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Mechanical Performance of Calcium Phosphate-Reinforced Epoxy/Episulfide 

Polymeric Adhesives for Structural Metal Bonding 

 
A R T I C L E  I N F O  

 
A B S T R A C T  

 

In this study, P0, P1, and P2 polymer-based adhesive systems were 

systematically investigated to evaluate the effects of polymer composition 

and Ca₃(PO₄)₂ filler content on their adhesion performance. Single-lap shear 

tests conducted according to ASTM D1002 revealed that both polymer 

architecture and filler loading play critical roles in determining the shear 

strength and overall mechanical behavior of the adhesive joints. Among the 

Ca₃(PO₄)₂-free systems, the copolymer-based P2 adhesive exhibited the 

highest shear strength (0.47 MPa), compared to P1 (0.20 MPa) and P0 (0.19 

MPa), demonstrating the beneficial effect of copolymerization on load-

bearing capacity and interfacial adhesion. For Ca₃(PO₄)₂-reinforced adhesive 

systems, filler incorporation significantly enhanced joint performance up to 

an optimum content. In particular, the addition of 1 wt% Ca₃(PO₄)₂ to the P2 

system yielded the highest shear strength (0.87 MPa). However, further 

increases in filler loading led to reduced performance, with shear strength 

values decreasing to 0.47 MPa at 2 wt% and 0.19 MPa at 4 wt%. This decline 

at elevated filler contents is attributed to particle agglomeration and 

weakened interfacial interactions, which limit efficient stress transfer within 

the adhesive matrix. Overall, the findings demonstrate that controlled 

Ca₃(PO₄)₂ incorporation combined with appropriate copolymer design 

provides an effective strategy for tailoring the adhesion properties of 

polymer-based adhesive systems. The developed formulations show strong 

potential for high-performance structural bonding applications requiring 

enhanced strength and reliability. 
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1.  Introduction 

As Adhesive bonding has emerged as an effective 

alternative to conventional joining techniques such as 

welding, soldering, and riveting, as it eliminates the 

need for high temperatures, filler materials, and 

mechanical fasteners that can weaken joints through 

residual stresses, corrosion, or stress concentration 

(Lindstrom 2005; Boga et al. 2020; Monteiro and 

Ávila 2022). By enabling uniform stress distribution 

and improved resistance to environmental factors, 

adhesive bonding offers significant advantages in 

modern structural applications (Brockmann et al. 

2009; Pethrick 2015). However, its performance 

strongly depends on surface preparation and 

environmental conditions, highlighting the 

importance of material design and interfacial control 

(Minford 1977; Adamson et al. 1997; Jouyandeh et 

al. 2019). The science of adhesion focuses on 

understanding the physical and chemical mechanisms 
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that govern interfacial interactions between dissimilar 

materials, including van der Waals forces, hydrogen 

bonding, and mechanical interlocking (Merriam 

1959; Bolger 1973; Wegman and Van Twisk 2012). 

These fundamental interactions play a key role in 

determining the strength and durability of adhesive 

joints and are relevant across a wide range of 

scientific and industrial fields, from engineering 

applications to biological systems (Watts and 

Chehimi 1993; Zaporojtchenko et al. 2005). 

Advances in adhesion science have enabled the 

development of high-performance adhesive systems 

with tailored properties for specific applications 

(Ratna 2003; Silva et al. 2011; Waite 2017). Among 

various adhesive systems, epoxy-based materials 

remain dominant due to their strong adhesion, high 

mechanical strength, chemical resistance, and 

dimensional stability during curing (Baroncini et al. 

