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ABSTRACT 

 
Titania nanoparticles were prepared by both hydrolysis 

of tetraethoxy titanium and hydrothermal crystallisation. 
Nanoparticles were also surface modified with alkylsilanes 
in order to improve the compatibility with organic 
polymers. HDPE/TiO2 composites were prepared by melt 
mixing and were mechanically characterized. The presence 
of titania nanoparticles (1%vol) led to a significant increase 
of elastic modulus together with a slight increase of yield 
stress and a decrease of ultimate elongation. An interesting 
decrease of creep compliance for both elastic and 
viscoelastic components was also evidenced.  
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1 INTRODUCTION 
 
Recently, organic–inorganic nanocomposites are in the 

spotlight as a promising class of materials because of their 
advantages and unique properties synergistically derived 
from nano-scale structure. These nanocomposites exhibit 
improved mechanical properties, low thermal expansion 
coefficient, high barrier properties, flame retardancy, and 
swelling resistance [1-5]. Further, these benefits can be 
achieved even at very low concentration in comparison to 
conventional polymer composites. Sometimes, they possess 
the transparent properties presumably attributable to the 
nanoscale phenomena of the hybrids [6]. The control of the 
structures and properties of nanocomposites seems to 
originate from the nanoparticles characteristic and in 
particular from their unusually large specific surface area.  

High density polyethylene (HDPE) is among the most 
widely used polyolefins because of its high strength, cheap 
cost, excellent processability, and high chemical resistance 
even if it is characterized by a relatively poor creep 
resistance. So far, only limited attempts to improve the 
creep behavior of HDPE by nanofillers were reported, and 
all of them are focused on the use of organo-clays [7-10].  

In the present paper, titania nanoparticles were 
prepared, characterized and used as reinforcing agents for 
high density polyethylene (HDPE). The mechanical 

properties of the resulting nanocomposites were 
investigated with particular attention to creep resistance. 
 

2 EXPERIMENTAL SECTION 
 

2.1 Preparation of titania powders 

Titania (TiO2) particles were prepared by different 
chemical routes, in order to obtain different morphologies 
and grain size, whose influence on the mechanical 
properties of the composites was evaluated. Monodispersed 
spherical particles were usually prepared in a 500 ml 
reactor by controlled hydrolysis at room temperature of 
8x10-3 mol of tetraethoxy titanium (TEOT, Sigma-Aldrich, 
Italy) in ethanol (100 ml) adding a 0.1M water solution of 
KCl to control the particle stability [11]. Two different 
grain size distributions were obtained by changing the salt 
concentration, through addition of 0.4 (A-TiO2) or 0.7 ml 
(B-TiO2) of KCl solution, respectively. The obtained 
suspensions were left at room temperature for 240 min. A 
different particles morphology (C-TiO2) was realised by 
forced hydrolysis in hydrothermal condition starting from a 
0.5 M solution of TiOCl2 with the employment of a 
microwave thermal treatment [12-13]. After the synthesis 
reactions, the obtained suspensions, which present a pH 
ranging from 0.9 to 1, were repeatedly washed with 
bidistillated H2O to eliminate chloride ions, and 
successively with NaOH 0.1 N to neutralize the excess of 
acidity. Finally, in all cases, the suspensions were washed 
by repeating centrifugation (4000 rpm for 20min) and then 
dried in vacuum a 110°C for 24 h. The surface modification 
of TiO2 nanoparticles was performed as follows. TiO2 
powders (0.5 g) were placed in a gaschromatograph vial 
and dried overnight at 120°C in an oven. Ten millilitres of a 
solution of octadecylsilane (CH3(CH2)17SiH3, Sigma-
Aldrich, Italy) in toluene were injected into the vial using a 
syringe (the solutions contained 25 mmol of modifier per 
square meter of the TiO2 surface area) [16]. The reaction 
vessels were left at room temperature for 240h. The 
obtained samples were subsequently centrifuged with 
reagent grade toluene and acetone in order to remove any 
possible trace of unreacted silane, and then vacuum dried at 
110°C over 24 h. 
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2.2 Composites preparation 

