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The work evaluated the nucleating effect of nanometric zirconia (Zr-NP), obtained by the 
green sol-gel synthesis route using Euclea natalensis root extract as a reductant, in the low-density 
polyethylene (LDPE). The Zr-NP was characterized with x-ray diffraction (XRD) and transmission 
electron microscopy (TEM) which confirmed the presence of Zr-NP in the cubic crystalline phase 
with an average particle size of 6.73 nm. The Zr-NP was incorporated into the polymeric matrix by 
solubilization in concentrations ranging between 0 wt% and 6 wt%. Non-isothermal DSC analyzes 
demonstrated that a small addition of 1 wt% changes the degree of crystallinity from ~23% to ~56%, 
an increase of ~137%. The addition of Zr-NP also caused a small increase in crystallization and melting 
temperatures, and a large increase in the total crystallization time of LDPE.

Keywords: Degree of crystallinity; Crystallization; Thermal transitions; Additives; Nucleating 
agent; Non-isothermal crystallization.

1. Introduction
The development of nucleating agents (NA) for polymers is 

of great technological and industrial importance. The addition 
of these agents facilitates the nucleation process1 and improve 
mechanical performance2,3, optical4 and dimensional stability 
of products made of polymeric materials. The nucleating 
agents directly influence the degree of crystallinity, the size 
and quantity of the spherulites, the kinetics and crystallization 
energy. These effects define the properties of the polymers 
and interfere with manufacturing processes5,6.

The nucleating action of inorganic particles has been 
studied for a long time. Inorganic compounds such as 
talc7, silica8, and metal oxides9, are extensively studied and 
applied. However, due to their ionic nature, these materials 
are difficult to disperse. This factor results in the formation 
of cluster and the need to use coupling agents that facilitate 
dispersion in polymer matrices1-5,10-12.

Zirconia is a ceramic material and can be found in three 
different crystalline phases: tetragonal, monoclinic and cubic; 
or even in the amorphous state. The differentiation of the 

crystalline structure of zirconia is dependent on the synthesis 
conditions, the calcination temperature and the reagents 
used13-15. Nano zirconia can be obtained by hydrothermal 
synthesis16-22, sonochemistry23,24 or Sol-Gel25-30. Recent studies 
use reagents that are less harmful to the environment and 
produce nano zirconia particles with dimensions that can 
reach 5 nm using citric acid, glucose, fructose, maltose, 
sucrose or plant extract as a reducing agent13,31. These routes 
are called “Green synthesis”.

Natal gwarri or Natal ebony (Euclea natalensis) is a tree 
of African origin that has naphthoquinones and terpenes in 
its composition. The presence of naphthoquinones in the 
composition favors the reduction of metals during synthesis, 
making the extract of this root a promising reagent for green 
synthesis13.

Studies show that the addition of zirconia in polymeric 
matrices causes an increase in strength, Young modulus, 
hardness, and steady-state wear rate11,32-34. These zirconia-
containing polymers can be applied in metal protection 
systems35,36, dental prostheses2, or in other applications that 
require good mechanical and wear resistance. Studies show *e-mail: humberto.riella@ufsc.br
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that the incorporation of zirconia causes an increase in the 
crystallization temperature (Tc), at glass transition temperature 
(Tg) and indicate possible changes in the crystallinity of 
various resins, such as ABS37, PMMA38, LLDPE11 e HDPE39.

The changes in the physical and thermal properties described 
in the studies show that zirconia has interesting characteristics 
to be applied as a nucleation agent of polymeric materials. 
The good thermal stability under the conditions used in the 
processing of polymeric materials and its chemical stability 
make zirconia a promising nucleating additive for the polymer 
materials processing industry40-42. Based on the promising 
indications already mentioned, this study investigates the 
use of nano zirconia (Zr-NP) obtained via the green route 
as a nucleating agent in low-density polyethylene (LDPE).

