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Abstract
Regarding the importance of protection of the environment, and because of avoiding usage of long-term degradable 
resins and polymers, use of new materials with a natural and renewable resource in the synthesis of urethane polymers 
has recently drawn many interests. In the present research, environmentally friendly and bio-based UV-curable urethane 
acrylate graphene nanocomposites were prepared with 0, 1, 2 and 3 weight percentages. Characteristics and properties 
of the synthesized nanocomposites were evaluated by SEM, AFM, DTG, tensile testing machine, and DMTA. Morphology 
of the nanocomposite coatings and dispersion of graphene nanoplatelets in polymer matrix were evaluated by SEM. 
AFM images proved reduction of surface roughness of coatings following the increase in nanofiller amount. According 
to DTG curves and tensile testing studies, the most enhanced thermal stability and improved mechanical properties 
belonged to the 3 wt% sample. In addition, results of DMTA confirmed that adding graphene nanoplatelets, especially 
3 wt%, to the resin matrix led to viscoelastic properties improvement, including increase in  Tg and storage modulus, and 
decrease in loss tangent and loss modulus.

Keywords UV-curable urethane acrylate · Graphene nanoplatelets · Bio-based nanocomposites · Thermal stability · 
Viscoelastic properties

1 Introduction

Nowadays, in light of the importance of protection of 
environment, researchers prefer to use environmentally 
friendly and biodegradable polymers and resins over the 
contaminants and long-term degradable polymers [1, 
2]. Polyurethanes are among widely used polymers with 
excellent practical features [3, 4]. UV curing is a method to 
synthesize some kinds of polymer nanocomposites and 
includes specific benefits such as fast curing in low tem-
perature during a short time, being bio-friendly because of 
nonuse of volatile organic solvents, and saving of time and 
energy [5–7]. Urethane acrylates are one of the main UV 
curable oligomers among different kinds of polyurethanes 
that have optimal features including stiffness, flexibility, 

chemical and thermal resistance, and appropriate physi-
cal traits [8, 9]. Polymer composites are derived from oil, 
on the other hand, oil consumption has been increasingly 
raised recently, so an alternative source should be taken 
into account. Because of the advancement of natural fib-
ers detection and composite science, some improved new 
products have been produced from natural renewable 
matters which are biodegradable and recyclable [10–12]. 
Regarding the environmental and economic advantages 
in addition to accessibility, vegetable oils have drawn 
much attention. Triglyceride oils as one of the main bio-
polymer resources are derived from castor oil plant, soy-
bean, palm, sunflower seeds, and colza. Each triglyceride 
molecule consists of three fatty acids and a glycerol [13, 
14]. There are active parts in the structure of triglycerides 
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including double bond, allylic carbon, hydroxyl groups, 
ester groups, and alpha carbons connected to ester groups 
that are ready to make chemical bonds with various func-
tional groups. The synthesis process of vegetable oil-based 
polymers is similar to that of oil polymers in which poly-
mer groups could be produced using active regions of tri-
glycerides [15, 16]. The purpose is to obtain a high level of 
molecular weight and create transverse connections. Plas-
tics, nanocomposites, and vegetable oil-based adhesives 
are generally used in different affairs such as industries of 
automobile, military, aerospace, electronics, medical and 
advanced structures in building [17]. Castor oil is consid-
ered as one of the vegetable oils that is used in the produc-
tion of different polymers, it is regarded as an unsaturated 
fatty acid and ricinoleic acid resource, too. Polyurethanes 
have two soft and hard parts that the hard part consists of 
diisocyanate and the soft part consists of diols or polyols 
derived from petrochemical materials [6, 18, 19]. Therefore, 
castor oil as a natural polyol resource including reactive 
hydroxyl groups could be applied in the synthesis of poly-
urethanes, hence, in addition to being affordable and bio-
friendly, use of castor oil in the synthesis of polyurethanes 
could be regarded as an invaluable alternative for polyols 
derived from oil [20–23]. There has been recently a wide 
range of scientific and industrial research on producing 
and using polymer nanocomposites to improve the poly-
mer properties and increase its usability in different issues 
[24–26]. Carbon-based nanoparticles such as nanotubes 
and graphene, as reinforcer of polymeric materials, are of 
special status. Using of graphene nanosheets in polymer 
nanocomposites is proper in comparison with carbon 
nanotubes, because the production of graphene is more 
affordable, it lacks some restrictions such as the desire to 
agglomeration with progressing process, and also, high 
quality of products in large quantity are the results of 
usage of them [27–29].

