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Abstract  Öz 

The effects of Tungsten Cobalt (WCo) nanoparticle contribution on the 
shear and bending strengths are examined in adhesively bonded single-
lap joints made with glass fiber-reinforced polymer (GFRP) substrates 
in this study. WCo particles were synthesized via mechanical alloying 
and added to epoxy adhesives at varying concentrations (1.0, 3.0, and 
5.0 wt.%). The adhesive mixtures were used to bond GFRP plates in 
single-lap joints (SLJ), and their mechanical performance was evaluated 
under shear and bending loading conditions. The shear strength results 
indicate that the incorporation of 1.0 wt.% WCo increased shear 
strength by 68.5%, while 3.0 wt.% WCo yielded the highest 
improvement at 136%. However, the addition of 5.0% WCo led to a 
reduced enhancement (60%) due to nanoparticle agglomeration and 
local stress concentrations. Notably, the maximum bending stress was 
observed in the 3% WCo-containing specimens. Specifically, the bending 
load increased by 51.5%, from 61.96 MPa in the pure epoxy specimen to 
93.85 MPa in the 3% WCo-reinforced specimen. Failure surface analysis 
revealed that WCo-reinforced samples exhibited light-fiber tear, thin-
layer cohesive failures, and enhanced bonding properties due to 
increased viscosity and the filling of micro-voids. These findings suggest 
that WCo nanoparticles effectively improve the shear and bending 
performance of epoxy adhesives by enhancing interfacial bonding, 
ductility, and stress distribution mechanisms. The study provides 
insights into the potential of WCo-reinforced adhesives as a cost-
effective and high-performance solution for engineering applications. 

 Bu çalışmada cam elyaf takviyeli polimer (GFRP) altlılarla yapılmış tek 
bindirmeli yapıştırma bağlantılarında Tungsten-Kobalt (WCo) 
parçacık katkısının kayma ve eğilme dayanımlarına etkileri 
incelenmektedir. WCo parçacıkları mekanik alaşım yöntemi ile 
sentezlenmiş ve epoksi yapıştırıcısına farklı konsantrasyonlarda 
(ağırlıkça % 1,0, 3,0 ve 5,0 ) eklenmiştir. Bu yapıştırıcı karışımları, GFRP 
plakalarını tek bindirmeli eklem (SLJ) şeklinde bağlamak için 
kullanılmış ve mekanik performansları kayma ve bükülme yükleri 
altında değerlendirilmiştir. Kayma dayanımı testleri, %1,0 WCo 
eklenmesinin kayma dayanımını %68,5 artırırken, %3,0 WCo katkısının 
%136 ile en yüksek iyileşmeyi sağladığını göstermiştir. Ancak %5,0 WCo 
eklenmesi, nanoparçacıkların topaklanması ve yerel gerilme 
yoğunlukları nedeniyle %60’lık daha az bir iyileşme ile sonuçlanmıştır. 
Dikkate değer bir şekilde, maksimum eğilme gerilmesi %3 WCo içeren 
numunelerde gözlemlendi. Özellikle, eğilme dayanımı %51,5 artarak, 
saf epoksi numunesinde 61,96 MPa iken %3 WCo takviyeli numunede 
93,85 MPa'ya yükseldi. Hata yüzey analizi, WCo takviyeli örneklerde 
ince lif çekilmesi, ince tabaka kohezif arıza türleri ve mikro boşlukların 
dolması ile birlikte viskozite artışı nedeniyle geliştirilmiş bağlama 
özellikleri sergilediğini ortaya koymuştur. Bu bulgular, WCo 
nanoparçacıklarının arayüzey bağlanmasını, sünekliği ve gerilme 
dağılım mekanizmalarını iyileştirerek epoksi yapıştırıcılarının kayma 
ve eğilme performansını etkili bir şekilde artırdığını göstermektedir. 
Çalışma, WCo takviyeli yapıştırıcıların, mühendislik uygulamaları için 
maliyet açısından etkin ve yüksek performanslı bir çözüm olma 
potansiyeline sahip olduğunu vurgulamaktaydı. 