2. Materials and Methods

2.1. Materials
Zirconium oxychloride was used as a precursor of the 

zirconia nanoparticles (ZrOCl2·8H2O) (Neon - Brasil). As a 
reducing agent, the Euclea natalensis root extract was collected 
in Maputo, Mozambique. The root’s identity was confirmed 
by biologist Suzana Macuvele from the Museu de História 
Natural-UEM. The polymeric matrix used was the low-density 
polyethylene (LDPE EB853) produced by Brasken with a 
Melt Flow Index of 2.7 g/10min and density of 0.923g/cm3.

2.2. Experimental

2.2.1. Green synthesis of zirconia nanoparticles
The preparation of nano zirconia started with the 

production of Euclea natalenses extract used as a reducer 
in the synthesis process. The root was washed with plenty 
of distilled water, dried at 60 ºC for 24 hours in an oven, and 
then crushed in the mill with a 5 mm sieve. After milling, 
the root presented fibrous shapes with approximately 5 mm 
in length. Subsequently, the root was maintained with 
mechanical agitation at 80 ºC for 1 hour in a 75 g/L distilled 
water solution. Finally, the system was vacuum filtered with 
filter paper and the resulting solution was called root extract.

For the synthesis, the methodology adapted from 
Silva  et  al.13 was employed. For this, a 300 ml aqueous 
solution with 0.2 mol/L zirconia oxychloride was prepared 
in a glass reactor and maintained under mechanical agitation 
at room temperature. Euclea natalenses root extract was 
added with a flow rate of 3.5 mL/min to the solution for 
three hours. The resulting precipitate was extracted with the 
vacuum filtration process and then dried in an oven at 105 ºC 
for 24 hours. It was then calcined at 600 ºC for three hours 
in a muffle furnace and subsequently deagglomerated by 
maceration. At the end of the process, zirconia nanoparticles 
were obtained.

The crystalline structure of zirconium oxide nanoparticles 
was characterized with X-Ray Diffraction (XRD: RIGAKU 
MiniFlex600) after the calcination process. The Rietveld 
method was employed for the identification and quantification 
of the crystalline phases and the Scherer method was 
employed to estimate the average crystallite size of the 
zirconia structures13,43,44.

The Scanning Electron Microscopy (SEM: Jeol JSM-
6390) technique was employed to study the morphology of 
zirconia clusters and nanoparticles after the calcination process. 
The studies with SEM were performed with 15 keV beam 
energy and with different magnifications. At the same time, 
the energy dispersive technique of x-ray fluorescence (EDS) 
was employed for chemical identification in the samples. 
In these procedures, Zr-NP were ultrasonically dispersed in 
ethyl alcohol and dispersed in the sample holder, where they 
were then coated with gold to ensure electrical conduction.

For more detailed studies of the shape and average size of 
Zr-NP, the Transmission Electron Microscopy (TEM: JEM-1011) 
technique was used. In this procedure, Zr-NP were ultrasonically 
dispersed in ethyl alcohol and dispersed in the sample holder.

2.2.2. Incorporation of zirconia nanoparticles into 
LDPE

To incorporate the Zr-NP into the LDPE matrix, the 
polymer was first solubilized in toluene (Synth – 99%), at a 
temperature of 90 ºC under mechanical agitation. After total 
solubilization, the respective amount of Zr-NP was added, 
and the system was kept under agitation until solidification. 
Subsequently, the toluene was extracted in an oven at a 
temperature of 60 ºC for 24 hours. When the extraction is 
finished, the LDPE film containing Zr-NP is ready.

For the study, 7 different samples were produced, varying 
the percentage of nano zirconia added to the polymer matrix 
from 0% to 6% by weight: These were coded as “0x”; where 
x represents the percentage of zirconia incorporated into the 
LDPE. The DSC analyses were performed in triplicates, 
and the 1st and 2nd repetition of the samples were named 
“0x-01” and “0x-02”, respectively. The Table 1 presents the 
complete planning with the samples and repeats applied to 
the DSC. The films obtained with different concentrations 
were divided and sent for characterization.

The Fourier Transform Infrared Spectroscopy (FTIR) 
technique (Bruker) was used to evaluate the occurrence of 
important chemical reactions between the Zr-NP and the 
LDPE matrix.

