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In this study, the thermal, dynamic-mechanical and tribological behavior of nanocomposites of a 
photocurable epoxy-acrylate resin and multiwalled carbon nanotubes (MWCNT) are investigated. A 
route consisting of a combination of sonication, mechanical and magnetic stirring is used to disperse 
0.25-0.75 wt. (%) MWCNT into the resin. Two photocuring cycles using 12 hours and 24 hours of 
UV-A radiation are studied. The storage modulus, the loss modulus and the tan delta are obtained by 
dynamic mechanical analysis. Thermal stability is investigated by thermogravimetry, morphology by 
transmission electronic microscopy (TEM) and tribological performance using a pin-on-disk apparatus. 
The results indicate an increase in stiffness and higher ability to dissipate energy, as well as a shift in the 
glass transition temperature for the nanocomposites. The addition of nanofillers also decreased friction 
coefficient and wear rate of the nanocomposites but did not change the observed wear mechanisms.
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1.	 Introduction
Most of the work in tribology and wear, based either 

on micro or nanoscale, focuses on metals and ceramics. 
Polymeric materials and their nanocomposites have 
only been receiving more attention in the last few years, 
especially due to the possibility to replace traditionally 
used materials at lower cost. Nevertheless, there is lack of 
experimental data in the tribology and wear area for these 
materials1.

Carbon nanotubes (CNT) have being massively studied 
since their discovery in the beginning of last decade, 
especially due to their extraordinary and unprecedented 
mechanical and transport properties. Small amounts of 
CNT, in general within 0.1-5.0 wt. (%), are added to the 
polymeric matrix aiming to improve mechanical, thermal 
and tribological properties2,3,4. Although, as pointed out by 
Dasari et al.1, it cannot be assumed that nanofillers always 
improve wear/scratch (and friction) properties.

Photocurable resins are a very important class of 
thermosets, particularly due to their acrylate, metacrylate 
or epoxy groups. One of their main advantages is the 
rapid cure by means of radiation. In addition, they present 
chemical and corrosion resistance, high modulus, and 
thermal and dimensional stability5-6, being often employed 
in aeronautical, biomedical and microelectronic industries, 
especially those that use stereolitography6-8.

Some papers focusing on photocurable resins include: 
Sangermano  et  al.9, who added 0.025-0.1 wt. (%) single 
walled carbon nanotubes (SWCNT) to an epoxy resin and 
obtained an increase from 197 to 210 °C in T

g
. Zhu et al.10 

studied an epoxy resin reinforced with 0.5 wt. (%) MWCNT 
and reported 35% increase in Young’s Modulus. Martin-
Gallego et al.11 studied several carbon fillers (e.g. graphite, 
graphene and CNT) and found that they delayed the curing 
reaction of a cationically photocurable epoxy and yielded 
an increase (higher than 20 °C) in the glass transition 
temperature (T

g
). Also, Dos Santos12 analyzed the thermal 

and mechanical behavior of an epoxyacrylate resin with 
MWCNT and reported an increase in stiffness and hardness 
and a shift in T

g
.

In this work, nanocomposites of an epoxy-acrylate 
resin were prepared with 0.25-0.75 wt. (%) MWCNTs, 
photocured under UV-A radiation for 12 and 24 hours. 
Their dynamic-mechanical, morphological and especially 
tribological properties (friction coefficient and wear rate) 
were evaluated in order to assess the influence of the CNT 
and the curing time on these characteristics.

2.	 Experimental
An epoxy/acrylate photocurable resin, SOMOS 10220 

(multiacrylate monomers 45-50%, epoxies 15-25%, 
polyols 20-35%, and photoinitiators 0.2-5.0 wt. (%)), 
supplied by DSM, was used to prepare neat resin samples 
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and nanocomposite samples with 0.25 and 0.75 wt. (%) 
MWCNT Bayer – Baytubes – C150P (average length of 
1-10 µm and outer mean diameter of 13-16 nm). The resin 
is a mixture of epoxy oligomer and acrylate monomer.

Dispersion of MWCNTs was carried out by a 
combination of sonication (model Sonics Vibra Cell, 
750 W), mechanical and magnetic stirring4. The overall 
sonication time was 24 minutes, divided into sixteen 
90 s-cycles intercalated with 15 secondsrest to avoid 
overheating of the 40-g epoxy sample, mechanical (50 rpm) 
and magnetic stirring were also employed at the same time. 
The sonication equipment was the ultrasound tip (Sonics 
Vibration, 20 kHz), working at 180 W of power.