Keywords: WCo nanoparticles, Epoxy adhesive, Single-lap joints 
(SLJs), Shear strength, Flexural performance, Failure Modes 

 Anahtar kelimeler: WCo nanoparçacıkları, Epoksi yapıştırıcı, Tek 
katmanlı eklemler (SLJ'ler), Kayma dayanımı, Eğilme performansı, 
Hata modları 

1 Introduction 

With rapid technological advancements and increasing 
industrial competition, the demand for lightweight materials 
with high durability and performance has significantly 
increased. To meet this demand, The adoption of combined 
materials has grown more common across various sectors, 
including defense and commercial air travel, robotic limbs, and 
the automobile sector [1]. Specifically, for use in the aviation 
and defense industries, composite materials, which are lighter 
and more durable than metals, are continuously being designed 
and produced. In the aerospace industry, where weight and 
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strength factors are of critical importance, the use of composite 
materials in airplane fuselages has become inevitable [2]. 

Due to limitations such as material size, ease of manufacturing, 
or transportation, it is often not possible to manufacture a 
structure without joints. Various techniques are used to join 
two different materials, including welding, riveting, and 
adhesive bonding. Adhesive bonding, in particular, has been a 
widely used method for many years in the aerospace and 
automotive sectors because it offers several advantages over 
traditional mechanical fastening systems [3]. Scientists created 
adhesive bonding methods to overcome the drawbacks of 
traditional mechanical fastening. This approach is especially 
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useful for connecting fiber-reinforced polymer composites, as 
it reduces typical problems linked to mechanical fasteners, such 
as stress buildup, increased mass, and layer separation [4].  The 
adhesive bonding technique offers numerous benefits and 
plays a significant role in the industry. It simplifies assembly by 
reducing the number of parts and provides flexibility in the 
design process. Additionally, it provides engineering benefits, 
including an excellent strength-to-weight ratio, enhanced 
resistance to fatigue, minimal stress concentration, and better 
vibration damping characteristics [5, 6]. Thanks to these 
attributes, adhesive bonding is widely used in important 
sectors of the industry and continues to be the preferred 
method. Adhesive-bonded connections are now commonly 
employed in numerous applications, including the automotive 
[7], textile [8], aerospace [9], and medical device [10]  
industries, as well as in the repair of composite structures [11]. 