The dispersion of Zr-NP in the LDPE matrix was 
performed using the Scanning Electron Microscope - 
Field Emission Gun (SEM-FEG: Magellan 400 L FEG). 
The samples are gold-coated to ensure electrical conduction 
and analyzed with beam energy of 2.0 and 5.0 keV and at 
different magnifications.

LDPE samples containing different percentages of Zr-NP 
were evaluated with Differential Scanning Calorimetry (DSC: 
Perkin Elmer). The thermograms were obtained with two 
thermal cycles in the temperature range of 35 ºC to 180 ºC, 
with a nitrogen atmosphere, with a heating rate of 10 oC/min 
and a cooling rate of 5 ºC/min. The tests were performed 
in triplicates for each composition. The thermograms of 
the second thermal cycle were analyzed to determine the 
temperatures at the beginning and end of the crystallization 
and fusion process, and the values of the respective enthalpies 
of crystallization and fusion.

The degree of crystallinity was determined from the 
enthalpy values obtained from the thermograms of the second 
thermal cycle of the DSC by Equation 145,46. The reference 
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value for enthalpy of melting of the material with 100% 
crystallinity (ΔHm°) was 290 J/g1.
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Relative crystallinity (Xt) demonstrates the evolution of the 
material’s crystallinity with respect to time. Its determination 
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at intermediate times to determine crystallinity of the polymer 
at each “t” time44,47. Equation 2 was used to calculate Xt.

0

T
c

T
t

c

dH dT
dT

X
H

 
 
 

=
∆

∫ 	 (2)

Where the numerator represents the partial enthalpy of 
crystallization generated in the arbitrary time interval “T”, and 
the denominator represents the total enthalpy of crystallization.

The LDPE polymer film with different concentrations of 
Zr-NP was manually cut into small squares of approximately 
3 mm. With the aid of an analytical balance, 0.2 g of the 
material was separated and formed between two PTFE 
sheets with a constant force of 4000 kgf at a temperature of 
190 oC for 30 seconds. After forming, the film obtained was 
cooled by submersion in water at 10 oC. This procedure was 
repeated for all concentrations of Zr-NP studied, giving rise 
to films with an average thickness of 0.067 mm with S.D 
of 0.007. The films with different concentrations of Zr-NP 
were characterized by X-Ray Diffraction (XRD: RIGAKU 
MiniFlex600). The diffractograms were evaluated and the 
crystallinity of LDPE was determined by Equation 348. 
The Xc

XRD values ​​obtained were evaluated using the 95% 
confidence interval method.
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3. Results and Discussions

3.1. Characterization of nano zirconia
The material obtained in the synthesis was calcined at a 

temperature of 600 ºC in a muffle furnace. The temperature 

adopted for the calcination process was based on studies by 
Dwivedi et al. 27, da Silva et al. 13 e Bashir et al.44.

The calcined samples were analyzed with scanning electron 
microscopy (SEM) and their micrographs are presented in 
Figure 1 (a) and (b) with magnifications of 50x and 9000x 
respectively. The micrographs of the material after calcination 
reveal the formation of large agglomerates made up of small 
particles. The EDS of region 1 demarcated in Figure 1 (a) 
reveals the presence of oxygen and zirconia, while the EDS 
made punctually in the small cluster marked in Figure 1 (b) 
indicated the presence of zirconia and oxygen together with 
carbon and calcium. The presence of these unexpected 
elements is attributed to residues of the calcination process 
and may be associated with the use of Euclea natalenses 
root extract in the synthesis of the nanoparticle.

Transmission electron microscopy (TEM) images are 
presented in Figure  2 and confirm that the clusters are 
formed by nanoparticles with an average size of 6.7 nm. 
Figure  2  (a) shows the formation of nanometer-sized 
particles, while Figure 2 (b) shows a unimodal distribution 
for nanoparticle size.

Figure  3 shows the X-ray diffractogram obtained 
with the zirconia compound after the calcination process. 
The diffractogram shows peaks of 2Theta equal to 30.18º, 
34.93º, 50.36º, 59.94º, 62.89º and 74.68º associated 
respectively with planes (111), (200), (220), (311), (222) and 
(400) of the cubic crystal structures of zirconia (JCPDS No. 
27–0997)13,49,50. The Rietveld method confirms the presence of 
zirconia with amorphous phase and cubic crystalline phase, 
in the percentages of 36.59% and 55.94%, respectively. 
Using the Scherer method1-3 the mean of crystallite size 
determined was 8.74 nm.

