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1. Introduction 
 The present world give a great emphasis on the study and development of nano size materials like 
nanocomposite that exhibits excellent optical, electrical, chemical and magnetic properties [1-4]. These 
properties are dissimilar from their constituent materials which make them a promising candidate for 
scientific and technical interests [5-9]. Researchers are developing a sort of techniques to reduce the 
particle size of the filler materials which simultaneously increase the surface area of the filler, that is 
essential to transfer the load between the polymer matrix and the fillers. These nanocomposites may 
express a noticeable improvement on mechanical, thermal and electrical properties which are quite 
difficult to acquire from traditional microscale fillers, for instance, aramid, glass or carbon fibers. 
Nowadays electronics, automobile, aerospace, marine and other engineering industries show a great 
demand on these nanocomposites due to their outstanding mechanical and thermal properties. 
Ferrite is a special class of magnetic materials belonging from spinel group. Because of their some 
superior properties they can be used in microwave, transformer cores, magnetic memories, isolators, 
noise filters, etc. [10-13]. Nickel ferrite (NiFe2O4) is one of the most common spinel magnetic material 
which shows high electro-magnetic performance, excellent chemical stability and mechanical 
hardness, high coercivity, and moderate saturation magnetization that make it a good candidate for the 
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application as soft magnets and low loss materials at high frequencies [14,15]. Various methods are 
available for the synthesis of nanostructured ferrite nanoparticles such as- chemical vapour deposition, 
hydrothermal synthesis [16], sonochemical technique, chemical precipitation [17], sol-gel technique 
[18], microemulsion technique [19], hydrolysis [20], ball milling [21], laser ablation, sputtering, and 
spray pyrolysis [22]. 
In 2009, K. Maaz et al. synthesized nickel ferrite nanoparticles by co-precipitation method [23]. They 
produced superparamagnetic nickel ferrite with the particles size ranges between 8-28 nm.  In 2012, 
L.S. Fu et al. synthesized superparamagnetic nickel ferrite colloidal spheres for constructing 
magnetically responsive photonic crystals [24]. They followed simple hydrothermal method to 
synthesize nickel ferrite colloidal spheres with tuneable compositions with superparamagnetic 
properties which latter used to construct photonic crystals. In 2014, Seema Joshi et al. studied the 
Structural, magnetic, dielectric and optical properties of nickel ferrite nanoparticles synthesized by co-
precipitation method [25]. They produced nickel ferrite with an average particle size of 8-20 nm and 
found that the increase in sintering temperature increases the saturation magnetization, coercivity and 
remanence of nickel ferrite.  In 2015, M. Khairy et al. studied electrical and optical properties of nickel 
ferrite/polyaniline nanocomposites [26]. They produced NiFe2O4/PANI nanocomposites by in-situ 
polymerization which can be used in supercapacitors, sensors, batteries, electrodes, etc. 
On the contrary, Epoxy resin is one of the most important thermosetting polymers with some excellent 
properties e.g. light weight, chemically resistance, oil and fuel resistance, electrically resistance which 
make it a good candidate in electrical, electronics and industrial applications [27]. In 2011, Richard 
Voo et al. fabricated epoxy nanocomposite films by spin coating technique where synthetic diamond, 
silicon nitride and boron nitride were dispersed to enhance the tensile strength and young modulus of 
the epoxy resin [28]. In 2016, A. Kanapitsas et al. investigated that incorporation of barium ferrite into 
epoxy matrix decreases the relative permittivity, magnetic coercivity and absorption of water [29]. In 
2016, Masoomeh Gazderazi et al. observed that incorporation of MWCNT with nano metal oxides and 
TiO2 greatly increases the tensile, flexural and compressive characteristics as well as the thermal 
conductivity of epoxy matrix [30].  
Addition of nanoparticles into the polymer matrix greatly influence the mechanical and thermal 
properties of the nanocomposites [31-34]. Here, we present a procedure for the synthesis of NiFe2O4 

nanoparticles, which further used as a filler material for the epoxy resin. Nickel ferrite nanoparticles 
were synthesized by co-precipitation method using analytical grade ferric chloride and nickel chloride 
salts as precursor solution, where sodium hydroxide used as precipitating agent. Superparamagnetic 
nickel ferrite with various composition containing epoxy matrix nanocomposites were fabricated by 
hand layup method on flat glass mold. The samples were characterized by various experimental 
techniques, and the influence of NiFe2O4 nanoparticles on the mechanical, thermal, optical and 
electrical properties of NiFe2O4/epoxy nanocomposites was investigated.   
 

