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A B S T R A C T

Adhesive materials for carbon fiber reinforced polymer (CFRP) composites have attracted the interest of re-
searchers as an effective means to bond newly developed lightweight and high-performance composite struc-
tures. In this study, we developed a novel method to overcome these critical problems through a silica particle
coating. Four-step bonding procedures were proposed to bind heterogeneous materials, where various con-
centrations of silica particles were introduced to coat CFRP composite surfaces uniformly in order to serve as a
reinforcement and as a protection barrier layer against CFRP fractures. Experimental evaluations of the me-
chanics and fractography studies were conducted to clarify the correlations among the silica concentrations,
adhesive strength levels, coating properties, and CFRP surface fractures. It was demonstrated that the in-
troduction of the silica surface coating improves the adhesive strength by approximately 20% while also re-
ducing CFRP surface fractures significantly by around 90%.

1. Introduction

Carbon fiber reinforced polymer (CFRP) composites have excellent
engineering properties, such as a high strength-to-weight ratio, good
impact resistance, and non-corrosive characteristics, thus attracting
much attention in a wide variety of fields that require high strength and
lightweight properties [1]. The annual demand for CFRP composites
has been steadily increasing, especially in the aircraft and aerospace
industries, where lightweight materials are in dire need. For example,
up to 50% of the original weight was replaced by CFRP composite
materials in the Boeing 787 airplane, and the proportion of CFRP parts
is increasing in the automobile industry in order to maximize fuel ef-
ficiency [2,3]. Although the cost of CFRP composites remains a major
obstacle, it will gradually decrease with the help of manufacturing
techniques; therefore, the CFRP composite market is expected to
prosper in the near future [4].

In order for CFRPs to be more commonly used in future markets, it is
crucial to join CFRP composites with different materials, such as alu-
minum (Al), iron, and certain ceramics [5–7]. Traditionally the most
commonly used joining methods were welding and bolting, but these
methods cannot be applied to CFRP composites. Welding does not apply
to polymeric materials or composites, and bolting causes irreversible

damage to the structural integrity of CFRP composites [8,9]. Further-
more, bolting inevitably raises the overall weight due to the added bolts
and nuts. In order to overcome these problems, adhesive bonding
methods have been widely studied, as this approach can achieve high
bonding strength levels, easy processability and a weight reduction at
the same time [10].

Hence, intensive research has been carried to assess various types of
adhesives and modifications of these adhesives, as summarized in
Table 1. Particularly, in order to improve the performance of an ad-
hesive, it is common to modify the epoxy with carbon nanotube (CNT)
or silica nanoparticles as a filler material [11–14]. Korayem et al.
proposed the incorporation of carbon nanotube (CNT) into an epoxy
adhesive to increase the crosslinking density and to provide reinforce-
ment effects, resulting in good crack growth inhibition when using the
epoxy adhesive [15]. Another report about the addition of CNT to an
epoxy material revealed that the adhesive strength increased by ap-
proximately 10% with a tensile modulus as high as 30% [16]. As an-
other type of filler, silica was introduced to enhance the adhesive
strength, by 38%, and the environmental effects like moisture and
temperature conditions were observed as well [17].

The adhesive strength can also be enhanced by cleaning or in-
creasing the adhesive surface area. IR and UV laser methods have been
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used to remove contaminants from adhesion sites to maximize the
surface activity [18,19]. When the surface was treated with a CO2 laser,
a 78% improvement in the adhesive strength was reported [20]. The
nanosecond pulsed Nd:YAG laser method was been applied to modify
the surface microstructure without damaging embedded carbon fibers
[21]. A vapor-pressurized plasma treatment which can form a nano-
pattern topography on the material surface was also applied to roughen
the adhesion surface [22]. The advantages of these laser and plasma

processing techniques are that they are clean, stable, rapid, and re-
producible. In other approaches, enhanced binding energy between a
metal and a polymer was achieved via a homogeneous low energy
electron beam irradiation (HLEBI) method, and the adhesive strength
was increased by 29% [23]. It was also reported that ultrasonic vibra-
tion enables an adhesive to penetrate the surface roughness of the
bonding area, thus increasing the effective bonding area and improving
the adhesive strength, by 52% in one study [24].