The FTIR spectrum can be seen in Figure  4, where 
bands can be observed in the region from 900 cm-1 to 
1150 cm-1 (Region 1) characteristic of zirconia. These bands 
were also reported by Dwivedi et al.27 and da Silva et al.13. 
The band observed at 3380 cm-1 and 1630 cm-1 respectively 
indicates the presence of water and a possible presence of 
carbonyl from the root extract used in the synthesis of Zr-NP4,5.

The microscopy results combined with X-ray fluorescence 
emission spectroscopy and X-ray diffraction prove the 
formation of Zr-NP with cubic crystalline structures of 
sizes less than 10 nm. Similar results were obtained by da 
Silva et al.13, who reported Zr-NP with sizes ranging between 
5.9 nm and 8.54 nm using the sol-gel synthesis method on 
which this work was based.

Table 1. Name and composition of the samples studied. DSC analyzes were analyzed in triplicate (sample, 1st repetition, and 2nd repetition). 
The “x” in the sample nomenclature represents the concentration of nano zirconia.

Sample
Additional Sample for DSC

LDPE (Wt%) Zr-NP (Wt%)
1st repetition 2nd repetition

00 00-1 00-2 100% 0%
01 01-1 01-2 99% 1%
02 02-1 02-2 98% 2%
03 03-1 03-2 97% 3%
04 04-1 04-2 96% 4%
05 05-1 05-2 95% 5%
06 06-1 06-2 94% 6%
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Bashir et al.44 used the sol gel method with zirconium 
oxychloride precursor and ammonia-reducing agent to obtain 
Zr-NP with dimensions ranging from 8 nm to 75 nm. Zr-NP 
was subjected to different calcination temperatures ranging 
from 100 ºC to 1000 ºC. The calcined Zr-NP showed tetragonal 
and monoclinic crystalline structures in phase proportions 
that varied with the calcination temperature used. Phase 
quantification also revealed a proportion of amorphous 
Zr-NP that ranged from 39.3% to 89.3% depending on the 
calcination temperature used. These results demonstrate 
that the percentage of amorphous material obtained by the 
green route used is very similar to other synthesis processes 
described in the literature. In general, the green synthesis route 
used in this work proved to be quite satisfactory, originating 
cubic Zr-NP with a crystalline percentage greater than 50% 
and average dimensions below 10 nm.

3.2. Characterization of LDPE with different Zr-
NP concentrations

3.2.1. Fourier transform infrared spectroscopy (FTIR) 
of the polymer

The FTIR spectra of the films obtained by the solubilization 
process showed typical transmittance bands at 2900 cm-1 and 
2800 cm-1 (CH2), 1450 cm-1 (CH) and 710 cm-1 (CH2), 
characteristic of low-density polyethylene47. The presence of 
Zr-NP in the sample could not be observed in the spectrogram 
due to the low percentages incorporated51. The spectra are 
presented in Figure 5 and did not show significant changes 
that prove changes in the polymeric structure caused by the 
presence of Zr-NP.

•	 Field Emission Gun – Scanning Electron Microscope 
(FEG-SEM):

LDPE films produced by solubilization with 3 wt% 
and 6 wt% Zr-NP were analyzed with scanning electron 

microscopy (SEM-FEG). Figure  6  (a) shows the LDPE 
surfaces without significant clusters in the polymer matrix. 
Figure 6 (b) demonstrates that LDPE with 6% Zr-NP has 

Figure 1. Scanning electron microscopy (SEM) images of zirconia particles after calcination. (a) clusters of particles at 50x magnification, 
highlighting region “1” analyzed by EDS. (b) surface of a cluster at 900x magnification highlighting point “1” analyzed by EDS.