2. Materials and Methods 
2.1 Materials 

      During synthesis, all the chemical reagents were analytical grade and used without further 
purification. Anhydrous Ferric Chloride (FeCl3), anhydrous Nickel Chloride (NiCl2) and Sodium 
Hydroxide (NaOH) were purchased from Merck (India) with a purity ≥ 98 %, whereas Epoxy Resin 
and Diethylene Triamine (DETA) hardener were purchased from Sigma-Aldrich (India). 
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2.2 Synthesis of NiFe2O4 Nanoparticles  
     Nickel ferrite nanoparticles (NiFe2O4) were prepared by chemical co-precipitation method using 
100ml 0.4M ferric chloride (FeCl3) and 100ml 0.2M nickel chloride (NiCl2) as precursor solutions. 3M 
solution of sodium hydroxide dropwise added to the salt solutions as a precipitating agent with 
continuous stirring and monitored the pH of the solution up to 12. After that, 2-3 drops of oleic acid 
added to the above solution as surfactant and heated the solution at 80 0C for 60 minutes with 
continuous stirring. The product was then cooled to room temperature and washed with distilled water 
for several times in order to remove unnecessary impurities and surfactants from the precipitated 
sample. Then the sample was dried above 80 0C over the night. Finally, the acquired products was 
grinded into a fine powder and then annealed at 250 0C for 4 hours. 

2.3 Fabrication of NiFe2O4/Epoxy Nanocomposites 
     In order to fabricate NiFe2O4/Epoxy nanocomposites, a desired amount of previously synthesized 
NiFe2O4 nanoparticles was emerged into the epoxy resin and mixed carefully for 15 minutes in order 
to get a uniform dispersion of the nanoparticles within the resin. After that, hardener diethylene 
triamine (DETA) was incorporated into the above mixture and mixed properly (epoxy-curing agent 
ratio was 10:1 by weight). Finally, the mixture was placed into a flat glass mold and outgassed 
overnight. The obtained planar composite samples had an approximate thickness of 2 mm. Because of 
the large surface area and high aspect ratio of the nanoparticles, the content of NiFe2O4 nanoparticles 
in the composite were chosen to be 0.5, 1.0, 2.5, and 5.0 wt% respectively. It should be noted that the 
mixing of the epoxy resin and the NiFe2O4 nanoparticles was carried out in a controlled ambience but 
at the end, we could not prevent a certain particle agglomeration. 

2.4 X-Ray Diffraction (XRD) 
    XRD patterns of NiFe2O4 nanoparticles were taken using a BRUKAR ADVANCE D8 
Diffractometer. Bragg’s angle (2θ) varying from 10º to 70º and the diffraction patterns were recorded 
at room temperature using Cu Kα radiation (λ = 1.5406 Å).  

2.5 Scanning Electron Microscopy (SEM)  

     The morphology of NiFe2O4 nanoparticles and NiFe2O4/epoxy nanocomposites were observed 
using JEOLUSER 7610F Scanning Electron Microscope, which operated at 5 kV.  

2.6 Fourier-Transform Infrared Spectroscopy (FTIR)  

    To confirm the presence of different functional groups, Fourier transform Infrared (FTIR) spectra of 
NiFe2O4 nanoparticles, neat epoxy and NiFe2O4/epoxy nanocomposites were recorded on a PERKIN-
ELMER FRONTIER FTIR/MIR Spectrometer within 450-4000 cm-1 region. 

2.7 Vibrating Sample Magnetometer (VSM)  

    The magnetic hysteresis curve of NiFe2O4 nanoparticles were obtained from MICROSENSE EV9 
Vibrating Sample Magnetometer at room temperature. 

2.8 Tensile Strength Testing 
     Tensile properties of neat epoxy and NiFe2O4/epoxy nanocomposites were measured using 
HOUNSFIELD H10KS UTM Machine. The length and width of the specimens were 60 mm and 10 
mm, respectively. The test was performed at 2 mm/min extension speed. 
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2.9 Hardness Testing  
    The hardness of neat epoxy and NiFe2O4/epoxy nanocomposites were tested by SHIMADZU HMV-
2 VICKER’S Micro-Hardness Tester. The specimen was placed on a hard, horizontal glass surface. 
The diamond indenter was held in vertical position and the scale was performed with 10 seconds, after 
the pressure was in the firm contact with the specimen. 

