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ABSTRACT 
 

UV-curable thermoset resins had been utilized in organic coating industry because of their benefits over conventional adhesives 

like fast curing, less energy consumption and equipment. In this article, the effects of micro and nano-scaled reinforcements 

on the mechanical properties of a UV-curable thermoset resin were investigated. The reinforcements are chosen to be nano-

scaled Montmorillonite (MMT) and micro-scaled Silica (SiO2).  The reason for this choice is that the aforementioned particles 

are non-toxic, low-cost and in the case of MMT; abundant in nature. According to our knowledge, there is no study on the 

synergistic effects of those two additives in thermoset resins.  

 

The instrumented microindentation test results reveal that maximum improvement on hardness (288%) was achieved by single 

addition of MMT thanks to the well-distributed silicate layers. Conversely, SiO2 addition diminished both strength (-51%) and 

modulus (-68%) drastically which is attributed to the possible poor dispersion and weak surface attraction.  On the other hand, 

when those additives were utilized together, the property improvements namely; hardness and modulus are observed to be in 

between of single addition of either additive. It is suggested that SiO2 contribution does not disturb intercalated/exfoliated-

MMT structure and similarly by simultaneous MMT reinforcement, quality of SiO2 dispersion is not affected. It is concluded 

that one benefit of these SiO2-MMT combinations over single MMT reinforcement could be related to plasticity since they 

result in less plasticity reduction of -22%-27% compared to MMT (-43%) with the further benefit of higher hardness 

improvement (+66%) than bare SiO2 addition (-51%). 

 

Keywords: Clay, Silicas, Composites, Film, Thermoset 
 

 

1. INTRODUCTION 
 

UV-curable thermoset resins had been utilized in organic coating industry because of their advantages 

like fast curing, less energy consumption and equipment in comparison with conventional curing 

methods. Crosslinking density of the thermoset resins could be increased to improve strength, though it 

leads to brittleness. The alternative for this is utilizing reinforcements by composite approach. In this 

study, nano-scaled Montmorillonite (MMT) and micro-scaled silica (SiO2) were focused as they are 

non-toxic, low-cost and in the case of MMT; abundant in nature.  

 

Studies show that both nano and micro-scaled silica particles either improve or diminish strength of 

thermoset matrices depending on mainly their surface compatibility [1– 3]. For instance, in the study of 

Ahmad et al. [1] nano-silica addition to epoxy resin diminished both strength and elastic modulus while 

in the study of Li et al. [2] both properties were improved thanks to the surface compatibility of 

composite constituents. In the study of Meng et. al., micro and nano silica reinforcements were utilized 

to toughen epoxy [3]. The study yielded that nano-silica could much more efficiently toughen the ductile 

epoxy matrix such that 738% and 60% improvements were achieved for 4 wt% nano and micro-silicas, 

respectively. This behavior is attributed to the higher surface area and smaller particle-particle distance 

of nano-silica. 
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There are many studies focusing on Montmorillonite (MMT) based adhesive composites [4– 9]. Silicate 

layers have very high aspect ratio (could be as high as 500) enabling effective stress transfer from matrix 

to MMT. In order to achieve this, intercalation/exfoliation level of them play a significant role. For 

instance, in the study of Menezes et al. [9] highest improvement in both strength and modulus of a dental 

adhesive is achieved by just 0.2 wt% exfoliated MMT addition while those properties declined with 

further MMT addition. This shows that dispersion quality and the exfoliation level are key parameters 

as increase in MMT concentration causes agglomeration. In the study of Alsagayar et al. [5] when MMT 

loading in epoxy resin exceeds 1 wt% both strength and modulus diminish because of poor dispersion 

pointing out the necessity of exfoliation.  

 

The main aim of this study to investigate influence of nano-scaled MMT and micro-scaled SiO2 on the 

mechanical properties of UV-curable thermoset resin. The reason for the choice of these particles is that 

they are non-toxic, low-cost and in the case of MMT; abundant in nature. According to our knowledge, 

there is no study on the mutual effects of those two particles in thermoset resins. The films of the 

composites were produced either on glass slides or as free-standing films. Dispersion of the particles 

was observed by XRD and FTIR analyses while mechanical behavior was tested via instrumented 

microindentation. In this study, plasticity was utilized to comment on the underlying deformation 

mechanisms. The outcomes were interpreted in terms of the size, shape, surface compatibility and 

dispersion of the particles. 

