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Abstract—This paper presents the results of an investigation of the influence of the aluminum-powder con-
centration on the thermomechanical characteristics of the composites based on the high-density polyeth-
ylene. We show that use of a compatibilizer—maleic anhydride—polyethylene graft copolymer—in a mixture
with high-density polyethylene has an influence on the regularity of variation of the thermomechanical
curves. We study the influence of various cross-linking agents (dicumyl peroxide and sulfur) on the thermo-
mechanical properties of composites. At a particular dicumyl peroxide and sulfur concentration, the compos-
ites might reside in three physical states: solid, highly elastic, and viscous flow.
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The improvement of machinery and technology in
the fields of engineering, shipbuilding, military, and
aerospace industries is increasing interest in the devel-
opment of construction high-quality polymer materi-
als on a composite base. The insertion of extenders,
plasticizers, light and thermal stabilizers, and compat-
ibilizers; obtainment of polymer mixtures; and chem-
ical cross linking of the polymer matrix make it possi-
ble to develop and produce a vast set of composites
that are capable, to some extent, to solve a number of
problems related with obtainment of the construction
material with preset structural and physicomechanical
properties [1—4].

The use of polyolefins as a polymer matrix in a
mixture with various mineral and metal extenders has
been considered as the most problematic because
high-density polyethylene (HDPE) is a nonpolar
polymer, while extenders and other adjuvants and
ingredients, as a rule, are classified as polar compo-
nents. Mixing of the multipolar components pre-
vented sufficient technological compatibility, which,
in the long run, contributed to deterioration or only
minor improvement of the composite material proper-
ties [5—9].

In this regard, attempts were made to improve the
miscibility, compatibility, and final properties of the
mixture components by using efficient compatibilizers
[10]: their correct choice makes it possible to funda-
mentally solve not only the problem of mixture-com-
ponent compatibility, but also closely approach to
development of high-quality construction material

with the preset properties. This problem is becoming
even more urgent in the development of the polyole-
fin-based metal—polymer composites [10—13]. We
believe that, in this case, problems related to the
chemical modification of the polymer matrix have
become of paramount importance, resulting in the
possibility, in the process of thermomechanical stud-
ies, to estimate the modifier’s influence on the varia-
tion regularity of the phase transitions from one phys-
ical condition to another.

Note that, in the literature available, studies of the
thermodeformation properties and phase transitions
in the polyolefin-based metal—polymer composites
are very scarce. Thus, a deep thermomechanical anal-
ysis of the metal—polymer systems will make possible
a more effective approach to selection of the techno-
logical regime of composite treatment by the extrusion
and the die-casting methods.

Thus, the present work is aimed at an investigation,
by means of the thermomechanical analysis, of the
influence of metal temperature and the concentration
on the variation regularity of the deformation pro-
cesses in metal—polymer composites.

As the object of study, we used high-density poly-
ethylene (HDPE) with a breaking stress of 31.3 MPa,
a modulus of flexibility of 753 MPa, a relative elonga-
tion of 435%, a density of 946 kg/m?3, a melt-flow
index (MFI) of 5.6 g/10 min, a heat stability of 119°C,
a melting point of 131°C, and a degree of crystallinity
of 80%.

598



THERMOMECHANICAL PROPERTIES OF COMPOSITES

To modify the HDPE properties, we added 1.0- to
2.0-pm aluminum powder (AP) into its composition
and varied its content within 0.5, 1.0, 5.0, 10, 20, and
30wt %.

PEMA (the HDPE with MA) compatibilizer is a
grafted HDPE copolymer with the maleic anhydride
(MA). it is aimed at improvement of compatibility of
the metals and the minerals carriers with the HDPE.
The MA content in the PEMA composition was equal
to4.2 wt %.

We mixed the components on hot rollers at a tem-
perature of 160—170°C by inserting the AP into the
HDPE melt for 7—8 min. The cross-linking agent—
peroxide dicumylide (PD)—was inserted into a melt of
polymer mixtures in an amount of 0.5-2.0 wt %.
Then, to test the thermomechanical properties, the
tablets were compressed at a temperature of 190—
200°C and pressure of 5.0 t.

In the presence of PD, the vulcanization tempera-
ture is 140—170°C. The free radicals (that appeared
during the peroxide-dicumyl decomposition) detach
hydrogen from the polymer macromolecules; the
thus-occurring polymer radicals interact with each
other with the formation of the C—C bonds. In the
presence of a double bond in the polymer chain, the
peroxide radical predominantly attaches to it or
removes the o-methylene hydrogen. Here, in both
cases, the formation of the macroradicals takes place
with the subsequent occurrence of transverse con-
nections.

We determined the melt flow index using a CEAST
MF50 rheometer (Instron, Italy) at a temperature of
190°C and load of 5 kg. Under these conditions, the
MFTI of the initial LDPE was 5.8 g/10 min. Derivato-
graphic analysis was carried out on a Paulik, Paulik,
and Erdei device.

