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Abstract

In this paper, two types of multi-wall carbon nanotubes (MWCNTS) were dispersed into two different epoxy resins by
high — shear mixing. Dispersion and homogenisation of nanofillers was analysed by Field Emission Scanning Electrone
Microscopy (FESEM). Microhardness of epoxy/MWCNTSs nanocomposites, as well as of neat epoxy resins, is measured
by Vickers method. The evolution of nanocomposites microhardness values were studied in function of curing time taking
in account the influence of two different epoxy matrix and MWCNTSs. Asymptotic values were analysed and compared
with those of pure epoxy resin.
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1. Introduction

Polymers have a good combination of low density, good mechanical properties and extraordinary chemical
stability. New technologies improve many of their properties including mechanical, electrical, barrier to oxygen and
moisture properties etc.

Polymer composites consist of a polymer matrix in which a particular filler is dispersed. The aim is to transfer
the filler properties to the matrix. Shapes and characteristics of filler have to be taken into account to reach this goal.
Polymer nanocomposites are a new class of composites that are particle-filled polymers where at least one dimension of
the dispersed particles is in the nanometer range [1]. Mixing procedure is an important step towards the creation of a deep
adhesion between a filler and a polymer matrix. The properties of the filler are transferred by the contact between the two
phases [2].

In last decades many studies of polymer based nanocomposites filled with carbon nanotubes (CNTs) were
performed. Thus in [3] nanocomposite, polyamide 6 matrix filled with 0.5 wt. % of CNTSs, indicates that the used CNTs
influence the glass transition and crystallization. Also, CNTSs, that exhibit flexible-rod morphology, reduce mechanical
property enhancement since the bending modulus controls the compaosite properties.

Ogaswara et al. [4] showed by dynamic mechanical analysis (DMA) that, MWCNTSs dispersed in thermosetting
polyimide TripleA PI, increase its glass transition temperature.

Furthermore, for polypropylene (PP) nanocomposites, in which polypropylene grafted maleic anhydride (PP-g-MA) was
added to promote CNTSs dispersion, Prashantha et al. [5] showed that tensile and bending moduli and strengths of
nanocomposites increased comparing to neat epoxy resin.

Favorable mechanical properties of epoxy resins, such as good stiffness, considerable adhesion to the implanted
fiber, specific strength, dimensional stability and chemical resistance, causes its broad appliance as matrix for structural
composite materials, adhesives and organic coatings [6-9].

To achieve even better properties, epoxy resin matrices can be mixed with nanotubes. Carbon nanotubes (CNTSs),
an allotrope of Carbon composed of rolled layer of graphene, have very good electrical, thermal, optical, rheological and
mechanical properties [10-16]. Considering these properties, polymer/CNTs nanocomposites usage in a wide spectrum
of industries like aerospace industry, marine, armor, civil engineering, automobile even sport industry can be foreseen
[17-20].

Hsu et al. [21] assessed the mechanical properties of biphenyl liquid crystalline epoxy/CNTs composites. Vickers
microhardness examination conducted with the loading force of 4.903 N and loading time of 10 s were carried out on six
different amounts of ef-CNT (0.0, 0.5, 1.0, 2.0, 4.0, 10.0 wt. %). The Vickers hardness of the neat epoxy resin was HV0.5
= 16.62 HV, whereas that of the composite with 2.00 wt. % epoxy-functionalized CNTs (ef-CNTs) was 63 % higher
(27.14 HV).

Using (0.1, 0.2, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5) wt. % of MWCNT as reinforcement in epoxy resin, Al-Rawi
etal. [22], got Charpy impact strength and hardness by Vickers method highest at 1.5 wt. %. Till that point, with increasing
weight percentage, hardness and impact strength gradually increased but after 1.5 wt. % values started slightly to decrease.

To fully exploit the reinforcing potential of nanotubes two critical issues should be tackled: (i) the dispersion of
nanotubes in a polymer matrix and (ii) the interfacial bonding between the nanotubes and the polymer matrix. Weak
interaction of nanotube bundles and aggregation would result in poor dispersion that significantly reduces the
reinforcement effect [23].

Commonly used methods for improvement of dispersion of CNTs can be classified from three points of view:
mechanical (ultrasonic dispersion, high — shear mixing), physical (adsorption and/or wrapping of polymers or surfactants
to the surface of the CNTs) and chemical (covalent chemical bonding - grafting- of polymer chains to the CNT surfaces)
[24].

