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n) Comprovantes de experiência compatível com as atribuições definidas para a 

vaga 

 

- Experiência técnica na OPERAÇÃO de equipamentos (Declarações) 

- Experiência técnica na ANÁLISE de resultados (Doutorado, Mestrado e Artigos) 
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* Documentos que comprovam a experiência na OPERAÇÃO de equipamentos 

conforme a descrição do anexo I para a bolsa pretendida 

 

 

CAPACIDADE TÉCNICA ESPECÍFICA 

 

 

>> Possuo experiência técnica na operação de equipamento de análise dinâmico 

mecânica DMA:  

 

Período: de 01 de março de 2024 à 27 de junho de 2025 – 2 semestres e meio 

 

>> Possuo experiência técnica na operação de equipamento de análise termomecânica 

TMA: 

 

Período: 01 de março de 2017 à 30 de junho de 2019 - 4 semestres e meio 

 

CAPACIDADE TÉCNICA COMPLEMENTAR 

 

 

>> Experiência técnica na operação de equipamento universal de ensaios mecânicos 

(tração, compressão, flexão):  

Período: de 01 de agosto de 2023 à 31 de julho de 2025 (a ser concluído) – 4 semestres 

• Obs.: essa técnica é complementar a técnica de Análise Dinâmico Mecânica 

(DMA) e análise termomecânica (TMA), pois fornece informações sobre módulo 

de elasticidade, tensão máxima e deformação, as quais são fundamentais na 

definição dos melhores parâmetros de Amplitude e de Força Dinâmica para 

ensaios de DMA.  

 

>> Experiência técnica na operação de equipamento de análise termogravimétrica 

(TGA): 

Período: de 01 de agosto de 2023 à 31 de julho de 2025 (a ser concluído) – 4 semestres 

• Obs.: essa técnica é complementar a técnica de Análise Dinâmico Mecânica 

(DMA), pois fornece informação sobre estabilidade térmica do material, a qual 

auxilia na definição dos melhores parâmetros para a faixa de temperatura para 

análise de DMA. 
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* Documentos que comprovem a experiência técnica na ANÁLISE de resultados, 

utilizando equipamentos conforme a descrição do anexo I para a bolsa pretendida 

 

 

TESE DE DOUTORADO 

 

Objetivo: A minha pesquisa de doutorado foi sobre nanocompósitos poliméricos, 

sistemas ternários e quaternários, com o principal objetivo de obter propriedades de 

bloqueio UV e infravermelho aos polímeros PLA e PCL. Para isso, foram utilizadas 

nanopartículas de boro e dióxido de titânio. Várias propriedades foram analisadas, entre 

elas as térmicas e mecânicas, fundamentais no desenvolvimento de materiais poliméricos. 

 

Desenvolvimento da pesquisa: Durante o desenvolvimento do Doutorado, entre as 

técnicas utilizadas, utilizei as técnicas de análise dinâmico mecânica (DMA) e 

termomecânica (TMA), além de operar o equipamento de TMA.  

 

Conclusões: Essas análises de DMA demostraram a influência da geometria e da 

localização seletiva das nanopartículas na blenda PCL/PLA sobre o módulo de 

armazenamento, corroborando com as demais análises.  

 

 

 Também utilizei técnicas de análise térmica complementares, como DSC e TGA, 

fundamentais em pesquisas com polímeros termoplásticos.  

 

 

 

 



CAPACIDADE TÉCNICA ESPECÍFICA 

 

 

>> Possuo experiência técnica na análise de resultados utilizando equipamento de análise 

dinâmico mecânica DMA e termomecânica TMA 

Técnicas utilizadas durante o desenvolvimento das pesquisas no Doutorado para estudar 

as propriedades viscoelásticas das blendas, dos nanocompósitos ternários e quaternários.  

Assim como os módulos de armazenamento e perda, e temperatura de transição vítrea 

(Tg). Essa técnica foi fundamental para determinar a influência da localização seletiva 

das nanopartículas nas propriedades termomecânicas desses nanocompósitos.  

>> Também possuo um artigo publicado em 2025, no qual realizei os ensaios das 

amostras no DMA e a análise dos resultados.  

 

Período: 01 de agosto de 2015 à 30 maio de 2019 

 

CAPACIDADE TÉCNICA COMPLEMENTAR 

 

>> Experiência técnica na análise de resultados utilizando equipamento Calorimetria 

exploratória diferencial (DSC)  

Essa técnica foi utilizada durante o desenvolvimento das pesquisas no meu Doutorado. 

Foi fundamental para avaliar as propriedades térmicas das blendas poliméricas e dos 

nanocompósitos estudados, como cálculo da cristalinidade, transição vítrea, temperatura 

de cristalização e o ponto de fusão. Propriedades extremamente importantes para 

polímeros termoplásticos, pois possuem influência direta sobre as condições de 

processamento e propriedades mecânicas. Essa técnica é um pré-requisito para a 

realização das análises de DMA, uma vez que necessário ter uma estimativa da transição 

vítrea e ponto de fusão do material para definição dos parâmetros de análise do DMA. 

 

Período: 01 de agosto de 2015 à 30 de maio de 2019. 