Given all of these research outcomes and the continuing efforts to
enhance the adhesive strength, there is another critical problem to
overcome before more widespread use of these materials can be rea-
lized. This is the damage commonly caused to CFRP composite mate-
rials during the debonding process [25–28]. When CFRP composites are
debonded from other materials, fractures usually occur inside the CFRP,
as the adhesive force surpasses the structure integrity of the CFRP itself.
These damaged CFRP composites are generally buried [29,30] and/or
recycled by the burning or melting of the matrix polymer to regain the

Table 1
Adhesive bonding studies using various pre-treatment.

Pre-treatment Effect Increase in adhesive
strength

Ref.

Filler Carbon nanotube (CNT) Prevent cracking from epoxy matrix 50% [15]
10% [16]

Silica 38% [17]
IR/UV laser Clean or increase contact

surface
Remove pollutants on adhesive surface – [18] [19]

CO2 laser 78.8% [20]
Nd:YAG laser Increase surface area through pattern or

structure formation
– [21]

Vapor pressurized plasma – [22]
Homogeneous low-energy electron beam irradiation

(HLEBI)
Increase binding energy between the metal and polymer 29% [23]

Ultrasonic vibration Allow adhesive to penetrate into the contact surface structure 52% [24]

Fig. 1. Specimen fabrication sequence of the silica-coated CFRP/Al specimen preparation process for the lap shear test: i. Sandpaper to roughen the contact surface, ii. Drop-coat colloidal
silica, iii. Apply adhesive onto the silica-coated surface, iv. Fix CFRP/Al with adhesive by a clamp and follow subsequent curing steps, v. Tap specimens by sandpaper.

Table 2
Details of the adhesives and curing conditions.

Products Type Ingredient Thickness (mm) Curing conditions

Araldite 2011-A/B Paste epoxy ≤0.1 150 °C for 30min
+180 °C for 10min

LF-501 Film 175 °C for 20min
+200 °C for 10min
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carbon fibers [31–33]. Both methods incur unnecessary environmental
and economic costs, becoming one of the major obstacles to the in-
dustrial application of CFRP composites. In this respect, the ideal ad-
hesive should strongly bond CFRP composites with other materials

while at the same time should not damage the CFRP when debonding
such that the detached composite parts retain their original conditions
with the potential for reuse as well. Most studies thus far have focused
on improvements of the adhesion force, whereas very few have been

Fig. 2. (a) Schematic illustration of the simulation layout for lap shear test and the FE discretization of (b) bare and (c) silica-coated specimens.

Fig. 3. FE-SEM images of bare CFRP surfaces with magnitudes of (a)5,000×, and (c)20,000×, and a silica-coated CFRP surface with a magnitude of (b)5,000×, (d)20,000×.
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carried out in an effort to minimize composite damage during the de-
bonding step.

In this study, a CFRP composite was initially coated with silica
particles via a simple dropping method, and an epoxy adhesive was
applied to bond the CFRP to Al. A lap shear test was conducted to
measure and analyze the mechanical properties, and a post-analysis
step was done with optical microscopy and field-emission scanning
electron microscopy (FE-SEM). A finite element (FE)-based theoretical
analysis was also carried out to examine the interfacial characteristics
of the adhesive, silica particles, and resulting CFRP/Al coupons. It was
found that damage to the CFRP typically caused during debonding was
significantly reduced by the introduction of the silica coating, showing
the possibility of the reuse of CFRP composite materials. This is a un-
ique research result in that this silica coating not only enhances the
adhesive strength by 20% but also acts as a protection barrier to reduce
CFRP composite damage during the debonding step. This will con-
tribute to the development of an economical and environmentally
friendly CFRP reuse system.

