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ABSTRACT. This paper investigated the rheological and mechanical properties of the epoxy–

organoclay-gold nanocomposites. The nanocomposites are prepared by in situ polymerization 

method. The rheological and mechanical properties are investigated and related to the 

nanocomposite structure. The viscosity of nanodispersions, the hardness and elastic modulus 

of the solid nanocomposites are evaluated as a function of gold concentration. It has been 

found that the incorporation of 2 wt. % organoclay and 1 wt. % of gold nanofillers enhances 

hardness and Young’s modulus of the epoxy matrix by about 70% and 43% respectively.   
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 1. Introduction 

 Among various polymers, epoxy resin is the most common class of 

thermosetting resin used in various applications. The development of hybrid 

nanostructures [1] by dispersing chemically modified organoclay nanofillers in 

epoxy matrix to achieve extraordinary properties is an area of active interest. Gold 

nanoparticles have high contrast image that makes them suitable for SEM / TEM and 

XRD analysis. Different approaches have been proposed to investigate the effects of 

nanofillers, but in this study our focus is on the rheology and nanoindentation of 

epoxy nanocomposites. In our previous study, the rheology has been used as a tool 

for characterization and control of the degree of dispersion of clay and gold 

nanofillers as well as the interfacial interactions with the epoxy matrix [2]. 

Nanoindentation is widely used technique for investigation of surface mechanical 

properties of polymer nanocomposites [3-6]. The goal of the rheological and 

nanoindentation tests in the present study is to understand the role of the two 

nanofillers for the improvement of elastic modulus and hardness of the specimen 

material from load-displacement measurements, as well as to correlate this with the 

internal structure, formed by nanoparticles in the resin matrix. 
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 2. Materials and methods 

 Organoclay Cloisite 30B (Southern Clay Products, Inc.), organically 

modified with methyltallow bis-2-hydroxyethyl quaternary ammonium chloride 

(MT2EtOH), was used as a substrate for gold nanoparticle synthesis. 

Tetrachloroaurate trihydrate (HAuCl4.3H2O) from Sigma-Aldrich was the precursor 

for the synthesis of gold nanoparticles. The epoxy resin prepolymer Epilox T 19-

38/500 (liquid oligomer, η = 450−550 mPa∙s at 25 °C) and amine hardener Epilox H 

10-30 (η = 200−300 mPa∙s at 25 °C) were purchased from Leuna-Harze GmbH 

(Germany) and used as received. 

A variation of the wet impregnation method for decoration of clay with gold 

nanoparticles is proposed using water solution of HAuCl4 as a precursor. Quaternary 

alkylammonium MT2EtOH, as the organoclay intercalate was used to attach the gold 

nanoparticles onto organoclay and as a reducing agent. For the preparation of ternary 

nanodispersion the appropriate amount of gold/clay was added to the liquid epoxy 

resin oligomer, followed by mechanical mixing and ultrasonic treatment. The solid 

ternary gold/clay epoxy nanocomposites were prepared from the nanodispersions 

using an in-situ polymerisation method. 

 The rheological measurements were performed using AR-G2 Rheometer 

(TA Instruments) with a Peltier plate geometry (cone of 60 mm). Dynamic viscosity, 

storage, and loss moduli were measured versus the angular frequency of 0.1÷100 

rad/s at low strain amplitude of 0.01 (viscoelastic range) and the gap size was of 29 

μm between plates. The linear viscoelastic range of the strain amplitude was 

determined by strain sweep test at angular frequency of 1 Hz. All the rheological 

measurements were performed at three temperatures: 20, 30, and 40 °C. The TA 

Advantage Software was used for data analysis, calculation of flow activation 

energy. 

The morphology of the cured gold−organoclay−epoxy nanocomposites was 

studied by scanning electron microscopy (SEM). Samples were cut in liquid nitrogen 

and coated with carbon. A scanning electron microscope JEOL JSM 6390 and EDS 

Oxford INCA was used for characterization of the fracture morphology. 

The surface of the samples was polished using a Leica RM2245 microtome 

in order to obtain flat surface for nanoindentation. Nanoindentation tests were 

performed using a UNMT nanoindenter with AFM Q-Scope. Berkovich 

nanoindenter with diamond tip with radius 70nm is used for performing 24 (2 rows x 

12 attempts) nanoindentations at room temperature (21 °C). The diamond tip applies 

an increasing load until it reaches maximum force of 100 mN. The hardness of the 

specimen is determined by the displacement of the indenter at the maximum load. 