Samples with 0.5 ± 0.1 mm of thickness were photocured 
for 12 and 24 hours using UV-A (355 nm) lamps (intensity 
of 0.08 W.cm–2)  –  temperature of 40 °C. Transmission 
electronic microscopy (TEM) analysis of the dispersions 
was performed in JEOL – JEM ExII (120 kV) equipment.

Thermogravimetric analysis (TGA) was carried out up 
to 600 °C under a heating rate of 10 °C/min in a NETZSCH 
STA 449C equipment. Dynamic mechanical analysis (DMA) 
was carried out in a TA Instruments 2980 DMA V1 7B 
(frequency of 1 Hz and heating rate of 3  °C/min), from 
35 to 250 °C, using samples of the following dimensions: 
11.0  (±2.0) × 6.0 (±1.2) × 0.40 (±0.08)  mm. Scanning 
electron microscopy (SEM) of the samples was performed 
in a Zeiss model DSM 940 to 20 kV microscope, using 
gold-coated samples (gold layer: c.a. 25 nm).

Pin-on-disc sliding wear tests were carried out using an 
in-house built tribometer named TRIBOM CZ1000. The 
test parameters were: 5.0 N load, 0.1 m/s sliding speed and 
1000 m sliding distance. AISI 52100 spheres of 6.0 mm 
diameter were used as counter surface. Test temperature was 
24.0 ± 3.0 °C and humidity was kept lower than 30%. The 
friction force was measured and the friction coefficient was 
calculated. Profiles of the wear tracks were obtained using 
CSV-2000 perfilometer, sensor with 25.0 µm radius and 

12.0° slope angle, using 25.0 (±5.0) mN load, and 0.5 mm/s 
displacement speed. The volume of removed material was 
calculated with the aid of dedicated software.

3.	 Results and Discussion

3.1.	 General characteristics

Figure  1 shows the TG curves of all samples. The 
addition of MWCNT did not cause any significant change 
in the reference curves. Mass losses initiated around 300 °C, 
with a T

onset
, defined as the inflection point in the curves 

shown in this figure, around 373 °C and with T
end

 within 
446-451 °C.

TEM-images showed that bundles of CNT, even 
after sonication, are still presented in the nanocomposite. 
Dispersion of the nanotubes, as observed by TEM (Figure 2), 
showed similarities with the work of Gojny et al.13, which 
applied calenders for CNT dispersion. In both, some degree 
of exfoliation can be found in the nanocomposites.

Figure  3a,  b and Table  1 show the storage modulus 
results obtained for all samples. For 12 hours photocuring, 
the increase over the neat resin achieved 33% and 28% 
for 0.25% and 0.75 wt. (%) MWCNT, respectively. For 
24 hours the increase was even higher, 76% and 154% for 
0.25 and 0.75 wt. (%) MWCNT, respectively. Certainly, 
the addition of CNT contributes to raise storage modulus 
and, consequently, stiffness of the composite. Zhou et al.14 
obtained an increase of 93% in storage modulus when adding 
0.4 wt. (%) CNT to an epoxy resin, whereas Zhu et al.10 
obtained an increase of up to 35% when adding 0.5 wt. (%) 
MWCNT to a photocurable epoxy resin. A huge increase 
in E’ of 1100% (from 2.5 to 31.0 GPa) was reported by 
Hwang et al.15 when adding 20 wt. (%) MWCNT to a PMMA 
matrix, a thermoplastic polymer, which was justified by 
the strong interaction between the NT’s and the PMMA 
structure, increasing load transfer between them.

Figure 1. TGA curves for all nanocomposites.
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Figure  4a,  b and Table  1 show the loss modulus 
results obtained for all samples. For 12 hours, the increase 
over the neat resin achieved 18% and 9%, when adding 
0.25 and 0.75 wt. (%) MWCNT, respectively. For 24 hours, 
the increase over the neat resin achieved 23% and 38% when 
adding 0.25 and 0.75 wt. (%) MWCNT, respectively. For 
both cases (0.25 and 0.75 wt. (%) CNT) addition of CNT 
contributes to increase energy dissipation as heat16.

