties of the adhesive
itself. However, it is known that heat generation through magnetic hysteresis is
generally much lower compared to heat generation through eddy currents.!*”
Thus, when using 10 wt.% Fe;O, epoxy bonded GFRP/GFRP joints, the
electromagnetic induction heating is much slower than in GFRP/Ti-6Al-4V
joints. Also, CFRP has higher electrical conductivity due to the higher carbon

Table 11. In-situ heated static test results.

wt. % of Average Average Average
Adherend Fe304 Adh-1 Adh-2 Bondline Average time to Failure
materials particles Temp. (°C)  Temp. (°C) Temp. (°C) failure (s) mode
CFRP/Ti-6Al-4V 0 91+4 65+ 14 129+ 6 336+24 A
2 101 £ 36 83+ 19 131 £ 16 23.1£52 A
5 877 83+ 17 138 £ 15 31.2+£09 A
10 9113 64+ 6 128 £7 371112 A
GFRP (thin)/Ti-6Al- 0 91+4 76 £ 14 126 £ 4 526 +54 A
4V 2 85+3 76 £ 36 120 £ 10 46.7 £ 49 A
5 72+8 86 + 36 139 £ 15 33.1+£56 A
10 68 + 9 65+ 17 131£6 304 £44 A
GFRP (thick)/Ti- 2 97 £ 12 62+ 4 126 £ 13 704 £ 10 A
6Al-4V 5 77 £1 79£8 116 £3 533+28 A
10 877 79 £ 25 131 £ 15 65.0 £ 10 A
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Figure 16. Representative temperature distribution at the bondline of (a) CFRP/Ti-6AI-4V joints
and (b) GFRP/Ti-6Al-4V joints.
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Figure 17. A brief summary of the results obtained from in-situ electromagnetic induction heating
applied to CFRP/Ti-6Al-4V joints and GFRP/Ti-6Al-4V joints under static loading conditions.

content in CFRP compared to GFRP, which increases the Joule heating
capability.**) In general, GERP samples with 5 wt.% iron oxide showed better
debondability characteristics, requiring approximately 5% shorter time to fail,
than samples with 10 wt.%. It should be noted that a thicker adhesive bondline
may lead to better induction heating capabilities (i.e., faster heating) due to
having more particles in the adhesive bondline. Among the CFRP-Ti joints
reinforced with Fe;O,, those containing 2 wt.% and 5 wt.% exhibited compar-
able heating characteristics, while the joints with 10 wt.% Fe;O, demonstrated
inferior heating performance. This decrease in heating efficiency in the 10 wt.
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% group could be attributed to factors such as particle agglomeration, voids,
impeding the Joule heating by magnetic hysteresis. The addition of Fe;O,
particles to GFRP joints improved their heating capability by increasing their
thermal conductivity. This was evident in the faster heating rates of GFRP
joints reinforced with 5wt.% and 10 wt.% Fe;O,4, even though the GFRP
adherends were 8% thicker compared to the joints reinforced with 0 wt.%
and 2 wt.% Fe;O, -epoxy. The higher concentrations of Fe;0,4 (5 wt.% and 10
wt.%) likely exceeded the percolation threshold, enabling the formation of
conductive pathways throughout the joint. These pathways facilitated efficient
heat transfer, compensating for the increased thickness of the GFRP adher-
ends. Consequently, the improved thermal conductivity and the presence of
conductive pathways allowed for better distribution and dissipation of heat
within the joint. For all joints, the 5 wt.% Fe;04-epoxy in each group showed
the best heating capability. Both joint configurations showed a decreasing
heating rate with increasing temperature due to decreased magnetic properties
of Fe;0, at higher temperatures.'*”! Secondly, although there may be a slight
enhancement of the eddy current properties at elevated temperatures, the
overall effect is limited. Additionally, the electrical resistivity of titanium
alloy tends to increase with temperature,*® further impeding the flow of
electrical current and reducing the heating rate. In general, epoxy with
Fe;O, particles responds quicker as indicated in Figure 14, due to enhanced
thermal diffusivity as indicated in Table 5.