We studied the thermal conductivity of composites
on a DTC-300 device and determined the thermome-
chanical properties on the Kanavets device [14].

In the process of thermomechanical analysis of the
metal—polymer systems on the HDPE and aluminum
base, we, first of all, tried to reveal the role of the com-
patibilizer in the compatibility of the mixture compo-
nents. In addition, we investigated the influence of the
vulcanization agents on variation regularity of the
phase transitions from one physical state to another.
We used PD and sulfur as vulcanizing agents.

Let us consider the influence of aluminum concen-
tration on the character of the thermomechanical-
curve variations for the HDPE + aluminum system
(Fig. 1). We see that the thermomechanical curves are
characterized by two physical states—solid and vis-
cous-flow. Here, the aluminum concentration does
not significantly influence the regularity of the ther-
momechanical-curve variations. Note that, while the
temperature range of the viscous-flow state is some-
what extended if for the initial HDPE, for the filled
composites, it does not in fact undergo significant
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Fig. 1. Influence of aluminum concentration on regularity
of deformation variation with temperature for HDPE-
based composites, wt %: (0) HDPE, (m) 0.5, (») 1.0,
(A) 5.0, (x) 10, (O) 20, (®) 30.

variations and merges into a unified bundle of thermo-
mechanical curves.

Note that, for the initial HDPE, the softening
onset temperature is 142°C, yet, for the composites
with an aluminum content of 0.5, 1.0, 5.0, 10, 20, and
30 wt %, the softening temperature changes, respec-
tively, in the sequence 142, 140, 138, 138, 136, and
134°C. That is, the insertion of aluminum leads to a
decrease of the softening temperature. The data
obtained seem to be conflicting, but, in fact, the regu-
lar softening-temperature decrease may be caused by
the thermal conductivity of the composite in the pres-
ence of aluminum. The higher the aluminum content,
the greater the composite thermal conductivity, result-
ing in uniform heating throughout the entire sample
volume.

For example, the HDPE thermal conductivity is
0.38 W/(m K); yet, with an increase in aluminum con-
centration, it changes as follows, W/(m K): A1 0.5 wt %,
0.48; 1.0 wt %, 0.59; 5.0 wt %, 0.84; 10 wt %, 1.96;
20wt %, 2.23; and 30 wt %, 3.05.

Thus, with the aluminum insertion into the HDPE
composition, its thermal conductivity increases by
about eight times. On the other hand, in the process of
the component mixing and further sample pressing
(for the tests), the composites underwent melting and
cooling. Therefore, we should not exclude the possi-
bility that the aluminum particles in the HDPE melt
might form heterogeneous nucleation centers, which,
in the cooling process, transform into heterogeneous
crystallization centers with the formation of a fine-
spherulite permolecular structure.

To improve the aluminum’s compatibility with
HDPE, we inserted a compatibilizer— HDPE with
MA (PEMA) graft copolymer. Figure 2 shows the
thermomechanical characteristics of the modified
HDPE + PEMA + Al composites. Analyzing the ther-
momechanical curves in this figure, we see that also in
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Fig. 2. Influence of aluminum concentration on regularity
of deformation variation with temperature for HDPE +
PEMA-based composites, wt %: (m) initial HDPE +
PEMA; () 0.5; (A) 1.0; (A) 5.0; (X) 10; (O) 20; (@) 30.

this case, like for the HDPE in Fig. 1, the variation
regularity of the thermomechanical curve for the
HDPE + PEMA-based polymer matrix goes beyond
the bundle of thermomechanical curves for the
HDPE + PEMA + Al composites. Indeed, when eval-
uating the thermomechanical curves of the samples
under consideration, we found that, depending on the
aluminum content increase in the composite within
0.5, 1.0; 5.0; 10; 20 and 30 wt %, the softening tem-
perature of the samples changes, respectively, in the
following sequence: for the original HDPE + PEMA,
142°C, and, for the composites, 141, 141, 141. 140. 140,
and 139°C.

From a comparative estimate of the composite
softening temperature in Figs. 1 and 2, we see that,
with the insertion of 30 wt % of Al into the HDPE and
the HDPE + PEMA compositions, the difference in
this indicator value in relation to the HDPE equals to
8°C and to the HDPE + PEMA mixture — 3°C.

Besides, we investigated the melting point of the
composites by the derivatography. We show that this
indicator value depends, to a significant extent, on the
initial polymer matrix type. For example, insertion of
30 wt % aluminum into the HDPE composition
results in the composite melting temperature decrease
from 145 to 139°C, while the melting point decreases
from 145 to 143°C when using the HDPE + PEMA as
a starting polymer matrix. In this case, polarization of
the interspherulite space by the compatibilizer pro-
vides a favorable effect not only on the compatibility
improvement of the mixed components, but also on
stabilization of the thermophysical characteristics.