In this work epoxy based composites were prepared by adding 1wt. % of multi-wall carbon nanotubes
(MWCNTS) to the resin. Two different epoxy resins were used as host materials and mixed with two types of nanofillers.
Neat epoxy resins, as well as MWCNTSs and the nanocomposites were characterized by means of Field Emission Scanning
Electrone Microscopy (FESEM) and by Vickers tests. The measured microhardness of the nanocomposites was compared
to that of the respective solid neat epoxy resin.

2. Materials and methods
2.1.Epoxy resins and nanocomposites

Nanocomposites that will be discussed in this paper were prepared with two different types of epoxy resin (Nan
Ya Epoxy Resins): (i) one epoxy resin, NPEF-164X is a diluted epoxy resin based on Bisphenol-A/Bisphenol-F diglycidyl
ethers mixed with C1,-C14 alkyl glycidyl ether reactive dilutent whose viscosity at cps/ 25 °C is 700 — 1100 and the other,
(if) NPEK-114L is a diluted epoxy resin based on Bisphenol-A diglycidyl ether mixed with C1,-C14 alkyl glycidyl ether
with cps/ 25 °C viscosity of 550 — 750. The curing agent for both types of resins was cycloaliphatic amine hardener D-
Cure 304 (Epocat Nederland bv).

To produce nanocomposites 1 wt. % of two types of Nanothinx (Greece) multi-wall carbon nanotubes
(MWCNTSs — see Table 1 for their characteristics) were used as fillers.
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Acronym Labels Diameter D Length Purity
(nm) (um) (weight %)

MW6é NTX-1 15-35 >10 97

MW7 NTX-3 25-40 >10 <98.5

Table 1. Specifications of MWCNTS considered in this work

Steps of preparation the hanocomposites were the following.

e Pre-determined amounts of filler and epoxy resin were weighted and preliminary mixed together by hand.

e High - shear mixing method by Ultra turrax® (IKA® - Werke GmbH & Co. KG, Staufen, Germany) was used
for 2 min to achieve well dispersed solution. Ultra turrax® (range from 3,000 to 25,000 rpm) is based on
extremely strong shear forces between a rotor within stationary stator which results in very well dispersion.

e A curing agent (D-Cure 304) was added to the mixture in 100 :; 60 ratio with respect to epoxy resin and then
stirred mechanically for 10 minutes. The mixture was slowly poured into cylindrical molds trying to avoid
inclusion of the air in material while pouring

e  The nanocomposites were subsequently degassed in a vacuum chamber as follows: sample 1 and 2 for 10 minutes
and samples 3, 4 for 30 min. Prepared samples, after they were left 24 h in ambient air, were post cured in an
oven in four successive curing sessions: (i) 3 hours at 80 °C; (ii) 4 h at 100 °C, (iii) 5 h at 100 °C and (iv) 5 h at
100 °C.

Preparation procedure of the nanocomposites was the same for all samples whose composition can be seen in the Table
2.

Acronym Resin wt. % MWCNTs
Sample 1 NPEF-164X 1 MW6
Sample 2 NPEK-114L 1 MW6
Sample 3 NPEF-164X 1 MW7
Sample 4 NPEK-114L 1 MW7
Sample 5 NPEK-114L - -
Sample 6 NPEF-164X - -

Table 2. Composition of epoxy/MWCNTSs used
2.2. FESEM analysis

ZEISS SUPRA™ 40 FESEM was used in order to investigate the morphology of nanocomposites. It is a high
vacuum instrument (pressure below 1 x 10 -7 Pa in the gun zone) that has a magnification in the range of 12 up to 900.000
times and a working distance ranging from 1 to 50 mm. Field emission cathode in the electron gun feeds the Field
Emission Gun used in this FESEM and has spatial resolution < 2 nm [25].

Samples have been crio-fractured in order to have access to internal surfaces and check the structure of the
composites. Crio-fracture brings samples under the glass transition temperature so that the inner surface is made accessible
without any modifications. The observation of dielectric material through FESEM is limited by the ,,Charge-Up*
phenomenon, which is an accumulation of charge on the surface of the material. This act as a barrier against the electrons
coming from the electronic gun of the microscope, worsening its resolution. In order to solve this problem caused by
dielectric nature of polymer based composites, all the samples were coated by a nanometric chromium layer.