SLJs are the types of connection that is frequently current 
especially in engineering fields [12-15]. They are practical, 
affordable, and simple to produce. The uncomplicated and 
effective design of SLJs enables consistent assessment of the 
mechanical features of adhesively bonded joints (ABJ) [16]. 
Extensive research on bonded SLJs has been carried out 
through both experimental [17-19] and numerical methods 
[19-21]. Regardless of the bonding method, the natural 
drawbacks of an epoxy matrix, including its brittleness and low 
toughness, adversely affect the bonding strength of the 
composite component. [22, 23]. To enhance the strength of 
composite joints, researchers have incorporated various 
nanofillers, including CNTs [24], graphene [25], graphene 
oxide, polyurethane nanofibers [26], nylon nanofiber [27], [28], 
silica [29], and nano iron oxide [30], into the epoxy matrix. 
Saraç et al. [31] investigated the impact of the contribution of 
nano-Al₂o₃ and nano-Ti₂O₃ on the strength of the joints bound 
by epoxy adhesive. Nano-Al₂O₃ particles were found to be the 
most effective in enhancing the failure resistance of the ABJs. 
The largest strength progression, which reached an increase of 
97 %, was obtained in samples with 20 mm overlap length, 4 % 
nano-Al₂O₃ by weight.  A study by Çakır et al. [25] investigated 
the impact of different graphene nanoplatelets (GNPs) 
concentrations in the epoxy-based adhesive on the shear and 
bending features of GFRP-GFRP joints. GNPs were added to the 
epoxy at concentrations of 0.1, 0.2, 0.3, 0.4, and 0.5 wt. %, with 
GFRP serving as the adherent material. Failure modes were 
assessed by capturing images of both the front and rear sides of 
the samples post-testing. The findings indicated that adding 
GNP notably enhanced the chemical accordance between the 
adhesive layer and the GFRP adherend surfaces, enhanced 
surface wetting, and ultimately increased the joint shear 
strength. Additionally, the inclusion of GNP in the epoxy 
promotes greater flexibility, leading to a more even stress 
distribution across the joint and, ultimately, improved strength. 
In the study [31], Shear strength and thermal features of ABJs 
were studied using nanoparticle-enhanced adhesives in carbon 
fiber-reinforced composite materials (CFRP). The epoxy resin 
employed was diglycidyl ether bisphenol A (DGEBA). SLJ tests 
were performed in ABJs reinforced with 1 % multi-walled 
carbon nanotubes (MWCNT), and 3 % to 7 % with silicon 
dioxide (SiO₂) particles. The shear strengths of these modified 
adhesives were compared to those of pure epoxy resin. The 
results presented that the mixture of 1% MWCNT and 3% SiO₂ 
provided the most significant improvement, with a 46% 
increase in shear strength. Combinations of 1% MWCNT with 
5% SiO₂, 1% MWCNT, and 1% MWCNT with 7% SiO₂ resulted 

in increment of 32%, 14%, and 5%, respectively. The tensile 
test results indicated that the tensile strength of pure epoxy 
was 5953 N, whereas that of the composite with 1% MWCNT 
and 3% SiO₂ was 8738 N, reflecting an improvement of 
approximately 47%. 

As mentioned above, various micro- or nanoparticles have been 
used to enhance the performance of adhesives. Each 
nanoparticle displays distinct physical properties that are not 
possible at the macro scale. Metallic nanoparticles are used in a 
wide range of engineering applications.  

Metallic nanoparticles can be synthesized from any element in 
the periodic table, with common types including nanogold, 
nanosilver, and metal oxides like alumina (Al₂O₃) and 
zirconium (ZrO₂). They grow polymers' mechanical, electrical, 
optical, and magnetic features [33]. However, a review of the 
literature indicates that research into the use of tungsten or 
tungsten alloy particles as reinforcements in adhesives is 
almost nonexistent except for the study [32] . The production 
of tungsten alloys can be done with methods of powder 
metallurgy [33], laser directed energy deposition [34], ball 
milling [35] and single-laser bed fusion [36]. In the study [37], 
The W-Ni-Co tungsten alloys, fabricated through mechanical 
alloying, have been investigated. The resulting microstructure 
consists of a fine, uniformly distributed γ(Ni,Co) binder phase, 
along with a high volume of twinned structures, which 
contributes to the enhancement of the mechanical properties 

In this paper, the WCo alloys were synthesized via mechanical 
alloying. SLJs in industrial settings are subjected to various 
types of loads, including tension, shear, bending, and impact, or 
combinations of these forces. As a result, the effective design of 
these joints requires a thorough understanding of stress, crack 
mechanisms, and damage types under different loading 
scenarios. This study explored the impact of incorporating 
tungsten alloy particles into a marketable epoxy-based 
adhesive on the shear and flexural strength of SLJs bonded with 
GFRP plates. Additionally, failure modes of SLJs under 
numerous circumstances were analyzed. The primary objective 
is to develop a cost-effective, high-performance adhesive 
suitable for broad engineering applications. 