Graphene is a two-dimensional monolayer and as thick 
as a carbon atom [30, 31]. Many factors including kind of 
used graphene and its built-in features, the way of gra-
phene dispersion in the polymer matrix and its surface 
interaction, also its network structure in the matrix could 
affect final properties and application of graphene. Due to 
the plate structure and unique features, graphene nano-
platelets could be used as a suitable reinforcer to produce 
kinds of polymer nanocomposites with optimal proper-
ties such as being nonpoisonous, high chemical resistance, 
excellent mechanical properties, electrical and thermal 
conductivity, thermal stability and better mechanical fea-
tures [32, 33].

Viscoelastic properties of the polymer coatings such 
as glass transition temperature, loss tangent, loss modu-
lus and storage modulus as temperature and frequency 
dependents are evaluated by DMTA. Additionally, using 

DMTA data, cross-link density of the coatings could be 
determined. Thermal and mechanical features of nano-
composite coatings are influenced by chemical structure 
of the polymer chains and cross-link density. Suitable 
and uniform dispersion of nano fillers over polymer 
matrix is a factor that improves viscoelastic properties 
of nanocomposites [34–36].

In this work, at first, bio-based UV-curable urethane 
acrylate (PUA) graphene nanocomposite coatings (0, 1, 
2 and 3 wt%) were synthesized. In the following, sur-
face morphology and topography, thermal resistance, 
and mechanical and viscoelastic characteristics of the 
prepared nanocomposites were analyzed.

2  Experimental

2.1  Materials

To prepare UV-curable urethane acrylate graphene nano-
composite coatings, benzophenone, triethanolamine 
(TEA) and acetone purchased from Germany’s Merck 
Co. were added to the castor oil-based urethane acrylate 
resin synthesized in the previous work [37]. Graphene 
nanoplatelets (GNPs) with 99.5% purity and 2-18 nm 
thickness were bought of US Research Nanomaterials 
Co. (USA).

2.2  Measurements

In order to characterize GNPs particles, and to evaluate 
the distribution of GNPs in the resin matrix, also to study 
the morphology of fracture surface of the samples, scan-
ning electron microscopy (SEM) was used. SEM device, 
LEO 1455 VP model (Germany) has the capacity to scan 
the samples with a magnification of 20-50,000 times. To 
study surface topography of the coatings, atomic force 
microscope (AFM) is used. Model of the used AFM device 
was DME, Dual Scope C26 (Denmark). According to DTG 
curves, using Perkin Elmer Pyris Diamond (USA), thermal 
stability of the samples was analyzed. The temperature 
of the samples shifted from 25 to 600 °C by heating rate 
of 10  °C/min in a nitrogen atmosphere. By universal 
testing machine Santam (Iran) and according to STM-
5, ASTM D2370, the tensile strength of the samples 
was tested at room temperature. Dynamic mechanical 
thermal analyzer (DMTA) is a method to study the vis-
coelastic features of polymers in the modulus range of 
 103–106 MPa. This test was conducted by DMTA device, 
DMA 242 C model, Netzsch Company (Germany).
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2.3  Preparation of PUA/G nanocomposites

Figure 1 shows the castor oil-based urethane acrylate (UA) 
oligomer chemical structure. Prepared urethane acrylate 
resin was added to 4 separate beakers individually contain-
ing GNPs with 0 (blank), 1, 2 and 3 wt%, and 5 mL acetone 
into beaker. Then, each mixture was dispersed for 20 min 
by sonicated until GNPs separated easily. Afterwards, 18 g 
UA resin and 6 g TMPTA as a reactive diluent were added 
to each beaker to decrease viscosity. Next, each of these 
mixtures was dispersed by mechanical stirrer for 5 h at 
speed 1000 rotations per minute. In order to eliminate the 
solvent, each mixture was placed in a vacuum oven for 
30 min. After solvent elimination and before films prepa-
ration, 0.7 g benzophenone as a photo-initiator and 0.7 g 
triethanolamine as a co-initiator were added to each mix-
ture and again the mixtures were dispersed for 20 min. 
In the next step, the 120 µ thick nanocomposite films 
were applied by film applicator, these films were evenly 
exposed to ultraviolet radiation for 90 s. This process was 
done through an ultraviolet lamp (Hg, 1 kW, 80 w/cm) [28]. 
Reaction of nanocomposite films continued to the polym-
erization of double bonds of the UA oligomer group by 
radical polymerization [29, 32]. Considering GNPs weight 
amount, the films were coded as PUA/G 0 wt%, PUA/G 
1 wt%, PUA/G 2 wt% and PUA/G 3 wt%. Subsequently, 
characteristics of prepared films were analyzed.

