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Abstract
The effects of bare and starch-modified ZnO (ZnO-St) nanoparticles on viscoelastic and mechanical properties are studied by dynamic mechanical and tensile analyses. Transparent epoxy-based nanocomposite films are prepared by incorporating bare or starch-modified ZnO particles into the epoxy matrix. The results demonstrated that ZnO particles hindered the curing reactions and hence the final properties of the cured epoxy. As a result, glass-transition temperature (Tg) and crosslinking density demoted. However, starch as a surface modifier compensated for the undesired effects of ZnO in a way that by enhancing the curing reactions through autocatalytic mechanism, Tg and crosslinking density increased. The storage moduli for epoxy, epoxy/ZnO and epoxy/ZnO-St are accordingly as 13.84, 3.95 and 19.54 MPa. Therefore, the molecular weight between the entanglements is calculated as 0.2878, 1.0089 and 0.2039 in the same order. Moreover, considering the peaks of the tan diagrams, Tgs for epoxy, epoxy/ZnO and epoxy/ZnO-St are obtained as 95.95, 100.16 and 101.24 °C, respectively. Comparing epoxy/ZnO-St nanocomposite to epoxy, it can be inferred that the network becomes tougher in the elastic region and then becomes softer passing this region. Mechanistic sketches of epoxy network formation in the presence of bare and surface-treated nanoparticles are discussed.  
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1. Introduction
When it comes up with the familiar term of “Organic Coating”, epoxy is positioned almost as the first bringing up in the mind thanks to its outstanding specifications [1-3]. Nonetheless, its favorable properties are always accompanied with some undesirable drawbacks. Epoxies are suffering from some mechanical weaknesses, e.g. high brittleness and very low elongation, and weathering faintness, e.g. very low ultra violet resistivity– what confines its versatility [4, 5]. To triumph over these unwanted disadvantages, various approaches were examined among which nanotechnology looks one the most promising ones [6-8]. Multitudes of researches have already focused on nanocomposite coatings based on epoxy and various nanoparticles and their influences on the curing behavior and final properties have been investigated [9-11]. 
In a previous study, two kinds of layered double hydroxides (LDH), i.e. Mg-Al and Zn-Al LDH nanofillers were added to epoxy and the interplay between curing kinetics and viscoelastic behavior was discussed [12]. Incorporation of Mg-Al LDH into the epoxy increased the heat of reaction and consequently changed the viscoelastic behavior in a way that Tg shifted towards higher temperatures and crosslinking density increased as well. On the other hand, addition of Zn-Al LDH to epoxy increased its fracture energy. In another study, graphene oxide was chemically modified by amine aliphatic molecules and introduced into an epoxy matrix [13]. It was observed that activation energy in amine-functionalized reduced compared to the pure epoxy, mostly due to the high reactivity of the –N-H functional groups that facilitated curing at higher conversions. Elsewhere modification of graphene oxide by polyamidoamine dendrimers and incorporating it into the epoxy led to a fall in activation energy corroborating unhindered  network formation [14]. Ganjaee et al. modified clay nanoplatelets by polyester amide hyperbranched polymer and used the modified clay as nanofiller to develop an epoxy-based nanocomposite coatings [15]. The viscoelastic and mechanical properties of nanocomposite coatings have been significantly improved by addition of this nanofiller, similar to their excellent corrosion resistance enhancement [16]. Graphene oxide and clay nanoplatelets were simultaneously modified and added to epoxy coating formulation [17]. The results showed that incorporating the modified particles into the epoxy resin significantly increased the corrosion resistance of the nanocomposite coating, possibly due to the network evolution in the presence of the modified nanofillers. It was also demonstrated that using the modified graphene oxide-co-clay nanoplatelets at an optimum ratio leads to epoxy toughening and enhances the mechanical properties [18]. In various studies carried out by the current team, it was recognized that epoxy-based nanocomposite coatings with improved network characteristics are fortunately transparent, which expands their applications as an indoor topcoat in various environments. Notwithstanding it seems encouraging to develop modified nanofillers as an advanced material by which fabricating progressive heavy duty coatings might become much more feasible. 
In a previous work, a starch-modified ZnO was introduced and exhibited some potential for improving epoxy curing reactions, as featured by a change in the total heat release during the reaction [19]. This was mostly because of the acid Lewis catalytic effect of ZnO in ring opening reactions and the autocatalytic effects of the hydroxyl groups of the starch molecules that enhanced the curing reactions. Therefore, it could have promisingly been possible to find a correlation between network formation and viscoelastic properties of the aforementioned system. The focus of the present paper is placed on exploring the effect of the starch-modified ZnO on the viscoelastic behavior of the final network and hence the mechanical properties of the corresponding nanocomposites. The work gives some useful insights into the structural changes in epoxy system thanks to addition of starch-modified ZnO and mechanistically describes such properties as well. 