2 Experimental Parts 

2.1 Materials 

Tungsten (density: 19.3 g/cm3, resistivity: 5.6 microhm-cm, 
melting temperature: 3387 °C and cubic size)   and cobalt 
(density: 8.92 g/cm³, resistivity: 6.24 microhm-cm, melting 
temperature: 1495 °C and hexagonal size) powders with 99.9% 
purity were obtained from Nanografi Nano Technology, with an 
average particle size of 45 μm. GFRP composites (G10-FR4, 2 
mm thick, density: 1.82, tensile strength: 363 MPa, elastic 
modules: 18.65 GPa, flexural strength: 413 MPa and flexural 
modules: 18.65 GPa) were sourced from Küçükparmak 
Mühendislik in Turkey, and laminating resin components A and 
B were supplied by ADS Chemistry.  

Preparation of W-Co alloys 

Elemental powder precursors, including W (85% wt) and Co 
(15% wt), were used as the starting materials for the process. 
The mechanical alloying (MA) was carried out using a Retsch 
PM 100 planetary high-energy ball mill, equipped with 120 mL 
stainless steel grinding jars. The mill operated for 50 hours with 
10 mm diameter stainless steel balls, maintaining a ball-to-
powder weight ratio of 15:1, a rotation speed of 300 rpm, and 
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direction reversals every 10 minutes. The mill was run for 10 
minutes and turned off for 10 minutes to prevent the 
temperature from increasing excessively. The SEM images of 
the produced WCo alloy is illustrated in Figure 1. 

 

Figure 1 The SEM images of the produced WCo alloy 

2.3 Preparation of adhesively bonded single lap joints  

The tungsten alloy particles were incorporated into the epoxy 
resin (10 g) at concentrations of 1, 3, and 5 wt.%, and the 
mixture was weighed accordingly. The powder compounds and 
resin were placed in a beaker and mixed for 30 minutes using a 
magnetic stirrer. Afterward, the hardener was added in a resin-
to-hardener ratio of 2:1 by weight. The resulting mixture was 
stirred for 3 hours at 600 rpm. To ensure uniformity, the 
compound was manually mixed for an additional 5 minutes and 
then left to dry at room temperature. 

Plates measuring 100 mm by 25 mm were cut using a guillotine 
from GFRP sheets to serve as substrates. To improve bonds 
between the adhesive and the adherends, the bonding surfaces 
were roughened with 300-grit silicon carbide sandpaper, 
following ASTM D5868–01 standards. The adherend surfaces 
were then cleaned with acetone to eliminate any contaminants. 

The SLJ configurations of the specimens are shown in Figure 2. 
An aluminum mold (Figure 3) was used to connect the 
100×25×2 mm plates with an overlap of 25 mm. This mold also 
kept the bond thickness constant at 0.3 mm. For direct shear 
strength testing, end tabs (25×25 mm) were added to the 
specimens. 

The mold was specifically designed to create a uniform 
adhesive layer thickness of 0.3 mm. Five samples were 
prepared for each configuration using this mold. After bonding, 
the samples were held for 24 hours in the mold for curing.  
Following this, they were removed from the mold and allowed 
to be cured outside for five days to ensure complete curing. 
Afterward, the samples were exposed to single-lap shear tests. 

 

Figure 2 Dimensions of single lap joint configuration  

    

 

Figure 3 Specifically designed mold 

3 Results and Discussion 

3.1 Lap Shear Test 

Typically, single-lap shear tests are performed to assess the 
shear performance of adhesively bonded SLJs in the industry. 
[24]. This study investigated how the addition of WCo alloy 
affects the shear performance of these ABJs, utilizing the 
Shimadzu AG-X testing machine (see Figure 4). 

According to ASTM D5868-01 standards, tensile loads were 
applied to the specimens at a crosshead speed of 1 mm/min. 
GFRP end tabs, measuring 25 mm × 25 mm, were used to apply 
pure shear loads on the specimens and to secure them in the 
grips. Load-displacement data were recorded using a data 
acquisition system connected to the tensile testing machine. 
The maximum shear strength of each specimen was calculated 
using the following formula. 