Figure 2. (a) Micrograph obtained with transmission electron microscopy 
(TEM) for the zirconia compound after the calcination process. (b) 
Particle size distribution obtained from TEM image analyses.
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a greater number of clusters in the LDPE matrix, and the 
Figure 6 (c) shows an image with greater magnification and 
highlighting the voids observed on the surface (R1).

SEM-FEG images obtained from a cross section at the 
sample edge of an LDPE film containing 1 wt% Zr-NP 
confirm the presence of clusters consisting of Zr-NP and 
distributed in the polymer matrix (Figure 7 a). Figure 7 (b) 
shows, at 30,000x magnification, the presence of clusters with 
varying dimensions, between 50 nm and 3 µm, distributed 
throughout the polymer matrix. A higher magnification of 
this region can be observed in Figure 7 (c), which shows a 
cluster of the R2 region with magnifications of 200,000x, 
showing the presence of multiple Zr-NP particles in its 
structure. It is notorious that there is no good physical 
interaction between the clusters and the polymer matrix, 
because there are no indicators of coating (or involvement) 
of these particles by the polymeric matrix. The increase in 
the number of clusters present in the samples was expected 
along with the increase in the Zr-NP concentration of the 

sample. This increase is caused by the addition of a greater 
number of clusters resulting from the poor deagglomeration 
of the material before incorporation, or due to the difficulty 
in dispersing the Zr-NP in the LDPE due to the chemical 
incompatibility of the species and the small size of the 
particles obtained11,12. This incompatibility, together with 
the large amount of clusters present, caused many voids on 
the surface. Its occurrence is always observed in regions 
close to the cluster. The micrograph of LDPE with 3% Zr-
NP showed the formation of smaller and lower frequency 
clusters. In the region observed, this sample did not present 
a void on the surface. These results show that the maximum 
concentration of Zr-NP should be 3 wt%, as greater additions 
can lead to the formation of voids in the LDPE matrix as 
observed for 6 wt% Zr-NP. Difficulty in dispersion and 
formation of void on the surface was also observed by 
Kumar et al.11 by dispersing Zr-NP in an LLDPE/LDPE/
PLA/MA-g-PE polymeric matrix. In their study, it was 
observed that the concentration of 2% Zr-NP resulted in the 
occurrence of these voids in the polymer matrix.

3.2.2. Differential scanning calorimetry (DSC)
LDPE films containing different percentages of Zr-NP 

were subjected to thermal analysis with DSC. The analyses 
were performed with two subsequent thermal cycles of heating 
and cooling, with a heating rate of 10 ºC/min and a cooling 
rate of 5 ºC/min. The thermograms are shown in Figure 8 and 
demonstrate that the energies involved in the fusion and 
crystallization of LDPE are affected by the concentration of 
Zr-NP, with the addition of this increasing the energy involved 
in the processes. It can be noted that for both phenomena 
the biggest difference occurs between the sample with 0% 
and 1% Zr-NP where the fusion and crystallization energy 
undergo a large variation. The thermograms also show an 
increase in crystallization and melting temperatures when 
adding Zr-NP to LDPE.

Table 2 shows the mean values of the melting temperature 
(Tm) and crystallization (Tc). The Tukey test demonstrates that the 
values of crystallization and melting temperature are significantly 
modified with the addition of Zr-NP. Both temperatures 

Figure 3. X-ray diffractogram of nanoparticles. Highlighted are the 
peaks related to the occurrence of Zr-NP and its crystallographic planes.

Figure 4. FTIR spectrum of Zr-NP. Highlighting region “1” 
characterized by the presence of Zr-NP.

Figure 5. FTIR spectrum of LDPE with different concentrations 
of Zr-NP made by solubilization.
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increase with increasing Zr-NP percentage. The average initial 
crystallization temperature of pure LPDE is 101.4 ºC, and with 
the addition of Zr-NP it is possible to obtain average values of 
103.25 ºC with 6 wt%, an increase of 1.8%. The same occurs 
with the average crystallization temperature. Pure LDPE has 

a value of 98.07 ºC, which rises to 99.29 ºC with the addition 
of 6% Zr-NP, an increase of 1.2%. Figure 9 shows the average 
Tc temperature values for the different samples.