Figure  5a,  b and Table  1 show the tan delta graphs 
used to calculate T

g
 for all samples. For 12 hours curing, 

an increase of up to 7.5 °C in T
g
 was found when adding 

0.75 wt. (%) MWCNT. For 24 hours curing, the increase 
in T

g
 reached 15 °C for the 0.75 wt. (%) MWCNT sample.

3.2.	 Friction and wear

The friction coefficient results for all samples are 
presented in Figure  6a. The lowest friction coefficient 
(0.39  ±  0.02) was obtained for nanocomposites with 
0.25 wt. (%) of MWCNT cured for 12 hours, a reduction 
of 24% compared to the respective neat resin. For the 
samples cured for 24 hours, the greater reduction (17%) in 
friction coefficient was also obtained for the 0.25 wt. (%) of 
MWCNT sample. These results may be explained by the fact 
that carbon nanotubes show self-lubricating properties, as 
reported by Sulong et al.16. Sangermano et al.9 also obtained 
a reduction in friction coefficient (from 0.42 to 0.38) for 
nanocomposites comprised of a photocurable resin with 
0.10 wt. (%) SWCNT in comparison with the neat resin.

Nevertheless, in this work, the friction coefficient 
increased for higher MWCNT content, which may be a 
consequence of the presence of a higher amount of CNT 

Figure 2. Remaining agglomerates in TEM images after sonication showing a mostly exfoliated structure.

Figure 3. Storage modulus for neat resin and composites for: (a) 12 hours and (b) 24 hours of curing.

Table 1. DMA results for the neat resin and the nanocomposites.

Samples
Storage 

Modulus1 
(MPa)

Loss 
Modulus1 

(MPa)

Tg 
(°C)

NEAT 12 hours 428 141 55

0.25 wt. (%) MWCNT 12 hours 570 166 58

0.75 wt. (%) MWCNT 12 hours 551 154 63

NEAT 24 hours 288 110 53

0.25 wt. (%) MWCNT 24 hours 507 135 58

0.75 wt. (%) MWCNT 24 hours 732 152 68
1Data taken at 40 °C.
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bundles (agglomerates). In this case, there would be a greater 
tendency for matrix fragmentation, leading to the production 
of loose wear debris at the contact interface, which would 

increase the friction coefficient. Agglomerates in isolated 
regions of the matrix may also mean that there is lack of CNT 
in other regions of the matrix, which therefore would not 

Figure 4. Loss modulus for neat resin and composites for: (a) 12 hours and (b) 24 hours of curing.

Figure 5. Tan delta for neat resin and composites for: (a) 12 hours and (b) 24 hours of curing.

Figure 6. Friction coefficient (a) and wear rate (b) for the epoxy-acrylate based materials.
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be able to produce a continuous carbonaceous film during 
sliding that would protect the contact surfaces17.

A perfilometer was used to evaluate wear of all samples 
submitted to pin-on-disk testing. Figure 6b shows that the 
wear results followed the trends observed for the friction 
coefficient, i.e. a reduction in wear rate was obtained for 
the samples with lower friction coefficient. The reduction 
in wear reached 24% and 8% for the 0.25 wt. (%) MWCNT 
samples cured for 12 and 24 hours, respectively, in 
comparison to the respective neat resins.

SEM images of the wear tracks of the surfaces of the 
samples after testing are shown in Figures 7-10. Figure 7, 
for the neat epoxy acrylate and the composites cured for 
12 hours, shows regions of non-uniform roughness and 
flat regions in all samples. Risks or wear grooves are 
not observed, which is characteristic of abrasive wear. 
In addition, SEM images taken at higher magnification 
(Figure 8) indicate adhesive wear, which is characteristic of 
epoxy resin18. These samples also show some wear debris 
and transverse cracks, characterizing surface fatigue, which 
is typical of brittle materials such as epoxy19. As reported 
by Romanes et al.20, surface cracks, conversion of broken 

waves, surface fatigue delamination and debris production 
are all characteristic of epoxy-based materials.

In this study, for the neat samples, polymeric material was 
transferred to the metal sphere due to very high temperatures 
involved. At the same time, some of this adhered material 
detached from the metal surface during testing and was 
transferred to the resin itself, characterizing an adhesive 
wear. The presence of cracks implies surface fatigue wear 
in the nanocomposite samples, and, in these cases, wear was 
a result of free particles (including CNT + epoxy-acrylate) 
and asperities in contact. Similar aspects of surface fatigue 
are found in the work of Jacobs et al.19.