2.10 Flexural Strength Testing          
      The flexural properties of neat epoxy and NiFe2O4/epoxy nanocomposites were determined using 
HOUNSFIELD H10KS UTM Machine. The specimens were designed as 60 mm in length, 10 mm in 
width and 2 mm in thickness. The span-to-depth ratio was set as 41:2 and the tests were carried out at 
constant cross-head speed of 2 mm/min.  

2.11 Thermogravimetric Analysis (TGA) 
      The TGA curves of NiFe2O4 nanoparticles, neat epoxy and NiFe2O4/epoxy nanocomposites were 
obtained from EXSTAR 6000, TG/DTA 6300 Thermal Analyzer with a heating rate of 20 ºC/min. The 
mass of the solid specimen was about 2-3 mg and the whole measurements were carried out in nitrogen 
atmosphere. 

2.12 UV-Vis Spectroscopy 
     The optical band gap of neat epoxy and NiFe2O4/epoxy nanocomposites were measured at room 
temperature using SHIMADZU UV-1601 Spectrophotometer within the range of 190-1100 nm. 

2.13 DC Resistivity 
     The dc resistivity of neat epoxy and NiFe2O4/epoxy nanocomposites were measured using 
KEITHLEY 6517B Electrometer up to 50 volts at room temperature. 

3. Results and Discussion 

3.1 XRD Analysis 

    The X-ray diffraction (XRD) patterns of NiFe2O4 nanoparticles are shown in figure 1. This pattern 
is used to determine the crystal structure, and particle size of NiFe2O4 nanoparticles. In the XRD 
patterns, the most intense XRD peak appeared at 2θ = 31.702º represent the (311) plane of NiFe2O4 
nanoparticles (inverse spinel structure) [35]. In crystalline NiFe2O4, the considered diffraction peaks 
appeared at 2θ values of 27.316º, 31.702º, 35.20º, 45.440º, 56.456º and 62.82º correspond to the crystal 
planes (220), (311), (222), (400), (422) and (511) respectively. The crystal structure of NiFe2O4 

nanoparticles were indexed as inverse spinel and face centred cubic (FCC) which matched with the 
standard JCPDS Card No. 10-0325 [36]. Diffraction peaks of other impurities like α-Fe2O3, NiO were 
not observed. Using Debye-Scherer’s relation [37], the crystallite size of NiFe2O4 sample is calculated 
as follows:                                                                     

                                                                             𝐷 = !"
#$%&'

 

Where λ is the wavelength of the X-ray radiation (1.5406 Å), K is a constant taken as 0.94, θ is the 
diffraction angle and β is the full width at half maximum (FWHM) [38]. Using Instanano software, we 
calculated the average crystallite size of NiFe2O4 nanoparticles that was about 40 nm. 
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Figure 1 XRD patterns of NiFe2O4 nanoparticles. 

3.2 SEM Analysis 

     The SEM images of NiFe2O4 nanoparticles and NiFe2O4/epoxy nanocomposites are illustrated in 
figure 2(a) and (b) with ×100,000 and ×5,000 magnification, respectively. From the figure 2, it is seen 
that, NiFe2O4 nanoparticles are well organized and looks like small spherical shaped particles. The 
average crystallite size of NiFe2O4 nanoparticles from SEM image, which was found to be 
approximately 44 nm. It is obvious that NiFe2O4 nanoparticles are mainly present as granules with 
small and big spherical shaped particles and are well crystalline in nature. 
 