2. Methods

2.1. Materials

The adhesives used in this study were two different types of epoxy
systems: Araldite 2011-A/B (paste type, Huntsman Co.) and LF-501
(film type, L&L Co.). 2 mm thick sheets of T-700 grade [(0/±45/90)2]S
CFRP (C-ASK Co., Ltd.) and high-strength 2024T-4 Al (S.T. Co.) were
purchased and cut into desired dimensions (12.5mm wide and 50.5mm
long) using a water jet (TOPS Co., Ltd.). Silica particles with a diameter
of 200–400 nm (Ditto Technology Co., Ltd.) and N,N-dimethyl for-
mamide (DMF, Sigma Aldrich) were used to coat the surfaces of the
CFRP composites and to disperse the silica particles properly, respec-
tively [34–37]. Acetone was purchased from Daejung Chemical Co.,
Ltd. All chemicals were used as received without any additional pur-
ification processes.

2.2. Fabrication of silica-coated CFRP/Al specimen

In order to determine the effect of the silica coating on the adhesive
strength and failure behaviors, a silica-coated CFRP/Al lap shear spe-
cimen was fabricated following the ASTM D 5868 standard. The de-
tailed fabrication procedure is shown in Fig. 1, and it proceeded as
follows: (i) the adhesion areas of the CFRP and Al coupons were first
roughened with sandpaper to maximize the physical surface area and to
adsorb silica particles more efficiently. The treated coupons were
thoroughly cleaned with acetone and dried in an oven. (ii) Subse-
quently, silica particles were dispersed in a solvent of DMF and soni-
cated to produce a uniform colloidal solution [38]. Ultrasonic pulver-
ization of 5–10min was conducted, and various concentrations were
prepared to determine the optimal silica concentration. The prepared
colloidal silica solution was applied to the CFRP and Al adhesion area,
where 8 µl of the 1–6% (w/v) silica colloidal solution was dropped onto
an adhesion area of 12.5 mm×12.5 mm in size to make the con-
centration of silica particles 0.05–0.3 mg/cm2.

The DMF solvent was allowed to evaporate slowly at room tem-
perature for 30min. (iii) Two typical types of epoxy adhesives, Araldite
2011-A/B as a paste type and LF-501 as a film type, were applied to the
silica-coated surfaces according to the manufacturer instructions such
that the final thickness was approximately 0.1–0.2mm to realize best
adhesive performance. (iv) With the lap shear specimen fixed with a
clamp, a curing procedure was performed inside a convection oven,
where the temperature profile is summarized in detail in Table 2. (v)
Finally, sandpapers were attached at both ends of the lap shear spe-
cimen to prevent any possible slippage during the specimen extension
process. The dimensions of the lap shear specimen is represented in
Fig. 1.

2.3. Adhesive strength measurements and CFRP fracture observations

The tensile stress-strain measurements were performed using an
Instron 5567A universal testing machine (UTM) following the ASTM D
5868 specification, where the lap shear specimen was a thin epoxy
adhesive cured between rectangular CFRP and Al coupons. The cross-
head displacement was 5mm/min and the adhesive stress was de-
termined from the ultimate strength value of the stress-strain curve. A
fractographic study was conducted using a Nova nanoSEM-450 device
(FEI Co.) in order to ascertain the effect of the silica coating on the
failure mode. The CFRP fracture area was defined and calculated as the
amount of fractured CFRP residue on the Al side surface after the lap
shear test.