The increase in Tc observed by the addition of Zr-
NP is small but are still relevant due to the technological 

Figure 6. Surface micrograph obtained by SEM-FEG showing the dispersion of nano zirconia in the polymer matrix and the formation 
of clusters and voids. a) 3 wt% Zr-NP and 1000x magnification; b) 6 wt% Zr-NP and 1600x magnification; C) 6 wt% Zr-NP and 6000x 
magnification highlight (R1) voids formed in the vicinity of large clusters.

Table 2. Means and standard deviation of Onset crystallization temperature, crystallization temperature and melting temperature for 
different concentrations of Zr-NP.

Zr-NP
Tc

OnSet (oC) Tc (
oC) Tm (oC)

Mean S.D. Mean S.D. Mean S.D.

00% 101.40 0.00303 98.07 0.09449 110.10 0.09912

01% 102.57 0.11676 98.82 0.1247 111.66 0.41777

02% 102.72 0.1344 98.91 0.09569 111.45 0.28936

03% 102.85 0.07988 98.99 0.06812 111.68 0.23189

04% 103.14 0.09507 99.11 0.03598 111.56 0.20573

05% 103.16 0.09482 99.11 0.11126 112.01 0.30524

06% 103.25 0.08001 99.29 0.01054 111.69 0.07968
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importance of this parameter. It is observed that the addition 
of 1.5 wt% nano silver causes an increase of only 0.07 oC 
in the Tc of LDPE52, while sorbitol causes a reduction of 
approximately 0.07 oC53. These values ​​are better than those 
observed in this work.

The melting temperatures determined from the thermograms 
of the second heating cycle also changed significantly with 
the addition of Zr-NP to LDPE. The Tukey test showed that 
there was a significant variation in Tm for the concentration 
of 1 wt% of Zr-NP. Pure LDPE presented a mean value of 
110.10 ºC and with the addition of 1 wt% of Zr-NP a mean 
value of 111.7 ºC, a statistically significant increase of 1.4%. 
Figure 10 shows the mean Tm values as a function of the 
percentage of Zr-NP in the LDPE.

3.2.3. Degree of crystallinity
The degree of crystallinity (Xc) of the pure LDPE films 

and with different concentrations of Zr-NP were calculated 
from the fusion enthalpy obtained from the DSC thermograms 
of the second heating with Eq. 1. The degree of crystallinity 
of films with different concentrations of Zr-NP produced 
by thermomechanical forming and cooled in water were 
determined by XRD. Their mean values are shown in 
Table 3 and Figure 11.

The addition of just 1 wt% of Zr-NP causes an increase in 
Xc from 23.7% to 56.39%, an increase of ~137%. Additions 
of 5 wt% cause small change, however the addition of 6% 
caused a significantly reduction in the crystallinity of LDPE. 
The reduction of Xc is possibly because of the reduction of 
the mobility of the polymer chains during the solidification 
process. The presence of a greater number of clusters observed 
by microscopy at a concentration of 6 wt% of Zr-NP may 
be one of the possible causes11,54,55.

The Figure 12 presents the XRD spectra of the thermally 
formed and water-cooled LDPE samples. The diffractograms 
show intensity peaks of 21.8 2theta and 23.46 2theta which 
correspond respectively to the (110) and (200) planes of the 
orthorhombic crystalline form of LDPE48. Another peak close to 
30 2theta referring to the (111) plane of Zr-NP can be observed 
mainly in samples with higher concentrations of Zr-NP.

The degree of crystallinity of LDPE was determined by 
analyzing the XRD diffractogram using Eq. 2. The results 

showed that the addition of 1 wt% of Zr-NP causes an 
increase in the degree of crystallinity of LDPE from 21% to 
31%, an increase of 47%. Larger additions of Zr-NP did not 

Figure 7. Images obtained from a cross section at the edge of the sample of a LDPE film containing 1% by weight of Zr-NP with: a) magnification 
of 500; b) magnification of 30,000 highlighting the clusters; c) magnification of 200,000 highlighting the morphology of the cluster.