 

 

 

 

 

 

Figure 2 SEM image of NiFe2O4 nanoparticle 

3.3 FTIR Analysis 
     Figure 3 shows the FTIR spectrum of NiFe2O4 nanoparticles, neat epoxy and 2.5% NiFe2O4/epoxy 
nanocomposite. For NiFe2O4 nanoparticles, the band at 3472 cm-1 ascribes to the stretching mode of 
H-O-H bond of the free or absorbed water. The band at 541 cm-1 corresponds to intrinsic stretching 
vibrations of the metal at the tetrahedral site (Fe ↔ O), whereas the band at 450 cm-1 is assigned to 
octahedral metal stretching (Ni ↔ O). The difference in the absorption position in octahedral and 
tetrahedral complexes of NiFe2O4 crystal is due the different distance between Fe3+ ─ O2- in the 
octahedral and tetrahedral sites. These two strong absorption bands are of inverse spinel ferrite and the 
positions of these infrared bands are in the ranges which correspond to NiFe2O4. 
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Figure 3 FTIR spectrum of NiFe2O4 nanoparticles, neat epoxy and 2.5% NiFe2O4/Epoxy nanocomposite 

The peak around 1215 cm-1 is due to the stretching vibrations of the anti-symmetric NO3- group. There 
is no peak at 2900 cm-1 indicating the C-H stretching band, which means all organic compounds are 
removed from the samples after calcinations at 250 °C. For neat epoxy, the O-H, C-H, C=O, C=C, 
C=N and C-O stretching vibration peaks were appeared at 3330, 2926, 1748, 1510, 1238 and 1037 cm-

1 respectively. The C-H bending vibration peak was found at 1366 cm-1. For 2.5% NiFe2O4/epoxy 
nanocomposite, the O-H, C-H, C=O, C=C, C-N and C-O stretching vibration peaks were appeared at 
3371, 2917, 1742, 1508, 1233 and 1036 cm-1, respectively. The C-H bending vibration peak is appeared 
at 1370 cm-1. 

3.4 VSM Analysis 
     A Vibrating Sample Magnetometer was operated at room temperature to measure the magnetic 
properties of NiFe2O4 nanoparticles. The magnetization-magnetic field hysteresis curve of NiFe2O4 

nanoparticles is shown in figure 4. Because of its nano size dimension, NiFe2O4 nanoparticles exhibited 
superparamagnetic behavior. The saturation magnetization (Ms), coercivity (Hc) and remnant 
magnetization (Mr) of NiFe2O4 nanoparticles were 81.058*10-3 emu, 18.892 Oe and 1.264˟10-3 emu, 
respectively. It is reported that the magnetic properties of the materials basically depend on the particles 
size, shape, magnetization direction, crystallinity, etc.  
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Figure 4 Magnetization-magnetic field hysteresis curve of NiFe2O4 nanoparticles. 

3.5 Tensile Strength Analysis 

     Figure 5 shows the stress-strain diagram of neat epoxy, 0.5, 1.0, 2.5 and 5.0 wt% NiFe2O4/epoxy 
nanocomposites. Epoxy resin and NiFe2O4 both are brittle materials because of their failure in tension 
at comparatively low values of strain. The initial linear curve in the diagram represents the elastic 
region, where the stress and strain are directly proportional.  

 
Figure 5 Stress-strain curves of NiFe2O4/Epoxy nanocomposites. 
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The tensile modulus of the material was measured from the slope of 0.1 to 0.25% tensile strain. The 
measured tensile properties of NiFe2O4/epoxy nanocomposites are illustrated in Table 1. From the table 
1, it is noticed that the presence of NiFe2O4 nanoparticles greatly affect the tensile stress-strain behavior 
of the epoxy polymer. Nanocomposites exhibited higher tensile modulus which was expected, because 
the modulus of NiFe2O4 nanoparticles is about 220 GPa [39]. Addition of NiFe2O4 nanoparticles into 
epoxy matrix reduced the tensile strength of the nanocomposites because epoxy resin and NiFe2O4 

nanoparticles both shows compressive characteristics as shown in Figure 6. 

Table 1 Tensile properties of neat epoxy and NiFe2O4/epoxy nanocomposites. 

Materials  Yield 
Strength 
(MPa) 

Tensile 
Strength 
(MPa) 

Elongation                   
(%) 

Young 
Modulus 
(MPa) 

Energy 
(J) 