Fig. 4. Stress-strain curves of the lap shear test for (a) the Araldite 2011-A/B (paste type)
adhesive and (b) the LF-501 (film type) adhesive. Black indicates bare CFRP while red
represents silica-coated CFRP with the silica concentration of 0.25mg/cm2 (a) and
0.10mg/cm2 (b). i. yield stress, and ii. fracture stress.
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2.4. Numerical simulations

A series of numerical simulations based on the FE method were
carried out for a theoretical analysis and for a correlation with ex-
perimental observations. From the results of the lap shear test, our
hypothesis was established and its mechanisms were assessed by a
fractographic study via a FE-SEM analysis and CFRP fracture area cal-
culations. However, it is difficult to conclude that a quantitative eva-
luation of the role of the silica particles on the CFRP surface was sa-
tisfactorily described. To overcome this, FE modeling was conducted
here, as shown in Fig. 2. A different approach from an experiment, such
as a numerical analysis, of the same phenomena is expected to provide
better insight into the experimental observations.

The lap shear test was reconstructed in a simplified form for effi-
ciency of the simulation, as shown in Fig. 2a, where the Al coupon was
placed on the left side and the CFRP in [(0/± 45/90)2]s on the right
side with silica particles placed on the surface of each coupon. Loading
was applied to the top direction of Al and to the bottom of the CFRP
coupon such that it would induce shear deformation on the epoxy ad-
hesive. It should be noted that the silica particles are assumed to be a
rigid body in the present simulation in that the strength of the silica
particles is much higher than that of the adhesive [39]. The constructed
FE 3D models of the bare and silica-coated specimens are shown in
Fig. 2b and c, respectively. The generated models consist of
20,000–25,000 elements, and the meshes are arranged densely on the
silica particle side to improve the calculation accuracy.

The material properties for Al and CFRP were chosen in accordance
with reference values, as follows: EAl= 68 GPa, vAl= 0.347;
ECFRP= 148 GPa, and vCFRP= 0.300, where E and v denote the Young’

modulus and Poisson’s ratio, respectively [40–42]. The lap shear be-
haviors of the specimens were described through a calibration method
based on an elastic-plastic model, which is an approach built into
ABAQUS [43,44]. The elastic moduli and plastic parameters utilized in
the present simulations are, therefore, estimated from the calibration of
the stress-strain behaviors of the specimens. The failure criterion was
also determined based on the experimentally measured stress-strain
curves.

3. Results and discussion

3.1. FE-SEM images of bare and silica-coated CFRP surfaces

The shape, size and dispersion of the silica particles coated onto the
CFRP surfaces were examined using FE-SEM, as presented in Fig. 3,
where Fig. 3a and b show the surfaces of the bare CFRP and silica-
coated CFRP samples, respectively. Fig. 3c and d are magnified images
of Fig. 3a and b. As expected, a major difference was noted between the
bare and silica-coated CFRP surfaces. With the silica coating, spheri-
cally shaped silica particles were observed to be uniformly distributed
on the surface of the CFRP (Fig. 3b and d), whereas no such particles
were found on the bare CFRP surface (Fig. 3a and c). Furthermore, at
the optimal concentration, the silica particles are well dispersed on the
CFRP surfaces as a single layer without aggregation. The average dia-
meter of the spherical silica particles as measured from the SEM images
was found to be around 320 nm, which is in the range of the manu-
facturer's specifications (Ditto Technology Co., Ltd.). It is noteworthy
that the strength at which the silica particles adsorbed onto the CFRP
surfaces was strong such that they did not come off under ultra-

Fig. 5. Engineering shear stress at fracture and CFRP fracture area depending on the silica concentration: (a) and (c) show images of fractured surfaces on the Al side after the lap shear
test, where the black areas represent fractured CFRP on the gray (or green) epoxy adhesive; (b) and (d) show the adhesive strength and CFRP fracture area plotted versus the silica
concentration. (a) and (b) depict the results with the Araldite 2011-A/B adhesive and (c) and (d) indicate those with the LF-501 adhesive. The maximum adhesive strength with the
minimum CFRP fracture is obtained with silica concentrations of 0.25mg/cm2 and 0.10mg/cm2 for Araldite 2011-A/B and LF-501, respectively.
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sonication conditions for an extended period of time.