Figure 8. DSC thermograms for LDPE samples with different 
percentages of Zr-NP in the heating and cooling of the second 
thermal cycle.

Figure 9. Means crystallization temperatures of LDPE with different 
concentrations of Zr-NP. highlighting increase in Tc between the 
pure sample and the sample with 1 wt% Zr-NP.
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cause a significant difference in the degree of crystallinity. 
The confidence intervals (95%) of Xc

XRD were determined 

between the limits of 24.99% and 31.51%. When analyzing 
the data, there is a significant increase in the degree of 
crystallinity of LDPE when adding Zr-NP. Due to thermal 
conformation followed by rapid cooling in water, the thermal 
history of the material analyzed by DSC is different from 
that analyzed by XRD. For this reason, the results cannot 
be directly compared.

Several studies involving the addition of Zr-NP in polymeric 
matrices report alterations in the thermal transitions of the 
polymeric matrices studied. Kumar et al.11 observed that the 
addition of 1.5 wt% Zr-NP in a blend of LLDPE/LDPE/PLA/
MA-g-PE caused a 1.8% increase in Tm. In this same study, 
changes were observed in the mechanical properties of tensile, 
modulus of elasticity and Haze, these effects are like those 
caused by the increase in the degree of crystallinity of the 
matrix. Changes in the Tg of polymeric matrices due to the 
addition of Zr-NP is also reported in the literature. Amrishraj and 
Senthilvelan33 reported a 5% increase in ABS Tg temperature 
after the addition of 3 wt% nano-zirconia. Similar effect has 
also been reported for PMMA40 and epoxy56. Although the 
studies cited do not aim to evaluate the nucleating effect of 
Zr-NP, the effects reported in the literature were consistent 
with those observed in the present study for LDPE, where an 

Table 3. Means and standard deviation of the degree of crystallinity of LDPE with different concentrations of Zr-NP.

Zr-NP
ΔHc ΔHm Xc Xc

XRD

J.g-1 S.D J.g-1 S.D Mean (%) S.D. (%)

00% 9.63 2.34 68.50 2.64 23.70 0.53 21.13

01% 33.69 6.42 162.97 3.38 56.39 0.68 31.53

02% 24.88 2.62 163.20 8.79 56.47 1.76 30.79

03% 31.11 2.25 172.39 8.89 59.64 1.78 27.95

04% 30.34 2.40 164.64 4.41 56.96 0.88 30.75

05% 37.22 4.93 182.28 2.29 63.06 0.46 27.87

06% 28.80 1.47 143.23 2.39 49.55 0.48 27.77

Figure 10. Means melting temperatures of LDPE with different 
concentrations of Zr-NP. Highlighting the increase in Tm between 
the pure sample and the sample with 1 wt% Zr-NP.

Figure 11. Degree of crystallinity of LDPE based on the melting 
enthalpy observed in the DSC thermograms obtained in the second 
heating cycle for pure LDPE, and the degree of crystallinity of 
LDPE determined by XRD.

Figure 12. XRD diffraction of the LDPE film cooled in water with 
different concentrations of Zr-NP.
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increase in Tm, Tc and the degree of crystallinity caused by 
the addition of small concentrations of Zr-NP was observed.

3.2.4. Relative crystallinity
Relative crystallinity was determined for pure LDPE 

and LDPE containing different percentages of Zr-NP and 
the results are presented in Figure 13. The results show that 
there is a small decrease in the time needed to reach 80% 
for the sample with 1% of Zr-NP. However, the pure sample 
crystallize faster for all other conditions studied.

3.2.5. Crystallization half-time (t1/2)
The time required to obtain 50% of the total crystallinity 

of the sample (t1/2) was determined and presented in Figure 14. 
There is a trend of t1/2 to increase with increasing concentration 
up to a level of 5%. The condition with 6 wt% nanoparticles 
is an exception. In general, the addition of Zr-NP promotes 
an increase in the time required for the development of the 
crystallinity of the sample.