 

2. EXPERIMENTAL 

 

2.1. Materials 
 

UV-curable thermoset resin is chosen as the polymer matrix having the commercial name of NOA 61 

(Norland Optics). NOA 61 is not composed of volatile components, which is beneficial for long-term 

stability. As for the reinforcements, unmodified amorphous silica particles (1 µm) and organically 

modified- nanoclay (35-45% dimethyl dialkyl (C14-C18) amine modified Montmorillonite) were 

chosen for micro-scaled/ spherical and nano-scaled/ layered reinforcements, respectively. Silica 

particles and nanoclay were purchased from Sigma Aldrich and Nanografi (Ankara, Turkey), 

respectively.  

 

2.2. Production of Composites  

 

Firstly, an appropriate solvent was sought since the solvent-mixing method was going to be applied for 

composite production. The solvents: deionized water, ethanol and tetrahydrofuran were tried. Inspection 

by naked eye revealed that tetrahydrofuran is the most appropriate solvent for the particular UV-curable 

resin. Ethanol and deionized water usage as solvent resulted in more agglomerated morphology which 

was visible to naked eye while via tetrahydrofuran solvent, agglomeration was not observed. Similar 

results were also found in the previous study of the author with a comparable UV-curable resin [10– 

11]. 

 

The composite production consists of three main parts. Firstly, NOA 61 was dissolved in the solvent 

which is chosen to be tetrahydrofuran in magnetic stirrer for two hours. Secondly, reinforcements were 

induced to the solution and mixed for four hours by magnetic stirrer. Lastly, the solution was poured in 

either of the followings: to a Teflon plate or on a glass slide for XRD/ FTIR analyses, or 

microindentation test, respectively. Subsequently, UV-curing (365 nm-wavelength) was applied. The 

composite coatings which were exposed to micro-indentation test are shown in Figure 1 while 

standalone films taken from Teflon molds are shown in Figure 4. Designation and the weight 

percentages of composite constituents are shown in Table 1. 
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Table 1. Designation of the composite films and the weight percentages of their constituents. 

 

 Polymer 
Polymer_

MMT 

Polymer_MMT_

2 

Polymer_

SiO 

Polymer_SiO_

MMT 

Polymer_SiO_

MMT_2 

MMT - 1 wt% 5 wt%  1 wt% 0.5 wt% 

SiO2 - - - 1 wt% 1 wt% 0.5 wt% 

 

  
(a)                                 (b)                                 (c)                              (d)                              (e) 

 
Figure 1. Polymer and composite coatings on glass slides  which subsequently exposed to Micro-indentation test 

are shown: a)Polymer b) Polymer_SiO c) Polymer_MMT d) Polymer_SiO_MMT_2 e) 

Polymer_SiO_MMT. 
 

2.3. X- ray Diffraction Analysis 

 

To evaluate dispersity and the intercalation/exfoliation of Montmorrilonite silicate layers in thermoset 

resin, wide angle X- ray diffraction analysis (XRD) (Rigaku Ultima-IV, CuKa 40 kV, 40 mA) was 

conducted under a continuous scanning range of 2–10º in Middle East Technical University Central 

Laboratory. 

 

2.4. FTIR Spectroscopy 

 

Fourier Transformed Infrared Spectroscopy (FTIR) was accomplished in Middle East Technical 

University Central Laboratory (Bruker IFS 66/S) in order to confirm the surface compatibility of matrix 

with the reinforcements. 

 

2.4. Mechanical Characterization 

 

Instrumented micro-indentation test with Vickers indenter was conducted in Middle East Technical 

University Central Laboratory (CSM Instruments). The tests were accomplished by a maximum force 

of 5 mN. Hardness and Elastic Modulus values were calculated by using Oliver-Pharr method [25-26]. 

The equations used for the calculation of elastic modulus are revealed in (1) and (2). S is the slope of 

unloading curve, A is the contact area, β is the dimensionless parameter close to unity, Eeff is the effective 

modulus combining moduli of the indenter and the sample. ʋ, ʋi, E and Ei are Possion’s ratio of sample, 

Possion’s ratio of indenter, elastic modulus of sample and elastic modulus of indenter, respectively. The 

plasticity was measured by the ratio of the plastic work to the total work of force-indentation depth 

curves. 