Composites were prepared by melt mixing using a 
PolyLab Rheomix R600 internal mixer (Thermo Haake 
GmbH, Germany) equipped with a torque rheometer. 
Lupolen 5031 L Q 449 (Basell Polyolefins, Italy) having 
density of 0.952 g·cm3, melting temperature of 131°C, Melt 
Flow Rate of 6.5 g/10min at 190°C, 2.16 kg and in the form 
of fine powders was selected as HDPE matrix. Both HDPE 
and titania particles were dried at 110°C under static 
vacuum overnight before melt mixing. HDPE (about 40 g) 
and titania particles (1 vol%) were charged in the internal 
mixer chamber and dispersed at a temperature of 155°C and  
rotors speed of 60 rpm. The mixing time was kept equal to 
10 min for all samples. After melt mixing, sheets having 
dimensions of 100×100×1.5 mm3 were compression 
moulded by using a hot-plate press (Carver Inc., IN, USA) 
operating at a temperature of 155°C. 
 
2.3 Particles and composites characterization 

The synthesized titania nanoparticles were analyzed 
with a conventional Bragg-Brentano diffractometer using 
the Ni-filtered CuKα monochromatic radiation (λ = 1.5418 
Å) (PW3710 Philips). The X-ray diffraction (XRD) patterns 
were collected at room temperature in a 2θ range of 20-80°, 
with a scanning rate of 0.005°/s and a step size of 0.02°. 
The quantitative analysis was performed by the combined 
Rietveld-R.I.R. (Reference Intensity Ratio) method. A 10 
wt% of corundum (NIST SRM 674a annealed at 1500°C for 
1d to increase the crystallinity to 100 wt%) was added as 
internal standard. Data were recorded in the 5-140° 2θ 
range (step size 0.02° and 6 s counting time for each step). 
The phase fractions extracted by the Rietveld-R.I.R. 
refinements, using GSAS and EXPGUI [14-15], were 
rescaled on the basis of the absolute weight of corundum 
originally added to the mixtures as an internal standard, and 
therefore internally renormalized. Particle morphology was 
examined by transmission electron microscopy, JEM 2010 
TEM (Jeol, Japan). To estimate the particle size 
distribution, image analysis was carried on TEM 
micrographs by using Image Pro Plus 4.5.1 software 
equipped with the module Materials Pro. To determine the 
efficiency of the surface treatment, elemental analyses were 
carried out on a Carlo Erba EA 1110 apparatus (Carlo Erba, 
Italy) to determine the carbon content of modified particles. 
Fourier Transform Infrared spectroscopy (FT-IR analysis) 
was performed in the attenuated total reflectance mode with 
an Avatar 330 spectrometer (Thermo Nicolet, Germany). In 
order to correlate the rheology (melt viscosity) of the 
composite with particles size and type, during melt mixing 
of HDPE and titania particles the torque was recorded as a 
function of mixing time by Lab Rheomix R600 Internal 
Mixer (Thermo Haake). 

All the mechanical tests were conducted with an 
electromechanical Instron 4502 universal tensile testing 
machine equipped with a 1 kN load cell. The tensile 

modulus was determined at a crosshead speed of 0.25 
mm/min by using a clip-gage extensometer. Due to the 
large strain involved, the yield and fracture parameters were 
evaluated at a higher crosshead speed of 50 mm/min, 
without the extensometer. Creep tests were conducted on 
rectangular strips (length 100 mm, gage length 60 mm) 
punch-cut from the compression moulded sheets, in order to 
avoid problems in determining the actual sample gage 
length, and the deformation was then evaluated by 
monitoring the crosshead displacement. After a loading 
ramp at a cross-head speed of 25 mm/min, a constant 
nominal stress of 10 MPa was applied for 1 hour. Due to 
the high temperature sensitivity of the creep compliance, 
the creep tests were carried out at a constant temperature of 
30 °C in a thermostatic chamber. In order to model the 
creep behaviour of the samples three models were 
considered to fit the experimental data. The Burgers model 
is constituted by a combination of Kelvin and Maxwell 
units in series, the expression of the creep compliance is 
reported in equation (1) 

 
  

                                              (1) 
 

       where EM,EK are the elastic components of Kelvin and 
Maxwell model, while ηM and ηK are the viscous ones. In 
literature there are some empirical equations for the creep 
modelling. Creep compliance data can be fitted by using the 
Findley power law equation, reported in equation (2) 
 

                                               (2) 
 
       where n is a constant independent of the stress, De is 
the time independent creep compliance  and k is the 
coefficient of the time-dependent term. Another frequently 
used empirical model is based on the Kohlraush-Williams-
Watts (KWW) equation, whose expression is reported in 
equation (3). 
 