2. Experimental
2. 1. Materials
Amylum knows as potato starch, (C6H10O5)n was acquired from Merck Chemical Co. and used as received. Bulk density of this white powder is 3 g/cm3 with a pH of 6.0-7.5 and water solubility of 50 g/l. ZnO nanoparticles was purchased from TEKNAN TECNOLOGIA Co., Navara, Spain with an average particle size of 25–30 nm, 99.983% purity and bulk density of 5.6 g/mL. Bisphenol A diglycidylether based epoxy pre-polymer was procured from Sigma-Aldrich Co. (USA). The resin is a clear gelatinous fluid with an apparent viscosity of 4000 to 6000 cps at 25 °C. The resin had an Mw of 340.41 g/mol and an EEW of around 190 g/eq. The amine curing agent was a cycloaliphatic type with a viscosity of 55,000 mPa.s (Epikure F205) and was purchased from Hexion Chemical Co. (USA). AHEW, i.e. active hydrogen equivalent weight, of the curing agent was about 105 g/eq. The hardener was mixed with the epoxy resin at a weight ratio of 21 to 38 to achieve a stoichiometric blend. 

2. 2. Starch Modification of ZnO
The modification process has been described in detail elsewhere [19]. The process was carried out in an aqueous medium and initiated by mixing 1 g of ZnO in 20 ml of deionized water. Then, to obtain a homogenous dispersion the mixture underwent a sonication process for 20 min. Simultaneously, 1.5 g starch was also dissolved in 10 ml deionized water. In the next step, the starch solution was gradually added to ZnO dispersion the left to be vigorously mixed for 24 h. Consequently, the attained product again underwent a sonication process for 30 min. Afterwards, the modified particles were separated through a suction filtration process and washed with a 100 ml deionized water. The washing and filtration process were repeated three times to be confirmed that the whole excess starch molecules inside the medium and the loose molecules on the surface of the particles have been instantly removed. Figure 1 brief the whole modification process in a schematic sketch. 
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Figure 1. Descriptive sketch of the modification process of nano ZnO by starch


2. 3. Preparation of Transparent Epoxy Nanocomposite Films
Epoxy-based transparent nanocomposite coatings were prepared as follows: 0.1 g of untreated/starch-modified nano ZnO was poured into 142.8 g of diluted epoxy (S.C. = 70 wt.%) to obtain a 0.1 wt.% concentration. The mixing process was carried out under high shear mechanical agitation and manually organized to decrease powder waste by the mixer blades and the container walls. The mechanical mixing went on for 20 min and then the process continued by an ultrasonic process to complete the dispersion process of the nanoparticles and improve the stability of the epoxy mixture. To erase and remove the created bubbles, the final mixtures were placed inside a vacuum oven for 2 hours. Accordingly, to cure the epoxy mixtures, the polyamine curing agent was poured into the resulting mixtures at room temperature at suitable ratios. The calculations are given in the authors’ previous publication [19].  After having made the inferred samples, they were applied on glass substrates by the aid of a film applicator at 120 m thickness. A flash time of ca. 3 hours for the applied films was satisfactory before placing samples inside an oven that temperature was adjusted at 70 °C for 2 h. Eventually, the oven was tuned off and the samples left inside for 72 h to ensure that the reactions are impeccably completed and the films are fully cured. Free-stand films were also obtained by removing off the cured films applied on the glass substrates. Figure 2 exhibits a clear sight of the transparent films of the blank and ZnO-filled both untreated and surface modified epoxy-amine cured films.
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Figure 2. Transparent films of neat epoxy (a); epoxy/ZnO (b) and epoxy/ZnO-St (c) films for the sake of transparency comparison