All samples were prepared for FESEM in the same way and observed in the same session after curing 24 h on ambient
air.

2.3. Vickers microhardness measurement

The hardness of all samples was measured under ambient laboratory conditions using a micro-hardness tester,
an Instron, Wilson-Wolpert Tukon 2100B. Vickers hardness measurements HV0.1 were performed using an indentation
load of 0.9807 N for 10 s.

The average value of diagonal lengths of the indentation for each load was used to calculate the hardness according to

Eq. (2).

HV = a% ©)
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Where F stands for applied load (N), d (mm) is the mean length of the indentation diagonals (d = dl;—dz

indenter’s geometrical constant, which equals 0.1891 for the Vickers diamond pyramid.

), while a is the

Hardness of each sample was determined from the average value of 10 indentations.
3. Result and discussion
3.1. FESEM characterization

3.1.1.Resins analysis

Morphology of resins used in this research after 24 h curing in ambient air was investigated by FESEM. In Figure
1A the surface of the resin NPEF-164X is shown. Observed surface has linear and sharp defined stripes.

Figure 1B represents the micrography of the NPEK-114L resin. There are not any regular, parallel lines but only
irregular shapes that might be caused by lower viscosity then resin NPEF-164X.

Date £ 24 7915 Tima :0.48.47)
SALVATORE

Woo Bmm Apartwre B s 2000 pm Sl A= blom Dwe % 27815 Tiwa WD
Mage MMKX  (u1e s Siage sl T 030" SALVATORE

B

Fig. 1. (A) NPEF-164X neat resin; (B) NPEK-114L neat resin
3.1.2. Multi — walled carbon nanotubes analysis

A comparison of different kinds of nanotubes is shown in Figures 2A and 2B.

Fig. 2. (A) pure MW6; (B) pure MW7

Looking at neat MWCNTSs used in this paper it seems that the thicker MW7 nanotubes (Figure 2B) were more
closely packed than the thinner MW6 (Figure 2A). In the case of MW6 one can easily recognize different spots
corresponding to different CNT while in the other picture, agglomerates mainly prevail.
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For the MW6 (Figure 3A) and for MW7 (Figure 3B), one can notice that both, the wider and the narrow
nanotubes, are present. Diameters are close to the values reported in the datasheet (Figures 3A and 3B).

WO= dmm  Aparts $ie 30,00 pem Lo Date 3 bun 713 Th
SALVATORE

Fig. 3. (A) pure MW6; (B) pure MW7
3.1.3. Nanocomposites analysis.

A dispersion comparison of four samples prepared with two different kinds of nanotubes (MW6 and MW7 1 wt.
%) and resins (NPEF-164X and NPEK-114L) will be discussed in this section.

As shown in Figures 4A and 4B, due to the mixing mechanism (Ultra turrax®), one can say that multi-walled carbon
nanotubes are present in the whole polymer matrix volume even though there are some regions in which agglomerates
and holes are visible, especially in the sample 1. The origin of the holes might be in the air bubbles trapped during the
preparation of nanocomposites.

One can notice that MW7 nanotubes in Figures 5A and 5B more arranged surface lines are visible with less
agglomerates and more parallel arranged fillers. The reason for that might be a bigger diameter of MW7 than MW6 carbon
nanotubes.

Considering the dispersion of fillers in matrices smaller agglomerates are found in the resin with smaller viscosity
and that is the resin NPEK-114L.

Wor Bmm  Aperture S04 2000pm Sigeal A= alews Date 5 Mn 215 Time
Mage 120X - smw Sugent- B9° SALVATORE

WO= MWem  Apertare Sies 000 pm SigralA s o Dane 5 Jon 2015 Thwa :9042.00)
Mige 19X UM 3001V Sugeatls B SALVATORE

Fig. 4. (A) sample 1 (resin NPEF-164X + MW6 1 wt. %); (B) sample 2 (resin NPEK-114L + MW6 1 wt. %)
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Fig. 5. (A) sample 3 (resin NPEF-164X + MW7 1 wt. %); (B) sample 4 (resin NPEK-114L + MW7 1 wt. %)
3.2. Vickers microhardness

The Vickers microhardness was calculated according to the Eq. (1). The tests were performed in all stages of the
curing procedure. In that way changes in hardness were observed for neat resins, as well as those of hanocomposites.