                                                   (3) 
 
      where De is the elastic time independent compliance, Dc 
represents a limiting creep compliance, ηc is the retardation 
time and βc is a shape parameter. 
 

3 RESULTS AND DISCUSSION 
 
    XRD patterns (here not reported) showed that, as 

expected, the sol-gel powders were characterized by an 
amorphous structure while the hydrothermal crystallized 
titania was mainly composed of rutile phase with a minor 
amount of anatase. The quantitative analysis of the 
powders, performed by Rietveld-R.I.R. analysis to 
determine the relative percentage, was reported in Table 1. 
TEM micrographs revealed that titania particles synthesized 
by sol-gel method were characterized by a spherical shape 
and narrow grain size (150±10 nm and 350±20 nm). 
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Smaller particle sizes were obtained by introducing an 
higher concentration of potassium salt according to the 
results already reported in literature [11]. Regarding the 
hydrothermally crystallized powders the analysis shows 
that primary nanocrystals (average dimension 30±5 nm) are 
constituted of faced crystals connected tightly to one 
another.  
 

Phases % MH Titania 
Rutile 79.5(1) 
Anatase 5.1(1) 
Amorphous 15.3(1) 
Total 99.9 
χ2 2.33 
Rwp 0.038 
Rp 0.027 

 
Table 1: Phase composition (%) and standard Rietveld 

agreement factors obtained for the M-H titania 
 

The elemental analysis (Table 2) carried out on sol-gel 
particles showed a significantly high carbon and hydrogen 
content. These residual presences can be attributed to an 
incomplete sol-gel reaction of the titania precursor TEOT. 
The significant increase in these values in the modified 
particles is an indication of the effectiveness of the surface 
modification treatment. As a further support, ATR-IR 
spectra of the surface modified titania samples recorded in 
the region of CH2 vibration, that can be used to investigate 
the interaction between titania and CH3(CH2)17SiH3 [16], 
showed a significant shift of the peaks with respect to pure  
CH3(CH2)17SiH3, consistently with the attachment of 
octadecylsiloxy groups on titania surface as self-assembled 
monolayer (Table 2). 

 
Particles C% H% Wavenumber (cm-1) 
A-TiO2 6.7 2.8 / / 
A-TiO2-M 9.5 3.3 2921.0 2851.1 
B-TiO2 9.8 3.4 / / 
B-TiO2-M 12.2 3.6 2919.8 2851.0 
C-TiO2 / / / / 
C-TiO2-M 7.3 1.8 2916.4 2848.8 
CH3(CH2)17SiH3 n.d. n.d. 2914.6 2847.4 
 
Table 2: Elemental analysis and wavenumbers in CH2 
vibration region of the synthesized powders 

 
The expected improvement in mechanical properties of 

composites is usually accompanied by a change in 
rheological behaviour and in particular an increase in melt 
viscosity. The torque measured after 10 minutes of melt 
mixing increases from 4.4 N·m for pure HDPE to 4.6-4.7 
for polymer filled with unmodified particles (A-TiO2 and 
B-TiO2) and to 5.0-5.3 for polymer filled with surface 
modified particles (A-TiO2-M and B-TiO2-M). With the 
exception of the system HDPE/C-TiO2-M, which showed 
an unexpected decrease of the final torque (4.3 N·m), all the 

composites exhibited an increased melt viscosity due to the 
presence of a rigid filler as expected for filled polymer 
melts [17]. It is interesting to note that, regarding the sol-
gel particles, an higher melt viscosity was always obtained 
in the case of surface modified particles with respect to the 
unmodified ones and this can be considered as a 
preliminary indication of an improved good interaction at 
the interface between polymer melt and surface modified 
reinforcement. 