3.2. Stress-strain behaviors

For lap shear specimens with two different types of epoxy adhesives,
the stress versus strain measurements were taken at a crosshead dis-
placement speed of 5mm/min, as shown in Fig. 4. Fig. 4a and b cor-
respondingly present the stress-strain behaviors for the Araldite 2011-
A/B and LF-501 epoxy adhesives with the black and red colors each
indicating the bare and silica-coated specimens. It is noted that the
amounts of silica applied were 0.25mg/cm2 for Araldite 2011-A/B and
0.10mg/cm2 for LF-501. Examining the stress–strain curves shown in
Fig. 4, the stress-strain curves during shear deformation display three
distinct regimes: (i) an initial linear region at small strains, (ii) a
bending region corresponding to the yield where the epoxy adhesives
begin to flow (Fig. 4i), and (iii) a second linear region with a reduced
slope indicating that the epoxy adhesive becomes less stiff. As de-
formation continues, the lap shear specimen undergoes a final fracture,
as indicated in Fig. 4ii.

Araldite 2011-A/B displays higher yield stress but lower failure
stress than LF-501, and it is well understood in that every epoxy system

has different thermal and mechanical properties. Of particular interest
is the effect of the silica coating on the stress-strain behaviors. As
clearly observable in Fig. 4, when silica was coated onto the CFRP
surface, both the yield and failure stresses increase by around 20%
(18.4–21.7MPa for Araldite 2011-A/B and 23.1–28.8MPa for LF-501).
This enhancement in the yield and failure stress has been reported
when silica particles are embedded into bulk epoxy and is usually at-
tributed to a longer crack path or the silica-induced yield phenomenon
[45–47]. However, in this study, a similar effect was achieved only with
a surface coating. None of the above explanations can be applied to
explain the increases in the yields or failure stress levels of the silica-
coated CFRP, and this could not be clarified at this point.

3.3. Dependence of the adhesive strength and CFRP fracture area on the
silica concentration

The adhesive strength is defined as the value at which a lap shear
specimen fails, and its dependence on the silica concentration was in-
vestigated here. Stress-strain measurements were repeated on a series of
lap shear specimens with different silica concentrations of 0.05, 0.1,
0.15, 0.2, 0.25 and 0.3 mg/cm2, during which unexpected findings

Fig. 6. FE-SEM images of fractured surfaces on the CFRP side after the lap shear test for (a), (b), and (c) bare CFRP, and (d), (e), and (f) silica-coated CFRP. (b) and (c) are enlarged images
of (a), where carbon fibers and polymer are observed, respectively. (e) and (f) are enlarged images of (d), where silica layers and epoxy adhesive are correspondingly shown. The
schematics on the right indicate how the fracture propagates based on FE-SEM images.
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were discovered in that the fracturing of CFRPs which occurs during the
failure of a lap shear specimen is significantly decreased with the silica
coating. Therefore, the adhesive strength and CFRP fracture area were
plotted versus the silica concentration, as shown in Fig. 5b and d, where
the black line corresponds to the adhesive strength (left axis) and the
red column corresponds to the CFRP fracture area (right axis). Here, the
CFRP fracture area was defined as the fractured portions of the CFRP as
quantified from the amount of fractured CFRP residue on the surface of
the Al coupon, as indicated in Fig. 5a and c.

Very interestingly, as can be seen in Fig. 5b and d, the maximum
adhesive strength was attained when the CFRP fracture areas were at
the minimum levels. Moreover, this holds for the two typical types of
epoxy adhesives tested here, i.e., Araldite 2011-A/B and LF-501. For
example, the adhesive strength for the paste-type adhesive (Araldite
2011-A/B) at a silica concentration of 0.25mg/cm2 was 21.7MPa,
which is 17.8% higher than that of a bare specimen (18.4MPa). On the
other hand, the CFRP fracture areas for the bare and silica-coated
CFRPs were respectively 26.6% and 2.7%, representing an improve-
ment of 89.3% in damage reduction by the simple silica coating
method. Similar results were obtained for the film-type adhesive of LF-

501. The adhesive strength increased by 24.6% from 23.1 to 28.8MPa
and the fracture area decreased by 89% from 79.0 to 8.8% at a silica
concentration of 0.10mg/cm2.