Moreover, Figure 3 is depicted the chemical interaction of epoxy/ZnO and epoxy/ZnO-St in illustrious description for better understanding.
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Figure 3. Schematic sketch to describe the chemical interaction of epoxy/ZnO and epoxy/ZnO-St

2. 4. Characterization Methods
The characterization of the nanoparticles have been presented elsewhere [19]. Dynamic mechanical analysis of the samples was conducted by the aid of a Netzsch Dynamic Mechanical Analyzer model 242C. Tensile geometry was selected because of the appropriate thickness of the films. The frequency of the applied deformation was selected among the range of 0.1 to 10 Hz and the strain adjusted at 0.05 %. The temperature ramp was 3 C/min and ranged from 35 C to 170 C. The quasi mechanical tensile test was performed by a Bose Electroforce 3200 made by TA Instruments. The tests were performed on 3 specimens with a movement control at a speed of 5 μm/s. The true strain was measured by laser extensometer EIR LE05 and Young's moduli were determined by linear regression of the stress–strain curves on a range of strain varied across 0 to 0.4%. 
3. Results and discussion
To pursue the viscoelastic properties of the materials, dynamic mechanical analysis was exploited as mentioned before. At the first stage, the behavior of the three samples is compared to gain a better understanding of the overall impact of the fillers on the viscoelastic properties. Figure 4 demonstrates storage modulus (E’), loss modulus (E”) and damping factor (tan) as a function of temperature for epoxy, epoxy/ZnO and epoxy/ZnO-St at the deformation frequency of 1 Hz. 
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Figure 4. Storage modulus (E’), loss modulus (E”) and damping factor (tan) of epoxy, epoxy/ZnO and epoxy/ZnO-St at the frequency of 1 Hz

At the glassy region of the E’ diagrams, one can compare the stiffness of the materials and as it is clear epoxy/ZnO has the highest stiffness and epoxy possesses the lowest. The starch modification process of ZnO has had a negative impact on the stiffness of its epoxy nanocomposite. Expectedly, addition of ZnO to epoxy increased the stiffness of the coating. However, grafting soft molecules of the starch on the surface would result in a decreased overall stiffness. Nevertheless, the rubbery plateau of the diagrams exhibits that epoxy/ZnO has the minimal values of E’ which is an indicative to the fact that the molecular weights between entanglements or in another word the crosslinking density has already reduced compared to the blank epoxy. Surprisingly, epoxy/ZnO-St shows higher values at this region declaring higher crosslinking density has been obtained compared to the other two materials. To quantitatively compare the crosslinking density one may use the following equation:
		(1)
In which E’ is the storage modulus at the rubbery plateau at a specific temperature,  is the epoxy density and Me is the molecular weight between the chain entanglements [20, 21]. The storage moduli for epoxy, epoxy/ZnO and epoxy/ZnO-St are accordingly as 13.84, 3.95 and 19.54 MPa. Therefore, Me is calculated as 0.2878, 1.0089 and 0.2039 for epoxy, epoxy/ZnO and epoxy/ZnO-St, respectively. It is obvious that the molecular weight of the chain between the entanglements is the least for epoxy/ZnO which means the crosslinking density for this sample is the most. It declares that starch-modified ZnO has been able to improve the crosslinking reactions hence crosslinking density has significantly increased (Figure 5).
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Figure 5. ZnO-St addition to epoxy results in higher cross linking density