 

𝑆 =  𝛽
2

√𝜋
𝐸𝑒𝑓𝑓√𝐴                                                                      (1) 

1

𝐸𝑒𝑓𝑓
=

1 − 𝑣2

𝐸
+

1 − 𝑣𝑖2

𝐸𝑖
                                                        (2) 
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3. RESULTS 

 

The results of XRD  are represented in Figure 2. Sharp peaks does not exist in the patterns of Polymer, 

Polymer_MMT, Polymer_MMT_SiO and Polymer_MMT_SiO_2. In contrary, two distinctive peaks 

were found in  Polymer_MMT which correspond to 2θ degress of 2.510º and 4.935º. FTIR Spectroscopy 

was accomplished for three samples; Polymer, Polymer_MMT and Polymer_SiO (Figure 3-4). There 

are no major peak differences in all of the FTIR patterns. However, in the case of  Polymer_SiO; at the 

wave numbers of 522 cm-1 and 462 cm-1there are two distinctive peaks differs from Polymer. 

 

Micro-indentation test was applied in order to measure mechanical properties of the samples (Table 2, 

Figure 5). Hardness and Elastic Modulus values were calculated by using Oliver Pharr method [25-26]. 

Hardness of the samples were found to be 169.608±2.190, 657.394±116.394, 84.618±11.015, 

282.166±15.00 and 126.906±23.705 for Polymer, Polymer_MMT, Polymer_SiO, Polymer_SiO_MMT 

and Polymer_SiO_MMT_2, respectively. While for the same samples elastic moduli were revealed to 

be 6.834±1.314, 7.613±0.337, 2.225±0.213, 5.022±0.567 and 3.288±0.432, respectively. 

 

4. DISCUSSION 

 

4.1. Interaction Between Matrix and the Reinforcements  

 

The exact formula of the polymer (commercial name: NOA 61) is unknown. However, previous studies 

revealed that the main constituents of which are; mercapto-ester and tetrahydrofurfuryl metachrylate. 

The study of Castiriota et al. showed that main curing reaction occurs by the interaction of thiol group 

(R-SH) and C=C [12]. Consequently, the fully cured polymer should not have C=C and S-H bond. FTIR 

spectra of the polymer in Figure 3 does not show the specific peak of aliphatic C=C (1638 cm-1) pointing 

out the efficient crosslinking while there exists a weak peak of S-H at 2570 cm-1. 

 

Insertion of 1 wt% of either SiO2 or MMT neither increased the intensity of S-H peak nor led to 

formation of C=C peak (Figure 3). This could be interpreted as crosslinking density was not affected by 

the reinforcements. The peaks of Polymer_SiO are identical with the pristine polymer while two 

additional peaks (462 and 522 cm-1) were observed for Polymer_MMT (Figure 3, Figure 4). This reveals 

that there is no considerable chemical interaction of polymer chains with unmodified-SiO2 surface. On 

the contrary, interaction exists between MMT and the matrix indicating that organically-modified MMT 

surface is compatible with the polymer chains. This is also further confirmed by the XRD Analysis.   

 

Figure 2 reveals XRD outcomes showing that addition of 5 wt% MMT in the polymer matrix 

(Polymer_MMT_2) resulted in two peaks. Since there were no visible peaks in the XRD pattern of the 

polymer (because of its amorphous structure), it can be said that these two peaks are directly due to 

MMT addition. The first sharp peak at 2θ = 2.510° coincides to the interlayer spacing (d-spacing) of 

3.517 nm. The calculated value of initial interlayer spacing of MMT is 2.658 nm. Looking at this result, 

increase of inter-gallery distance to 3.517 nm from 2.658 nm reveals that silicate layers are firmly 

intercalated by the molecular chains of the polymer. The second peak that occurred at 2θ = 4.935° can 

be due to the second-order reflection since the calculations with the Bragg’s Law indicates an interlayer 

spacing of 3.577 nm. Moreover, decreasing MMT loading to 1 wt% (Polymer_MMT) diminished all 

visible XRD Peaks which could be either interpreted as exfoliated microstructure was achieved with 

this particular composition or this could be resulted from decreased intensity. Nevertheless, this 

particular composition should have at least intercalated morphology with possible exfoliation as the 

FTIR (Figure 4) characterization reveals chemical interaction between nanocomposite constituents. It is 

also well-known from the literature that as the nanoclay concentration decreases, 

intercalation/exfoliation level increases. Because of these revelations, only Polymer_MMT was exposed 

to further mechanical test owing to its suggested better dispersion than Polymer_MMT_2. 
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Additionally, when equal amounts of MMT and SiO2 (either 1 wt% or 0.5 wt%) were added together, 

similar to Polymer_MMT, sharp XRD peaks were not observed in their corresponding curves (Figure 

2) suggesting that high dispersion quality was preserved. 