 

>> Experiência técnica na análise de resultados utilizando equipamento de análise 

Termogravimétrica (TGA) 

Essa técnica foi utilizada durante o desenvolvimento das pesquisas no Doutorado, para 

avaliar a estabilidade térmica, o perfil de decomposição das blendas poliméricas e dos 

nanocompósitos estudados. Essa análise foi importante para identificar qual a temperatura 

ideal de aplicação desses materiais.  Essa técnica também é importante para a realização 

das análises de DMA, pois auxilia na determinação dos parâmetros de análises do DMA. 

 

Período: 01 de agosto de 2015 à 30 de maio de 2019. 



DISSERTAÇÃO DE MESTRADO 

 

Objetivo: Estudar sistemas de poli(ácido lático) (PLA), poli(ε-caprolactona) (PCL) e 

nanotubos de carbono de parede múltiplas (NTCPM), com e sem compatibilizante. Várias 

propriedades foram analisadas, entre elas as térmicas, fundamentais no desenvolvimento 

de materiais poliméricos. 

 

Desenvolvimento da pesquisa: Durante o desenvolvimento do Mestrado, entre as 

técnicas utilizadas, utilizei as técnicas de análise térmica TGA e DSC, importantes no 

desenvolvimento de nanocompósitos. 

 

Conclusões: Essas análises demostraram a influência dos nanotubos de carbono na 

temperatura de cristalização a frio e no grau 

de cristalinidade dos nanocompósitos.  

 

 

CAPACIDADE TÉCNICA COMPLEMENTAR 

 

>> Experiência técnica na análise de resultados utilizando equipamento Calorimetria 

exploratória diferencial (DSC)  

Essa técnica foi utilizada durante o desenvolvimento do mestrado. Sendo fundamental 

para avaliar as propriedades térmicas das blendas poliméricas e dos nanocompósitos 

estudados, como cálculo da cristalinidade e o ponto de fusão.  

 

Período: 01 de agosto de 2013 à 30 de maio de 2015. 

 

>> Experiência técnica na análise de resultados utilizando equipamento de análise 

Termogravimétrica (TGA) 

Essa técnica foi utilizada durante o desenvolvimento do Mestrado. Para avaliar a 

estabilidade térmica, o perfil de decomposição das blendas poliméricas e dos 

nanocompósitos estudados.  

 

Período: 01 de agosto de 2013 à 30 de maio de 2015. 
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Este estudo tem como objetivo compreender os 

fenômenos relacionados à localização seletiva e a 

sinergia do híbrido de dióxido de titânio anatase 

(TiO2) e nitreto de boro hexagonal (hBN) nas 

propriedades térmicas, ópticas e na morfologia da 

blenda de poli (Ɛ-caprolactona) (PCL) / poli (ácido-

lático) (PLA), por meio de diferentes sequências de 

mistura. 

 

Orientador: Dra. Daniela Becker 

Coorientador: Dr. Wagner Maurício Pachekoski 
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Abstract

This study investigates the effects of the isolated and combined addition of

titanium dioxide (TiO2) and hexagonal boron nitride (hBN) nanoparticles on

the thermal, mechanical, and optical properties of a linear low-density

polyethylene (LLDPE) and ethylene vinyl acetate (EVA) blend. Microscopy

observations showed that hBN nanoparticles coarsened the co-continuous

LLDPE/EVA morphology. Thermal analysis revealed altered properties,

including increased transition temperatures and reduced stability with nano-

particle incorporation. While individual nanoparticles had minimal effects on

elastic modulus (E), their combined use increased E by 21% compared to pure

LLDPE/EVA, indicating a synergistic effect. The results suggest that the loca-

tion may have influenced the UV blocking. TiO2, effectively dispersed in EVA,

enhanced UV-B radiation blocking, whereas hBN showed less efficacy. The

combination of TiO2 and hBN nanoparticles in LLDPE/EVA blends resulted in

significant changes to the mechanical properties, suggesting a synergistic

potential between the particles, with TiO2 being particularly effective in block-

ing UV-B radiation.

Highlights

• The combination of nanoparticles altered the thermal and mechanical

properties.

• TiO2 showed greater effectiveness in blocking UV-B.

• hBN influenced the co-continuous morphology of the LLDPE/EVA

blend.

• The dispersion of TiO2 in EVA was effective in blocking UV-B

radiation.

• Hybrid nanocomposites resulted in a 21% increase in Young's modulus.
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ethylene vinyl acetate, hexagonal boron nitride, low-density polyethylene, nanocomposites,
polymer blends, titanium dioxide
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1 | INTRODUCTION

Agricultural greenhouses are covered with plastic films
to retain the heat from the Sun, protect plants from
external threats, and keep the internal temperature con-
trolled according to the amount of solar radiation.1 They
enable growers to adapt to climate variations and main-
tain the best growing conditions. Cold, frost, or very
high temperatures can harm plant development, making
greenhouses essential for farmers who wish to produce
during unfavorable weather. However, greenhouses do
not provide adequate control of ultraviolet (UV) and
near-infrared (NIR) from solar radiation, which is essen-
tial to protect the plants and maintain favorable condi-
tions for the perfect development of the crop.1,2 They
can be made from different polymers, such as polyethyl-
ene vinyl acetate (EVA), polyvinyl chloride (PVC), and
polycarbonate (PC). LDPE and LLDPE are the most
common because they are inexpensive and easy to pro-
cess compared to engineering polymers.2 These films
could be made from blends, as they allow for a balance
in mechanical properties and help the material flow dur-
ing processing. Adding fillers and additives to these
films, such as UV stabilizers and photo-selective poly-
mers, can provide innovative products with unique
performance.3,4

Petchsuk et al.5 used the LLDPE/EVA blend to make
films for agricultural greenhouses and, as the nanoparti-
cle, they added TiO2 to increase UV and NIR blocking.
In their results on the field test, they observed that
Chinese cabbage grew better and larger in greenhouses
that had films with TiO2 nanoparticles than those cov-
ered with commercially available film. Boron nitride
(BN) nanoparticles have been studied4,6 because of their
infrared (NIR) reflectance potential, electrical insulation,
thermal conductivity, chemical stability at high tempera-
tures, and mechanical properties. They are also non-toxic
and biocompatible and are used in the development of
thermoplastic films, packaging, and electronics, among
others.