2016; Cañamero et al. 2024). Their ability to form 

highly crosslinked three-dimensional networks upon 

curing with suitable hardeners makes them 

particularly suitable for structural bonding 

applications (Hoy and Robbins 2006; Sugimoto 2008; 

Rafique et al. 2016). Recent research efforts have 

focused on modifying epoxy systems to further 

enhance their mechanical performance, durability, 

and sustainability (Ghosh and Maiti 1997; Rafique et 

al. 2016; Kasper et al. 2021). Glycidyl methacrylate 

(GMA) is a multifunctional monomer that offers 

significant flexibility in adhesive design, as it 

contains both a polymerizable vinyl group and a 

reactive epoxy group (Navarro-Rodriguez et al. 1998; 

Lee et al. 2011). This dual reactivity enables the 

synthesis of copolymers with controlled architectures 

and tunable properties, allowing the development of 

advanced adhesive systems with improved toughness, 

adhesion, and thermal stability Ma et al., 2021). 

Structural modifications based on GMA chemistry 

have been shown to enhance impact resistance, 

tensile strength, and flame retardancy, making such 

systems highly attractive for next-generation 

adhesive applications (Dunn 2003; Brockmann et al. 

2009; Vernengo 2016).  

In this context, the present study focuses on the 

development of high-performance polymeric 

adhesive systems for metal–metal bonding 

applications. Homopolymers of poly(glycidyl 

methacrylate) (poly(GMA), P0) containing oxirane 

rings and poly(glycidyl methacrylate sulfide) 

(poly(GMS), P1) containing thioether rings were 

synthesized, along with the copolymer poly(GMA-

co-GMS) (P2), in order to improve the adhesion 

performance of the adhesive systems. To further 

enhance interfacial adhesion and mechanical 

durability, micro-sized calcium phosphate 

(Ca₃(PO₄)₂) particles were incorporated into the 

polymer matrices at loadings of 1, 2, and 4 wt%, 

forming composite adhesive formulations. The 

prepared adhesives were applied onto Al-5457 

aluminum substrates, and single-lap shear joints were 

fabricated according to ASTM D1002 for mechanical 

evaluation. In addition, post-polymerization reactions 

were performed via epoxy functional groups to 

reinforce the crosslinked network structure of the 

composites.  

Mechanical testing results revealed that the 

copolymer-based P2 adhesive exhibited superior joint 

performance among the unfilled systems, while the 

incorporation of Ca₃(PO₄)₂ further enhanced shear 

strength up to an optimum filler content. In particular, 

the P2 composite containing 1 wt% Ca₃(PO₄)₂ 

demonstrated the highest adhesion performance. 

Overall, the findings indicate that controlled calcium 

phosphate reinforcement combined with appropriate 

copolymer architecture provides an effective strategy 

for improving the shear performance and structural 

reliability of polymeric adhesive systems for 

advanced metal bonding applications. The decrease in 

shear strength at higher Ca₃(PO₄)₂ loadings in the P2 

composite system can be attributed to particle 

agglomeration and weakened filler–matrix interfacial 

interactions. Excessive filler incorporation leads to 

stress concentration sites and inefficient load transfer 

across the adhesive matrix, resulting in premature 

failure under shear loading. Additionally, increased 

filler content may restrict effective crosslinking and 

reduce the ductility of the composite, promoting 

brittle fracture behavior. These findings suggest the 

presence of an optimum filler content beyond which 

mechanical performance deteriorates. 

2.  Material and Methods 

2.1. Materials 

Glycidyl methacrylate (GMA) and 2,3-epithiopropyl 

methacrylate (GMS) monomers were used as 

received for the synthesis of the polymeric adhesive 

systems. Prior to polymerization, inhibitors present in 

the monomers were removed by passing them 

through an activated basic alumina column, and the 

purified monomers were stored in a refrigerator until 

use. The radical initiator 2,2′-azobis(isobutyronitrile) 

(AIBN) was purchased from Sigma-Aldrich and used 

without further purification. Organic solvents 

including methyl ethyl ketone (MEK), methanol 

(MeOH), tetrahydrofuran (THF), hexane, and 

chlorinated hydrocarbons were supplied by ISO-LAB 

Technical Laboratory Instruments and Chemicals Inc. 

