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The paper concerns the mechanical properties of the high density polyethylene (HDPE) with the copper-containing SBA-15 silica
filler.The considered filler is the SBA-15mesoporous silica containing copper ions bounded inside channels via propyl-phosphonate
anchoring groups. With its help, we can impart the biocidal properties to this plastic. Research covered mechanical properties,
thermal analysis, colour, shine, and nanomolecular structure. Dynamical properties of the samples like modulus 𝐸 changes and
mechanical core loss angle tangent 𝑡𝑔𝛿 versus temperature and vibration frequency were tested using DMTA method. Level of
crystallinity was tested using DSC method while their structure was observed with going through light by optical microscope.
Hardness and toughness of obtained samples were also defined. Colour and shine changes of the samples were observed for PE-
HD with filler contents 0.5% and 1%. Modulus value changes versus temperature and frequency were notified for the samples with
modifier. There were no differences in modulus changes versus temperature for samples with and without filler and frequencies
1 and 10Hz. It was detected that melting enthalpy of the samples with the modifier decreases. Moreover, some influence of the
samples with filler on colour and shine was observed.

1. Introduction

Functional materials have become very promising since 90s
of XX century, mainly due to their programmable properties.
Among the functional materials significant are species based
on SBA-15mesoporous silica [1, 2], which can find application
as drug/gene delivery systems [3, 4], biosensors [5], in sepa-
ration, recycling, catalysis [6, 7], or electronics [8, 9]. Silica-
based nanomaterials can be used in their pure form, as coats
or as plastics’modifiers. Using thesematerials in this last form
significantly extends their application area.

The great example of functional material can be SBA-15
mesoporous silica modified by copper ions anchored inside
pores via propyl-phosphonate units [10]. These species are
considered in the paper. As it is commonly known, copper has
strong biocidal properties [11]. Such properties are enhanced
with decreasing dimensions of the copper grains. To our
knowledge, nowadays, the smallest nanoparticles of copper

have at least 150 of atoms [12], but those used commercially
have over 100 times higher number of atoms in one grain.
In our previous works [10, 13], we have proposed limiting
dispersion of copper inside material: separate copper ions are
homogenously distributed inside silica matrix.

The material containing copper ions dispersed in the
silica matrix has been investigated paying special attention to
its antimicrobial properties [13]. As it was shown, thematerial
reveals comparable biocidal properties, as commercially used
solution of nanocopper. Additionally, its advantage is that the
copper is bounded to silica matrix, so when used for coating,
the heavy metals environment contamination is limited.
Another benefit of such a form is a possibility of using it as
simple fillers for plastics. For this implementation, the SBA-15
mesoporous silica containing anchoring copper ions appears
to be ideal. Presumably, adding this copper-containing mate-
rial to selected plastics makes them biocidal.This property of
the material will be tested later. Modification process of
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plastics by adding fillers seems to be relatively simple; it is
sufficient to add considered filler into the plastic duringmelt-
ing process. Nevertheless, fillers can modify also mechanical
properties of plastics, which can transfer to their commercial
use constraints. In the paper, we present the influence of
the copper-containing SBA-15 silica filler on the mechanical
properties of the high density polyethylene (HDPE).

The features of modified material depend on structural
factors of polymer as well as added modifier. The struc-
tural factors are mainly molecular weight, macromolecular
chemical structure, physical layout of a chain, crystallinity,
and molecular orientation while conditions of use are tem-
perature, load time, pressure, strain type, and so on [14–
19]. Estimation of possible feature changes of these materi-
als with added modifiers plays important role in polymer
materials composition. Technical and economical usability
of polymer materials depends on their required stiffness
and strength to fulfil durability condition. Typically obtained
mechanical characteristics when material is statically loaded,
stretched, compressed, or twisted are not sufficient to pre-
dict its behaviour in extreme condition of usage and long
exploitation time. Selection of research methods that enable
prediction of material viscoelastic features change with the
time, based on experimental data, is still an open problem.
As tested materials are viscoelastic, all factors related to
their physicomechanical features deeply depend on time and
temperature. So applied research methods must consider
these dependencies. One of thesemethods is thermal analysis
of mechanical features dynamics (DMTA). It is used to
measure the relaxation modules versus time with constant
temperature and as a function of load change frequency and
temperature [16, 19–22]. Mechanical characteristics obtained
for statical load at room temperature are not adequate to esti-
mate material’s features in any other conditions of usage [16,
19–22].The way to recognise all properties of tested materials
and estimate their behaviour in predicted usage conditions
is to obtain for them viscoelastic functions that contain all
required thermal and time dependencies. Sinusoidal way
of loading applied for tests is similar to load schemes in
practice.Thermal analysis ofmechanical properties dynamics
(DMTA) is one of the common schemes to evaluate changes
in polymer materials for wide temperature range and load
frequency variation. As an effect of this analysis, we get
process of dynamic Young modules changes and mechanical
core loss angle tangent modification. Being familiar with
these dependencies allows us to find relationship between
molecular parameters and mechanical properties of polymer
materials [16, 19–22]. In the paper, we presented the following
properties of created materials: mechanical dynamics, ther-
mal properties, shine, and structure.