In addition, previous studies by the group evaluated
the influence of the combined addition of TiO2 and hBN
on the thermal and optical properties of polymer blends.
Decol et al.4 reported that the mixing sequence of the
particles influences the migration dynamics of the hBN
and the TiO2 in the PLA/PCL blend, directly affecting the
location and properties of the nanocomposites. When
hBN was the first to be added to the PCL/PLA blend, the
result was TiO2 at the interface and hBN in the PCL
phase. When TiO2 was added first, part of the nanoparti-
cles was in the PCL phase and at the interface. The sys-
tem in which TiO2 was added first exhibited a higher
thermal conductivity (0.86 Wm�1 K�1) than the other

arrangements due to the scattering of phonons at the
TiO2/hBN interface. Regarding optical properties, both
systems blocked 100% of UV-B radiation (λ = 300 nm)
and had high NIR reflectance, the highest for the system
where TiO2 was added first (77%). The different locations
of the TiO2 and hBN nanoparticles improve the thermal
and optical properties of the hybrid nanocomposites. This
shows that TiO2/hBN hybrids have the potential for use
in agricultural films that need to control UV and NIR
radiation and dissipate heat.

In this context, this work is motivated by the possibil-
ity of understanding how the LLDPE/EVA blend, whose
pure polymers have already been used as a cover for agri-
cultural greenhouses, will behave with the isolated and
joint addition of TiO2 nanoparticles due to their high
ultraviolet blocking power,7,8 and hBN nanoparticles due
to their NIR reflectance potential,4 and the fact that both
are chemically inert.6 The objective of this study is to
assess the impact of introducing titanium dioxide anatase
(TiO2) and hexagonal boron nitride (hBN) nanoparticles
individually and in combination on the mechanical,
thermal, and optical characteristics of the blend of linear
low-density polyethylene (LLDPE) and ethylene-vinyl
acetate (EVA).

2 | EXPERIMENTAL

2.1 | MATERIALS

The polymers used to obtain the blend were linear low-
density polyethylene (LLDPE), PLURIS 9300, manufac-
tured by Braskem with a flow index of 0.55 g/10 min and
a density of 0.919 g/cm3, and ethylene vinyl acetate
(EVA), TN2005, from the same supplier, with a flow
index of 0.50 g/10 min, a vinyl acetate content of 13.5%,
and a density of 0.935 g/cm3.

The nanoparticles were anatase titanium dioxide (IV),
with a density of 3.241 ± 0.004 g/cm3, a surface area from
45 to 50 m2/g, a particle size under 25 nm, and a purity
of 99.7%, and hexagonal boron nitride (hBN) with a den-
sity of 2.29 g/cm3, a particle size under 150 nm, and a
purity of 99%, both from the manufacturer Sigma-
Aldrich.

2.2 | METHODS

The chosen proportion of LLDPE/EVA was 50/50 (w/w),
based on the study by Kuruso et al.,9 which obtained a
co-continuous structure. The weight percentages of the
nanoparticles vary according to Table 1, and the total
weight fraction of nanoparticles was kept constant at 3%,

2 VIERA ET AL.



based on a previous work that obtained better results
using other polymer matrices.10

Initially, masterbatches of EVA with nanoparticles
were prepared in a Haake torque rheometer at 180�C and
80 rpm. Due to their low density, the nanoparticles
tended to adhere to the walls of the extruder hopper, so
the concentrate avoids material loss in the extruder feed
zone and helps with homogenization. These concentrates
were submerged in liquid nitrogen for 5 min and ground
in an SPLabor Knife Mill, after which a dry blend
was carried out between the concentrate and the
LLDPE/EVA pellets. Homogenization was performed in
an AX Pl�asticos co-rotating twin-screw extruder with a
screw length (L) to diameter (D) ratio of 40, with 9 heat-
ing zones set between 160 and 180�C at 100 rpm. All the
mixtures were processed twice to ensure the homogeniza-
tion of the components.

The films were obtained through compression in a
BOVENAU hydraulic press, with a thickness of 0.190 ±
0.03 mm. The material was subjected to a force of 4 metric
tons at a temperature of 160 ± 5�C for 5 min. Subsequently,
it cooled to room temperature. The bending test specimens
were pressed into a 250 mm � 250 mm mold, 3 ± 0.2 mm
deep, at 160 ± 5�C for 7 min, and, after cooling, they were
laser-cut to themeasurements according to ASTMD 690.

2.3 | CHARACTERIZATIONS

The blend morphology was evaluated by a Field Emis-
sion Gun Scanning Electron Microscope (SEM/FEG)
(Jeol JSM 6701F). The cryo-fracture surface of the com-
pression samples was attacked with the solvent
1,2-dichloroethane for 1.5 h at 70�C to extract the EVA
from the blends, as performed by Ref. 11. After the sol-
vent was evaporated, the cryo-fractured surface was
metalized with gold.