Neat Epoxy 6.88 51.40 9.880 919 0.7140 

0.5% NiFe2O4/Epoxy 6.80 42.40 5.120 1694 0.5910 

1.0% NiFe2O4/Epoxy 11.74 38.35 3.372 1815 0.2020 

2.5% NiFe2O4/Epoxy 8.71 26.71 3.188 1406 0.1796 

5.0% NiFe2O4/Epoxy 26.31 26.31 2.324 1923 0.1565 
 

3.6 Hardness Analysis 
      Hardness is the property of a material which restrict the plastic deformation, usually by penetration, 
bending, scratching, abrasion or cutting. In the present work, the hardness of the neat epoxy, 0.5, 1.0, 
2.5 and 5.0 wt% of NiFe2O4/epoxy nanocomposites were determined by Vickers’s micro-hardness 
tester. The tests were carried out at three different loads 98.07, 245.2 and 490.3 mN, respectively as 
shown in figure 7. The Vickers hardness number significantly increased for NiFe2O4/epoxy 
nanocomposites compared to the pristine epoxy. This might be due to the addition of NiFe2O4 

nanoparticles into epoxy matrix restricted the movement of dislocation within the structure of epoxy 
matrix, consequently increased the hardness number. 

 
Figure 6 Effect of NiFe2O4 nanoparticles on the tensile strength of NiFe2O4/Epoxy nanocomposites. 
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Figure 7 Effect of NiFe2O4 nanoparticles on the hardness of NiFe2O4/Epoxy nanocomposites 

3.7 Flexural Strength Analysis 
     The three-point flexural test was performed to measure the flexural properties of nanocomposites 
with/without the addition of NiFe2O4 nanoparticles into the epoxy matrix, whose force-extension 
curves are given in figure 8. The neat epoxy, 0.5, 1.0, 2.5 and 5.0 wt% of NiFe2O4/epoxy 
nanocomposites showed 84.5, 82.8, 77.2, 64.1 and 56.9 MPa flexural strength with 1.735, 2.002, 2.441, 
2.29 and 1.907% strain at break, respectively which is represented in table 2. Because of the 
compressive characteristics of epoxy resin and NiFe2O4 nanoparticles, the incorporation of NiFe2O4 
nanoparticles into the epoxy matrix gradually decreased the flexural strength of matrix materials as 
shown in figure 9. Addition of filler material is not effective to improve flexural characteristics of 
matrix but it may increase in case of laminates with filler matrix [40]. 

 
Figure 8 Force-extension curves of NiFe2O4/Epoxy nanocomposites. 
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Table 2 Flexural properties of neat epoxy and NiFe2O4/epoxy nanocomposites. 

Materials Flexural Strength (MPa) Strain at Break (%) Energy (J) 

Neat Epoxy 84.50 1.735 0.0601 
0.5% NiFe2O4/Epoxy 82.80 2.022 0.0696 
1.0% NiFe2O4/Epoxy 77.20 2.425 0.0536 
2.5% NiFe2O4 /Epoxy 64.10 2.290 0.0609 
5.0% NiFe2O4/Epoxy 56.90 1.907 0.0400 

 

 
Figure 9 Effect of NiFe2O4 nanoparticles on the flexural strength of NiFe2O4/Epoxy nanocomposite. 

3.8 TG Analysis 
      Figure 10 illustrates the TGA curves of NiFe2O4 nanoparticles, neat epoxy and 5.0% 
NiFe2O4/epoxy nanocomposite. The decomposition process was classified into three regions, they were 
20-300 ºC, 300-500 ºC and 500-600 ºC. Because of the initial degradation of complex and spontaneous 
combustion, the first weight loss indicates the evaporation of absorbed water. Liberation of H2O, CO2 
and the nitrate ions render an oxidizing environment for the combustion of the organic compounds 
[41]. The second weight loss ascribes to the dehydration of O-H group in the spinel structure of some 
components such as NO3- and epoxy that lead to two degradation systems involving both inter and 
intra-molecular transfer reaction, the oxidation of complexes and formation of semi-organic carbon 
metal/metal oxide [42-44]. The third weight loss confirms the formation of corresponding metal oxide 
and the spinel phase. There was no weight loss above 600 0C, i.e. TGA curves were steady which 
indicates the absolute volatility of water, organic compound, nitrates in the composites, the completion 
of crystallization route and the immediate formation of pure materials.  