Diaminodiphenylmethane (DADFM) and calcium 
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phosphate (Ca₃(PO₄)₂) were obtained from Sigma-

Aldrich. All other reagents were of analytical grade 

and used as received without further purification. Al-

5457 aluminum blocks with dimensions of 25.4 × 

101.6 × 25.4 mm were cut and used as substrates for 

adhesive bonding. For all experimental parameters, 

the aluminum blocks were prepared following the 

same surface preparation procedure, and mechanical 

tensile tests were performed under identical 

conditions to ensure consistency and reproducibility. 

2.2. Methods 

2.2.1. Synthesis of poly(GMA), poly(GMS) and 

poly(GMA-co-GMS) Copolymers 

The synthesis of poly(glycidyl methacrylate-co-2,3-

epithiopropyl methacrylate) [poly(GMA-co-GMS)] 

copolymers was carried out via free-radical solution 

polymerization. Prior to polymerization, glycidyl 

methacrylate (GMA) and 2,3-epithiopropyl 

methacrylate (GMS) monomers were purified by 

passing through an activated basic alumina column to 

remove inhibitors and were stored at low temperature 

until use. In a typical procedure, 

azobisisobutyronitrile (AIBN) (1 wt.% relative to the 

total monomer content) was used as the radical 

initiator. Predetermined amounts of GMA and GMS 

monomers were dissolved in 10 mL of dry N,N-

dimethylformamide (DMF) in a 50 mL two-necked 

round-bottom flask equipped with a magnetic stirrer. 

The reaction mixture was purged with argon for 15 

minutes to remove dissolved oxygen and then 

maintained under an argon atmosphere throughout 

the polymerization. The reaction flask was immersed 

in an oil bath preheated to 70 °C, and the mixture was 

stirred continuously until a viscous solution was 

obtained (typically after approximately 2 hours), 

indicating successful polymer chain growth. After 

completion of the reaction, the polymer solution was 

cooled to room temperature and poured into excess 

cold methanol to precipitate the copolymer. The 

precipitated polymer was collected by filtration, 

washed thoroughly with methanol to remove 

unreacted monomers and solvent residues, and then 

dried under vacuum at 50 °C until constant weight. 

Using this general polymerization procedure, 

homopolymers poly(GMA) (P0) and poly(GMS) (P1) 

as well as the copolymer poly(GMA-co-GMS) (P2) 

were synthesized by adjusting the monomer feed 

ratios accordingly. The obtained polymers were 

subsequently used in the preparation of composite 

adhesive formulations. The synthesis reactions of the 

P0, P1, and P2 polymers are schematically illustrated 

in Figure 1 

 
Figure  1 : Synthesis reactions of poly(GMA) (P0), 

poly(GMS) (P1), and poly(GMA-co-GMS) (P2).  

2.2.2. Adhesive Applications and Curing Process 

of Polymers 

The synthesized copolymers were evaluated for their 

potential use as adhesive materials, particularly for 

bonding aluminum substrates. Prior to adhesive 

application, the metal plates were mechanically 

abraded using silicon carbide (SiC) abrasive papers to 

remove surface oxides and contaminants and to 

increase surface roughness for improved mechanical 

interlocking. The abraded surfaces were then 

thoroughly cleaned with acetone and ethanol to 

eliminate residual grease and debris, followed by 

drying under ambient conditions. This surface 

preparation procedure was applied consistently to all 

specimens to ensure reproducibility. For adhesive 

preparation, the copolymer P1 and a suitable 

crosslinking agent were dissolved in methyl ethyl 

ketone (MEK) to obtain a homogeneous and viscous 

adhesive solution. The resulting formulation was 

applied onto the surface of aluminum substrates 

(dimensions: 25.4 × 101.6 × 25.4 mm) using a doctor 

blade, ensuring a uniform adhesive layer thickness of 

approximately 0.1 mm. A schematic illustration of the 

single-lap adhesive joint, showing the adhesive layer 

thickness and overlap length between the metal 

plates, is presented in Figure 2. The same preparation 

procedure was applied to the P0 and P2 polymers, and 

their adhesive formulations were prepared under 

identical conditions to ensure consistency and 

comparability among the tested systems. 
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Figure  2 : Schematic view of a single-lap adhesive joint with 

defined adhesive thickness and overlap length. 