For transmission electron microscopy, the pressed
samples were cut into thin sections with a nominal

thickness of 30 nm on an RCM Power Tome X Ultrami-
crotome with a diamond knife under cryogenic condi-
tions at �85 and �60�C sample and knife temperature,
respectively. The samples were analyzed using a JEM
21000 transmission electron microscope (TEM) from
JEOL. To increase contrast, the samples were dyed with
ruthenium tetroxide for 4 h at 50�C, preferentially dyeing
the EVA. After this procedure, the EVA phase became
darker than the LLDPE one.12

The surface energies, dispersive components (γd), and
polar components (γp) of the LLDPE and EVA polymers
were obtained through contact angle measurements
using a Goniometer/Tensiometer (Ramé-hart 590) at
room temperature (�22�C) and DROPimage Advanced
software. The contact angle measurements were taken
immediately after the deposition of a drop (3.0 μL) of dis-
tilled water and diiodomethane, placed in contact with
the surface of the samples (films obtained during com-
pression). Measurements were taken at 6 different points
on each sample, with 10 measurements at each point
with a 1.0 s interval between measurements. The surface
tension of the TiO2 and the hBN was obtained from the
work by Decol et al.13 The interfacial tension between
the polymer and nanoparticle (γ12) and the wettability
parameter (ωAB) were calculated using Equations 1 and
2, respectively.14

γ12 ¼ γ1þγ2�2
ffiffiffiffiffiffiffiffiffiffi
γd1:γd2

q
�2

ffiffiffiffiffiffiffiffiffiffi
γp1 :γ

p
2

q
, ð1Þ

ωAB ¼ γS�B�γS�A

γAB
, ð2Þ

where subscripts 1 and 2 correspond to component 1 and
component 2, respectively, (γp) is polar, (γd) is dispersive,
and (γ) is total surface energy, γS�B, γS�A, and γAB repre-
sent the interfacial tension between the particle and poly-
mer B or A, and the two polymers A and B, respectively.

A NETZSCH DMA 242 E was used to conduct a
dynamic mechanical analysis (DMA) under a nitrogen
atmosphere. The temperature range for testing the
samples was from �150 to 100�C, with a heating rate of
3�C/min at a frequency of 1 Hz. The films, tested in tensile
mode, had dimensions of 30 mm � 5.5 mm � 0.19 mm.

The mechanical properties were analyzed by bend-
ing in an INSTRON EMIC 23–100 universal testing
machine with a 100 kN load cell and a 20 mm/min test
speed. In accordance with ASTM D790 (American
Society for Testing and Materials, 2017), the specimens
were 14.5 mm � 12.0 mm � 3.0 mm ± 0.2 mm in length,
width, and thickness.

The thermal characterization of the samples was car-
ried out using differential scanning calorimetry (DSC) on
a NETZSCH Maia-200 F3 calorimeter. During the

TABLE 1 Fraction used for processing.

Nomenclature

Composition (%) (w/w)

LLDPE EVA TiO2 hBN

LLDPE/EVA 50 50 - -

LLDPE/EVA/TiO2 3% 48.5 48.5 3 -

LLDPE/EVA/hBN 3% 48.5 48.5 - 3

LLDPE/EVA/TiO2

2%/hBN 1%
48.5 48.5 2 1

LLDPE/EVA/TiO2

1%/hBN 2%
48.5 48.5 1 2

VIERA ET AL. 3



analysis, the samples were exposed to heating and cool-
ing cycles in a nitrogen atmosphere. The pure EVA sam-
ple was initially heated from 25 to 200�C at a rate of
10�C/min, then cooled to 25�C, and subsequently heated
to 200�C. As for the other samples, they were subjected
to an initial temperature range from �50 to 200�C at
10�C/min, followed by cooling to �50�C and another
heating up to 200�C. The degree of crystallinity (Xc) for
LLDPE and EVA was determined based on the enthalpy
of melting (Equation 3).

χc %ð Þ¼ ΔHm

ϕΔH0
x 100: ð3Þ

ΔHm is the enthalpy of melting temperature (Tm), ϕ
is the mass fraction of the polymer (LLDPE or EVA) in
the sample, and ΔH0 is the melting enthalpy of 100%
crystalline LLDPE: 292 J/g15 and 100% crystalline EVA:
290 J/g.16

Thermogravimetric analysis was conducted using a
NETZSCH 449C, applying a heating rate of 10�C/min

and temperatures from 25 to 600�C in a nitrogen (N2)
atmosphere.

The UV–Vis–NIR spectra were obtained on a
UV-3600 UV–Vis Plus spectrophotometer (SHIMADZU).
Films measuring 30 � 20 mm2 and a thickness of
0.190 ± 0.03 mm were used as the sample, and the wave-
length range was from 200 to 1100 nm at room tempera-
ture, approximately (�22�C), with barium sulfate used as
a reference. Equation 4 calculates the transmittance
blockage, where B is the blockage (%) at the indicated
wavelength and T is the transmittance (%).