Considering the loss modulus diagram maximum peaks, Tgs for epoxy, epoxy/ZnO, epoxy/ZnO-St are determined as 89.27, 94.10, 95 °C, respectively. Furthermore, considering the peaks of the tan diagrams, Tgs for epoxy, epoxy/ZnO and epoxy/ZnO-St are obtained as 95.95, 100.16 and 101.24 °C, respectively. It is observed that Tg is the lowest for epoxy/ZnO and is almost similar for the other two samples. The glass transition temperature is dependent on the free volumes of the chain segments and the ability of the segments to move. So it seems that introducing the ZnO nanoparticles into the matrix somehow has increased the vf and consequently movements are happening at lower temperatures. On the other hand, another possibility is that the particles have by some means repressed the curing reactions. The latter was focused by the authors elsewhere [19] and it was proved that Zn has a sort of catalytic effect in epoxide ring opening reactions which not necessarily leads to enhancing the following amine reactions. It has been proved that Zn2+ can have a significant effect on the epoxide ring opening, not necessarily leads to enhancing the reaction between epoxy and the polyamine hardener to boost the crosslink density. It should be taken into consideration that the possibility of ZnO ionization inside the non-aqueous environment of epoxy is a controversial issue. Altogether, it seems that the catalytic effect of ZnO nanoparticles on the curing reactions could be ignorable. This is also certified by the dropped values of crosslinking densities for epoxy/ZnO that can be also another reason for the decrease in Tg. However, in the case of starch-modified ZnO, the particles behave differently and almost no changes in Tg is observed. Although these particles are bulkier than the unmodified ones thus should have provided larger free volume for the segments to move, nonetheless they provide the curing reaction with hydroxyl groups which have autocatalytic augmentation effects that increase crosslinking density and so, in turn, confine the chain segments and lower the movement ability. Therefore, the negative effect of ZnO on Tg is being compensated by the autocatalytic effect of the starch-modified ZnO.
 Furthermore, the full width at the half maximum in the diagrams which is broader for epoxy/ZnO clarifies that adding untreated nanoparticles inside the epoxy matrix leads to a more inhomogeneous system. Conversely, the starch modification process again compensates for this effect and increases homogeneity even compared to the blank epoxy. Altogether, one may conclude that ZnO, in turn, increases the stiffness and simultaneously decreases crosslinking density. Nevertheless, introducing starch-modified ZnO nanoparticles into the epoxy, moderately increases the stiffness and not only does not prohibit the crosslinking reactions but enhances the crosslinking density. The latter is most probably attributed to the autocatalytic effect of the hydroxyl groups of the starch on the curing reactions, i.e. amine and epoxide reactions. This is more focused in the coming discussion.
To gain a better understanding of the observed phenomena, the dynamic mechanical analysis was completed by conducting the experiment at various deformation frequencies in order to obtain the activation energy, H, of the glass transition relaxation and speculate a mechanism of what is happening inside the matrix as the nanoparticles are added. The results are plotted in Figure 6.








[image: D:\0PhD Thesis\0Dr Saeb\Epoxy Dr saeb\ZnO Viscoelastic\FIGURE\Final\Fig 4A.jpg][image: D:\0PhD Thesis\0Dr Saeb\Epoxy Dr saeb\ZnO Viscoelastic\FIGURE\Final\Fig 4B.jpg]
[image: D:\0PhD Thesis\0Dr Saeb\Epoxy Dr saeb\ZnO Viscoelastic\FIGURE\Final\Fig 4c.jpg]
Figure 6. Storage modulus (E’), Loss modulus (E”) and damping factor (tan) of epoxy at the frequency range of 0.1 to 10 Hz