After application, the adhesive-coated metal 

substrates were allowed to dry under ambient 

conditions to facilitate solvent evaporation. 

Subsequently, the coated surfaces were overlapped in 

an end-to-end configuration, and the adhesive joints 

were cured at an elevated temperature of 120 °C 

under a pressure of 5 MPa to promote crosslinking 

and interfacial bonding. This procedure resulted in 

mechanically stable adhesive joints suitable for 

subsequent mechanical and adhesion performance 

testing. The application of the polymeric adhesives 

onto metal surfaces, curing under a hot-press system  

and subsequent tensile–compression testing are 

schematically illustrated in Figure 3. 

 

 

 
Figure  3 : Application of polymeric adhesives onto metal 

surfaces, curing under hot-press conditions and 

tensile testing of the bonded joints. 

2.2.3. Testing Procedure, Characterization and 

Determination of Young’s Modulu 

Scanning Electron Microscopy (SEM) analysis was 

conducted to examine the fracture surface 

morphology of the adhesive joints after mechanical 

testing. Prior to SEM observation, the fractured 

samples were coated with a thin conductive layer. 

The micrographs were obtained at magnifications 

up to 1.00 kX to investigate the dispersion of fillers 

and fracture characteristics.  

For clarity, Young’s modulus values were 

recalculated and reported in MPa in accordance 

with the SI-unit system. The modulus was 

determined from the slope of the initial linear elastic 

region of the stress–strain curves obtained during 

mechanical testing. The stress (σ) was calculated 

using the relation σ = F/A, where F is the applied 

load and A is the cross-sectional area, while the 

strain (ε) was calculated as ε = ΔL/L₀, where ΔL 

represents the change in length and L₀ is the initial 

gauge length. Young’s modulus (E) was then 

obtained from the linear relationship E = σ/ε using 

linear regression analysis to ensure accurate 

determination of the elastic modulus. 

3.  Results and Discussion 

Fourier transform infrared (FT-IR) spectroscopy was 

used to confirm the chemical structures of the 

synthesized homopolymers and copolymers by 

identifying their characteristic functional group 

vibrations. The FT-IR spectra of poly(GMA) (P0), 

poly(GMS) (P1), and poly(GMA-co-GMS) (P2) are 

shown in Figure 4. 

 

Figure  4 : FT-IR spectrum of P0, P1 homopolymer and P2 

copolymer  

FT-IR analysis confirms the successful synthesis of 

P0, P1, and P2 polymers. All spectra exhibit a strong 

ester carbonyl (C=O) stretching band at 

approximately 1630 cm⁻¹, indicating polymer 

backbone formation. The presence of characteristic 

epoxy (1000–950 cm⁻¹) and sulfur-containing group 
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(600–750 cm⁻¹) absorptions in P0, P1, and P2 verifies 

the retention of functional groups after 

polymerization. The disappearance of the vinyl C=C 

stretching band (~1640 cm⁻¹) in all polymer spectra 

confirms effective radical polymerization and 

copolymerization. Overall, the FT-IR results 

demonstrate the chemical integrity and successful 

formation of the homopolymer and copolymer 

structures. 

The shear strength values of the Ca₃(PO₄)₂-free P0, 

P1, and P2 adhesive joints, determined from single-

lap shear tests conducted according to ASTM D1002, 

were calculated as 0.19, 0.20, and 0.47 MPa, 

respectively, as illustrated in Figure 5. 

 
Figure  5 : Single-lap shear performance of Ca₃(PO₄)₂-free 

P0–P2 adhesive joints (ASTM D1002). 

