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Figure A: Shear strength comparison of adhesives on HDPE-CFRP joints. /Sekil A:. HDPE-
CFRP birlesimlerinde yapistiricilarin kesme dayanimi karsilastirmasi
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Highlights (Onemli noktalar)

» HDPE-CFRP birlesimlerinde yapigtirici tiirii ve yiizey hazirliguun mekanik dayanim
tizerindeki etkisi incelenmistir. IThe effect of adhesive type and surface preparation on
the mechanical strength of HDPE-CFRP joints was examined.

»  Tiim yapistiricilar arasinda 120 numara zimparayla uygulanan DP190 en yiiksek kesme
dayanimini (~25 MPa) gostermistir. | Among all adhesives, DP190 with 120-grit sanding
showed the highest shear strength (~25 MPa).

»  Epoksi dengeli bir performans sergilerken, DP460 HDPE’ye karsi zayif yapisma
gostermistir. | Epoxy achieved balanced performance, while DP460 exhibited insufficient
bonding to HDPE.

Aim (Amag): To investigate the effects of adhesive type and surface preparation on the mechanical
performance of CFRP-HDPE joints. / CFRP ve HDPE birlesimlerinde yapistirict tiirii ve yiizey
hazirliginin mekanik performansa etkisinin arastirilmas: amaglanmstir.

Originality (Ozgiinliik): This study provides a comparative mechanical analysis of different
adhesive systems (epoxy, DP190, DP460) with controlled surface preparations for CFRP-HDPE
bonding, including SEM-supported failure mechanisms. / Bu ¢alisma, CFRP-HDPE yapistirma
uygulamalarinda farkli yapistirict  sistemlerinin  (epoksi, DP190, DP460) kontrollu ylzey
hazirliklaryyla karsilagtirmali mekanik analizini ve SEM destekli hasar incelemesini sunmaktadir.

Results (Bulgular): DP190 demonstrated superior bonding strength (~25 MPa) with 120-grit
sanding, while DP460 failed to bond effectively with HDPE. Epoxy showed moderate bonding with
balanced elongation and strength. / DP190, 120 numara zimparalama ile iistiin yapisma dayanimi
(~25 MPa) gosterirken, DP460 HDPE 'ye etkili sekilde yapisamanugstir. Epoksi ise dengeli uzama
ve dayamim ile orta seviyede bir yapisma sergilemigtir.

Conclusion (Sonug): Surface preparation is critical for improving adhesive bonding in CFRP-
HDPE joints. DP190 is identified as the most suitable adhesive, while DP460 should be avoided
for flexible thermoplastic bonding. / CFRP-HDPE birlesimlerinde yapistirict performansini
artirmada yiizey hazirligi kritik 6neme sahiptir. DP190 en uygun yapistirict olarak one ¢ikarken,
DP460 esnek termoplastik yapistirmalarda tercih edilmemelidir.
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Composite materials are widely used in industries for their lightweight, durability, and flexibility.
Carbon fiber-reinforced composites are particularly demanded and used in aerospace,
automotive, and space industries due to their high strength and low weight. They are also critical
in manufacturing high-pressure hydrogen storage tanks, where the interfacial strength between
thermoplastic and thermoset materials is crucial. This study investigates the effects of adhesive
type and surface preparation on the mechanical strength of carbon fiber-reinforced composites
bonded with high-density polyethylene (HDPE). Tensile tests were performed according to
ASTM D5868, and scanning electron microscope (SEM) analyses were conducted to evaluate
damage mechanisms. The results show that, DP 190-120 demonstrated the highest performance,
providing a 108% higher shear stress (25 MPa) compared to other adhesives. In epoxy-bonded
joints, the maximum shear stress (12 MPa) was observed in sample E-240. This value corresponds
to only 48% of the performance of DP 190-240. Among the joints made with DP 460, DP 460-
180 showed the best performance. However, with only 2.1 MPa shear stress, it reached just 8.4%
of the performance of DP 190-180. These findings contribute to enhancing the safety of Type-1V
hydrogen tanks and developing more reliable bonding methods for industrial applications.