𝜏𝑚𝑎𝑥 =  
𝐹

ℓ ×𝑏
                                                                         (1) 

Here, F denotes the maximum load, while l and b refer to the 
bonded lap length (25 mm) and the depth (0.3 mm) of the 
adhesive connection area, respectively. To ensure reliability, a 
minimum of five specimens from each configuration were 
tested. 
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Figure 4. Performing of lap shear tests on tensile test machine 

The lap shear test results are presented in Table 1. Compared       
to the unmodified specimens, the shear strength of the 1.0 wt% 
WCo-modified specimens increased by 68.5%. The highest 
shear strength improvement was observed in the 3.0 wt% WCo 
specimens, reaching 136%. However, in the 5.0 wt% WCo 
specimens, this improvement decreased to 60%. This reduction 
is attributed to the limitations associated with adding 
nanoparticles to epoxy-based adhesives. When these limits are 
exceeded, nanoparticle agglomeration can occur, leading to 
local stress concentrations and a subsequent reduction in joint 
strength [38].Tensile load-extension curve analysis of both 
pure epoxy adhesive and WCo-modified SLJ specimens 
revealed that the maximum elongation at failure (1.766 mm) 
was observed in the 3.0 wt% WCo specimens. In contrast, the 
unmodified specimens exhibited a failure elongation of 0.72 
mm, representing a 145% improvement. Overall, these findings 
suggest that the incorporation of WCo significantly enhances 
the ductility and toughness of the adhesive (Figure 5). 

3.2 Three-point bending test 

The effect of incorporating tungsten carbide (WCo) into the 
adhesive on the flexural strength of bonded SLJs was 
investigated using three-point bending tests (see Figure 5). The 
test setup and specimen dimensions are illustrated in Figure 5. 
The distance between the two supports (the span length), was 
about 16 times the sample thickness in accordance with the 
ASTM D790-17. and the bending load was applied at a rate of 2 
mm/min. To ensure proper horizontal alignment of the 
specimens during the test, a 25 × 25 mm glass fiber reinforced 
plastic (GFRP) protrusion was added to one of the support 
points. 

During the bending test, the applied load causes compressive 
stress between the adhesive and upper plate, while the lower 
plate and adhesive cause tensile stress (Figure 5). The load 
applied to the midpoint of SLJ generates a compound loading 
impact categorized by a fixed transverse cutting force and 
growing bending moment along the adhesive overlap area. The 
maximum flexible stress is figure out by the following equation: 

𝜎𝑓    =
3𝑃𝐿

2𝑤𝑑2                                                                                               (2) 

Where: σf = bending stress at midpoint (MPa), P = load (N), L = 
support span (mm), b = width of joint (mm), and d = depth of 
joint (mm).  

The bending load–displacement curves obtained from the 
three-point bending tests are presented in Figure 6. As shown 
in the figure, two peak points are observed in all specimens 
except for the 3% WCo reinforced sample. The load increases 
linearly until the first peak until the first peak due to higher 
peeling stress at the free edge of the substrate sustained to 
stress. The first peak corresponds to the maximum load-
bearing point. Once this maximum load is reached, the SLJs 
begin to separate from the free edge, leading to a decrease in 
load and the initiation of crack propagation. The load then 
increases again until the second peak, which indicates either 
failure of the GFRP layer or complete separation of the SLJs. 
After the first peak, the subsequent load–displacement 
behavior is influenced by factors such as substrate stiffness, 
substrate thickness, and other material properties. Therefore, 
the load at the first peak is the primary value considered in 
bending stress calculations. In the 3% WCo-reinforced samples, 
sudden fracture occurs after reaching the maximum load, 
indicating that excessive loading causes the complete 
separation of the SLJs. In other configurations, SLJ separation 
occurs relatively quickly. All WCo-containing specimens 
demonstrated superior load-bearing capacity compared to the 
unreinforced epoxy specimens, as illustrated in Figure 7. 
Notably, the maximum bending stress was observed in the 3% 
WCo-containing specimen (Figure 7). While the bending load 
for the pure epoxy specimen was 61.96 MPa, it increased by 
approximately 51.5% in the 3% WCo-containing specimen, 
reaching 93.85 MPa. Conversely, as seen in the single shear test, 
the 5% WCo-containing specimens exhibited a reduction in 
both shear strength and bending strength. This decline is likely 
due to agglomeration and related material disruptions, which 
impair load transfer between the nanoparticles and the 
adhesive. 