As the silica concentration increased, the adhesive strength is en-
hanced and the CFRP fracture area diminishes until the optimum con-
centration is reached. Past the optimum concentration, the adhesive
strength starts to decrease and the CFRP fracture area increases. It
appears that the application of excess silica causes serious aggregation,
inducing poor surface conditions and degradation of the adhesive per-
formance. Both the paste and film types of epoxy adhesives display the
same tendency: a reduction of the CFRP fracture area and an increase in
the adhesive strength at the optimal silica concentration as compared to
bare CFRP. It was unexpectedly discovered that the adhesive strength
and CFRP fracture area were inversely proportional to each other.

Recent requirements for adhesives on CFRP composites include not
only increased adhesive strength but also decreased material damage in
order to reuse expensive composite parts. However, enhanced adhesive
strength has generally caused CFRP damage during debonding; thus,
this conflict has so far been technically challenging despite its great
importance in relation to practical applications of adhesives. By ap-
plying the proposed method, the CFRP fracture was significantly re-
duced by around 90% even with the increase of the adhesive strength
by about 20%. To the best of our knowledge, this is the first study of
adhesives to address the adhesive strength and damage protection si-
multaneously. Moreover, it is believed that the findings here will con-
tribute to the substantial growth in the use of adhesives and/or to the
CFRP reuse market.

3.4. Fractographic study on Silica-Coated CFRP composites

In order to examine the effects of silica particles coated onto coupon
surfaces, a post-analysis was conducted after the failure of the lap shear
sample. FE-SEM images of the fractured surfaces on the CFRP side are
shown in Fig. 6. The fractured surfaces of the bare and silica-coated
specimens are correspondingly displayed in Fig. 6a–f. For the bare
specimen, some parts of the carbon fibers and matrix were torn off such
that the carbon fibers initially embedded inside the adhesive ended up
being exposed to the fractured surface, as shown in Fig. 6a and b. On
the other hand, when the silica particle coating was applied to each
coupon surface, no carbon fibers and only the adhesive layer could be
observed, with some variations in the thickness. It is interesting to note
that some epoxy adhesive remained in the form of such a thin layer that
the silica coating beneath could clearly be observed, as shown in
Fig. 6e.

Examining the FE-SEM images in Fig. 6, the bare CFRP was frac-
tured in two different ways, i.e., a CFRP fracture and an adhesive
fracture, while the silica-coated CFRP showed only an adhesive frac-
ture. It is plausible to consider that direct damage to the CFRP itself
may have caused a decrease in the adhesive strength in the bare CFRP
lap shear test, representing a serious obstacle preventing CFRP reuse.
On the other hand, for the silica-coated specimen, it appears that the
surfaces coated with silica particles acted as a physical protection
barrier such that the silica layer actually prevented cracks from pro-
pagating into the CFRP. The right side of Fig. 6 shows schematics that
describe the effect of the silica coating on the CFRP and Al, where
cracks occurred at both adhesives and at the CFRP for the bare spe-
cimen, whereas cracks arose at only the adhesive in the other case due
to the protection of the coated silica barrier layer.