Termoplastik ve CFRP Yapilarin Birlestirilmesinde Yapistiric1 Cinsi ve
Yiizey Hazirh@imin Malzemenin Mekanik Dayanimi Uzerindeki Etkileri
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1. INTRODUCTION (GiRriS)

In recent years, the diversification of industrial
applications and increasing demand for advanced
material properties have driven significant progress

Kompozit malzemeler, hafiflik, dayamklilik ve esneklikleriyle bircok endustride tercih
edilmektedir. Havacilik, otomotiv ve uzay endiistrilerinde yaygin olan karbon fiber takviyeli
kompozitler, yiiksek dayanim ve diisiik agirliklartyla dikkat ¢ekmektedir. Yiiksek basingli
hidrojen depolama tanklarinin iiretiminde de siklikla kullanilan bu malzemeler, termoplastik ve
termoset yapilarin birlesim bolgelerindeki dayanimlariyla 6nem kazanmaktadir. Bu ¢alismada,
karbon fiber epoksi kompozitlerin yiiksek yogunluklu polietilen (HDPE) malzemelerle
birlestirilmesinde yapistirict tiirli ve yiizey hazirhigimmin mekanik dayanim {izerindeki etkileri
arastirilmistir. ASTM D5868 standardina uygun c¢ekme testleri yapilmis, taramali elektron
mikroskobu (SEM) analizleriyle hasar mekanizmalari incelenmistir. Sonug olarak; DP 190-120
en yiiksek performansi géstererek, diger yapistiricilara gore %108 daha yiiksek kesme gerilmesi
(25 MPa) saglamustir. Epoksi ile yapilan birlesmelerde maksimum kesme gerilmesi (12 MPa) E-
240 numunede goézlenmistir. Bu deger, DP 190-240'm performansmin %48'ine karsilik
gelmektedir. DP 460 ile yapilan birlestirmelerde DP 460-180 en iyi performansi gostermistir.
Ancak sadece 2.1 MPa kesme gerilmesi saglayarak DP 190-DP 180'in performansinin sadece
%8.4'tine ulasabilmistir. Bu bulgular, Tip-IV hidrojen tanklarinin giivenligini artirmak ve
endiistriyel uygulamalarda daha etkin birlestirme yontemleri gelistirmek adina 6nemli bir katki
sunmaktadir.

in material technologies [1]. Research in materials
science and engineering has contributed
substantially to the synthesis of new materials,
enhancement of existing ones, and the joining of
dissimilar materials [2—4]. Composite materials and
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thermoplastics are among the most widely studied
and preferred materials in industrial applications [5,
6]. Composite materials—particularly carbon fiber-
reinforced composites—are extensively used in
aerospace, automotive, and defense industries due
to their high strength-to-weight ratio [7-10].
Thermoplastics, such as high-density polyethylene
(HDPE), are favored in structural mass production
and advanced engineering applications (e.g., Type-
IV hydrogen tank liners) because of their high
strength and thermal conductivity [11-14].

Hydrogen tanks, critical to hydrogen storage
technology, are classified into five types. Type-I, 11,
and Il tanks are traditionally manufactured from
metal alloys (e.g., stainless steel, aluminum),
offering high strength and durability for safe
hydrogen storage [15-17]. In contrast, Type-IV and
Type-V tanks employ non-metallic materials. Type-
IV tanks, designed for high mechanical and thermal
resilience, consist of carbon fiber-reinforced
composite shells over polymer liners [18-20].
Type-V tanks, fully composite and not yet
commercialized, promise safer, more efficient, and
cost-effective hydrogen storage, supporting the
transition to sustainable energy [18].