3  Results and discussion

3.1  Morphology of PUA/G films

Quality of dispersion of the graphene nanoplatelets in PUA 
matrix with different weight percentages was evaluated by 
SEM micrographs. SEM images relevant to the prepared 
PUA/G films are shown in Fig. 2. As Fig. 2a–d shows, soft 
and gray regions are related to the polymer matrix, and 
the prominent and bright points indicate how GNPs are 
dispersed in polymer matrix as one could observe a flat 

PUA/G 0 wt% with no fracture and excessive particle. Dur-
ing the preparation of PUA/G nanocomposites, GNPs are 
separated from each other by sonication and high-speed 
magnetic stirrer to prevent the GNPs from aggregation 
in the polymer matrix. Therefor the GNPs are homog-
enously dispersed in the polymer matrix. These findings 
correspond with the results of surface topography (see 
Sect. 3.2). As a result, PUA/G 3 wt% is recognized as the 
optimal sample in term of adaptation to the polymer 
matrix. Pleasant dispersion of the GNPs and interaction 
between them and polymer matrix result in the improve-
ment of the properties of the nanocomposite films.

3.2  Study of nanocomposites surface

The atomic force microscopy (AFM) was used to assign 
the surface roughness of PUA/G nanocomposites with 
different weigh percentages of graphene. Figure 3 shows 
changes on the surface topography of the nanocomposite 
coatings caused by adding 0, 1, 2 and 3 wt% GNPs into the 
PUA matrix. Various parameters of the roughness, measur-
able using AFM, including,  Sa,  Sq, and  Sz are respectively 
average roughness, root mean square of the surface, and 
average of subtraction of 5 peak heights from deepest val-
leys [38]. The findings are represented in Table 1. As Fig. 3 
and Table 1 indicate, adding 1 wt% GNPs to the PUA matrix 
resulted in more surface roughness in comparison with 
pure sample (PUA/G 0 wt%). The reason behind this is the 
GPNs accumulation in some regions of the polymer matrix. 
However, as GNPs amount increases, roughness reduces 
and surface of PUA/G 2 wt% and PUA/G 3 wt% becomes 
smoother than other samples, this is a result of voids fill-
ing, non-migration of GNPs to the nanocomposites sur-
faces and their adaptation to the urethane acrylate chains 
in the polymer matrix [39].

3.3  Thermogravimetric analysis

The thermal stability of PUA/G nanocomposites with dif-
ferent weight percentages was examined by derivative 

Fig. 1  Chemical structure of 
the castor oil-based urethane 
acrylate (UA) oligomer
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thermogravimetric (DTG) analysis. Figure 4 shows DTG 
curves of PUA/G nanocomposites. On the DTG curves, 
there observed three main peaks appeared at about 
100–150 °C that the first was related to solvent, water 
evaporation and the un-reacted materials. The degrada-
tion process of the nanocomposites was accomplished in 
two steps that the first step was related to the degradation 
of the polymer chains and nearly 50% took place around 
250–350 °C, this range of temperature was regarded as the 
second main peak. In the second step, complete degra-
dation of the nanocomposites and a rigorous weight loss 
occurred in the range of 350–500 °C as the third main peak 
that was related to the separation of the inorganic parts of 
polymer. Table 2 represents results of DTG of PUA/G nano-
composites (0, 1, 2 and 3 wt%). Increase in temperature 
led to more weight loss of samples, as Table 2 indicates. 
According to the results, adding GNPs to the polymer 
matrix caused thermal stability of the PUA/G nanocom-
posites to be raised. As the amount of filler increased, the 

thermal stability increased, too. The maximum thermal sta-
bility was observed in PUA/G 3 wt% sample. Two factors 
of strong chemical interactions between GNPs and poly-
mer matrix, and proper dispersion of GNPs in the polymer 
matrix are the reasons behind increased thermal stability 
of the nanocomposites [40].

3.4  Mechanical properties

The strength of a material is measured via tensile prop-
erties. In order to have improved mechanical properties, 
loading nanoparticles into the polymer matrix is a proper 
technique. Mechanical properties of the PUA/G nano-
composite films with different weight percentages were 
studied by tensile test. Figure 5 represents the tensile 
stress–strain curves of PUA/G films.