Fig. 7. Experimental comparisons with the present numerical analysis of (a) Araldite
2011-A/B and (b) LF-501 adhesives. The silica concentrations of 0.25mg/cm2 and
0.10mg/cm2 were applied for (a) and (b), respectively.
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3.5. Numerical analysis

The stress-strain responses of the bare and silica-coated specimens
were compared under identical loading and boundary conditions, as
shown in Fig. 7. With only a slight discrepancy, the predicted lap shear
responses were in good agreement with the experimental results. The
main reason for this difference may have been the simplified model
used here for improved simulation efficiency. It is also believed that the
differences may stem from the assumption of complete bonding be-
tween the silica particles and the CFRP/Al components, while actual
silica particles on the surfaces of CFRP and Al are probabilistically
debonded and agglomerated rather than completely bonded and uni-
formly distributed. More accurate predictions would be made when the
above items are reflected in the present simulation; however, these
phenomena are difficult to consider through a FE-based numerical ap-
proach. Because the interfacial properties between the silica particles
and CFRP/Al components are currently outside the scope of this study,
this aspect is not considered in this paper, though it can be further
developed in the future.

The representative von-Mises stress distributions of the bare and
silica-coated lap shear specimens with different simulations step are
shown correspondingly in Fig. 8a and b. For the bare specimen, the
simulation predicted that the von-Mises stress distributions on and in-
side the CFRP and Al components would be considerable. On the other
hand, for the silica-coated specimen, the stress levels were mainly

concentrated on the silica surfaces coated onto the CFRP and Al com-
ponents. The reason for this prediction can be deduced by considering
the enlarged image shown in Fig. 8b. The silica particles coated onto
the coupons serve as a barrier, preventing the stress from propagating
into the CFRP or Al components. These simulation results are consistent
with the SEM analysis outcomes and the fractographic schematics il-
lustrated in Fig. 6. The silica particles cause fractures to occur inside the
adhesive or at the periphery of the silica particles such that the failure
occurs on top of the silica coatings instead of in the attached materials.

For a further analysis, the reaction force with identical specimens
and boundary conditions was calculated, as shown in Fig. 9. The re-
action force is the level of resistance against movement by an external
load or deformation, and it may address the influence of the silica
particle coating in the lap shear test. As shown in Fig. 9, the distribu-
tions of the reaction forces at the interfaces of the adhesive and the
CFRP/Al components are substantially different; for the bare specimen,
the reaction force is noted both along the interface and inside the at-
tached materials (Fig. 9a). However, for the silica-coated lap shear
specimen, a saw-tooth pattern is observed and the reaction force is
highly concentrated near the silica-particle coating layer (Fig. 9b). It is
presumed that the silica coating on the surface of the specimens man-
ifests an interlocking mechanism, which represents a possible ex-
planation of the improved responses in the lap shear test.

Fig. 8. Representative von-Mises stress distributions of (a) bare and (b) silica-coated specimens with different simulation steps.
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4. Conclusions

The present study focused on the development of a novel means of
silica coating of CFRP composites to improve the adhesive strength
while at the same time significantly reducing CFRP fracturing during
the debonding process. Silica particles were coated in the form of a
well-dispersed monolayer by a simple coating method using silica col-
loids in DMF without complicated chemical and/or electrochemical
treatments. Unlike previous publications in which silica particles were
embedded into a bulk adhesive and only an adhesion improvement was
observed, in this study the silica coating layer was applied onto the
surface of CFRP to protect the substrates and improve the adhesive
force simultaneously. The coating approach with silica particles pro-
posed in this study is quite promising considering the performance
improvement it offers as well as the superior damage protection and
convenience of application compared to conventional methods. The
following three main conclusions can be drawn from the research re-
sults.

• A simple method for a uniformly distributed single silica-particle
coating layer was developed.

• The proposed particle coating significantly reduces the fractures of
CFRP composites during debonding while at the same time im-
proving the adhesive strength.

• The optimum concentration of silica particles differs depending on
the adhesive types. It was also predicted that the optimum con-
centration would vary in accordance with the particle type used, i.e.,
rubber, platinum, silver, etc.

Additional experimental parameters, including the particle size,
surface treatment, and curing method, should be considered for a clear
understanding of the physio-chemical mechanisms in this study. This
would be beyond the scope of the paper. Nonetheless, we plan to extend

our work along this direction in the near future.
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