Commonly, the epoxy residue on the Ti-6Al-4 V surface remained only at
the end of overlap regions that point out the high peel stresses at those regions
due to thermomechanical mismatches (Fig. S5-7). Another reason could be
quickly heating Ti-6Al-4 V surfaces made the interface weaker compared to
FRP-adhesive interfaces. Besides, thick GFRP joints had more epoxy residue
(thin layer of epoxy) on thick GFRP joint surfaces. Generally, 10 wt.% joints
had more epoxy residue left on Ti-6Al-4 V surfaces due to particles acting as
stress concentrations inside the adhesive. Relatively, the epoxy residue was
found more on CFRP than on GFRP. Smooth fracture surfaces without shear
bands indicate the low shear strength of joints at elevated temperatures.
Commonly, it was observed that an increase in the adherend temperature
generated a lower % adhesive residue at the adherend surface.

4. Conclusions

The significance of Fe;O, particles on the functionalization of epoxy adhe-
sively bonded dissimilar joints was examined in this study. Fe;O, enhanced
the tensile fracture toughness of epoxy for 2 wt.% and 10 wt.% Fe;O,4-epoxy.
By the DIC technique, the tensile properties and CTE differences between
different wt.% epoxy and adherend materials were established to understand
the mechanical response of materials under thermomechanical load.
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Sandblasting increased the surface roughness of the adherends substantially.
However, contact angle analysis showed only enhancement in the wettability
of GFRP surfaces after sandblasting. Surface roughness and water contact
angle analysis helped to understand the failure mode of the SLJ samples and
the residue epoxy on the adherend surfaces. Room temperature SLJ tests
pointed out no substantial difference arising from adding Fe;O, into the
epoxy adhesive. Besides, Fe;O, particles helped the debonding process of the
joints by reducing the time of failure (i.e., less energy required). CFRP joints
had a lower time of failure than GFRP joints as they have magnetic and
electrical conductivity properties. Thicker GFRP adherends required a longer
time for failure since GFRP does not have any magnetic/electrical capabilities.
The electromagnetic induction trial of GFRP/GFRP joints was unsuccessful in
terms of heating the samples to fail under a static load. Sandblasting had a
significant impact on enhancing the induction heating capability of the Ti-
6Al-4 V. To understand the underlying mechanism, further investigations are
recommended. The future work may include electromagnetic induction cur-
ing of dissimilar joints with Fe;O,4, chemical functionalisatoion of Fe;O,
particles for their dispersion to improve the effectiveness of magnetic hyster-
esis, joints with thicker titanium alloy because it has very limited penetration
depth (less than 0.80 mm) at 275 kHz!*®! and development of in-situ magentic
heating system with peel or shear lap testing system.
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Nomenclature

A adhesive failure

Al aluminum

BET Brunauer - Emmett-Teller
CDCB contoured double-cantilever beam
CTE coefficient of thermal expansion
DMA  dynamic mechanical analyzer
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E Young’s modulus
EoLV  end-of-life vehicles
gy failure strain in the y direction
FRP fiber reinforced polymers
GIC adhesive fracture energy
M mixed failure
R, arithmetic mean height in the axial direction
Sa arithmetic mean height
Sp maximum height of peaks
Seek skewness
S, maximum height of the surface
SLJ single lap joint
ouTs Ultimate tensile strength
tand  tan delta
T, glass transition temperature
GIC thermal diffusivity
AlL,O;  aluminum oxide
C cohesive failure
CFRP  carbon fiber reinforced polymers
DIC digital image correlation
DSC differential scanning calorimetry
E’ storage modulus
£ failure strain in the x direction
Fe;O, iron oxide
GFRP  glass fiber reinforced polymer
h height
P applied load
Rao arithmetic mean height in the transverse direction
Sku kurtosis
Sq root mean square height
Sy maximum height of valleys
SBT Simple Beam Theory
Ofail failure strength
OYield yield strength
TEPs  thermally expandable particles
TMA  thermo-mechanical analyzer
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