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ABSTRACT: Through the development of nanotechnology it has been widely studied the morphology and size control in nanopowders

synthesis. However, most of these techniques are successful to synthesize nanopowders in a small scale. In this research, a large semi-

industrial scale synthesis method is proposed, named continuous arc discharge in controlled atmosphere (DARC-AC). Using this

technique, it is possible to directly obtain clean nanostructures (low amount of impurities) with more than 90% of particles below

100 nm. In this study, the method utilizes metallic zinc and oxygen as precursors in order to produce ZnO. The ZnO nanopowders

were incorporated in a thermoset polymer (epoxy resin) to study their influence on the thermo-mechanical properties of the matrix.

As main results, the mechanical properties of the nanocomposite epoxy/ZnO nanoparticles (ZnO-NPs) do not differ from the original

properties of the epoxy resin. Nevertheless, thermal behavior, conductivity, and diffusivity properties of the nanocomposite are

improved. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43631.
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INTRODUCTION

The expansion of high performance materials based on epoxy resins

have become strategic materials for applications where high thermal

stability and environmental resistant are needed.1 Epoxy resins are

mainly used as substrate, coating, or matrix materials for applica-

tions in microelectronics, automotive, and transport industry. In

general, epoxy resins react with a wide range of curing agents,

whereby a highly crosslinked structure is obtained with high stiff-

ness, high glass transition temperature (Tg), and high chemical sta-

bility.2 Through the development of nanotechnology, additional

desirable properties have been included to the epoxy systems such as

permeability,3 wear resistance,4–6 corrosion resistance,7 and UV

resistance.8 The explanation of this advances are related to the addi-

tion of nanoparticles to the epoxy resins, e.g.: TiO2,3,4 SiO2,5,7,9

Al2O3,10,11 and ZnO.6,8,12 In particular, the addition of ZnO particles

represents high interest due to their good chemical, optical, and bio-

logical properties. Besides, ZnO particles are environment friendly.13

During the last decade, different efforts have been carried out

to produce nanometric metal oxides particles, and several tech-

niques have been widely studied.14–16 However, most of these

techniques are successful to synthesize nanopowders in a small

scale. This study aims to synthesize nanoparticles of ZnO by a

continuous arc discharge in controlled atmosphere (DARC-AC),

which seem to be a promising option to large-scale production

of ZnO nanopowders. Using this technique with some inert gas

(e.g., Ar or N2), it is possible to obtain metallic nanopowders of

Cu, Zn, Fe, and Al; however if air or oxygen are used then

nanostructured metal oxides as Al2O3, CuO, ZnO, and Fe2O3

are obtained. This is why this technique is dynamic, economi-

cal, and versatile for obtaining a semi-industrial scale of this

type of nanomaterials.

It has been reported that addition of metal oxide nanopowders

in epoxy systems, in particular ZnO nanoparticles, modifies the

curing behavior, and crossed-line density, among other proper-

ties.9,17–21 Indeed, Dhoke et al.,12 reported an improvement of

the curing behavior from epoxy resin by additions of ZnO

nanoparticles. However, Shi et al.,20 demonstrated that the

crossed-line density from the epoxy resin decreases with addi-

tion of ZnO nanoparticles, due to the sterically hindered
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reaction between the functional groups owing the presence of

ZnO nanopowders. This phenomenon is reflected in changes of

the glass transition temperature (Tg) and the mechanical prop-

erties of the composite material.

To study the multifunctionality of the nanocomposites, the

characterization plays a fundamental role. In this particular

case, several tests such as dynamic mechanical analysis (DMA),

differential scanning calorimetry (DSC), thermal conductivity

test, and nanoindentation, were carried out to clarify the influ-

ence of the ZnO nanoparticles in the thermo-mechanical prop-

erties. Nanoindentation analysis has become an indispensable

tool to carry out adequate mechanical characterization of nano-

composites, owing the traditional mechanical tests require large

samples and the influence of the nanoparticles on the composite

material it is not perceptible in the macrometric scale.22–24

This research is based on the study of the thermo-mechanical

properties of an epoxy system modified by ZnO nanoparticles.

The ZnO nanoparticles were produced by a continuous arc dis-

charge in controlled atmosphere (DARC-AC) technique, which

seem to be a promising method to synthesize nanopowders in a

semi-industrial scale.