The Young’s modulus is calculated from the recorded load-displacement curves 

using Oliver-Pharr data analysis procedure [7,8]. 

 3. Results and discussion 

3.1. Degree of dispersion 

 Rheology is used for the characterization of the degree of dispersion of 

nanofiller in the epoxy nanocomposites. Figure 1 illustrates that the neat epoxy 
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shows a Newtonian flow behaviour. The fixed amount of 3 wt % organoclay results 

in a pseudoplastic dispersion with a shear thinning behaviour and a twice as high 

viscosity at high frequencies than that of the pure epoxy resin. When a gold 

decorated clay is added, there is a change of this behaviour, which depends on the 

gold amount. The dispersions containing organoclay decorated with 0.06 to 0.7 wt % 

gold nanoparticles (AuNPs) show a Newtonian flow behavior, similar to the neat 

epoxy resin. The viscosity values are lower than those of the binary 

organoclay/epoxy nanodispersions. This suggests a better degree of dispersion of the 

untreated organoclay than that of the chemically treated gold decorated clay. 

 

 

Figure 1: Dynamic viscosity (η’) versus angular frequency (ω) of gold-clay-epoxy 

nanodispersions.  

Strong increase of the viscosity is observed when AuNPs concentration reaches 1.5 

wt %. This behaviour might be associated with a formation of the percolation 

structure of the gold-decorated nanoclay in the dispersions. 

3.2. Flow activation energy 
The temperature dependence of the shift factor is described by Arrhenius 

relation (eq. 1), from which the flow activation energy of nanodispersions is 

determined: 
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where E is the activation energy, R is the gas constant (8.314 J ∙ K-1 ∙ mol-1), T (K) is 

the measured temperature, T0 (K) is the reference temperature and aT is the time-

based shift factor. 

Table 1 shows calculated values of flow activation energy for neat epoxy 

resin, binary clay-epoxy nanodispersion and ternary gold-clay-epoxy nanodispersions 
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with various AuNPs concentration. For the binary nanodispersions and ternary 

nanodispersions with AuNPs concentration below the percolation threshold the flow 

activation energy is approximately the same as the flow activation energy of the neat 

epoxy resin. For the ternary nanodispersions with AuNPs concentration above the 

percolation threshold the flow activation energy is significantly higher than the flow 

activation energy of the neat epoxy resin. 

Table 1: Flow activation energy of gold-clay-epoxy nanodispersions. 

Nanodispersion Organoclay 

(wt. %) 

Gold 

(wt. %) 

Activation Energy 

(kJ / mol) 

ER 

ER-3C30B 

ER-3C30B-0.06Au 

ER-3C30B-0.15Au 

ER-3C30B-0.7Au 

ER-3C30B-1.5Au 

- 

3 

3 

3 

3 

3 

- 

- 

0.06 

0.15 

0.7 

1.5 

61.94 

61.13 

61.92 

61.06 

71.55 

81.82 

The results indicate that, the interfacial interaction between organoclay and 

epoxy particles is weak and does not have effect on the activation energy of epoxy 

resin. The increase of the activation energy suggests strong interfacial interaction 

between gold nanoparticles and epoxy resin when the gold concentration is above the 

percolation threshold. 

3.3. SEM micrographs of nanocomposites 

Figure 2 illustrates the SEM images of the following nanocomposites: ER / 2 

wt.% Clay / 0.1 wt.% Au, ER / 2 wt.% Clay / 0.5 wt.% Au and ER / 2 wt.% Clay / 1 

wt.% Au. In Figure 2a illustrates isolated single gold nanoparticle, when the gold 

concentration is 0.1 wt. %. When the gold concentration reaches 0.5 wt. % (Figure 

2b) and 1 wt. % (Figure 2c), groups of gold nanoparticles are observed, forming 

agglomerates on the surface of the organoclay. 

 

Figure 2: SEM micrographs of the ternary gold-clay-epoxy nanocomposite. (a) 0.1 wt. % 

gold; (b) 0.5 wt. % gold; (c) 1 wt. % gold; 

3.4. Surface mechanical properties 

 Nanoindentation tests are used to extract hardness and Young’s modulus of 

the specimen material from load-displacement measurements.  
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Figure 3: Hardness and Young’s modulus as a function of the gold nanoparticles 

concentration. 

The results of nanoindentation tests are illustrated in Figure 3 including 

absolute values for standard deviation of all measurements. In addition, Table 2 

illustrates the percentage improvement of surface mechanical properties of the 

nanocomposites in respect to the epoxy matrix.  

Table 2: Improvement of hardness and Young’s modulus in respect to neat epoxy resin. 