The producer’s curing recommendation was optional curing in oven for 60 min on 50 — 60 °C.

There is a large variety in curing times and temperatures used for epoxy/CNTs nanocomposite preparation in
literature, from the samples cured only in ambient air [26] to those cured for e.g. 24 h for 60 °C [27].

In this research four post curing sessions were obtained. In the meantime, after each curing session,
microhardness measurements were performed.
Results by stages, averages of ten values with its standard deviations are shown in Table 3.

HvV 0.1
t,h NPEF-164X/ NPEK-114L/ NPEF-164X/ NPEK-114L/ NPEK-114L NPEF-164X
MW6 MW6 MW7 MW7

5.47+0.14 5.45+0.19 8.71+0.04 6.93+0.16 8.65+0.09 8.49+0.73

13.86+0.18 12.81+0.47 15.14+0.23 13.43+0.16 14.12+0.77 14.45+0.70

7 17.79+0.83 18.47+0.72 19.35+0.36 17.90+0.07 19.34+0.99 18.97+0.26
12 21.68+0.53 23.91+0.10 21.47+0.36 20.19+0.06 20.01+0.04 19.59+0.37
17 21.66+0.56 23.96+0.02 22.59+0.49 20.62+0.71 20.07+0.16 20.25+0.03

Table 3. Vickers microhardness (average values and the standard deviation of 10 measurements) of the
epoxy/MWCNTs nanocomposites as a function of the curing time.

Figure 6 represents the change in calculated hardness values of investigated samples as a function of the curing time.

25
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20
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10
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Fig. 6. Vickers microhardness of neat resins and nanocomposites as a function of the curing time.

Microhardness of samples was measured after initial preparation, after 24 h of curing at room temperature,
without post curing treatment. As it can be seen, there was no significant difference between hardness values of neat
resins and nanocomposites. Microhardness values of the nanocomposites were even lower than that of neat resin, except
for sample 3 that was a bit higher. The same behavior was observed after the first and the second heating. After the third
stage nanocomposites achieved higher hardness values than those of the neat resins. After 12 h of total curing time and
the fourth curing period the hardness values changed negligible. Obtained results indicated that optimal curing time
performed in this research for all samples was 12 h. The first curing (3h/ 80 °C) doubled hardness of all samples. After
the second curing step (4h/ 100 °C) hardness had an additional increase of about one third, while after the third stage (5h/
100 °C) the obtained results increase just above 10 %. The last annealing (5h/ 100 °C) had for most samples a marginal
effect. Altogether it can be said that microhardness increased from the initial to the fourth post curing interval
approximately 3 times. The highest hardness values during the post curing treatment were shown by the composite made
by NPEF-164X and MW?7. However the final value reached by these samples was 22.5 HV while the composite made by
NPEK-114L and MW6 reached a final value of 24 HV about 20 % higher than values of neat resin. The hardness values
obtained in this work are similar to those reported for similar epoxy /IMWCNT systems [22].Besides the preparation and
curing procedure, weight percent and types of carbon nanotubes have impact on hardness values [9, 22, 28 - 30]. Type of
forces between atoms in material determines material’s hardness [31]. The strong binding at the interface phases nano
carbon and epoxy enhances the coherence of mixture [22].

4. Conclusion

Considering four types of nanocomposites prepared in this research, using two types of epoxy resins and two
types of multi-wall carbon nanotubes it can be noticed that diameter of nanotubes has impact on formation of size of
agglomerates.

The reason for that might be that thinner nanotubes, in this case MW8, at the same percentage are more in
quantities compared with the thicker ones (MW7) and that’s why more entangled.

Comparing agglomerates in both resins, before thermal treatment, it can be noticed that, the resin with lower
viscosity has smaller agglomerates. In this case it is the resin NPEK-114L.

Generally, for all samples the highest increase of microhardness was noted after the first and second curing
treatment. After 12 h of total curing time, changes of samples hardness are negligible. Similar values obtained after 12 h
and 17 h of total curing time indicated that optimal curing time for these samples is 12 h.

Since, in this paper, focus was on curing effect, other CNT filling loads were not used. Further work will be
carried out in this direction to achieve further improvement in the hardness value of composites and to find out the
optimum filling loads. From this point of view this work represents a starting point for further research aimed to maximize
the hardness within these systems.
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