The increase in t1/2 is an important indicator of changes 
in crystallization kinetics57. The increase in the time required 
to crystallize the material observed is an indication of a 
possible reduction in the crystallization kinetics by the 
addition of Zr-NP up to a percentage limit, in this case up 
to 6 wt%. Below this percentage limit, the results indicate 
that Zr-NP induce the nucleation process of the crystalline 
phases to higher temperatures in the cooling process and, 
at the same time, increase the t1/2. The longer crystallization 
time can favor the growth of crystals, causing an increase 
in the degree of crystallinity of the polymer. However, for 
percentage values above 5 wt% the presence of clusters and 
voids in the polymer matrix provides antagonistic effects to 
the crystallization processes.

Considering that the addition of Zr-NP provides important 
effects on crystallization kinetics, relating parameters of 
the cooling process with the development of crystallinity 

can provide important information about the crystallization 
mechanisms of LDPE when combined with nanoparticles. 
An important parameter is the time required for complete 
crystallization of LDPE (crystallization time) as a function 
of Zr-NP concentration.

3.2.6. Total crystallization time (Tt)
The total crystallization time (Tt) can be determined 

from the DSC thermograms of the samples containing 
different concentrations of Zr-NP (Table  4). The results 
indicate that the Tt of LDPE increases with the increase of 
the percentages of Zr-NP. It is observed that the time to the 
beginning of the nucleation process of the crystallization 
phase (tc

Onset) reduces, while the time to the completion of 
the crystallization process (tc

Offset) is not affected. This effect 
increases the time for the complete crystallization process 

Figure 13. Non-isothermal crystallization curves for different Zr-NP concentrations. a) Comparison of the evolution of crystallinity for 
samples 00, 01 and 02; b) Comparison of the evolution of crystallinity for samples 00, 03, 04, 05 and 06.

Figure 14. Mean time for LDPE to obtain 50% of its total crystallization 
(t1/2) for different concentrations of Zr-NP.
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and promotes an increase in the degree of crystallinity. At the 
same time, it corroborates the hypothesis that Zr-NP acts as 
a nucleation agent, as they provide the nucleation process 
in shorter cooling times.

It is notorious that the degree of crystallinity of LDPE 
is positively affected by Zr-NP, up to the percentage limit 
of 5 wt%. This effect is possibly due to the reduction in the 
time of initiation of the nucleation process and the kinetic 
changes indicated by the increase to t1/2. These effects 
corroborate the capacity of Zr-NP LDPE as a nucleating 
agent. Figure 15 shows the relationship between the degree of 
crystallinity (Xc) and “the total time for crystallization” (Tt) 
for the different Zr-NP concentrations in LDPE. The results 
show a strong correlation between the time of complete 
crystallization of LDPE and the degree of crystallinity of 
the polymer as a function of Zr-NP concentration.

It is notorious that the addition of Zr-NP provides 
increased time for complete crystallization. With the addition 
of 3 wt% of Zr-NP the time for total crystallization of LDPE is 
111.00 seconds, an increase of 30.59% compared to the pure 
sample. With this percentage of Zr-NP, LDPE acquires the 
highest degree of crystallinity, of 0.48, an increase of 140.00% 
in relation to pure LDPE. These results prove that zirconia 
(Zr-NP) nanoparticles act as nucleating agents of LDPE.

4. Conclusion
The results show strong evidence that zirconia 

nanoparticles (Zr-NP) act as a nucleating agent for low-
density polyethylene (LDPE), providing greater degrees of 
crystallinity together with an increase in the crystallization 
temperature. The addition of small percentages of Zr-NP 
(1 wt%) makes the time to the complete crystallization 
process greater, indicating a possible significant change in 
crystallization kinetics.

With the increase in the percentage, these effects 
are significantly positive, indicating that it is possible 
to incorporate percentages between 1 wt% and 5 wt% 
of Zr-NP and obtain the effect of a nucleating agent. 
For concentrations above 6 wt% of Zr-NP, the nucleating 
agent action is reduced. This effect is possibly correlated to 
the reduction in the mobility of the polymer chains during 
the solidification process and the presence of a greater 
number of Zr-NP clusters.

In general, the results show that Zr-NP can be treated as 
nucleating agents of LDPE and point to a possible and promising 
nucleating additive for the polymer processing industry.
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