EXPERIMENTAL

ZnO-NPs Synthesis

The continuous arc discharge in controlled atmosphere (DARC-

AC) is a continuous physical vapor deposition technique, where

a thin wire used as metallic precursor, is vaporized by a strong

electric arc discharge. In the process, the metallic wire is fed to

the system at constant rate. Due to the high current that passes

through the wire, a continuous arc is produced. As result, the

metallic precursor transforms in a superheated vapor cloud,

which expands, collides with atmosphere’s molecules, and cools

down to produce homogeneous nucleation of nanoparticles.

The Figure 1 shows the device used to produce the nanopar-

ticles. This device is divided in three zones: (1) feeding zone,

where the Zn wire and the gas is supplied; (2) discharge and

reaction zone, where the arc discharge takes place; and (3) accu-

mulation and relaxation zone, where the synthesized nanopar-

ticles are stored. The nanoparticles are produced in the

discharge and reaction zone, after they are carried by the reac-

tion gas to the accumulation and relaxation chamber.

To produce the nanoparticles, commercial high purity a 2 mm

diameter Zn wire (99.99% Zn) from Sulzer (Winterthur, Swit-

zerland) was used as metallic precursor and oxygen as gaseous

precursor with a flow of 500 sccm. The operating voltage and

current were 25 V and 30 A, respectively. The arc inclination

angle was 408 with an electrode distance of 0.5 cm and speed

precursor’s wires was 0.5 cm/s. The reaction was conducted at 1

atm and both the reaction and accumulation chambers were

enriched with oxygen prior to discharge.

The reaction of precursors by the arc discharge was carried out

by pulses, in order to avoid the reactor overheating. The nano-

particles cloud continue to the accumulation and relaxation

chamber, where they require 60 min as relaxation time, after

that the nanoparticles are recollected in the bottom of the

chamber which is filled by an inert atmosphere.

Nanocomposite Preparation

The thermostable matrix was prepared with an epoxy resin (prepol-

ymer) of Bisphenol A (epichlorhydrin) and a curing agent com-

posed of three crosslinked agents; 3-aminomethyl-3,5,5-trimethyl

cyclohexamine, 5-amino-1,3,3-trimethylcyclohexanemethanamine,

and triethylenetetramine. Both resin and curing agent were pur-

chased from R&G (composite technology, Waldenbuch, Germany).

The resin used to prepare the nanocomposites presented low vis-

cosity, which it is appropriate to facilitate dispersion of the

nanoparticles.

The dispersion quality of the filler in the matrix has an impor-

tant influence on the mechanical properties of nanocomposites.

It has been reported24,25 that a good dispersion of

Figure 1. Scheme of synthesis of ZnO-NPs by continuous arc discharge in controlled atmosphere (DARC-AC). The system is divides in three zones: feed-

ing zone, discharge zone, and accumulation zone. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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nanoreinforcements improves the mechanical properties of pure

epoxy resin, while agglomeration of nanoreinforcements origi-

nate voids that decrease the mechanical properties. Therefore, a

crucial stage in preparation of the nanocomposites is to achieve

a good dispersion of the filler in the matrix. For that reason,

the filler incorporation process (ZnO nanoparticles, ZnO-NPs)

into the matrix was separated in three steps. First, mechanical

stirring was carried out to the mixture between the epoxy sys-

tem and the nanoparticles at 500 RPM by 30 min. Subsequently,

the mixture was exposed to ultrasonic cavitation with variable

pulse by 10 min, in order to avoid agglomeration. Finally, to

ensure homogeneity and refinement, the mixture was passed

through a three-roll mill, where separation between the first

and the second roller was set at 0.15 mm, while the separation

between the second and third roller was set at 0.07 mm. The

rate used in the three-roll mill process varied from 30 RPM to

130 RPM increasing by 10 RPM after each cycle.

To prepare the nanocomposites, the epoxy resin with ZnO-NPs

was mixed with the curing agent and degassed by ultrasonic

cavitation. To facilitate the curing, the mixture was poured into

an open mold (100 3100 mm) where was kept at ambient tem-

perature for 24 h, followed by a post-curing process at 100 8C

for 15 h in a muffle furnace. Figure 2(a) shows the nanocompo-

site in the mold. The nanocomposite presented a homogeneous

matrix without any decantation process in the samples nether

voids or bubbles that could decrease the material properties

[Figure 2(b)]. Figure 2(c) shows the cuts of the nanocomposite

plate to perform thermo-mechanical tests.

In order to evaluate the effect of different filler concentrations

in the thermo-mechanical properties of the nanocomposite, sev-

eral samples were prepared with different concentration of

nanoparticles (0%, 0.3%, 0.5%, 0.8%, 1.0%, and 2.0% weight

percent). The configurations of the prepared samples are shown

in the Table I.