In the Ca₃(PO₄)₂-filled P0 adhesive systems, the 

incorporation of the filler resulted in an overall 

improvement in shear strength compared to the low-

content formulation. The highest shear strength 

values were obtained at 2 and 4 wt% Ca₃(PO₄)₂ 

loadings. However, the relatively small difference 

between these two compositions indicates that 

increasing filler content beyond moderate levels does 

not provide a proportional enhancement in joint 

performance. Overall, these results suggest the 

presence of an optimum reinforcement range, 

typically around 2 wt%, beyond which further filler 

incorporation may lead to reduced efficiency due to 

particle agglomeration and impaired stress transfer 

within the adhesive matrix. The observed trends 

confirm that controlled filler incorporation is critical 

for maximizing the shear performance of polymer-

based adhesive systems, as illustrated in Figure 6. 

 
Figure  6 :  Effect of Ca₃(PO₄)₂ content on the single-lap 

shear performance of P0 adhesive joints. 

The shear strength results reveal that Ca₃(PO₄)₂ filler 

content plays a significant role in determining the 

adhesion performance of the P1 adhesive systems. 

For the Ca₃(PO₄)₂-reinforced P1 adhesive joints, the 

shear strength values determined from single-lap 

shear tests conducted according to ASTM D1002 

increased from 0.20 MPa at 1 wt% Ca₃(PO₄)₂ to a 

peak value of 0.31 MPa at 2 wt%, followed by a 

decrease to 0.27 MPa at 4 wt%, indicating the 

presence of an optimum filler composition, as 

illustrated in Figure 7. 

 

Figure  7 :  Effect of Ca₃(PO₄)₂ content on the single-lap 

shear performance of P1 adhesive joints. 

The shear strength results indicate that the 

incorporation of Ca₃(PO₄)₂ significantly affects the 

adhesion performance of the P2 composite adhesive 

systems. The addition of 1 wt% Ca₃(PO₄)₂ led to a 

pronounced improvement in joint performance, 

yielding the highest shear strength value of 0.87 MPa, 

as determined from single-lap shear tests conducted 

according to ASTM D1002. However, further 

increases in filler content resulted in a decline in 

performance. At 2 wt% Ca₃(PO₄)₂, the shear strength 

decreased to 0.47 MPa, while a more pronounced 

reduction was observed at 4 wt%, reaching 0.19 MPa. 
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This deterioration at higher filler loadings is 

attributed to particle agglomeration, which weakens 

interfacial adhesion and limits efficient stress transfer 

within the adhesive matrix. Overall, the results 

demonstrate that Ca₃(PO₄)₂ incorporation enhances 

shear strength up to an optimum filler content, beyond 

which excessive filler loading adversely affects joint 

performance, as illustrated in Figure 8. 

 

Figure  8 :  Influence of Ca₃(PO₄)₂ content on the single-lap 

shear performance of P2 adhesive joints. 

When the Young’s modulus values of the synthesized 

P0, P1, and P2 polymers are examined, it is evident 

that polymer composition has a significant influence 

on the mechanical stiffness of the polymer structure. 

Among the neat polymer samples, the highest 

Young’s modulus was observed for the copolymer P2 

(55.8 MPa), followed by P1 (47.9 MPa) and P0 (45.8 

MPa), respectively. The incorporation of GMS units 

into the polymer backbone alters chain architecture 

and functional group distribution, contributing to 

enhanced intermolecular interactions and improved 

stiffness in the copolymer system. This structural 

modification is reflected in the superior elastic 

performance of P2 compared to the homopolymer 

counterparts. Furthermore, the incorporation of 

Ca₃(PO₄)₂ fillers was found to further enhance the 

stiffness of the composite adhesive systems due to 

improved filler–matrix interfacial interactions and 

restricted polymer chain mobility. Overall, these 

findings demonstrate that both copolymer 

composition and controlled Ca₃(PO₄)₂ incorporation 

play critical roles in tailoring the elastic properties of 

polymer-based adhesive systems, as illustrated in 

Figure 9. 

 
Figure  9 : . Young’s modulus values of P0, P1, and P2 

polymers. 