B¼ 100%�T: ð4Þ

3 | RESULTS

The surface of the cryo-fractured samples from the blend
and its nanocomposites are shown in Figure 1. The sam-
ples showed a co-continuous morphology, in which both
phases were well connected. The nanocomposites with
hBN (Figure 1B,C for ternary and D,E for quaternary

FIGURE 1 SEM/FEG

micrographs: (A) LLDPE/EVA,

(B) LLDPE/EVA/hBN3%,

(C) LLDPE/EVA/TiO23%,

(D) LLDPE/EVA/TiO21%/

hBN2%, and (E) LLDPE/EVA/

TiO22%/hBN1%.
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composites) showed a coarsening of the EVA phase, indi-
cating that the presence of hBN may alter the viscosity
ratio of the polymers, changing the phase morphology of
the blend. Similar results were found in the literature.17

Figure 2 shows the TEM micrographs for the blend
and its nanocomposites, confirming the formation of a
co-continuous morphology for the LLDPE/EVA blend
(Figure 2A). The characterization of the phases present

in the samples by transmission electron microscopy
(TEM) presented difficulties in clearly distinguishing
between the two phases analyzed. Therefore, it was not
possible to distinguish the phases, as it would not be con-
sistent with the phase size obtained in SEM. However,
the literature9,12 shows that the darkest region of
the images is the EVA phase. The added TiO2 nanoparti-
cles were well distributed but poorly dispersed in the

FIGURE 2 TEM

micrographs: (A) LLDPE/EVA,

(B) LLDPE/EVA/hBN3%,

(C) LLDPE/EVA/TiO23%,

(D) LLDPE/EVA/TiO21%/

hBN2%, and (E) LLDPE/EVA/

TiO22%/hBN1%.
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ternary systems. The hBN nanoparticles, Figure 2C,
were agglomerated and poorly distributed. In the quater-
nary nanocomposites, the addition of hBN hindered
the dispersion and distribution of the TiO2. In the
LLDPE/EVA/TiO21%/hBN2% sample, Figure 2D, the
hBN tends to stay close to the TiO2, hindering the TiO2

dispersion. In the LLDPE/EVA/TiO22%/hBN1% nano-
composites, Figure 2E, the TiO2 nanoparticles tended to
be better dispersed and distributed.

Table 2 shows the interfacial tensions between poly-
mer/polymer and polymer/nanoparticle pairs and the
wettability parameter. According to the ω results, LLDPE
is the preferred phase for the TiO2 and hBN nanoparti-
cles. In other words, in the equilibrium state, the TiO2

and hBN nanoparticles have a greater affinity with the
LLDPE phase and tend to be incorporated into this poly-
mer. In this study, it was not possible to confirm the
selective localization of the nanoparticles through
microscopy images.

Figure 3 shows the thermogravimetric curves of the
pure polymers and their blends. The correlative data are
listed in Table 3, which shows that the EVA thermal deg-
radation and its blends occur in two stages. The first, in
the 300 to 400�C range, involves the loss of acetic acid
from the EVA. The next stage, between 400 and 500�C,
involves the breakdown of the polyethylene chains.18,19

LLDPE, on the other hand, has a single stage of
degradation,20 showing its stronger thermal stability.

The thermal decomposition of LLDPE/EVA, like that
of EVA, shows the two-stage process, at 300–315�C, then
at 420–500�C, corresponding to the thermal degradation
of the acetate group found in the EVA and the decompo-
sition of the polyolefin chains, respectively.20 There was
no significant difference in the mass loss of the nanocom-
posites compared to the blend. However, a small reduc-
tion (5�C) can be seen in the first stage for the LLDPE/
EVA/TiO21%/hBN2% sample compared to the polymer
blend, which may be related to the poor dispersion of the
nanoparticles and the possible interaction of the hBN
and the TiO2, which are found together, possibly reduc-
ing heat transfer, thus increasing its degradation onset
rate.10,21

Platelet-shaped nanoparticles can reduce the poly-
mer's degradation temperature due to two main effects.
At high concentrations, nanoparticles tend to aggregate,
forming microcomposites rather than maintaining the
desired nanometric structure, which decreases the avail-
able surface area for interactions with the polymer. This
results in lower barrier efficiency, which would normally
help to improve thermal stability. Furthermore, good dis-
persion of the nanoparticles in exfoliated structures can
increase the number of catalytic sites in the polymer

TABLE 2 Interfacial tension and wettability parameters of the

blend (LLDPE/EVA) and its nanocomposites.

Samples Interfacial tension (mN/m)

LLDPE/EVA 0.35

LLDPE/TiO2 17.01

EVA/TiO2 14.77

LLDPE/hBN 3.04

EVA/hBN 2.49

Wetting parameter (ω)

LLDPE/EVA/TiO2 �6.38

LLDPE/EVA/hBN �1.57

FIGURE 3 (A) TG and (B) DTG curves of the polymers, their blends, and their nanocomposites.
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matrix, accelerating the polymer's thermal degradation.
These opposing effects, combined with the presence of
modifiers such as a second phase, can influence the inter-
action between the nanoparticle and the polymer,
explaining how platelet-shaped nanoparticles, when at
high concentration and well dispersed, can reduce the
polymer's degradation temperature.22

Ayoob et al.23 showed in their work that inorganic
particles exhibit low adhesion with polyolefin matrices;
thus, the thermal degradation temperature was lower for
nanocomposites that were not compatibilized with
maleic anhydride (MA). Additionally, the thermal stabili-
zation effect depended on the amount of clay; for their
study, above 4%, it was observed that thermal stability
decreased slowly. Panupakorn et al.24 also obtained simi-
lar trends in the thermal decomposition behavior of clay
nanocomposites, showing an increase in the degradation
temperature at low load levels followed by a decrease at
higher clay load levels. Fim et al.25 suggest that graphene
is more stable and rigid than polyethylene, which causes
polyethylene to become rigid, decreasing chain mobility
and thus hindering the degradation process.