Type-IV tanks provide pressure resistance at lower
weights than metal tanks due to their low-density
structure [19], enabling higher hydrogen storage
capacity per volume. They also offer advantages
such as lower production costs, superior
corrosion/oxidation  resistance, high  fatigue
strength, and extended service life compared to
Type-I/IV/III tanks [20]. However, hydrogen’s high
diffusivity leads to blister formation at material
interfaces, weakening structural integrity and
increasing explosion risks during depressurization
[21, 23]. Such damage poses significant safety
concerns [24—-26], making blister mitigation critical
for industrial safety standards [27]. Uncontrolled
progression of these damage mechanisms may
induce buckling, leading to catastrophic failure [28—
30]. Studies are underway to reinforce interfaces
and reduce blistering through adhesive bonding
[31-33].

Another challenge in Type-IV tanks is thermal
stress accumulation during filling/emptying cycles,
necessitating improved thermal conductivity in liner
materials [34-36]. Research has thus focused on
enhancing thermal conductivity in liner design and
manufacturing [37-39].

Literature highlights efforts to strengthen interfacial
bonds in Type-IV tanks, particularly between
thermoset composites and thermoplastics (e.g.,
HDPE) [40, 41]. A key challenge is achieving
strong adhesion, as thermosets form a cross-linked
3D network upon curing, while thermoplastics
exhibit linear/branched polymer chains, hindering
chemical bonding. Solutions include chemical
modifications (oxidation, plasma treatment),
adhesives, and mechanical surface treatments [42,
43]. Epoxy-based adhesives, with their reactive
functional groups, promote chemical bonding
between thermoplastics and thermosets [44, 45].
Mechanical surface treatments (e.g., grinding)
enhance adhesion by increasing roughness and
mechanical interlocking, eliminating the need for
chemical bonding [46].

Surface roughness directly influences adhesive
performance [47]. Optimal roughness improves
mechanical interlocking and bond strength, but
excessive roughness causes stress concentrations
and weakens the interface [48]. Studies
investigating abrasive grit sizes provide critical data
for determining optimal roughness values [49].

This study examines the mechanical strength of
epoxy-bonded joints between carbon fiber-
reinforced composites and thermoplastics (HDPE),
with controlled surface roughness achieved via
varying grit sizes. The findings advance the
mechanical performance of single-lap joints in
Type-IV tanks, offering reliable bonding methods
for industrial applications. These results serve as a
valuable resource for researchers, engineers, and
manufacturers in materials engineering.

2. MATERIALS AND METHODS (MATERYAL
VE METOD)

In this study, which focuses on the bonding of cured
CFRP and HDPE plates, the CFRP plates were
manufactured using epoxy-matrix prepreg materials
with a density of 500 gsm. Prior to production, the
prepreg materials were stored in a deep freezer and
were brought to room temperature for 2 hours after
removal. Subsequently, they were laminated in
layers and cured under vacuum in a PLC-controlled
heating oven at a curing rate of 5°C/min until
reaching a target temperature of 120°C, where they
were maintained for 2 hours. This process resulted
in 5 mm thick CFRP plates. All test specimens used
in the bonding experiments were cut from the same
plate. Following this, bonding and adhesion
performance were
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evaluated using two commercially available, proven
structural adhesives (DP460 and DP190) and
compared with a commonly used commercial epoxy
set, specifically the Hexion brand MGS Lamination
Epoxy System L285/H287.

Composite plates were cut into shapes and
dimensions specified by the ASTM D568 standard
using a CNC router, making them suitable for

bonding. To enhance the adhesion strength
(optimize surface roughness) of the surfaces where
HDPE would be bonded with the carbon plate, a
sanding process was applied. Sandpapers with grit
sizes of 120, 180, and 240, which have been
reported to yield the best results in improving
adhesion strength, were used [47—49]. Finally, the
surfaces were subjected to sandblasting and cleaned
with thinner.

Table 1. Properties of DP190 and DP460 Adhesives (DP190 ve DP460 Yapistiricilarin Ozellikleri)

Adhesive Type DP190 DP460
Cure Time 7 day 7 day
Shear Strength 55°C'de 24 MPa 55°C'de 31 MPa
Strain %30 -
Tensile Strength 24.1317 MPa -
Viscosity 150 Pa/sec 275 Pa/sec
Max. Operating Temperature +24°C +23°C

Each sample, measuring 25.4 x 101.6 mm, was
bonded using pure epoxy and two different
adhesives (DP190 and DP460) from the 3M Scotch-
Weld brand. The schematic representation of the
bonded specimens is shown in Figure 1.