According to Fig. 5, adding GNPs to the polymer matrix 
resulted increase in stiffness of samples. Stress values 
calculated for PUA/G 0 wt%, PUA/G 1 wt%, PUA/G 2 wt% 

Fig. 2  SEM images of PUA/G nanocomposites: a PUA/G 0 wt%, b PUA/G 1 wt%, c PUA/G 2 wt% and d PUA/G 3 wt%
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and PUA/G 3 wt% were respectively 21.21, 25.60, 27.01 
and 29.04 MPa. The reasons behind this are strong inter-
facial interactions and strong interlayer cohesive energy 
between graphene nanosheets and polymer matrix [41]. 
Increasing the amount of graphene increases the amount 

Fig. 3  AFM images of PUA/G nanocomposites: a PUA/G 0 wt%, b PUA/G 1 wt%, c PUA/G 2 wt% and d PUA/G 3 wt%

Table 1  Values of roughness parameters for PUA/G nanocomposite 
coatings

Samples Sa (nm) Sq (nm) Sz (nm)

PUA/G 0 wt% 50.9 71.6 789
PUA/G 1 wt% 74.4 98.1 623
PUA/G 2 wt% 50.2 64.7 492
PUA/G 3 wt% 32.7 44.9 358

Fig. 4  DTG curves of PUA/G nanocomposites
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of force required due to the increase in crosslink density 
after curing. Also, due to the increased stiffness, the strain 
is reduced. Accordingly, the mechanical properties of the 
PUA/G nanocomposites are improved by the reinforced 
GNPs.

3.5  Viscoelastic properties

3.5.1  Storage modulus

In order to study the viscoelastic properties of the pre-
pared films, DMTA analysis test was done in a range of 
temperature. Figure 6 indicates the storage modulus 
(E′) curves of all the samples that proved value of E′ 
for all the samples was high in the temperatures lower 
than − 50  °C, and almost constant up to about 10  °C 
in a wide range of temperature. As temperature went 
up, a decrease in E′ of all the samples took place. But 
in 60–70  °C that is glass transition temperature  (Tg), 

polymer began to become soft, therefore, storage 
modulus dropped sharply. The effect of GNPs presence 
on E′ of the coatings was more evident in the tempera-
tures higher than  Tg, in a manner difference of E′ value 
between the samples containing GNPs and the samples 
without GNPs in the rubbery region was more consider-
able than the glass region. Increase in E′ in this region 
showed that GNPs presence optimally led to decrease 
in movement of polymer network in the rubbery state 
[39]. Consequently, for the nanocomposites containing 
higher percentages of graphene there was a higher E′ 
so that increase in GNPs amount up to 3 wt% caused 
greatly reinforcement of elasticity features of the poly-
mer and increase in E′, hence, the maximum value of E′ 
belonged to PUA/G 3 wt%. In a nanocomposite system, 
some factors such as rate of interaction between inor-
ganic nanoparticles and polymer system, percentage 
amount of inorganic phase, and quality of dispersion 
of inorganic nanoparticles are effective. To reach a high 

Table 2  DTG analysis results of 
PUA/G nanocomposites

Tem-
perature 
(°C)

Samples

PUA/G 0 wt% PUA/G 1 wt% PUA/G 2 wt% PUA/G 3w %

Lost weight (µg/min) Lost weight (µg/min) Lost weight (µg/min) Lost weight (µg/min)

100 2.47 0.78 0.19 1.2
150 15.4 6.74 6.76 4.48
200 16.2 9.20 6.43 5.26
250 40.9 11.7 20.2 20.4
300 218.8 89.8 74.3 50.4
350 142.6 99.9 44.7 30.7
400 164.6 110.3 66.7 45.7
450 1.60 75.7 0.87 3.21
500 2.12 1.12 2.26 7.54

Fig. 5  Stress–strain curves of PUA/G nanocomposites

Fig. 6  Temperature dependence curves of the storage modulus (E′) 
for PUA/G films
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storage modulus in nanocomposites, there should be 
an interfacial adhesiveness between nanoparticles and 
polymer system through chemical and physical interac-
tions to transfer the mechanical force imposed on the 
nanocomposite to the nanoparticles with a higher E′ 
than the polymer system through this interfacial layer. 
There are many factors affect this interfacial layer that a 
good dispersion in polymer matrix is the most effective 
[42, 43].