CHARACTERIZATION

Structural and Morphological Characterization

High-resolution transmission electron microscopy (HRTEM)

was performed in a JEM-ARM200F probe aberration corrected

analytical microscope with a resolution of 0.08 nm. Selected

area electron diffraction was performed in a JEOL 2010F operat-

ing at 200 kV (point resolution of 0.19 nm). Scanning electron

microscopy (SEM) was carried out using a FEG Hitachi S-5500

ultra high-resolution electron microscope (0.4 nm at 30 kV)

with a BF/DF Duo-STEM detector and in a FEI-Nanonova 100

FESEM.

Thermo-Mechanical Characterization

Dynamic mechanical thermal analysis was performed in a DMA

Q800 (TA instruments) with single cantilever configuration.

Testing conditions were: temperature 30–250 8C, frequency 1

Hz, deflection 30 micron, and temperature slope 3 8C/min. Dif-

ferential scanning calorimetry was performed in a DSC Q200

(TA instruments), with temperature from 20 to 220 8C and tem-

perature slope 10 8C/min.

A Hysitron TI 950 triboindenter with Berkovich tip was used

for nanoindention. The testing speed (Tsp) was 25 nm/s and

maximum load was 12,000 lN. Elastic modulus and hardness

were calculated from load/displacement curve, according to

Oliver and Pharr method.26

Thermal Characterization

Using a transient plane source technique (TPS) with double spi-

ral sensor, the thermal properties were measured. Thermal con-

ductivity and thermal diffusivity were performed in a hot disk

thermal constants analyzer. The testing conditions were:

Figure 2. (a) Preparation of nanocomposite in open mold. (b) Nanocomposite with thermostable matrix. (c) Samples to perform thermo-mechanical

tests (DMA). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table I. Configuration of Prepared Samples with Different Amount of

ZnO-NPs

Configuration Material

E1 Neat epoxy

Z1 Epoxy 1 ZnO-NPs 0.3% wt.

Z2 Epoxy 1 ZnO-NPs 0.5% wt.

Z3 Epoxy 1 ZnO-NPs 0.8% wt.

Z4 Epoxy 1 ZnO-NPs 1.0% wt.

Z5 Epoxy 1 ZnO-NPs 2.0% wt.

The configuration E1 refers to epoxy resin without ZnO-NPs.
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measured depth 3 mm, room temperature 20 8C, power output

0.05 W, measuring time 20 s, and Kapton sensor with 4 mm

diameter.

RESULTS AND DISCUSSION

Synthesis

The DARC-AC synthesis technique was used to the massive pro-

duction of ZnO-NPs in a simple and economical manner. The

precursors materials used in this production method do not

generate sub-products during the synthesis of ZnO nanopar-

ticles, which is reflected in high the efficiency of process (about

95%). The reaction residues are separated in different chambers

to avoid the contamination of produced ZnO-NPs.

The synthesis process results are shown in Figure 3(a–c). Figure

3(a) shows a low magnification SEM image where it is possible

to observe the massive production of ZnO-NPs. The nanopar-

ticles morphology is presented in Figure 3(b), with prismatic

and rod morphology showing different particle diameter (Trans-

mission electron microscopy image). The reaction related to

this method produced high amount of synthesized material.

However, the particles size distribution had a wide range of par-

ticle distribution.

The particles size distribution is shown in the frequency histo-

gram [Figure 3(c)]. The main particle type obtained in the syn-

thesis showed prismatic morphology, with particles width from

15 nm to 180 nm in the minor semi axis. The average particles

size considering prismatic morphology was about 56 nm.

The advantages of this technique compared to others, is its high

level of crystallization of nanostructures without using further heat

treatment, the large amount of obtained material and its purity. Its

main disadvantage is the wide size distribution obtained. Si

et al.,27 used a discontinuous arc discharge synthesis method to

obtain Gd nanoparticles with an average size of 40 nm, the prob-

lem of the discontinuous arc configuration was that residues of the

synthesis were mixed with nanoparticles and for this reason, the

purity of the product was poor. Furthermore, the authors in refs.

28–31, synthesized nanoparticles of different materials such as Mn,

Ag, and ZnO, using fixed electrodes in frontal position. However,

the synthesis problem was that the final mixture was contaminated

with reaction residues, decreasing the final product quality.