In order to ensure balanced load transfer and
minimize any potential misalignment or thickness-
induced stress concentrations during tensile testing,
the tab regions were prepared by bonding CFRP and
HDPE plates of equal surface area on both ends of

the specimens. This configuration was deliberately
chosen prior to testing to eliminate the effects of
possible thickness mismatches between the two
materials. By using identical bonding dimensions
and surface preparations, a symmetrical geometry
was achieved, allowing both tab ends to contribute
equally to the load transfer during mechanical
testing. This hybrid tab design was also intended to
prevent premature failure or damage at the tab
interfaces, which is a critical factor in obtaining
reliable test results.

Figure 1. Single-Lap Joint Tensile Test Specimen. (Tek bindirmeli gekme testi numunesi)

The manufacturer states that DP190 and DP460
adhesives, whose technical specifications are given
in Table 1., provide high strength by forming robust
bonds in metal, plastic, and composite joints. These
adhesives (particularly when surface preparation is
applied) have also significantly improved bonding
strength in HDPE joints [50].

To ensure consistent axial alignment during lap
shear testing, particular attention was paid to the
bonding stage of specimen preparation. All
composite and HDPE plates were assembled on a
flat reference surface, and a standardized alignment
template was used to control the overlap length and
maintain consistent positioning of the adherends.
This manual alignment procedure was applied
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uniformly across all specimens to minimize
potential eccentricities and misalignments during
subsequent mechanical testing. Although no
specialized mechanical fixture was employed
during the tensile tests, this careful assembly
method provided a reliable and repeatable
alignment across the test set. The adhesive bonding
length in the joints was selected as 25.4 mm to
prevent deformation from occurring in the lower

layers. A universal tensile testing machine
manufactured by UTEST was used to analyse the
single-lap joints. The test specimens, as shown in
Figure 2, were placed in the grips of the universal
testing machine and subjected to tensile testing at a
speed of 1.3 mm/min until failure. Tensile tests play
a crucial role in evaluating the strength of single-lap
joints.

Figure 2. Schematic representation of the specimen during tensile testing (Cekme testi sirasinda numunenin
sematik gosterimi)

To prevent eccentric loading (reduce bending
loads), the ends of the specimens were supported
with additional parts to create gripping areas.

3. FINDINGS AND DISCUSSION (BULGULAR
VE TARTISMA)

3.1. Mechanical Analysis Results (Mekanik Analiz
Sonuglart)

This study evaluated how the bonding properties of
composite structures vary depending on adhesive
type and surface roughness. Five specimens were
fabricated and tested for each sandpaper grit size.
The obtained results were analyzed through
graphical representation. A summary table of tensile
test results is provided in Table 2.

Table 2. Tensile test data- summary table (Cekme testi verileri — dzet tablo)

Shear Stress (MPa)

Sandpaper Grit Size
Epoxy DP 190 DP 460
E-Un 2.1 2 1.2
120 25 1.9
180 2.5 13 2.1
240 12 12.8 1

For DP 190 adhesive, the standard deviation values
calculated for E-Un, 120, 180, and 240 test coupons

were 0.08, 0.01, 0.1, and 0.1 MPa, respectively.

According to Figure 3., the use of 120-grit
sandpaper on specimens bonded with DP190
provided the highest strength [51]. For specimens
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bonded with DP190 without sanding, the shear
stress was measured at approximately 2 MPa, with
an elongation of 0.5%. This indicates that
unsmoothed surfaces significantly limit bonding
performance. In the DP190-120 specimen (sanded
with 120-grit), the shear stress increased from 2
MPa to 25 MPa, while elongation rose from 0.5% to

30

—_ | S T )
= Lh < Lh

Shear stress (MPa)

L

0 "]

0.000 0.005 0.010

0.015
Strain (%)

2.3%, showing a significant improvement. This
demonstrates that surface roughening with 120-grit
sandpaper enhances both mechanical interlocking
and bonding performance. Similarly, Kinloch's
study emphasized that controlled surface roughness
after sanding increases both strength and elongation
capacity [52].