3.9 UV-Vis Spectroscopy Analysis 
      UV-Vis spectra of NiFe2O4/epoxy nanocomposites were performed within 190-1100 nm range, 
which is used to determine the optical band gap of the nanocomposites as shown in figure 11. The 
spectrum of epoxy showed a single absorption peak at 526 nm, which is attributed to polaron/bipolaron 
transition. While the spectra of NiFe2O4/epoxy nanocomposites showed several peaks, appeared 
between the entire wavelength in shells, raised the absorption cross section of the nanocomposites and 
thus influence the plasma-exciton interactions [45-47]. The following equation was used to determine 
the optical band gap energy [48]: 
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              (αhʋ)1/n = A (hʋ - Eg)  
For direct band gap materials this equation becomes- 
              (αhʋ) = A (hʋ - Eg)2 
where α represents the absorption coefficient, A is a constant, Eg indicates the optical band gap of the 
material and the exponent n depends on the nature of electronic transition, it is equal to 1/2 for direct 
allowed, 3/2 for direct forbidden transitions and 2 for indirect allowed transition.  

 
Figure 10 TGA curves of NiFe2O4 nanoparticles, neat epoxy and 5.0% NiFe2O4/Epoxy nanocomposit 

 
Figure 11 Absorbance vs wavelength curves of NiFe2O4/Epoxy nanocomposites. 

An extrapolation of the linear region of a plot of the graph of (αhυ)2 on the y-axis versus photon energy 
(hυ) on the x-axis, gives the value of the optical band gap, Eg [49] which is illustrated in the figure 12. 
From the figure 11 it is seen that, incorporation of NiFe2O4 nanoparticles increased the absorbance of 
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NiFe2O4/epoxy nanocomposites. In contrast, figure 12 represents the measured optical band gap of neat 
epoxy, 0.5, 1.0, 2.5 and 5.0 wt% of NiFe2O4/epoxy nanocomposites which was 3.2, 3.2, 2.6, 2.3 and 
1.8 eV, respectively. 

 

Figure 12 Optical band gap of NiFe2O4/Epoxy nanocomposites. 
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Figure 13 I-V curves of NiFe2O4/Epoxy nanocomposites. 

 

Figure 14 Effect of NiFe2O4 nanoparticles on the dc resistivity of NiFe2O4/Epoxy nanocomposites. 

3.10 DC Resistivity Analysis 
      Figure 13 illustrates the I-V curves of neat eoxy, 0.5, 1.0, 2.5 and 5.0 wt% of NiFe2O4/eoxy 
nanocomosites, where all the tests were carried out at room temerature. From this figure it is seen that, 
5.0 % NiFe2O4/eoxy nanocomosite showed the higher value of dc current, I (about 25.312 nA) at 50 
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volts, while neat eoxy exhibited the minimum value of dc current, I (about 18.741 A) at 10 volts. 
Conversely, figure 1 demonstrates that neat epoxy exhibited the highest value of dc resistivity, ρ (about 
3.017 TΩmm) due to its excellent dielectric roerties, while 5.0% NiFe2O4/eoxy nanocomosite showed 
the lowest value of dc resistivity, ρ (about 0.793 TΩmm). Incororation of NiFe2O4 nanoarticles into 
eoxy matrix reduced the dc resistivity of the nanocomosite due to the formation of olarons in the both 
eoxy and NiFe2O4 molecules after alying voltage [50]. Somehow, 1.0% NiFe2O4/eoxy nanocomosite 
showed a little inconsistency in dc resistivity, this might be for non-uniform disersion and 
agglomeration of certain NiFe2O4  nanoarticles into the eoxy matrix. 

4. Conclusions 
     Nickel ferrite nanoparticles successfully synthesized by co-precipitation method which further 
added to the epoxy matrix to fabricate NiFe2O4/epoxy nanocomposites. The chemical, mechanical, 
electrical, optical and thermal properties of the fabricated polymer nanocomposites were evaluated. 
The XRD and SEM confirmed the formation of nanoparticles. FTIR analysis ensured the presence of 
different functional groups into the nanomaterials. VSM measurement revealed that the saturation 
magnetization (Ms), coercivity (Hc) and remnant magnetization (Mr) of NiFe2O4 nanoparticles were 
81.058×10-3 emu, 18.892 Oe and 1.264×10-3 emu, respectively. A sort of properties for instance, 
Tensile strength, Elongation, Breaking Energy, Flexural strength, Optical band gap energy and dc 
resistivity of NiFe2O4/epoxy nanocomposites gradually decreased due to the incorporation of NiFe2O4 

nanoparticles into epoxy matrix, but it increased the Young modulus, Surface hardness and thermal 
stability of NiFe2O4/epoxy nanocomposites. 
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