It is noteworthy that has not been reported to semi-industrial

scale production by this technique (arc discharge in a controlled

atmosphere). For this reason, the technique is effective to pro-

duce large scale of nanopowders, with high purity and high

crystallinity level of the product. Table II summarizes the main

Figure 3. (a) SEM low magnification image showing obtained nanoparticles after the DARC-AC process. (b) TEM image indicating nanoparticles mor-

phology and size. (c) Frequency particles size histogram.
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advantages and disadvantages of obtaining nanomaterials using

some physical and chemical methods of synthesis.

The X-ray Diffraction (XRD) analysis [Figure 4(a)] revealed

that ZnO-NPs presented hexagonal Wurtzite crystallographic

structure (JCPDS 75-0576) (a 5 0.3249 nm, c 5 0.5205 nm).32

In the spectrum, was not found any peak related with metallic

Zn. Therefore, the contamination possibility of ZnO-NPs with

metallic Zn coming from the precursor wire was discarded.

Figure 4(b) shows a HRTEM image where it is possible to

observed the preferential disposition of the atomic arrangement

and the indexation diffraction pattern. It has been reported33

that the ZnO-NPs usually grows on (001) direction, which it is

in agreement with the figure. The FFT analysis was used to cal-

culate an interplanar distance of 0.26 nm related to (002)

planes, which confirm the XRD results. Moreover, the obtained

results from HRTEM and XRD discard the possibility of crystal-

line defects formation and confirm that the DARC-AC tech-

nique is able to synthesize ZnO-NPs in a massive and simple

manner.

Thermo-Mechanical Characterization

The Table III shows the glass transition temperature (Tg) results,

obtained by DSC and DMA (Tan d) thermal analysis related to

all sample configurations (Table I). These results showed a slight

increment on the glass transition temperature of the epoxy/

ZnO-NPs systems in comparison to the pure epoxy resin. It has

been reported15 that the Tg depends on the crosslinking degree

of resin chains and the physical interaction between the nano-

particles and the matrix. Shi et al.20 have explained that addi-

tion of ZnO-NPs to the matrix presented a negative effect on

the crosslinking density and curing process, which showed an

increment in the viscosity of the mixture due to the nanopar-

ticles. Moreover, an increment in the viscosity together with a

steric effect of the nanoparticles caused a decrease on the curing

degree thus a decrease in the crosslinking density and the

Tg.
15,16 Nevertheless, Karasinski et al.21 and Dhoke et al.12 stud-

ied the curing kinetic of an epoxy/ZnO system, they have shown

that it is possible to obtain a higher curing degree by the addi-

tion of ZnO-NPs, which also generated an increment in the

crosslinking degree and the Tg. In the author’s point of view,

the Tg depends on the crosslinking degree and in the chains

mobility. Therefore, to the author’s opinion the addition of

ZnO-NPs to the matrix produced obstacles to chains mobility

in the epoxy net, which is reflected in a slight increment of the

Tg. Nevertheless, this increment on Tg results reported in Table

III are negligible, because is below 5%.

The storage modulus obtained by the DMA is shown in Figure

5(a). In the Table III, a slight increment on the storage modulus

is observed due to the addition of the ZnO-NPs to the epoxy

system. In the rubber zone, where the resin’s elastic modulus is

lower, is possible to observe a greater influence of ZnO-NPs

[Figure 5(b)], because the increased temperature allows the

polymer chains relaxation, then the storage modulus increase is

due to the addition of nanomaterial. However, the scatter of the

elastic modulus at room temperature is just about of 6%

between all obtained results. Therefore, the effect of ZnO-NPs

in the epoxy resin can be neglected.

The elastic modulus and hardness measurements were deter-

mined by nanoindentation technique (Table III). Figure 6(a)

Table II. Comparison between Different Nanoparticles Synthesis Process

Method Advantages Disadvantages

CVD High deposition rate High vapor pressure

SOL–GEL Large areas Expensive precursors

PVD No chemical
substances

Low deposition rate

Mechanical
grinding

Any metal High impurities

Arc-discharge High crystallinity Broad distribution size

Figure 4. (a) XRD spectrum, the indexation of the peaks shows that the ZnO-NPs have a hexagonal wurtzite type crystallographic structure (b) HRTEM

image of ZnO-NPs, shows crystalline structure of obtained ZnO-NPs and preferential growing on direction [001]. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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shows the elastic modulus and hardness results, both tests pre-

sented about 2% of variation between the maximum and mini-

mum obtained value. The obtained results are in agreement

with the literature,15,16,21 which suggest that the effect of addi-

tion of the ZnO-NPs to the epoxy resin is negligible. In rigid

polymers that generally have values above 2.5 GPa, the addition

of a low percentage of nanoparticles, does not influence on the

elastic modulus of the nanocomposite.34 In our case, the elastic

modulus measured for neat epoxy resin was 3.45 GPa, which

explained the null effect of ZnO-NPs. Regarding the hardness,

Figure 6(a) shows an increasing trend, this is because the addi-

tional material supports the polymer chains to prevent penetra-

tion, increasing the hardness, and however the variation is

negligible.