 

 

Table 1 Single lap shear test results 

Sample Code 
Epoxy adhesive 

(wt.%) 
WCo (wt.%) 

Maximum Load 

(N) 

Maximum Shear 

Stress (MPa) 
Enhancement (%) 

Pure 100.0 0.0 3020.9±234 4.83±0.38 0.0 

WCo-1% 99.0 1.0 5091.2±254 8.15±0.41 68.5 

WCo-3% 97.0 3.0 7134.2±263 11.41±0.42 136.1 

WCo-5% 95.0 5.0 4838.5±389 7.74±0.62 60.1 
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Figure 5. Performing of three-point bending test and sample dimensions. 

 

Figure 6 Bending load-displacement curves of specimens after three-point bending tests. 

 

 

Figure 7. Flexural Strengths as a Function of Tungsten Alloy  

3.3 Failure Analysis 

To gain a comprehensive understanding of the mechanical 
properties of pure and WCo-reinforced adhesives under single 
shear loading, it is essential to analyze the failure modes. The 
failure mode serves as an indicator of both the quality of the 
adhesive joints and the bond's overall strength. Following the 
shear test, the surfaces of the pure epoxy adhesive samples 
exhibited adhesive-type failure, with the surfaces remaining 
smooth (Figure 8). Adhesive failure is characterized by 

interfacial separation, where the bonded component 
completely detaches from one side. This indicates that the 
adhesive joint has detached from the bonding surface, with no 
adhesive residue remaining at the interface. 

The macro-images of the WCo-reinforced samples reveal a 
rough surface morphology. In the 1.0% and 3.0% WCo-
reinforced samples, fine cohesive failure and fine fiber pullout 
damages are evident. Notably, in some overlap regions, a thin 
adhesive layer has dispersed, a phenomenon referred to as 
thin-layer cohesion failure. This type of failure, characterized 
by the adhesive layer itself breaking, indicates that high shear 
stresses were experienced during loading. Fiber pullout 
suggests that the connection itself did not fail, but the damage 
is confined to the bonded material [39]. In the 3.0% WCo-
reinforced samples, fiber damage is significantly more 
pronounced. The damage surfaces of the 5.0% WCo-reinforced 
samples are markedly rougher due to the higher reinforcement 
ratio, although adhesive-type failure was observed. The pure 
epoxy adhesive was highly fluid, leading to seepage from the 
bonding region and the formation of voids in certain areas. 
However, the addition of WCo increased the adhesive’s 
viscosity, thereby preventing seepage and the formation of 
voids. This indicates that WCo particles enhance bond strength 
by filling micro-voids on the substrate surface and creating new 
contact points [40]. 
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Figure 8. Failure surfaces of test samples after single lap-shear 
tests 