Other authors26–28 report that hBN layers dispersed
on the surface can limit the flow of oxygen and heat,
restricting the diffusion of volatile products formed dur-
ing the polymer's degradation in air and limiting the oxy-
gen diffusion into the nanocomposites, effectively
reducing the thermal degradation rate. Varughese et al.28

studied different dispersion methods of hBN in epoxy.
The authors observed that hBN nanoparticles increased
the thermal degradation temperature of epoxy by 8�C.
The physical barrier established by hBN effectively pre-
vents the diffusion of degradation products, thereby slow-
ing the degradation process. Additionally, the inherently
high thermal conductivity of hBN facilitates efficient heat
dissipation within the epoxy matrix, further reinforcing
its thermal stability. However, hBN nanocomposites
without solvent showed a lower degradation temperature
compared to pure epoxy due to the presence of agglomer-
ated hBN particles, which hinder effective heat transfer

and limit the reinforcement mechanisms mentioned
above.

Table 4 shows the results obtained by DSC, the
melting temperature (Tm) was obtained from the second
heating, and the crystallization temperature (Tc) from the
cooling. The blend showed two endothermic melting
peaks corresponding to the LLDPE and EVA phases, and
the addition of the nanoparticles did not affect the melt-
ing temperature (Tm) or crystallization temperature (Tc)
of these phases. Therefore, the TiO2 and hBN nanoparti-
cles did not act as nucleation points in the polymers. This
may be related to a lack of interaction with the molten
state's LLDPE and EVA polymer phases.20,29,30 Compar-
ing the transition temperatures (Tm and Tc) of the pure
polymers with the blend shows that the temperatures of
the blend are closer to those of the EVA, which indicates
that the mixtures behave similarly to pure EVA, in agree-
ment with the literature.11

However, the results for the degree of crystallinity
(Xc) show no significant differences when compared to
the pure blend, except for the LLDPE/EVA/TiO23% sam-
ple, which obtained a reduction of 24%. The addition of
TiO2 does not appear to have contributed to increasing
the crystallinity of the matrix since it may have acted as
an impurity during the crystallization process, resulting
in a significant increase in the amorphous volume. The
presence of the nanoparticle may have led to a decrease
in the mobility of the molecular chains, which could have
slowed down the formation of the crystals and decreased
their efficiency. As the TEM images show, TiO2 nanopar-
ticles and EVA may have reduced the number of crystal-
line regions, increasing the amorphous regions in this
phase, resulting in lower crystallinity values.20

Nguyen et al.,31 in their study, showed that the addi-
tion of the TiO2 phase resulted in a reduction in crystal-
linity and an increase in the overall Young's modulus of
the nanocomposites. The authors report that the dis-
persed TiO2 nanoparticles significantly hinder the growth
phase of spherulites and that the reduction in volumetric
crystallization rate and the size of crystalline domains

TABLE 3 Thermal properties

obtained by TG.
Sample

EVA EVA and LLDPE

Tonset1 (�C) Tpeak1 (�C) Tonset2 (�C) Tpeak2 (�C)

LLDPE - - 405 480

EVA 301 346 408 463

LLDPE/EVA 297 352 424 477

LLDPE/EVA/TiO2 3% 299 346 426 476

LLDPE/EVA/ hBN 3% 298 350 420 475

LLDPE/EVA/TiO2 2%/hBN 1% 299 352 424 474

LLDPE/EVA/TiO2 1%/hBN 2% 292 352 417 474
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may lead to a lower degree of crystallinity. On the other
hand, the improvement in the mechanical properties of
the nanocomposites, despite the decrease in crystallinity,
can be explained by the confinement effect of TiO2,
which restricts the movement of polymer chains in the
matrix.

AlZady et al.32 showed that TiO2 disrupts the regular
arrangement of the polymer chains, resulting in a less
ordered and more disordered structure. Alghamdi et al.33

also observed a reduction in crystallinity by adding TiO2.
The TiO2 was well randomly distributed within the poly-
mer matrix, and the interactions between the two compo-
nents decreased the material's crystallinity, increasing
the amorphous regions. No new crystalline phases of
TiO2 were formed, suggesting that the TiO2 nanoparticles
dissolved or dispersed completely within the mixture.

The DMA results indicate that the presence of nano-
particles in the blend led to lower E' values for all the
nanocomposites compared to the pure blend. Comparing
the combined and isolated addition of nanoparticles
shows that the E' was lower for the quaternary nanocom-
posites than for the ternary ones, both at low and room
temperatures. Khonakdar et al.29 studied the same blend
but with different silica fractions and observed that the
changes in E0 may be influenced by crystallinity or by the
change in blend morphology. However, as Table 3 shows,
the addition of TiO2 nanoparticles and hBN did not sig-
nificantly alter the nanocomposites Xc. This may be
related to the weak interaction between the nanoparticles
and the polymer chains. The blend's unaltered crystalline
structure suggests that the blend's nanoparticles and
components do not have substantial interactions with
each other when in a molten state.