——DP190-(E-Un)
DP190-120
DP190-180
DP190-240

0.020 0.025

Figure 3. Shear stress-strain curve of the specimen bonded with DP190 and processed with different
sandpaper grit SizesS (Farkli zimpara numaralariyla islenmis ve DP190 ile yapistirilnig numunenin kesme gerilmesi-gerinim
egrisi.)

For DP 460 adhesive, the standard deviation values
for E-Un, 120, 180, and 240 test specimens were
determined as 0.02, 0.1, 0.1, and 0.1 MPa,
respectively. Figure 4 shows that for the DP190-180
specimen (sanded with 180-grit), the shear stress
increased to ~13 MPa compared to the unsanded

2.5
— 2
S
S5
g
B!
g
%05 /

o 7

0 0.005 0.01
Strain (%)

0.015

specimen (E-Un), with elongation reaching 1.2%.
However, the performance of 180-grit sandpaper
was lower compared to 120-grit. The DP190-240
specimen (sanded with 240-grit) exhibited a similar
curve to DP190-180.

——DP460-(E-Un)
DP460-120
DP460-180
DP460-240

0.02 0.025

Figure 4. Shear Stress-Strain Curves of Specimens Bonded with DP460 (DP460 ile yapistirilmis numunelere ait
kesme gerilmesi-gerinim egrileri)

The shear stress-strain curves of specimens bonded
using DP460 adhesive are shown in Figure 4.
According to the results, the DP460-(E-Un)

specimen exhibited a shear stress of 1.2 MPa and an
elongation of 0.8%. Compared to other specimens,
the unsanded surface significantly limited bonding
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performance, reducing mechanical interlocking and
adhesion strength. When comparing the DP460-120
specimen to the unsanded specimen, the shear stress
increased by approximately 58%, reaching 1.9 MPa,
and the elongation rose by about 75% to 1.4%. The
use of 120-grit sandpaper notably improved
bonding strength by enhancing mechanical
interlocking. The DP460-180 specimen
demonstrated the best performance among the
samples. Its shear stress increased by approximately
75% to 2.1 MPa, and elongation reached 1.6%. This

improvement can be attributed to achieving optimal
surface roughness, as expressed in ASTM D4541-
17, allowing the adhesive to achieve maximum
adhesion. In contrast, the DP460-240 specimen
showed a decrease in shear stress of approximately
16%, dropping to 1.0 MPa, and a reduction in
elongation of about 10%, reaching 0.7%.
Accordingly, for DP 460 adhesive applications, it
has been observed that surface preparation with
excessively fine-grit abrasives fails to achieve
adequate mechanical interlocking.

14

12
§ 10
Z 8 —E-(E-Un)
s
2 6 E-120
g -
g E-180
s ) E-240

0 b—""

0 0.005 001 0015 002  0.025
Strain (%)

Figure 5. Shear Stress-Strain Curves of Specimens Bonded with EpoXxy (Epoksi ile yapistirilmis numunelere ait
kesme gerilmesi-gerinim egrileri ).

For the epoxy adhesive, the standard deviation
values for E-Un, 120, 180, and 240 test specimens
were calculated as 0.03, 0.04, 0.08, and 0.04 MPa,
respectively. The shear stress-strain graphs for
specimens bonded with epoxy are presented in
Figure 5. The specimen bonded without sanding
exhibited a shear strength of ~2.1 MPa and an
elongation of 1.6%, resulting in the lowest shear
strength and limited elongation capacity. This
indicates that epoxy bonding is significantly
affected by surface preparation. For the specimen
sanded with 120-grit sandpaper, the shear stress was

~3 MPa, and the elongation reached 2.4%. The
controlled surface roughness provided a stronger
adhesion capacity. The surface prepared with 180-
grit sandpaper exhibited a shear stress of ~2.5 MPa
and an elongation capacity of 1.9%, offering a
balanced performance. The E-240 specimen, with
finer surface roughness, showed both higher
maximum stress (12 MPa) and shorter elongation
(1%). This indicates that a finer surface roughness
for the epoxy adhesive results in a structure with
higher strength but lower elongation capacity. [53,
54].
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—E-(E-Un)
DP 190-(E-Un)
DP460-(E-Un)

0.02 0.025

Figure 6. The Effect of Adhesive Type on Shear Stress (Yapistirict tiiriiniin kesme gerilmesi tizerindeki etkisi).