Scanning Electron Microscopy (SEM) analysis was 

conducted to examine the fracture surface 

morphology of the P2 adhesive plate following tensile 

testing. The micrograph obtained at 1.00 kX 

magnification exhibits pronounced plastic 

deformation features across the fractured surface, as 

shown in Figure 10. The presence of layered 

(lamellar) structures and well-defined tear ridges 

aligned with the loading direction indicates 

substantial energy absorption prior to failure. The 

absence of smooth, flat cleavage facets together with 

the rough and fibrillated surface morphology 

confirms that the fracture mechanism is 

predominantly ductile rather than brittle. These 

morphological characteristics imply strong cohesive 

interactions and enhanced chain mobility within the 

P2 system, facilitating efficient stress redistribution 

and retarding crack propagation under tensile loading. 

The observed microstructural features are consistent 

with the superior mechanical performance obtained in 

tensile strength and Young’s modulus measurements. 

 
Figure  10 :  SEM micrograph of the fractured surface of P2 

adhesive after tensile testing 
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Overall, the SEM results demonstrate that the 

enhanced mechanical behavior of the P2 polymer is 

closely associated with its improved plastic 

deformation capacity and ductile fracture response. 

The shear strength values summarized in Table 1 

indicate that copolymerization and controlled 

Ca₃(PO₄)₂ incorporation significantly enhance 

adhesion performance, with the P2 + 1 wt% 

composite exhibiting the highest joint strength. 

Table 1. Calculated Shear Strength Values of 

Adhesive Joints (ASTM D1002) 

Adhesive 

System 
Formulation 

Maximum 

Load (N) 

Shear 

Strength 

(MPa) 

Neat 

Polymers 
P0 125 0.19 

 P1 132 0.20 

 P2 300 0.47 

P0 Filled 
P0 + 1 wt% 

Ca₃(PO₄)₂ 
125 0.19 

 
P0 + 2 wt% 

Ca₃(PO₄)₂ 
170 0.26 

 
P0 + 4 wt% 

Ca₃(PO₄)₂ 
172 0.27 

P1 Filled 
P1 + 1 wt% 

Ca₃(PO₄)₂ 
132 0.20 

 
P1 + 2 wt% 

Ca₃(PO₄)₂ 
198 0.31 

 
P1 + 4 wt% 

Ca₃(PO₄)₂ 
175 0.27 

P2 Filled 
P2 + 1 wt% 

Ca₃(PO₄)₂ 
560 0.87 

 
P2 + 2 wt% 

Ca₃(PO₄)₂ 
300 0.47 

 
P2 + 4 wt% 

Ca₃(PO₄)₂ 
120 0.19 

(Shear strength values were calculated by 

normalizing the maximum load to the bonded area 

(645.16 mm²) according to ASTM D1002.) 

 

 

4.  Conclusion  

In this study, epoxy- and episulfide-based polymeric 

adhesive systems (P0, P1, and P2) were successfully 

synthesized, and their adhesion performance on metal 

substrates was evaluated using ASTM D1002 single-

lap shear tests. The results demonstrated that polymer 

composition significantly influences joint 

performance, with the copolymer-based P2 system 

exhibiting the highest shear strength among the 

unfilled adhesives (0.47 MPa). The incorporation of 

Ca₃(PO₄)₂ microfillers further enhanced adhesion 

performance up to an optimum loading level. In 

particular, the addition of 1 wt% Ca₃(PO₄)₂ to the P2 

system yielded the highest shear strength (0.87 MPa). 

However, higher filler contents resulted in a decline 

in performance, attributed to particle agglomeration 

and reduced stress transfer efficiency within the 

adhesive matrix. Overall, the adhesion performance 

followed the order P2 > P1 > P0, demonstrating that 

copolymer design combined with controlled filler 

incorporation provides an effective strategy for 

developing high-performance structural adhesive 

systems suitable for advanced metal bonding 

applications. 
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