It is important to consider the interactions between
nanoparticles and polymer chains, which can be entropic
or enthalpic. The polymer chain's radius of gyration
(Rg) and the size of the nanoparticles (Dp) influence
entropic interactions. If 2Rg > Dp, the polymer chains
can encase the nanoparticles, creating a larger contact

area and significantly altering the final properties of the
nanocomposite. Conversely, if 2Rg < Dp, the polymer
chains do not extend as much, resulting in a smaller con-
tact area that can lead to weaker interactions. In a study
by Kontou et al.,34 the primary size of the nanoparticles
was 16 nm, while in our study, the primary size of the
nanoparticles is <25 nm for TiO2 and 150 nm for hBN.
Therefore, the radius of gyration of the components in
the mixture is likely less than 25 nm, causing a decrease
in entropic interaction and potentially weakening the
molecular dynamics mechanism's ability to reinforce
the mixture. The entropic interaction also depends on the
level of nanoparticle dispersion, and TEM images indi-
cate that they were not effectively dispersed. Following
the formation of large agglomerates in the system, the
polymer chains may not stretch on the surfaces of
the nanoparticles, leading to a substantial reduction in
their possible conformations and a decrease in E0 and E00

properties.
The Tan Delta value, Figure 4C, shows two transi-

tions related to the pure polymers, LLDPE and EVA, at
�50 and �6�C, which agrees with the literature.11,18,35

EVA has a higher damping intensity than PE, due to its
rubbery nature. The Tg values corresponding to the EVA
component were shifted to lower temperatures in the
blends. The similarities between the molecular structure
of LLDPE and EVA make the differences in glass transi-
tion temperatures less perceptible. Therefore, it is not
possible to detect two Tgs for these blends using the
DMA method.

It can be seen in Table 5 that the addition of TiO2 and
hBN nanoparticles to the LLDPE/EVA blend, hybrid ter-
nary and quaternary nanocomposites, shifted the Tg of
EVA, restricting the mobility of the polymer chains in
the amorphous phase of EVA. Rigid nanoparticles can
restrict the mobility of the polymer chains, resulting in
an increase in Tg.

29

Incorporating each of the nanoparticles alone into the
blend had no significant impact on Young's modulus.

TABLE 4 Thermal properties

obtained by DSC.Transition temperature
Tm (�C) TC (�C) Xc (%)

Phase EVA LLDPE EVA LLDPE EVA LLDPE

EVA 95 - 103 - 49 -

LLDPE - 120 - 75 - 32

LLDPE/EVA 94 118 76 102 42 42

LLDPE/EVA/TiO2 3% 94 118 76 102 34 31

LLDPE/EVA/HBN 3% 93 117 77 103 41 39

LLDPE/EVA/TiO2 2%/hBN 1% 93 117 76 103 44 44

LLDPE/EVA/TiO2 1%/hBN 2% 94 118 76 101 43 42

Abbreviations: Tm, melting temperature; Tc, crystallization temperature; Xc, degree of crystallinity.
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However, adding both nanoparticles simultaneously,
regardless of mass proportion, resulted in a 21% increase
in E compared to the pure LLDPE/EVA, which can be
attributed to a possible synergistic effect between the
nanoparticles, as suggested by the TEM images, which
show that the hBN nanoparticles tend to be close to those
of TiO2.

There was a significant increase of more than 100% in
strain (ε) results for all nanocomposites, with the
LLDPE/EVA/TiO22%/hBN1% sample reaching values 5�
greater than the pure blend. Some authors36–41 have
shown that the preferred location of nanoparticles at the
polymer blend interface could strengthen interfacial
adhesion between the polymers. Liu et al.41 demonstrated

FIGURE 4 DMA results: (A) storage modulus (E0), (B) loss modulus (E00), and (C) Tan Delta.

TABLE 5 Mechanical results

obtained by bending.
Sample E (MPa) ε (%) σ (MPa) Tg (�C)

EVA 75.5 ± 9.0 1.6 ± 0.1 7.8 ± 0.8 �6

LLDPE 387.9 ± 23.3 6.6 ± 0.2 26.5 ± 2.5 �50

LLDPE /EVA 213.3 ± 45.7 2.0 ± 0.1 4.0 ± 0.2 �11

LLDPE/EVA/TiO2 3% 204.2 ± 15.5 4.0 ± 0.2 2.0 ± 0.07 �15

LLDPE/EVA/hBN 3% 199.8 ± 28.0 4.2 ± 0.4 2.1 ± 0.04 �15

LLDPE/EVA/TiO2 2%/hBN 1% 254.3 ± 34.6 10.4 ± 0.8 14.2 ± 1.3 �14

LLDPE/EVA/TiO2 1%/hBN 2% 258.8 ± 61.1 4.6 ± 0.5 2.0 ± 0.05 �15

Note: E (Young's modulus), ε (strain), σ (ultimate tensile stress), and glass transition temperature (Tg)
obtained by DMA of the blend and its nanocomposites.
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that multi-walled carbon nanotubes (MWCNTs) at the
interface enhanced the adhesion between polypropylene
(PP) and ethylene-vinyl acetate (EVA), thereby inhibit-
ing the initiation and spread of cracks. As a result, the
nanocomposites exhibited higher strain than the
pure blend. Therefore, an increased concentration of
TiO2 at the same interface may result in a compatibili-
zation effect that promotes the deformation of the
nanocomposites.