All the obtained results showed experimental dispersion, being

more notorious in the nanocomposites, in comparison to the

pure epoxy resin. The scatter in the elastic modulus and hard-

ness measurement obtained by nanoindentation is related to the

specific zones where the measurements were carried out. Local

zones free of nanoparticles, with agglomeration of nanoparticles

or good distribution of nanoparticles, shall present wide scatter

in the measurements.

Thermal Characterization

To improve the thermal conductivity of polymer composites,

Ekstrand et al.35 proposed three methods, such as (1) decrease the

number of thermally resistant joints; (2) form conductive net-

works; (3) minimize interfacial defects between matrix and nano-

particles. Fu et al.36 studied the thermal conductivity of

nanocomposites with resin and different types and concentrations

of nanoparticles, including the ZnO. They informed that it is pos-

sible to obtain an increment from 0.2 to 0.8 W/mK with 66% of

nanoparticles (weight percent). They concluded that the incre-

ment on the thermal conductivity is related to the conductive net-

work formed by the nanoparticles, together to the reduction of

the thermally resistant joints. Peng et al.14 obtained similar results

mixing ZnO nanoparticles and ZnO nanorods. According to the

transient plane source (TPS) results [Figure 6(b)], the addition of

ZnO nanoparticles caused a decrease of the thermally resistant

Table III. Thermo-Mechanical Properties of the Nanocomposites Based on ZnO-NPs and Epoxy Resin

Code Tg (8C)
Peak tan
delta (8C)

Storage modulus
(308C) (MPa)

Storage modulus
rubber zone (MPa)

Elastic
modulus (GPa) Hardness (GPa)

E1 96.70 119.21 2182 21.43 3.45 6 0.02 0.188 6 0.002

Z1 100.77 119.68 2185 22.20 3.47 6 0.10 0.190 6 0.002

Z2 98.47 119.31 2224 22.51 3.42 6 0.14 0.190 6 0.002

Z3 99.88 120.86 2126 22.79 3.43 6 0.06 0.191 6 0.002

Z4 98.94 119.74 2262 23.10 3.46 6 0.07 0.192 6 0.002

Z5 102.10 120.63 2186 23.47 3.45 6 0.08 0.191 6 0.002

Figure 5. (a) Storage modulus obtained by DMA and (b) nanocomposites storage modulus in rubber zone. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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joints. However, the amount of nanoparticles in the system (less

than 2%), was not enough to form the conductive networks.

Therefore, an increment on the thermal conductivity of 3.5% was

observed (from 0.218 to 0.226 W/mK). Despite of the high ther-

mal conductivity of ZnO-NPs (about 60 W/nK), there is a high

thermal resistance between the ZnO-NPs and the epoxy matrix.

Han et al.37 explained this behavior considering that the ZnO-

NPs present an “island” effect with few conductive paths, due to a

good dispersion of the nanoparticles in the epoxy system. More-

over, nanocomposites, which presented agglomeration of nano-

particles, showed higher thermal conductivity than

nanocomposites with a good dispersion, due to the formation of

percolated networks. Regarded the thermal diffusivity, a similar

explanation was proposed.

CONCLUSIONS

The continuous arc discharge in controlled atmosphere method

(DARC-AC), allows a massive, continuous, and economical man-

ner to synthesize nanoparticles with high efficiency (about 95%)

and low amount of contamination of the nanoparticles by

subproducts.

Despite of DARC-AC technique shows a wide range of particle

distribution, near to 90% of particles size considering prismatic

morphology were less than 100 nm according to frequency his-

togram analysis.

The addition of the ZnO-NPs to the epoxy resin caused a slight

modification on the glass transition temperature (Tg), which

could be explained by the pinning of polymer chains by the

nanoparticles, obstructing the free movement of polymer chains.

The mechanical property of the epoxy/ZnO-NPs nanocomposite

does not differ from the mechanical properties of the pure

epoxy resin. However, an improvement on the thermal proper-

ties, such as conductivity and diffusivity of the nanocomposite

are observed.
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