2. Materials and Methods

For test, we used polyethylene Hostalen GC 7260, manu-
factured by Lyondell and Basell, with 0.5% and 1% filler
of mesoporous SBA-15 silica containing propyl-phosphonate
units activated by copper ions in the form of powder. The
filler was prepared according to the procedure described in
[10]. To obtain composite, we mechanically stirred polymer
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Figure 1: The scheme of the device for the three-point bending of
sample.

withmodifier andmade it more flexible with a help of a screw
extruder. Then, the material was granulated. We applied the
following parameters of the composite extrusion:

(i) Screw rotational speed 250mm/s.
(ii) Nozzle temperature 200∘C.

The abovementioned procedure was applied for both PE-
HD + 0.5% weight of modifier and PE-HD + 1% weight of
modifier. Samples were obtained on the extruder KRAUSS
MAFFEI KM65-160C1. Applied extrusion parameters for all
samples were as follows: maximal pressure in the plasticiser
part 60MPa, extrusion time 0.6 s, clamps pressure 30MPa,
clamps time 28 s, cooling time 15 s, dozing time 6.6 s, form
closing force 650 kN, form temperature −40∘C, and extrusion
temperature 195∘C.

Dynamic mechanical properties were tested with a help
of DMA 242 device manufactured by Netzsch with three-
point free bent grip handle of the beam sample, as it was
depicted in Figure 1. Applied bent frequency was 1 and 10Hz
at temperature range of −150–140∘C with heating ramp of
2∘C/min.

On the basis of the force value and the sample strain,
including its size, value of modulus 𝐸, the loss module 𝐸,
and mechanical core loss angle tangent 𝑡𝑔𝛿 were calculated.
Obtained results were presented in the form of diagrams of
the abovementioned quantities versus temperature and vibra-
tion frequency.Thermal properties of the samples were tested
using DSC method while their structure was observed with
going through light by optical microscope.

TheDSC tests were made using scanning microcalorime-
ter type 200 by Netzsch. The DSC curves were taken when
samples were warmed up with the ramp 10∘C/min for
the temperature range of 0–160∘C. To minimize the effect
surface-core, extruded samples were cut perpendicularly to
the polymer material flow direction. Crystallinity level of
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the samples was determined using software available for the
abovementioned device, Netzsch Proteus [23]. The program
also enabled testing of the sample melting process in the
abovementioned temperature range as well as marking a
surface between thermographic curve and a basic line in the
range of occurring endothermic peak.

The area between the DSC curve and the selected base-
line is proportional to the change in enthalpy, that is, the
heat consumed by the sample (endothermic) or released
(exothermic). Baselines are mainly used in the calorimetry
and mass spectrometry to determine peak heights and areas
(enthalpy, ion currents, and total ion curve). In order to cover
a multitude of possibilities, the Netzsch Proteus program
offers different baseline types. For DSC measurements, it
is usually necessary to correct the measuring values of the
baseline. This is obvious when the tested reaction contains
not only a heat of reaction, but also a change of specific
heat. Baseline correction greatly influences the parameters of
inverse reaction kinetics. It is also an indication that a neces-
sary baseline correction may not be omitted. When choosing
the baseline types, one must take the physicochemical facts
into consideration. The straight baseline joins the start and
end values of the chosenmeasuring range with a straight line,
expressed by