However, the ultimate tensile stress (σ) was reduced
with the addition of the nanoparticles, both individually
and combined, except for the LLDPE/EVA/TiO22%/
hBN1% sample. It may have been reduced due to the
change in morphology caused by the presence of hBN
and/or the poor nanoparticle dispersion in the matrix.
The LLDPE/EVA/TiO22%/hBN1% sample significantly
increased the ultimate tensile stress (σ) compared to the
blend and the other nanocomposites. As observed in the
ε results, the nanoparticle localization may have contrib-
uted to this increase. Xiang et al.42 found significant
increases, 28 times greater in σ and ε for the samples in
which the nanoparticles were located at the interface of
the mixtures. Their results corroborate our findings.

This study's primary objective was to evaluate nano-
particle incorporation's impact on the thermal, mechani-
cal, and optical properties of the LLDPE/EVA blend.
However, it was observed that the behavior at the inter-
face between the particles and the matrix is a crucial fac-
tor that requires further investigation. The significant
changes observed in the mechanical and morphological
properties indicate that the location of the particles and
their effects on interfacial properties play a determining
role in the material's overall performance. Further

investigation into the particle locations and their effects
on interfacial properties needs to be conducted.

Figure 5 shows that the LLDPE/EVA blend does not
have the potential to block UV-B radiation, indicating
that, in an application where a certain percentage of
blocking is required, a component that brings this prop-
erty to the system must be added. TiO2 nanoparticles
have a high potential for absorbing ultraviolet radiation,
characteristic of their band gap, corresponding to wave-
lengths below 390 nm.10,43 Regarding this property,
Figure 5 shows that the PELBD/EVA/TiO23% ternary
nanocomposite had the highest radiation absorption
capacity, with 92% of UV-B rays blocked. In the case of
the nanocomposite with 3% hBN, only 6.5% of this radia-
tion was blocked, showing the effectiveness of TiO2 in
this function, as other studies have also reported.8,11,43

For the nanocomposites with both nanoparticles
added simultaneously, approximately 80% of the UV-B
radiation was blocked for LLDPE/EVA/TiO22%/hBN1%
and 91% for LLDPE/EVA/TiO21%/hBN2%, which fully
relates to the dispersion of TiO2 in the mixture. Unlike
what was observed by Decol et al.,10 no synergistic
effect was detected with the addition of nanoparticles
in terms of blocking UV-B radiation. Their size and sur-
face area influence the absorption properties of TiO2

nanoparticles; smaller nanoparticles have a greater
potential for absorbing UV radiation.44 Therefore, as
the TiO2 and hBN nanoparticles were nearby in this
nanocomposite, there may have been a change in the
surface area of the nanoparticles, which negatively
impacted the results.

Figure 6 shows that the nanocomposite that allows
the least amount of near-infrared (NIR) radiation, in the
region from 700 to 1100 nm, to pass through is LLDPE/
EVA/hBN3%. It has been reported that hBN particles can
reflect infrared radiation (IR).10

FIGURE 5 Spectra absorption of the LLDPE blend and the

hybrid quaternary nanocomposite.

FIGURE 6 UV-B blocking (300 nm wavelength) of films.
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Figure 7 shows all the films for a direct visualization
of their opacity. The pure polymers, the LLDPE/EVA
blend, and the LLDPE/EVA/TiO23% nanocomposite are
more translucent than the nanocomposites containing
hBN, allowingmore visible light to pass through (the region
between 400 and 700 nm), Figure 6B. This leads to the con-
clusion that the hBN nanoparticles provide greater opacity
to themixtures compared to the TiO2 nanoparticles.

4 | CONCLUSIONS

This study investigated the effects of adding TiO2 and
hBN nanoparticles individually and simultaneously to an
LLDPE/EVA blend. The results highlight the complexity
of the interactions between nanoparticles and polymers
in polymer blends, especially regarding their selective
location and impact on the final properties.

The thermodynamic effect was not the main factor
defining the location of the nanoparticles, since they
were not predominantly in the LLDPE phase. Although a
co-continuous phase was obtained in the LLDPE/EVA
blend, the hBN nanoparticles influenced the morphology
of the polymer phases.

The simultaneous incorporation of nanoparticles
resulted in changes in thermal properties, with an
increase in transition temperatures and a reduction in
thermal stability. The selective location of the nanoparti-
cles was found to interfere with the mechanical proper-
ties, with the obtention of a compatibilization effect for
the sample with 2% TiO2 and 1% hBN because the high-
est concentration of TiO2 nanoparticles was at the EVA
interface. An increase of up to 500% in ε and 350% in σ
was obtained. While adding each nanoparticle individu-
ally did not significantly affect the elastic modulus (E),
the joint addition resulted in a 21% increase compared to
the pure LLDPE/EVA.

The effective dispersion of TiO2 nanoparticles in the
EVA phase showed a greater capacity to block UV-B radi-
ation, while hBN showed less efficiency in this respect.

The combination of TiO2 and hBN nanoparticles in
LLDPE/EVA blends led to significant changes
in mechanical properties, indicating a synergistic poten-
tial between the particles, especially the effectiveness of
the TiO2 dispersion in the EVA phase in blocking UV-B
radiation. Hence, this work stresses the need to consider
not only the type of nanoparticle but also its distribution
and interaction with the components of the blend for spe-
cific applications, such as the production of films for the
agricultural industry.
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