3.5.2  Loss modulus

Changes of loss modulus (E′′) dependent on temperature 
for PUA/G films with various weight percentages of 0, 1, 
2 and 3 are shown in Fig. 7. At the first place, loss modu-
lus of all the samples increased, later it went lower as 
temperature went up, because the resin matrix showed 
a resistance against viscoelastic changes, therefore, dis-
persed nanoparticles wasted energy and loss modulus 
curve of all the samples shifted to the higher tempera-
tures around 30–50 °C in which the peak height of E′′ 
curve sharply dropped. Compared to the other sam-
ples, decrease in loss modulus of 2 wt% and especially 
3 wt% samples was remarkable due to the high level 
of agglomeration of the nanocomposites, therefore, in 
the system influenced by viscoelastic changes, wasted 
energy was lowered, because as time passed, nano-
composites began to accumulate, afterward, wasted 
energy decreased [44]. According to the results, by 
adding GNPs to the resin matrix, thermal stability and 
viscoelastic characteristics of the PUA/G films improved 
considerably.

With respect to higher thermal resistance of the inor-
ganic materials in comparison with organic materials 

because of the molecular and crystal structure, one 
could expect noticeable thermal resistance increase.

3.5.3  Loss tangent

Figure  8 shows the curve of loss tangent (tanδ) for 
PUA/G films. For the 0 and 1  wt% samples, at about 
60–70 °C, the peak of tan δ curve first was seen in its 
highest level, then as temperature rose, it went down. 
Tanδ curve for the samples 2 and 3 wt% shifted to the 
temperatures above 70 °C. Meanwhile, the peak became 
wider than before, also its height declined. For the tanδ 
curve of 3 wt% sample, the peak was recorded in the 
lowest height at about 70 °C. Therefore, homogenous 
dispersion of the GNPs and their chemical and physical 
interactions with polymer chains caused a better elastic 
response of the materials.

Tg is considered as one of the main characteristics of 
the polymers for the study of the polymers mechani-
cal features. The glass transition temperature could 
be determined using peak of the tanδ curve. Polymers 
appeared to be hard (glassy) in the temperatures lower 
than  Tg and soft (rubbery) in the temperatures higher 
than  Tg. Enhancement of temperature caused the free 
volume of the materials to be increased providing for 
sliding and movement of polymer chains. Above  Tg, 
polymer started to melt. Then one could conclude with 
increase in GNPs amount,  Tg of the coatings goes on the 
increase, the reason is limitation of movement of poly-
mer chains by inorganic hard phase of GNPs. Accord-
ingly, more thermal energy is necessary in order to 
achieve  Tg [45, 46]. In other words, adding 3 wt% GNPs 
makes free spaces of the polymer matrix fill that this 
leads to the increase in mechanical resistance and the 
stiffness of polymer, hence,  Tg goes higher.

Fig. 7  Temperature dependence curves of the loss modulus (E′′) for 
PUA/G films

Fig. 8  Temperature dependence curves of the loss tangent (tanδ) 
for PUA/G films
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3.5.4  Cross‑link density

DMTA data are used for calculating the cross-link den-
sity of PUA/G nanocomposite films. Cross-link density 
of synthesized PUA/G nanocomposites is calculated by 
Eq. 1 [47, 48].

where νe, E′, R, T are cross-link density, storage modulus, 
universal gas constant, and absolute temperature respec-
tively. The obtained results are summarized in Table 3. 
As results showed, adding GNPs into the polymer matrix 
caused an increase in cross-link density of samples. Given 
the mentioned reasons, the increase in storage modulus, 
and Van der Waals intermolecular forces between organic 
and inorganic phases were caused by adding more GNPs 
into the polymer matrix [38, 49]. Therefore, the most value 
of cross-link density pertained to the PUA/G 3 wt% sample.

4  Conclusion

In the present research, firstly, UV-curable PUA/G nano-
composite coatings (0, 1, 2 and 3 wt%) were produced 
via ultraviolet irradiation. In the next step, to study the 
dispersion of GNPs, morphology and surface roughness 
of the nanocomposites were analyzed by SEM images. 
SEM micrographs confirmed GNPs were homogenously 
dispersed in the resin matrix. AFM images proved a 
remarkable reduction in the surface roughness of 2 and 
3 wt% samples by adding GNPs to the resin matrix. The 
loading of GNPs into the PUA matrix led to improvement 
in the mechanical properties. DMTA test indicated that 
loading 3 wt% GNPs into polymer matrix led to note wor-
thy improvement of viscoelastic properties of the pre-
pared nanocomposites. Based on the findings of DMTA 
data, cross-link density of the synthesized nanocompos-
ites increased. Accordingly, production of affordable 
and bio-based nanocomposites to consume in various 

(1)�
e
=

E
�

3RT

industries using renewable resources can be considered 
as a realizable plan.
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