As shown in Figure 6. the E-(E-Un) specimen
(bonded with epoxy) exhibited the highest
maximum shear stress (~2.3 MPa) and the greatest
elongation capacity (1.6%). Consequently, the
epoxy adhesive demonstrates superior shear stress
and elongation characteristics compared to DP190
and DP460 adhesives, indicating its enhanced
mechanical properties and high deformation
capacity [55]. The DP190 adhesive exhibits the
lowest maximum shear stress (~0.8 MPa) and
elongation capacity (~0.5%), suggesting its

e e o TR o R 'S |
o ot o O

Shear stress (MPa)

L

suitability for low-strength applications. The DP460
adhesive shows intermediate performance between
E-(E-Un) and DP190, with ~1.4 MPa shear stress
and 0.8% elongation — representing a 75% higher
shear strength and 60% greater elongation capacity
than DP190. These results demonstrate DP460's
applicability  in  medium-to-high  strength
applications. The findings align with material
properties reported in literature for DP190 and
DP460 [54].

—E-120
DP190-120
DP460-120

-

0 0.005

o
|

0.01

0.015
Strain (%)

0.02 0.025

Figure 7. The Effect of Adhesive Type on Shear Stress in Specimens Processed with 120-Grit Sandpaper

(120 numara zimpara ile islenmis numunelerde yapistirict tiiriiniin kesme gerilmesine etkisi) .

Figure 7. presents E-120 demonstrated a shear stress
of ~3 MPa with ~2.4% elongation. While exhibiting
lower shear stress compared to DP190-120, it
outperformed DP460-120.

DP190 achieved the highest maximum shear stress
(~25 MPa) and greatest elongation capacity
(~2.2%), indicating its superior bonding
performance and effective energy absorption
capability on 120-grit abraded surfaces. It showed

significantly better performance than both E-120
and DP460-120 in both shear stress and elongation.
DP460 displayed the lowest maximum shear stress
(~2 MPa) and elongation capacity (~1.3%),
revealing its relatively weak performance on 120-
grit surfaces. Compared to E-120, DP460 showed
33% lower shear stress and 45% reduced elongation
capacity. DP190 generally exhibits higher elasticity
and energy absorption capacity. DP460 provides
greater rigidity but shows less sensitivity to surface
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roughness variations [56] DP190-120 demonstrated
optimal performance in both shear stress and
elongation metrics, confirming its excellent surface

compatibility when used with 120-grit abrasion
treatment.

16

14
& 13 —E-180
2 3 DP190-180
g 6 DP460-180
P
4 —_—

0 .____-—-""ff //—-\

0 0005 001 0015 002 0.025
Strain (%)

Figure 8. The Effect of Adhesive Type on Shear Stress in Specimens Processed with 180-Grit Sandpaper

(180 numara zimpara ile iglenmis numunelerde yapistirici tiiriniin kesme gerilmesine etkisi).

Figure 8. presents the shear stress-elongation curves
of test specimens prepared with 180-grit abrasion,
showing adhesive performance effects. The epoxy-
bonded specimen (E-180) initially exhibited gradual
shear stress increase, reaching maximum values of
approximately 2.5 MPa shear stress and 2%
elongation. E-180 demonstrated approximately
100% greater deformation capacity compared to
DP190. DP190 adhesive achieved the highest shear

stress performance (~14 MPa), showing 460%
greater strength than the epoxy adhesive at
maximum shear stress. However, DP190 displayed
limited deformation capacity, reaching maximum
shear stress at only ~1.2% elongation. For DP460
adhesive, maximum values measured ~2 MPa shear
stress and ~1.8% elongation - representing 20%
lower shear stress and 10% reduced deformation
capacity compared to E-180.