SEM images of the wear tracks of the surfaces of the 
24 hours curing samples after testing are shown in Figure 9.
These figures show regions of non-uniform roughness for 
all samples, similar to what was found for 12 hours curing 
samples. In addition, no risks were observed in the eroded 
samples. At higher magnification (Figure 10), these regions 
also show adhesive wear, i.e. the transfer of polymeric 
material to the beads used on the pin-on-disc tests. There is 
also some wear debris in the samples, similar to the samples 
cured at 12 hours. Energy dispersive X-ray (EDS) analysis 
(Figure  11) shows a great amount of carbon, from the 

Figure 7. SEM images of wear track regions for: a) neat resin, b) 0.25 wt. (%) MWCNT, and c) 0.75 wt. (%) MWCNT. All samples 
cured for 12 hours and 50× magnification.

Figure 8. SEM images of wear track regions for: a) neat resin, b) 0.25 wt. (%) MWCNT, and c) 0.75 wt. (%) MWCNT. All samples 
cured for 12 hours and 500× magnification.
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Figure 10. SEM images of wear track regions for: a) neat resin, and b) 0.25 wt. (%) MWCNT. All samples cured for 24 hours and 500× 
magnification.

Figure 9. SEM images of wear track regions for: a) neat resin, b) 0.25 wt. (%) MWCNT, and c) 0.75 wt. (%) MWCNT. All samples 
cured for 24 hours and 50× magnification.

Figure 11. EDS results of the wear debris observed in the wear region shown in Figure 12b.
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polymer, and a small content of iron and chromium, from 
the 52100 chrome steel sphere of the pin used in the test.

Figures 12a, b shows SEM pictures of the wear regions 
of the beads used in the wear tests. Even after cleaning of the 
metal surface with cotton, polymeric material is still adhered 
to it. This is further confirmed by the results (Table 2) of the 
EDS analysis of regions 1 and 2 of Figure 12a (0.25 wt. (%) 
MWCNT sample). Region 1 is predominantly comprised of 
iron and chromium, i.e. it is the steel sphere whereas Region 
2 has only carbon and oxygen, i.e. from the polymeric resin. 
This indicates that there was adhesive wear in the samples 
under study, and that polymer-polymer contact is expected.

4.	 Conclusions
Two different contents of MWCNT were used to produce 

nanocomposites with a photocurable epoxy-acrylate resin. 
In both cases, a nanocomposite with superior mechanical 
properties was obtained. The most significant reinforcement 
effect was observed with 0.75 wt. (%) MWCNT cured for 

24 hours, where E’ increased 154% in relation to the neat 
resin. The T

g
 increased 10 °C when MWCNTs were added 

to the matrix, but TGA did not show significant changes in 
thermal stability. Nevertheless, TEM showed some CNT 
bundles in the nanocomposite even after harsh sonication.

Tribological studies revealed that the addition of NT 
decreases wear and friction coefficient. The best result was 
achieved with 0.25 wt. (%) MWCNTs, with 12 hours of 
UV-A curing, which yielded 24% and 17% reduction in 
wear rate and friction coefficient, respectively. However, for 
larger MWCNT content, wear and friction coefficient may 
increase, especially when CNT clusters (non-homogeneous 
dispersion) in the matrix occurs. The wear mechanisms 
found for the nanocomposites were: adhesive wear, fatigue 
and delamination. These mechanisms are commonly found 
in most epoxy materials.

The results obtained for the nanocomposites studied in 
this work are consistent with the literature involving epoxy 
polymer matrices with CNT. The present results suggest 
that these nanocomposites may have potential applications 
as materials used for energy dissipation and as coatings.
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Table 2. EDS results of the wear regions 1 and 2 shown in Figure 12a.

Component
Concentration  

(wt. (%)) – Region 1
Concentration  

(wt. (%)) – Region 2

Fe 98.07 ---

Cr 1.09 ---

C 0.84 61.83

O --- 38.17

Figure 12. SEM of the cleaned spherical surface after testing with 0.25 wt. (%) MWCNT (12 hours curing): a) general appearance, and 
b) interface between the adhered polymeric material and the wear region of the ball.
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