𝐵 (𝑡) = 𝐷 (𝑡
𝑠
) +

𝐷 (𝑡
𝑓
) − 𝐷 (𝑡

𝑠
)

(𝑡
𝑓
− 𝑡
𝑠
)

(𝑡 − 𝑡
𝑠
) , (1)

where 𝐵(𝑡) is a baseline value, 𝐷(𝑡) is DSC signal, 𝑡
𝑠
is initial

time, and 𝑡
𝑓
is final time. Relation between heat flow and

enthalpy can be expressed by

Δ𝐻 =
𝐹

𝑚 ⋅ 𝐾
=

∫
𝑡𝑓

𝑡𝑠
(HF (𝑡) − 𝐵 (𝑡) 𝑑𝑡)

𝑚 ⋅ 𝐾
,

(2)

where 𝐻 is entalphy, 𝐹 is a peak’s area, 𝑚 is a sample’s mass,
𝐾 is a scale factor (sensitivity of a sensor), and HF is a heat
flow.

Samples mass was between 7 and 10mg. They were
weighted using SARTORIUS weight with 0.01mg accu-
racy, internal calibration, and closed measurement chamber.
Structural tests weremade using opticalmicroscope byNikon
Eclipse E200. For the tests, 10–18mm thick samples were cut
off from the core applied for DMTA using Thermo Electron
Corporation microtome.

Colour tests were made using CIELab method applying
X-rite SP60 calorimeter.The CIELab colour space is the most
frequently used method to measure colour of not emitting
light objects.The CIELabmodel is a mathematic transforma-
tion of the CIE𝑋𝑌𝑍 space to allow humans to see and distin-
guish colours [7].

Tests results were presented in the chromatic coordinates
𝑎, 𝑏, and 𝐿. Coordinate 𝑎 determines colour change from
green to red while 𝑏 determines colour change from blue to
yellow, what was shown in Figure 2.

The parameter 𝐿 (brightness) shows colour change from
black for 𝐿 = 0 to white for 𝐿 = 100. Shine test was made
using Elcometer 406L Statistical Glossmeter device. Reflec-
tometric value was taken as a shine measure of the sample

L = 100

L = 0

+a

−a

+b

−b

Figure 2: CIELab space.

surface which is a relation of light stream reflected from
the surface to the light stream that falls to this surface.
This test measured intensity of reflected and dissipated light
for narrow reflection angle (20∘). Reflected light intensity
depends on the light refraction, absorption, transparency,
and kind of surface. The shine measurements results were
represented in shine units GU (gloss units).

3. Results and Discussion

Figures 3(a)–3(c) show thermomechanical curves of poly-
ethylene and modified materials that were obtained from
DMTA tests. Modulus values and mechanical core loss
coefficient are different for investigated materials. Provided
tests show that modifier diminishes modulus value (Figures
3(b) and 3(c)). In the glassy range material is hard and brittle
which means that thermal energy is insufficient to break
the barrier for shifting and rotational movement of particles
segments.Thematerial is in the thermodynamical unbalance.
The modulus values decrease for both polyethylene (Fig-
ure 3(a)) and modified polyethylene (Figures 3(b) and 3(c))
with rising temperature. In the glassy transformation range,
some Brown movement in the molecular chain is initiated.
Thermal energy is becoming comparable with potential
energy barrier for molecular rotation. In the neighborhood
of the glassy transformation temperature, the viscoelastic
properties of tested materials are changing fast with the time
and temperature. In this range, lower values were observed
for lower contents of themodifier (Figure 3(b)).Themodulus
value increases with the higher modifier contents (Fig-
ure 3(c)). In the highly elastic entropic strains, temperature
influence on module 𝐸 is the same for both tested materials.
In the last range, themodule value is very low and thematerial
is in the liquid state so it is unable to come back to its previous
shape. For both materials, the same tendency of the module
value decrease is observed. The mechanical core loss angle
tangent 𝑡𝑔𝛿 curve looks the same for both materials and
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Figure 3: The dependence of the storage modulus value and
mechanical loss tangent versus temperature of tested materials: (a)
PE-HD, (b) PE-HD/0.5% modifier, and (c) PE-HD/1% modifier.

considered vibration frequencies. The only difference relates
to the slight movement of its value corresponding to the
maximum temperature for the material with higher contents
of the modifier (Figure 3(c)). Considering the mechanical
core loss angle tangent 𝑡𝑔𝛿 curve, we can notice that material
with 1% contents of the modifier shows better damping
properties when compared with the material with its lower
contents or not modified.