Nanocomposites 

Improvement of hardness  

in respect to ER 

(%) 

Improvement of Young’s modulus 

in respect to ER 

(%) 

ER-2C30B 

ER-2C30B-0.04Au 

ER-2C30B-0.1Au 

ER-2C30B-0.5Au 

ER-2C30B-1Au 

27.3 

-3.8 

42.4 

54.5 

70.5 

21.2 

4.9 

29.9 

39.5 

43.4 

According to Figure 3 and Table 2, an increase in hardness and Young’s 

modulus properties is observed for the 2 wt.% organoclay-epoxy nanocomposites 

compared to the pure epoxy resin by about 27% and 21% respectively. The presence 

of 0.1 wt. % gold in the organoclay-epoxy system increases the hardness and 

Young’s modulus by 42% and 30%. The highest increase is observed above the gold 

percolation threshold, so at 1 wt. % gold nanoparticles in the ER-2C30B-1Au 

specimen, the improvements is of 70% for hardness and 43% for Young’s modulus. 

 4. Conclusion 

 In this paper the effect of organoclay decorated with gold nanoparticles to 

the mechanical properties of epoxy based nanocomposites is investigated. 

Rheological study suggests the formation of percolation network in the specimens 

with higher gold concentration. For specimens with gold concentration above 0.1 wt. 

% AuNPs, a significant increase in hardness and Young’s modulus is observed. 



 

 

 

 

 

 
 Angelov V, Ivanov E, Kotsilkova R 

6 

 

 Acknowledgements 

This study was supported by the Bulgarian Science Fund, contract DCOST 

01/24-2016, a national co-financing for participation in the COST Action CA15114 

AMICI. Special gratitude to Petar Todorov for his support in nanoindentation tests. 

R E F E R E N C E S 

 

[1] ANGELOV, V., IVANOV, E., KOTSILKOVA, R. Characterization of gold 

nanoparticles synthesized on the surface of organoclay. Bulgarian Chemical 

Communication, 48 (2016), Special Issue G, 142-146. 

[2] ANGELOV, V., VELICHKOVA, H., IVANOV, E., KOTSILKOVA, R., DELVILLE, 

M.H., CANGIOTTI, M., FATTORI, A., OTTAVIANI, M.F. EPR and Rheological 

Study of Hybrid Interfaces in Gold-Clay-Epoxy Nanocomposites. Langmuir, 

30 (2014), 13411-13421.  

[3] KOTSILKOVA, R., IVANOV, E., TODOROV, P., PETROVA, I., VOLYNETS, N., 

PADDUBSKAYA, A., KUZHIR, P., UGLOV, V., BIRÓ, I., KERTÉSZ, K., MÁRK, 

G.I., BIRÓ, L.P. Mechanical and electromagnetic properties of 3D printed hot 

pressed nanocarbon/poly(lactic) acid thin films. J. Appl. Phys., 121, 064105 

(2017). 

[4] KOTSILKOVA, R., TODOROV, P., IVANOV, E., KAPLAS, T., SVIRKO, Y., 

PADDUBSKAYA, A., KUZHIR, P. Mechanical properties investigation of 

bilayer graphene/poly(methyl methacrylate) thin films at macro, micro and 

nanoscale. Carbon, 100 (2016), 355-366. 

[5] PETROVA, I., KOTSILKOVA, R., IVANOV, E., KUZHIR, P., BYCHANOK, D., 

KOURAVELOU, K., KARACHALIOS, T., BEOBIDE, A.S., VOYIATZIS, G., 

CODEGONI, D., SOMAINI, F., ZANOTTI, L. Nanoscale reinforcement of 

polypropylene composites with carbon nanotubes and clay: dispersion state, 

electromagnetic and nanomechanical properties. Polymer Engineering & 

Science, 56 (2016), 269-277. 

[6] IVANOV, E., PETROVA, I., KOTSILKOVA, R., MIHAILOVA, V. Epoxy/Multi 

Wall Carbon Nanotube Composites – Structure, Viscoelastic and 

Nanomechanical Properties. Nanoscience and Nanotechnology Letters, 6 

(2014), 624-629. 

[7] OLIVER, W.C., PHARR G.M. An improved technique for determining 

hardness and elastic modulus using load and displacement sensing 

indentation experiments. Journal of Materials Research, 7 (1992), 1564.  

[8] OLIVER, W.C., PHARR G.M. Measurement of hardness and elastic modulus 

by instrumented indentation: Advances in understanding and refinements to 

methodology. Journal of Materials Research, 19 (2004), 3. 