—E-240
DP190-240
DP460-240

0.02 0.025
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Figure 9. The Effect of Adhesive Type on Shear Stress in Specimens Processed with 240-Grit Sandpaper

(240 numara zimpara ile islenmis numunelerde yapistirici tiiriiniin kesme gerilmesine etkisi) .

According to Figure 9., E-240 (epoxy adhesive)
reached maximum shear stress of approximately 12
MPa with 1.1% elongation. Compared to E-180
(using 180-grit), E-240 showed a 380% increase in

shear stress but a 45% reduction in elongation
capacity. For DP190-240 adhesive, maximum shear
stress measured 14 MPa with 1.2% elongation -
showing no change in deformation capacity or
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strength improvement versus 180-grit DP190. The
DP460 adhesive demonstrated maximum shear
stress of ~1 MPa and ~0.8% elongation capacity.

3.2. Fracture Surface Analysis (Kopma Yiizeyi
Analizi)

For comprehensive analysis of tensile test results,
examination of failure modes at bonding interfaces
is essential. In adhesive-bonded joints, failures are

a) b)

characterized as either adhesive or cohesive failure.
Adhesive failure refers to separation at the
adhesive/substrate interface, while cohesive failure
indicates internal fracture within the adhesive
material itself. Figures 10., 11., and 12. present
visual documentation of fracture surfaces from
tested specimens.

c) d)

Figure 10. Fracture surfaces of epoxy-bonded specimens (Epoksi ile yapistirilmis numunelerin kopma yiizeyleri) .
a) E-Un, b) E-120, c) E-180, d) E-240

Figure 10. clearly demonstrates that the non-
abraded specimen failed via adhesive failure. For E-
120 and E-180 specimens, mixed adhesive/cohesive
failure modes were observed. While E-240
specimens showed increased cohesive failure

b)

characteristics, the dominant failure mode remained
adhesive. All epoxy-bonded specimens ultimately
failed at the HDPE surface interface, indicating
superior epoxy adhesion to the CFRP substrate.

c)

Figure 11. Fracture surfaces of specimens bonded with DP-190 adhesive (DP-190 yapistiricist ile birlestirilmis
numunelerin kirllma yiizeyleri) :

a) E-Un, b) E-120, c) E-180, d) E-240

As observed in Figure 11., the non-abraded
specimen exhibited adhesive failure similar to the
epoxy-bonded case, confirming DP 190's effective
adhesion to CFRP surfaces. Visual analysis
revealed optimal bonding performance in DP 190-
180 specimens, while all abraded specimens

demonstrated mixed adhesive/cohesive failure
modes. Cohesive failure patterns were observed
simultaneously on both CFRP and HDPE surfaces,
indicating that surface abrasion enhances DP 190
adhesive's bonding performance with HDPE
substrates.
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a)v

26

0) d)

Figure 12. Fracture surfaces of specimens bonded with DP-460 adhesive (DP-460 yapistiricist ile birlestirilmis
numunelerin kirtlma yiizeyleri):

a) E-Un, b) E-120, ¢) E-180, d) E-240

Figure 12. demonstrates that in DP 460 adhesive
joints, both non-abraded specimens and DP 460-240
specimens failed via adhesive failure, indicating DP
460's effective bonding with CFRP. However, DP
460-120 and DP 460-180 specimens exhibited
mixed adhesive/cohesive failure modes, with
cohesive failure becoming more pronounced in DP
460-180 specimens. Critically, all specimens
ultimately failed at the HDPE interface, revealing
DP 460's poor adhesion compatibility with HDPE
substrates.