Figure 4 presents the DSC thermograms for tested mate-
rials.

For sample with added modifier amount of absorbed
energy was diminishing. Also, melting enthalpy for modified
materials was changing.

The crystallinity degree of the material was decreasing
with the higher contents of the modifier. The maximal
melting and crystallizing temperature was the same for both
materials while the melting temperature range as well as the
crystallizing temperature range was narrowing.

Likely, the crystallite level change for modified polyethy-
lene was caused by diminishing number of heterogenous
nucleation centres. With higher amount of modifier and less
nucleation process, the crystal phase growth of the polymer
base was reduced. Somemodifiers added to semicrystal poly-
mer increase base crystalizing temperature and affect dimin-
ishing crystallites size while changing participation of the
crystal phase [24, 25].

Investigated structure of both materials showed frag-
mentation of the crystalline structure (Figure 5). When
polyethylene is compared with other semicrystalline plastics,
it reveals quite well developed structure with visible shape,
big spherulite (Figure 5(a)). Optical microscope observation
of the modified materials shows fragmentation of the crystal
structure, particularly for higher contents of the modifier
(Figure 5(c)).

For both pure (Figure 5(a)) and modified (Figures 5(b)
and 5(c)) polyethylene, the structure is well seen and ordered.

Figures 6, 7, and 8 show 𝐿, 𝑎, and 𝑏 values of tested
polymer materials.

The modifier changes the luminance value 𝐿. It is con-
nected with the modifier colour and its contents in the
polymer as well as its discretion and reactivity to polymer. For
the polyethylene with the modifier, the 𝐿 value is decreased
(Figure 6) which indicates that the moulders are darker.

Increasing amount of the modifier in the polymer effects
some small decrease of its luminance. So samples with
1% contents of the modifier are a little darker than those
with 0.5% contents which indicates smaller influence of the
modifier on polymer luminance.

Changes of 𝑎 and 𝑏 coordinates for tested materials prove
significant influence of the modifier on colour (Figures 7 and
8). More modifier contents resulted in higher saturation of
green colour in the samples.

Results of the shine change of tested materials are pre-
sented in Figure 9.

The lowest shine values were observed for the higher
contents of the modifier in the material.
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Figure 4: DSC thermograms of (a) PE-HD, (b) PE-HD/0.5% modifier, and (c) PE-HD/1% modifier. Peak∗ means the position of the peak
maximum.
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(a) (b)
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Figure 5: Structures observed on optical microscope with the magnification 350x: (a) PE-HD, (b) PE-HD/0.5%modifier, and (c) PE-HD/1%
modifier.
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Figure 6:The lightness 𝐿 of the examined polymer materials: 1: PE-
HD, 2: PE-HD/0.5% modifier, and 3: PE-HD/1% modifier.

4. Conclusion

We observed influence of active SBA-15 silica filler on
mechanical properties of high density polyethylene. Adding
0.5% and 1% of copper-containing modifier significantly
diminished𝐸modulus value.This divergence varies depend-
ing on temperature. In the same time, the loss angle tangent
seems to have similar graph for pure HDPE and modified
material. The only difference is in slight shift of maximum
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Figure 7: The value of 𝑎 coordinate for the examined polymer
materials: 1: PE-HD, 2: PE-HD/0.5% modifier, and 3: PE-HD/1%
modifier.

losses in the case of modified sample. Material containing 1%
of modifier has better dumping properties than pure HDPE.

DSC research showed that adding of silica modifier
significantly decreases crystallinity of the polyethylene, while
maximum temperature of melting and crystallization stays
unchanged. Nevertheless, after adding filler, the range of
melting and crystallization temperature was narrowed.

The colour of the modified samples changed significantly.
After adding copper-containing silica modifier, samples
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Figure 9: Gloss of the examined polymer materials: 1: PE-HD, 2:
PE-HD/0.5% modifier, and 3: PE-HD/1% modifier.

become green with colour saturation depending on the filler
contents. Also, the gloss of the material changed as a
result of modification. With increasing modifier contents, we
observed decreasing HDPE gloss.
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