Preparation and properties of dual-curable epoxyacrylate composites filled with different functionalized silica spheres
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	Abstract - In this study, uniform-sized silica spheres were first synthesized by sol-gel reaction under a basic environment and their surfaces were modified to possess different functional groups including vinyl, epoxide and amino groups by reaction with 3-methacryloxypropyl trimethoxy silane (MPTMS), vinyl triethoxysilane (VTEOS), 3-glycidoxy propyltrimethoxy silane (GPTMS) and 3-Aminopropyl trimethoxysilane (APTMS). The functionalized silica spheres were characterized by FTIR, 29Si and 13C solid-NMR and SEM. These silica spheres with size ranging from 150~250 nm were then added to the pre-synthesized difunctional epoxyacrylate resin with one epoxide end group and one vinyl terminal groups. After photo- and thermal cure, mechanical properties and fracture toughness were measured to elaborate the effects of different functionalized silica spheres on the properties of epoxyacrylate-silica composites. Tensile mechanical properties including initial modulus, ultimate tensile strength and elongation at break, and also the fracture toughness of the epoxyacrylate-silica composite were all increased with increasing the amount of modified silica spheres. The increase of fracture toughness was due to the crack deflection and particle-matrix debonding as evidenced by SEM pictures on the fracture surface. Among these composites, the one filled with the MPTMS-modified silica had the best tensile mechanical properties and fracture toughness.
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Introduction

Epoxy resins are commercially used in many applications, including surface coatings, structural adhesives, packaging of electronic products and matrix for composite materials [1, 2]. However, the high-performance epoxy resin has problems of high curing temperature and long curing time. In order to solve these problems, the UV-curing type resins are thus desirable. In this study, a dual-curable epoxyacrylate oligomer with a vinyl group at one end and an epoxide group at the other end was synthesized for the later preparation of epoxyacrylate-silica composites, making it especially useful as an adhesive sealant for liquid crystal display (LCD) manufacturing. The cured epoxy resin also has an unsatisfactory drawback in that they are relatively brittle, with a poor resistance to crack initiation and growth. Hence rigid inorganic particles have been tested to increase the modulus and toughnes. However, only few studies [3] have been done on the preparation and characterization of epoxy composites incorporated with sub-micron sized silica spheres (100 nm- 1 μm). In this study, sub-micron sized silica spheres were prepared by the sol-gel reaction from tetraethylorthosilicate (TEOS) in a basic environment and their surfaces were further modified with different functional groups, such as 3-methacryloxypropyl trimethoxy silane (MPTMS), vinyl triethoxysilane (VTEOS), 3-Aminopropyl trimethoxysilane (APTMS) and 3-glycidoxy propyltrimethoxy silane (GPTMS). The modified silica spheres were then added into the dual-curable epoxyacrylate resin. After UV- and thermo-curing, mechanical properties of the cured epoxyacrylate resins were measured and the effects of the added silica spheres on the properties, especially fracture toughness, were thus investigated.

Experimental 
Preparation of difunctional epoxy resin and silica spheres

Difunctional epoxyacrylate containing both vinyl and epoxide end groups was synthesized by reacting diglycidyl ether bisphenal A-type epoxy resin with acrylic acid catalyzed by triphenyl phosphate.

The submicro-sized silica spheres were prepared following the Stöber process [4] with a slight modification. In a typical procedure, TEOS was added to a solution of aqueous ammonia (25%), water and ethanol under a continuous stirring at room temperature. After 30 min of reaction, functional silane was dripped into the stirred solution, and the reaction was allowed to continue for additional 23.5 h to prepare functionalized silica spheres.  
Preparation of epoxyacrylate-silica composites

Epoxyacrylate-silica hybrids were prepared by mixing difunctional epoxyacrylate, trimethylolpropane triacry- late monomer, photo initiator and curing agent, with different amounts (5~20 phr) of silica spheres in a degassing mixer. The mixture was poured into a Teflon mould and cured by UV irradiation followed by thermal cure for 2h at 150°C. The mechanical properties were determined by tensile and single-edge notched bending (SENB) tests. In addition, the fracture surface was examined by SEM.
Results and Discussion

 Morphology of silica particles

SEM pictures revealed that the spherical particles of pure silica were highly uniform in size without any aggregation. The average particle size was about 400 ± 30 nm. In addition, the surface of these pure silica particles was smooth and featureless. In contrast, the surface of modified silica particles was slightly rougher than that of pure silica particles, implying the successful bonding of the functional silanes. In addition, smaller and less uniform silica particles (170±30 nm) were observed in all modified silica particles. This indicates that the added functional silanes inhibited the particle growth probably due to their smaller condensation rate and steric hindrance. Furthermore, in the preparation of APS silica particles, precipitation was observed in the solution after sol-gel reaction. 
Tensile mechanical properties of the epoxyacrylate-silica composites
A tensile modulus (E) of 2.63 GPa was obtained for the cured neat epoxyacrylate resin (EA). The measured modulus was found to increase by the addition of silica particles. In addition, it was found that the extent of increase was more evident for the epoxyacrylates loaded with surface-modified silica particles than the one with the same amount of pure silica. An average value of 3.15 GPa was obtained for the epoxyacrylate composites filled with 15 phr surface-modified silica particles; corresponding a 20% increase. Both ultimate tensile strength (σb) and elongation at break (εb) were also found to increase by adding silica particles to the epoxyacrylate. Among all these composite systems, the EA-MPS composite had the highest values of σb and εb. Compared to the neat epoxyacrylate, the relative improvements in σb and εb could reach 2.22 and 2.03, respectively. The reason is that the surface modification with MPTMS could enhance the dispersion of silica particles and provide chemical bonding between the silica particles and the matrix. 
Fracture toughness and fracture surface of the epoxyacrylate-silica composites

The single-edge-notch bending (SENB) test was used to determine the fracture toughness, KIc, according to ASTM D5045. The measured KIc and GIc values were 0.66 MPa-m1/2 and 145 J/m2, respectively, for the neat epoxyacrylate. Both values were found to increase by the addition of silica particles. The highest values were found for the epoxyacrylate composite filled with 15 phr MPS silica as the same trend observed in the ultimate tensile properties. Its KIc and GIc values could reach 1.38 MPa-m1/2 and 536 J/m2, respectively. Thus, the stronger interfacial bonding in the EA-MPS composite is also responsible for the highest fracture toughness and fracture energy.  
As shown in the SEM pictures, the fracture surface of the neat epoxyacrylate is relatively smooth and featureless, which is typical of a brittle thermosetting polymer. Therefore, the fracture toughness of the neat epoxyacrylate was low. However, the addition of silica particles resulted in a rougher surface where the crack deflection and bifurcation were observed, leading to an increase in the fracture toughness. In addition, the particle-matrix debonding could be seen under higher magnification. This demonstrates the occurrence of the plastic void growth of the epoxy matrix initiated by the debonding of silica particles. The irregular voids without clear boundary were found for the EA-MPS composite, because the MPS surface had vinyl functional groups which could be bonded with the matrix. However, some spherical voids with sharp boundary were also found for the EA-PS and EA-VTS composites, indicating the interfacial strength for these two composites was not as strong as that in the EA-MPS.
Conclusions 

The results revealed that the epoxyacrylate-silica composites had higher tensile mechanical properties and fracture toughness than the neat epoxyacrylate. In addition, the epoxyacrylate filled with the MPS silica particles had the highest properties among all systems. This is because the MPS silica particles were dispersed uniformly without any aggregation in the matrix and there was chemical bonding between the MPS silica particles and the matrix, thus providing stronger interfacial strength.
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