3.2. SEM Analysis Results (SEM Analiz Sonuglarr)

In structures formed by bonding thermoset-based
composite materials with HDPE, the significant

causes of failure identified via SEM analysis during
tensile testing are the blister effect and fiber-matrix
separation [57]. Fiber-matrix separation is one of
the primary mechanisms of fracture [58]. In SEM
images related to this effect, the exposure of fibers
and their detachment from the matrix material are
notable. The bubbles observed in SEM (scanning
electron microscope) images, known as 'blisters,'
typically result from voids or gas accumulations
within the material's internal structure [53]. This
effect significantly reduces the material's strength.
Blister formations generally arise from weaknesses
at the adhesive interface, gas bubbles present in the
adhesive, or incompatibility between materials [59].
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Blister

Effect

Fiber-Matrix
Damage

Figure 13. SEM Images of the specimen bonded with DP190 adhesive without surface preparation (Yuzey
hazirhig1 yapilmamis, DP190 yapistiricisi ile birlestirilmis numuneye ait SEM goriintiileri).

When evaluating the data obtained from the provided in Figure 13., blister bubbles and fiber-
mechanical tests, the highest shear stress results matrix damage in the bonded area, which contribute
were achieved in the samples using DP190 adhesive  to this effect, are clearly visible.

with surface preparation. In the SEM images

Figure 14. 100x and 300x zoomed SEM Images of the sample bonded with DP190 adhesive:

a) Sample treated with 180-grit sandpaper, b) Sample treated with 240-grit sandpaper (DP190 yapistiricist ile
birlestirilmis numuneye ait 100x ve 300x biiyiitiilmiis SEM goriintiileri: a) 180 numara zimpara ile islenmis numune, b) 240
numara zimpara ile iglenmis numune).

548



Oztiirk, Kilingel, Kabak¢i, Kdmiircii / GU J Sci, Part C, 13(2): 538-552 (2025)

Although the shear stress shows a decrease with 180
and 240-grit sandpaper treatment compared to 120-
grit, it still remains at a higher level than untreated
surfaces. No blister effect was observed in the SEM
images presented in Figure 14.

4.CONCLUSION (SONUCLAR)

According to the results obtained from the study, it
is observed that surface preparation directly affects
the bonding performance of composite materials
and that optimal sanding thicknesses may vary
depending on the type of adhesive. To ensure
optimal bonding properties, the selection of
adhesive type and surface preparation should be
carefully made based on application requirements.
The detailed findings are as follows.

* For DP190 and DP460 adhesives, optimal
performance was achieved at 120-grit and 180-grit
sanding, respectively. For DP460, excessive surface
roughness or unsanded surfaces negatively affect
bond strength. In epoxy-bonded joints, 120-grit
sanding provided the most balanced performance,
while 240-grit sanding resulted in notably high
shear stress.

« Across all adhesive types, the lowest performance
was observed in unsanded specimens due to
insufficient surface preparation.

* Epoxy can be used for HDPE-CFRP bonding, but
it does not provide as high strength as DP 190.

 DP 190 demonstrated strong adhesion with CFRP
and, with proper mechanical surface preparation,
also bonded well with HDPE. Additionally, due to
its flexible nature, it is expected to better
accommodate the thermal behavior of HDPE.

» DP460 was not found suitable for HDPE-CFRP
bonding. It should instead be preferred for stiffer
structural applications (e.g., metal-CFRP) under
light loads.

In the present study, the elongation values presented
in the stress-strain graphs are expressed in
percentage (%), and the initial version of the
manuscript contained a unit error, which has been
corrected. It is important to note that the measured
elongation reflects the global deformation behavior
of the bonded joints, including the adhesive and
substrates. While no extensometer was used along
the bondline, the displacement data were obtained
from the universal testing machine via crosshead
movement. Therefore, the elongation values
represent an integrated response rather than the
local strain at the adhesive interface. A separate

tensile test for the unbonded composite substrates
was not conducted within the scope of this study;
however, the difference in elongation between
adhesive types indirectly reflects their influence on
joint flexibility and strain accommodation. In future
studies, inclusion of reference data for the neat
composites and localized strain measurement tools
such as digital image correlation (DIC) or bondline
extensometers would provide more detailed insights
into adhesive behavior under shear loading.
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