 
Figure 2. XRD outcomes of the polymer and composites are shown. 

 

 
Figure 3. FTIR spectra of the polymer and composites. 
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Figure 4. FTIR spectra concentrated on 400-1350 cm-1. 

 

4.2. Mechanical Properties  

 

Micro-indentation test (Table 2, Figure 5) results reveal that the pristine polymer without any reinforcing 

agent has higher hardness (169.6 MPa) and elastic modulus (6.8 GPa) in comparison with its tensile test 

outcomes (tensile strength: 20 MPa, tensile modulus: 1 GPa; which are taken from the data sheet [13]). 

It should be noted that the results were obtained from a ‘compressive test’. Generally, for most materials, 

hardness is 3-4 times higher than the tensile strength. Nevertheless, the results of this study indicate 

more than 8-fold overshoot of the strength. This could be attributed to the ‘chain confinement effect’ 

leading to chain entanglement in nm-scale.  

 

It is seen that both polymer and composites are prone to creep throughout indentation because of their 

viscoelastic nature. Creep is basically increase in indentation depth right away after unloading, even 

though the applied force is diminishing, [14]. Creep might result in a ‘nose effect’ on unloading curve 

which disturbs elastic modulus measurement [14– 18]. It is suggested [17] to hold on at maximum load 

for a time period to reduce the creep effect, which was also conducted in this study, by holding all 

samples for 30 seconds to release viscoelasticity effect (Figure 5 a). 
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Figure 5. The results of micro-indentation test is shown; a) Representative Penetration Depth-Normal Force curves; 

b, c, and d represent Elastic Modulus, Hardness and Plasticity values of the specimens. 

 

The plasticity was calculated by the ratio of the plastic work to the total work of force-indentation depth 

curves which is represented in Figure 6. The ratio of area under unloading curve to the area under loading 

curve indicates elastic part of work as it is suggested in the previous studies [19– 22] (Equation 3). The 

calculation was accomplished by numerical integration (multi-step trapezoidal method) and the creep 

segment of the curves were neglected. 

 
Figure 6. Plasticity was calculated by the ratio of area between the points of (a-b) to the area under loading curve 

(a-c). 
 

𝑃𝑙𝑎𝑠𝑡𝑖𝑐𝑖𝑡𝑦 = [1 −  
𝐴𝑟𝑒𝑎 𝑢𝑛𝑑𝑒𝑟 𝑢𝑛𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑐𝑢𝑟𝑣𝑒

𝐴𝑟𝑒𝑎 𝑢𝑛𝑑𝑒𝑟 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑐𝑢𝑟𝑣𝑒
] (3) 
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It is seen that the polymer has rather high plasticity (90%) which means that the deformation is mostly 

unrecoverable when the polymer is unloaded which might be due to the highly cross-linked nature of 

the polymer. Being a glassy polymer the matrix of this study; NOA 61 is capable of plastic deformations 

explained by the recent studies. The broadly accepted mechanism consists of two steps [23]. Firstly, 

‘plasticity carrier polymer chains’ are nucleated by the action of the applied load. Secondly, these 

nucleated plasticity carriers arrange themselves into local ordered-molecular structures which eventually 

form the macro scaled-plasticity carriers. This phenomenon is analogous to plastic deformation (such as 

by dislocations) in crystalline solids. 

 

Insertion of 1 wt% MMT (Polymer_MMT) drastically improved the hardness by 288% (Table 2, Figure 

5). In fact, the highest improvement in hardness was achieved by this particular nanocomposite. This 

points out efficient stress transfer from the matrix to reinforcement thanks to both high surface area of 

MMT and the compatibility between polymer matrix and organic modification of MMT. This is 

confirmed by both the intercalated/exfoliated silicate layers observed in XRD (Figure 2) and peaks of 

chemical attractions indicated by FTIR (Figure 4, 5). Elastic modulus of this particular nanocomposite 

is found to be similar to pristine polymer. Nevertheless, plasticity of the matrix was drastically reduced 

by 43%. This would occur because the movement of trapped polymer chains between silicate layers 

might be inhibited. Since this movement could be necessary to form ‘local ordered-molecular structures’ 

analogous to dislocations in metals, the blocked movement would reduce the percentage of plastic 

deformation.  