Figure 6 gives the Storage modulus (E’), Loss modulus (E”) and damping factor (tan) of epoxy at the deformation frequency range of 0.1 to 10 Hz.   
To facilitate the comparing of the results plotted in Figure 6 the quantitative data have been extracted from the diagrams of 3 different frequencies and given in Table 2. 
Table 2. Tg measured on the peak of tan and E” for epoxy
	Sample
	Tg_Tan
	Tg_E”
	Tg_Tan
	Tg_E”
	Tg_Tan
	Tg_E”

	
	0.1 Hz
	1 Hz
	10 Hz

	epoxy
	90.8 ± 1.3
	97.3 ± 0.9
	94.3 ± 0.8
	101 ± 1
	97.8 ± 1.3
	110.7 ± 0.9






It is understandable that by increasing the frequency glass transition temperature is also shifting towards higher temperatures [22]. This is because of the fact that when the frequency is small the materials tends to shift towards viscous behavior and act more liquid-like while as the frequency increases the material tends to its elastic part and acts more solid-like. By this dependence one can calculate the transition activation energy for the material. The glass transition temperature obeys an Arrhenius correlation with frequency according to the following equation.
			(2)
Or 		(3)
In which E is the activation energy, R is the universal gas constant and A is a constant [23, 24]. Equation 3 shows an explicit linear relationship between  and  and by plotting them it is possible to obtain E from the slope of the diagram. Figure 7 illustrates the variation of  as a function of inverse Tg obtained from loss modulus and tan.
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Figure 7. Variation of frequency as a function of Tg measured by the loss modulus (left) and tan (right) peak for epoxy
By the aid of the slopes of the plots in Figure 7 the activation energy for epoxy, Etan, is calculated as 449.49 kJ.mol-1. 
These procedures have been also repeated for the other two samples. In Figure 8 storage modulus, E’, loss modulus, E”, and damping factor, tan, for epoxy/ZnO have been plotted as a function of temperature at different frequencies.  
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Figure 8. Storage modulus (E’), Loss modulus (E”) and damping factor (tan) of epoxy/ZnO at the frequency range of 0.1 to 10 Hz

Using the data obtained from Figure 8  versus  is given in Figure 9 for Tgs obtained from E” and tan diagrams. The slopes are used to obtain the activation energy. The calculated Etan for epoxy/ZnO is 538.84 kJ.mol-1.
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Figure 9. Variation of frequency as a function of Tg measured by the loss modulus (left) and tan (right) peak for epoxy/ZnO
The whole process is reiterated for epoxy/ZnO-St as well and the diagrams of DMA outputs and  versus  are demonstrated in Figure 10 and Figure 11, respectively. The activation energy, Etan, is calculated as 471.90 kJ.mol-1. 
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Figure 10. Storage modulus (E’), Loss modulus (E”) and damping factor (tan) of epoxy/ZnO-St at the frequency range of 0.1 to 10 Hz
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Figure 11. Variation of frequency as a function of Tg measured by the loss modulus (left) and tan (right) peak for epoxy/ZnO-St
To compare the outputs of the DMA measurements and calculated activation energies, they are all gathered in Table 3.
Table 3. Tg and H on the Tg measured on the peak of tan for different materials
	Sample
	ΔHtan (kJ/mol)
0.1-10 Hz
	Tg_tan
	Tg_E”
	Tg_tan
	Tg_E”
	Tg_tan
	Tg_E”

	
	
	0.1 Hz
	1 Hz
	10 Hz

	Epoxy
	522.42
	90.8 ± 1.3
	97.3 ± 0.9
	94.3 ± 0.8
	101 ± 1
	97.8 ± 1.3
	110.7 ± 0.9

	epoxy/ZnO
	445.93
	87 ± 2.1
	94.3 ± 1.25
	91 ± 2.1
	97.7 ± 2.3
	95 ± 1.4
	104.7 ± 2.4

	epoxy/ZnO-St
	497.16
	90.5 ± 0.4
	96.7 ± 1
	94.7 ± 0.5
	101 ± 1.4
	99.3 ± 0.9
	110.7 ± 0.9