The results of the tensile tests are reported in Table 3. It 
is interesting to note that the addition of titania 
nanoparticles, even if at the very low content of 1 vol%, is 
generally improving the elastic modulus of the HDPE 
matrix. For the type A nanoparticles (average diameter 350 
nm) the modulus is increased by a similar amount 
regardless the particle surface treatment. On the other hand, 
for the type B nanoparticles (average diameter 150 nm) the 
modulus variation is more pronounced when the particles 
are silane surface treated. The most pronounced stiffening 
effect is observed for the M-TiO2-C filled nanocomposite, 
for which an elastic modulus increase of 24% was 
registered. The presence of the titania nanoparticles also 
markedly affects the yield and fracture behaviour of the 
HDPE matrix. It is quite evident that the addition of titania 
nanoparticles slightly improves the yield strength and 
dramatically reduces the strain at break values.  
 

Material code E  
(MPa) 

σy  
(MPa) 

εb  
(%) 

HDPE 887 ± 7 26.3 ± 0.2 395 ± 59 
A-TiO2 1036 ± 19 27.4 ± 0.6 30 ± 11 

A-TiO2-M 1022 ± 54 27.8 ± 0.5 74 ± 32 

B-TiO2 927 ± 52 27.2 ± 0.9 40 ± 9 

B-TiO2-M 1064 ± 47 26.4 ± 0.7 17 ± 2 

C-TiO2-M 1100 ± 42 26.4 ± 0.2 45 ± 40 
 

Table 3: Quasi static mechanical properties of HDPE –TiO2 
nanocomposites 

      
Creep compliance components, evaluated at 2000 s, are 

reported in Table 4. Titania nanoparticles markedly reduces 
the creep compliance of the HDPE matrix. For both type A 
and type B particles, a more pronounced creep reduction is 
obtained when unsilanized particles are used. It is 
interesting to note that both elastic and viscoleastic creep 
compliance components are reduced by the presence of 
titania nanoparticles, being the type B (smaller diameters) 
nanoparticles slightly more efficient than type A. 
Representative fitting curves, referred to HDPE sample, are 
reported in Figure 1.  

It is evident that the Burgers model is not suitable to 
adequately fit the creep data (R2=0.9), while Findley model 
(R2=0.997) and KWW model (R2=0.999) are very effective 
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in order to model creep behaviour of the samples. Fitting 
parameters of the KWW model are summarized in Table 5. 
It is evident that the reduction of the creep compliance due 
to the nanoparticles is due to a strong enhancement of the 
characteristic time ηc and to a reduction of the shape 
parameter βc.  
 

Material  
code 

D 
(t=2000s) 
(GPa-1) 

De 
(GPa-1) 

Dve (t=2000s) 
(GPa-1) 

HDPE 5.434 1.558 3.876 
A-TiO2 4.743 1.487 3.256 

A-TiO2-M 5.068 1.473 3.595 
B-TiO2 4.738 1.322 3.416 

B-TiO2-M 4.824 1.404 3.420 
C-TiO2-M 5.203 1.442 3.761 
 

Table 4: creep components of HDPE -TiO2 nanocomposites 
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Figure 1: representative experimental and fitted curves for 

HDPE sample 
 

Material 
code 

De 
(GPa-1) 

Dc 
(GPa-1) 

ηc  
(s) βc 

HDPE 1.558 8.208 5882 0.400 

A- TiO2 1.487 7.052 7143 0.363 

A-TiO2-M 1.473 13.272 50000 0.342 

B-TiO2 1.322 12.388 100000 0.316 

B-TiO2-M 1.404 8.456 12500 0.367 

C-TiO2-M 1.442 8.898 10000 0.372 
 

Table 5: creep components of HDPE -TiO2 nanocomposites 
according to KWW model 

 
4 CONCLUSIONS 

 
In this work, submicron titania particles with different 

particle size, shape, and morphology were easily prepared 
by controlled hydrolysis of tetraethoxy titanium or by 
microwave-assisted hydrothermal crystallization of TiOCl2. 

Titania particles were successfully surface modified with 
octadecylsilane in order to improve their compatibility with 
respect to HDPE matrices. The incorporation of 1 vol% 
titania nanoparticles into HDPE led to the formation of 
composite materials with improved elastic modulus and 
yield stress, together with a dramatic reduction of the strain 
at break. A marked reduction of the creep compliance was 
noted for all HDPE/titania composites with respect to the 
pure HDPE, followed by a strong  enhancement of 
characteristic time and a reduction of the shape parameter 
in the KWW model.  
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