 
Table 2. The results of the micro-indentation test 

 

 Polymer Polymer_MMT Polymer_SiO 
Polymer_SiO_

MMT 

Polymer_SiO_M

MT_2 

Hardness 

(MPa) 
169.608±2.190 657.394±116.394 84.618±11.015 282.166±15.00 126.906±23.705 

Elastic 

Modulus 

(GPa)  

6.834±1.314 7.613±0.337 2.225±0.213 5.022±0.567 3.288±0.432 

Plasticity 0.918±0.035 0.524±0.072 0.706±0.045 0.671±0.134 0.715±0.057 

 

 

Addition of 1 wt% SiO2 led to decrease of both hardness and elastic modulus by 51% and 61%, 

respectively. There should be two reasons for that; firstly, the surface of unmodified-SiO2 may not be 

compatible with the polymer matrix as there is no indicative peaks on FTIR curves (Figure 3, 4). 

Secondly, being a micro-scaled reinforcement, the total surface area of this particular reinforcement is 

not enough for efficient load transfer. It is well known that concentration of the micro-scaled particles 

should be optimum for efficient load transfer without leading to agglomeration. It is seen that SiO2 

particles rather act as stress concentration cites diminishing both strength and modulus. However, the 

plasticity reduction by SiO2 additive is 21% lower than the reduction observed in Polymer_MMT. It is 

revealed that in polymer matrix, the surface compatibility of MMT is higher than SiO2 which is 

confirmed by both FTIR and XRD (Figure 2, 4). Therefore, due to the loose bond between SiO2 and the 

matrix, arrangement of polymer chains into plasticity carriers could become easier. 

 

There seems to be no synergism for hardness and modulus when equal amounts of MMT and SiO2 added 

together. The properties falls between the values obtained by the single addition of either MMT or SiO2 

such that simultaneous addition of SiO2 and MMT changed hardness by -25% and +66% for the 

composites of Polymer_SiO_MMT_2 and Polymer_SiO_MMT, respectively. This might point out that 

neither SiO2 contribution disturb intercalated/exfoliated-MMT structure, nor by simultaneous MMT 

reinforcement, quality of SiO2 dispersion is affected. This suggestion is also supported by the preserved 

exfoliated nature of XRD curves for the SiO2/MMT mixtures (Figure 2). 
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It should be noted that one benefit of these SiO2/MMT combinations over single MMT reinforcement 

could be related to plasticity since they result in less plasticity reduction (-22% and -27% for 

Polymer_SiO_MMT_2 and Polymer_SiO_MMT, respectively). In addition to it, their contribution to 

hardness is higher than bare SiO2 addition (Table 1). In the study of Fox-Rabinovich et al.  [24], plasticity 

is proved to be contributed to wear resistance of inorganic coatings. This could also be applied to our 

study as the abrasive wear resistance of organic coatings could be calculated from hardness to elastic 

modulus ratio. This ratio, according to Fox-Rabinovich et al [24], is analogous to inverse of ratio of 

elastic work to total work of deformation which is proportional to the plasticity (Equation 4). Therefore, 

for the applications necessitating wear resistance, Polymer_SiO_MMT could be considered since this 

particular composite increases hardness of polymer by 66% with relatively small plasticity reduction 

(-27%). 

 

𝑊𝑒𝑎𝑟 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 ≈  [
𝐴𝑟𝑒𝑎 𝑢𝑛𝑑𝑒𝑟 𝑢𝑛𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑐𝑢𝑟𝑣𝑒

𝐴𝑟𝑒𝑎 𝑢𝑛𝑑𝑒𝑟 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑐𝑢𝑟𝑣𝑒
]−1 

 

(4) 

5. CONCLUSION 

 

The outcomes of this study reveal that, on the one hand, 1 wt% addition of MMT resulted in the highest 

hardness improvement (288%). This behavior is attributed to the intercalated/ exfoliated silicate layers 

which is confirmed by XRD. The particular peaks in FTIR spectrum also showed the compatibility of 

surface modification of MMT with the polymer. On the other hand, 1 wt% addition of SiO2 diminished 

both the hardness and elastic modulus of the matrix, pointing out the inefficient load transfer from the 

matrix to the additive. The diminished mechanical properties stem from incompatibility between the 

surface of the composite constituents and the relatively lower surface area of micro-scaled SiO2.  

  

In the case of crosslinking density, FTIR spectra show that the addition of either additive leads to the 

same characteristic peaks of the polymer matrix, which could be interpreted as crosslinking density and 

adhesion quality were not affected. 

  

Reinforcement by 1 wt% MMT and 1 wt% SiO2 leads to lower hardness improvement (66%) than bare 

1 wt% MMT addition (288%). Nevertheless, this combination resulted in 18% more plasticity than 1 

wt% MMT, which could benefit wear resistance. 
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