Comparing the activation energies for the samples obtained from tan glass transitions, it is clear that by incorporating ZnO particles the glass transition activation energy decreases. It means that these particles facilitate the chains’ movement mostly due to the formation of larger free volumes between the chains because of the ZnO existence. Thus, smaller amount of energy is required that the chains start to move and displace. On the other hand, it was seen from the E’ diagrams at the rubbery plateau that epoxy/ZnO possesses lower crosslinking density compared to epoxy another reason for the chains to more easily gyrate. However, by introducing starch-modified ZnO particles inside the epoxy matrix, H again regrows to higher values. It means that higher amount of energy is needed for the chains to start the transition process. This can be interpreted by two various points of view. First, it can be expected that the ZnO particles after having surface modified by starch are much more miscible with the matrix therefore they are evenly distributed inside the epoxy and the particle size is much smaller compared to untreated ZnO. So the free volume caused by the particles is reduced and movement of the chains will need higher amount of energy. Secondly, as it was mentioned previously the hydroxyl end-groups of the starch enhance the reactions through the autocatalytic effects that, in turn, increases crosslinking density and the stiffness of the matrix hence the energy needed for the transition process will also increase. Therefore, it can be considered as evidence that the starch molecules have been able to enhance the curing reactions as the increased Tg for this sample likewise endorses this improvement (Figure 12). 
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Figure 12. Comparison of the epoxy/ZnO-St and epoxy/ZnO glass transition temperature and H

As can be seen in Table 3, the above-mentioned explanations are in good agreement with the obtained Tgs too as epoxy/ZnO-St shows the uppermost Tg at different frequencies. These values are the minimum for epoxy/ZnO indicating the deteriorating effects of ZnO particles on the curing reactions and matrix properties. This effect is compensated by introducing starch as a surface modifier for ZnO as the Tgs again escalate to values slightly greater than to the ones of epoxy.
Altogether, from the viewpoint of dynamic mechanical analysis, it can be concluded that ZnO itself diminishes the curing reactions and hence the final properties of the cured matrix, i.e. Tg and crosslinking density. However, starch as a surface modifier compensates for the undesired effects of ZnO in a way that by enhancing the curing reactions through autocatalytic mechanism increases the Tg and crosslinking density of the final cured matrix.
The storage modulus obtained from DMA is not necessarily similar to elastic modulus obtained from tensile testing. This dissimilarity is originating from the intrinsic differences of the methods in which one dynamically measures the stress at constant strain in the viscoelastic region while the other statically measures the stress as a function of strain. Another reason is that in tensile testing usually measurement of true strain is being neglected and what is measured is the apparent strain [25, 26]. 
Notwithstanding, to compare the static mechanical parameters of the samples and investigate the effects of crosslinking density on elastic modulus and to find the correlation between Tg variation and mechanical properties, universal tensile testing was carried out. Figure 13 illustrates the stress-strain curves for epoxy, epoxy/ZnO and epoxy/ZnO-St. To make the curves comparable the quantitative data have been extracted and given in Table 4. 
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Figure 13. Stress-strain curves for epoxy, epoxy/ZnO and epoxy/ZnO-St

Elastic modulus (E), maximum stress (max), elongation at break (max) and energy of fracture (W) are presented in Table 4. Looking at the values of E for the samples, it becomes evident that by introducing ZnO nanoparticles a slightly decrease of 4.36% from 1969 MPa to 1883 MPa occured. This was expected since it was shown that crosslinking density and Tg for epoxy/ZnO are the minimum which declares that a softer matrix is obtained as ZnO is added to the system (Figure 14). 
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Figure 14. Introducing ZnO-St nanoparticles to the epoxy enhances nanocomposite modulus in comparison with ZnO

Besides, max shows also a reduction confirming the weakening of the matrix. Furthermore, elongation at break, max, increases for this sample as a result of the reduction in crosslinking density that causes a more flexible network. Nevertheless, the mechanical behavior is somehow different for epoxy/ZnO-St as E shows an increase of 6.6% from 1969 MPa to 2098 MPa. This is mostly due to the increased crosslink density of the sample that results in a tougher network. The reduction of max for this sample compared to epoxy/ZnO also endorses the latter. 