The strength of adhesive joints is highly sensitive to the 
direction of applied stress. While abrasive bonding joints (ABJs) 
exhibit strong resistance to tensile and shear stresses, bending 
loads create both tensile and shear stresses, resulting in 
localized stress concentrations over a small area. In adhesive 
joints, one free end experiences tensile stress, while the other 
is exposed to compressive stress. These opposing forces 
produce tensile peeling stress in the positive direction and 
compressive peeling stress in the negative direction. 
Consequently, cracks initiate at the connection point subjected 
to positive peeling stress (crack initiation) and propagate 
across the entire bonded area, ultimately leading to joint failure 
[41]. Upon examining the fracture surfaces of adhesive joints 
subjected to three-point bending loading (Figure 9), it was 
found that pure epoxy adhesive joints failed exclusively 
through an adhesive failure mode. This failure type 
corresponds to the lowest bending strength observed during 
the bending test. When 1.0% WCo was added, thin-layer 
cohesive failure was observed. In the 3.0% WCo-reinforced 
sample, damage included both thin-layer cohesive failure and 
fine fiber pullout. This type of failure is comparable to the 
failure behavior observed under shear loading conditions 
(Figure 8). The light-fiber tear and thin-layer cohesive failures, 
accompanied by instances of fiber breakage, indicate that WCo 
reinforcement enhances both shear and bending performance. 
These failure mechanisms suggest effective adhesion between 
the adhesive layer and the substrates, highlighting a strong and 
well-developed bonding interface. 

 

Figure 9. Failure surfaces of test samples after three-point 
bending tests 

The effective use of adhesive joints will play a crucial role in 
assessing their strength under various external loads in the 
future. The addition of WCo particles enhanced the strength of 
the adhesively bonded single-lap joints when subjected to 
shear and flexural loads. Notably, the sliding and bending 
strengths of adhesive connections modified with 3.0% WCo 
showed the most significant improvements compared to those 
using pure adhesive. WCO particles positively influence load 
transfer between substrates and adhesives by introducing new 
mechanical ways. This improvement leads to stronger adhesion 
forces. The use of WCo additives alters joint failure modes, 
avoiding light-layer cohesive and fiber-tear modes, which in 
turn increases the vineyard forces. This observation aligns with 
findings from mechanical experiments. High WCo content (5%) 
has led to a decrease in connection strength due to stress 
concentration points and nanoparticle agglomeration that 
could lead to local failure. This indicates that the contribution 
rate of WCO particles needs to be properly regulated. 

4 Conclusion 
This study investigated the effects of incorporating tungsten-
cobalt (WCo) alloy nanoparticles into epoxy adhesive systems 
on the mechanical performance of single-lap joints (SLJs) 
bonded to glass fiber-reinforced polymer (GFRP) substrates. 
The experimental results from shear testing demonstrated a 
significant improvement in the shear strength of SLJs as the 
WCo content increased, with the 3.0 wt% WCo-modified 
adhesive achieving the highest shear strength enhancement of 
136% compared to the unmodified epoxy adhesive. However, 
at the highest WCo content of 5.0 wt%, a reduction in shear 
strength was observed, likely due to nanoparticle 
agglomeration, which can lead to stress concentration points 
and local failure. Additionally, three-point bending tests 
revealed that WCo incorporation significantly improved the 
ductility and flexural strength of the adhesive joints. The results 
showed that the elongation at failure increased by 145% in the 
3.0 wt% WCo specimens compared to the unmodified epoxy.  
Failure analysis of the shear and bending specimens provided 
further insights into the mechanisms behind the observed 
performance improvements. Pure epoxy adhesive specimens 
exhibited adhesive-type failure modes with smooth fracture 
surfaces, indicative of interfacial failure under tensile loading. 
However, WCo-modified specimens displayed fine cohesive 
failure, thin-layer cohesive failures, and light-fiber tear 
damages. These failure mechanisms suggest that WCo particles 
improve adhesion by creating better stress distribution, 
reducing localized stress concentrations, and enhancing 
interfacial compatibility with the substrate. Moreover, the 
rough surface morphology observed in the failure regions of 
WCo-modified SLJs points to effective load transfer facilitated 
by the nanoparticles, which further strengthens the joint under 
loading conditions. Thus, the originality of this study lies in 
examining the reinforcement effects of tungsten alloys in glass 
fiber reinforced polymer. This represents a significant 
advancement and innovation in the polymer composites sector. 
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