Table 4. Quasi-static properties of epoxy, epoxy/ZnO and epoxy/ZnO-St
	Sample
	E (MPa)
	σmax (MPa)
	εmax (%)
	W (J) 

	epoxy
	1970 ± 53
	38 ± 3.5
	2.61 ± 0.13
	650

	epoxy/ZnO
	1880 ± 50
	347 ± 0.8
	2.76 ± 0.3
	598

	epoxy/ZnO-St
	2100 ± 70
	32 ± 0.9
	2.64 ± 0.03
	550



Altogether, to clarify the final effect of impregnating ZnO particles on the mechanical characteristics of the network, the required energy for fracture was calculated by determining the surface area under the stress-strain curves. The calculated data given in Table 4 show that the fracture energy is reducing by impregnating ZnO nanoparticles inside the epoxy matrix and this reduction continues even when the starch-modified particles is added to the epoxy (Figure 15). Clearly, when E and max decrease the area covered by the stress-strain curve decreases [27]. Thus, epoxy/ZnO curve covers smaller area compared to epoxy hence W decreases. However, the increasing of max somewhat compensate for the reduction of W. Nevertheless, the fracture energy of epoxy/ZnO-St is smaller because of the reduction in both max and max compared to epoxy/ZnO. Even the higher value of E has not been able to reimburse for the reduction of W. Therefore, it can be settled that the epoxy network becomes softer and more flexible by introducing untreated ZnO nanoparticles while the matrix converts stiffer by the starch-modified ZnO particles. Comparing epoxy/ZnO-St to epoxy elucidates that the network becomes tougher in the elastic region and then becomes softer passing this region. The latter is probably because of the bonds rupture between the starch-modified ZnO particles and the epoxy matrix which in turn weaken the network.
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Figure 15. ZnO-St presence in epoxy results in max decrement

4. Conclusion 
ZnO nanoparticles were physically modified by starch molecules to improve their miscibility with the epoxy matrix and increase the stability of the produced dispersion. FTIR data and TGA thermographs demonstrated that starch molecules have been replaced on the ZnO surfaces through self-assembly mechanism and hydrogen bonding interactions. Respecting the obtained results from dynamic mechanical analysis, it is concluded that ZnO particles diminish the curing reactions and hence the final properties of the cured matrix demote, i.e. Tg and crosslinking density. However, starch as a surface modifier compensates for the undesired effects of ZnO in a way that by enhancing the curing reactions through autocatalytic mechanism, Tg and crosslinking density of the final cured matrix increase. The storage moduli for epoxy, epoxy/ZnO and epoxy/ZnO-St were accordingly as 13.84, 3.95 and 19.54 MPa. Therefore, the molecular weight between the entanglements was calculated as 0.2878, 1.0089 and 0.2039 for epoxy, epoxy/ZnO and epoxy/ZnO-St, respectively. Also, considering the peaks of the tan diagrams, Tgs for epoxy, epoxy/ZnO and epoxy/ZnO-St were obtained as 95.95, 100.16 and 101.24 °C, accordingly.  Furthermore, from the tensile testing results it can be settled that the epoxy network becomes softer and more flexible by introducing the untreated ZnO nanoparticles while the matrix converts stiffer by the starch-modified ZnO particles. Comparing epoxy/ZnO-St to epoxy elucidates that the network becomes tougher in the elastic region and then becomes softer passing this region. 
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