This phenomenon is evidence that insertion of
PEMA into the HDPE composition improves the for-
mation of heterogeneous nucleation centers on alumi-
num-particle surfaces. Another reason to interpret the
difference in the composite softening point may be
connected with the peculiarities of the spherulite
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growth during cooling [15—17]. It is well known that,
in the process of crystallization and spherulite growth,
metal particles and PEMA macrochain fragments
containing the MA units are displaced into the inter-
spherulite amorphous space. As a result, in the narrow
interspherulite composite space, the concentration of
the aluminum particles increases markedly and is pre-
dominantly distributed in the PEMA volume. The
PEMA polarity provides high compatibility of the
metal—polymer systems and more uniform dispersing of
the aluminum particles in the polar polymer volume.
Therefore, in our further studies, we will engage the com-
posites based on the HDPE + PEMA mixture.

Interchain cross linking of macrochains, making it
possible to significantly influence a composite’s ther-
mophysical properties, is an efficient way to improve
the properties of polymeric material. Taking it into
account that minor attention is paid to this problem in
the available literature, in the present work we perform
studies demonstrating the advantageous features of the
metal—polymer system vulcanization.

Vulcanization as a polymer modification method is
very efficient; yet, it requires precise and accurate per-
formance of the mechanochemical reaction. Under
insufficient cross linking, we might not detect even a
significant difference in the property variation. Never-
theless, the excess concentration of the cross-linking
agent may lead to irreversible processes of spatial cross
linking when the polymer almost completely loses its
ability to be treated by the standard methods such as
injection molding and extrusion; that is, it becomes
unusable. Therefore, the correct choice of the cross-
linking agent type and concentration, as well as of the
technological mode of the polymer-matrix chemical
modification, are the main factors of mechanochemi-
cal synthesis of composite materials with the desired
properties.

In this regard, in the present work, we engaged two
cross-linking agent types—PD and sulfur. Our task
was to identify the limiting concentrations of the
cross-linking agents that make it possible to signifi-
cantly improve the composite thermophysical charac-
teristics with retention of their ability to be treated by
injection molding and extrusion methods.

Figure 3 shows the thermomechanical curves of the
deformation dependence on the temperature of the
composite based on the HDPE + 3.0 wt % PEMA +
5.0 wt % Al. We chose those values because, at higher
aluminum concentrations, the composite becomes
fragile. Analysis of the thermomechanical curves in
this figure shows that the PD concentration has a
rather tangible influence on the features of their varia-
tion. The original composite was characterized by only
one phase transition from the solid state into the vis-
cous fluid; yet, after the vulcanization, an additional,
third physical state appears: highly elastic.

The presence of the three physical states is typical
for the rubbers. Figure 3 shows that, with an increase
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Fig. 3. Influence of PD concentration on regularity of
thermomechanical curve variations for composites based
on HDPE + PEMA, 3.0 wt % + Al, 5.0 wt %: 1 (O) original;
PD concentration, wt %: 2 (@) 0.25, 3 (X) 0.50, 4 (») 1.0,
5(a)2.0.

in PD concentration from 0.25 to 2.0 wt %, quite
noticeable variations in the thermomechanical curves
take place. According to the obtained experimental
data, the emergence of the three physical states—solid,
highly elastic, and viscous-flow—becomes possible
when using PD in the amount of 0.25—0.5 wt %. At a
PD concentration equal to 1.0—2.0 wt %, the inter-
chain cross-linking density achieves a level such that
the polymer immediately transits from a highly elastic
to an irreversible glassy state.

Cross-linked polymeric materials of such a type are
of no practical value. We show that the increase in PD
concentration within 0.25, 0.5, 1.0, and 2.0 wt %
entails an increase in the softening temperature of the
samples—respectively, to 145, 154, 162, and 170°C.
With the insertion of 0.25 and 0.5 wt % PD, the tem-
perature domain of highly elastic deformation changes
within the range of 155—165 and 164—180°C, respec-
tively.

Figure 4 shows the influence of sulfur concentra-
tion on the regularity of the thermomechanical-curve
variations. Analysis of the curves shows that the inser-
tion of sulfur promotes the appearance of all three
physical states on the thermomechanical curves. With
the increase in sulfur concentration, we see an
increase of the temperature range of highly elastic
deformation and a decrease of the deformation value
being fixed. With sulfur insertion within the range of
1.0, 3.0, 5.0, 7.0, and 10 wt %, the temperature range
of highly elastic deformation changes, respectively, as
follows, °C: 150—157, 158—169, 164—180, 169—187,
and 174—195.

Note that, in contrast to the peroxide cross linking,
the sulfuric one allows, in fact, varying the tempera-
ture ranges of highly elastic deformation over a wide
range with retention of the composite’s ability to be
treated. As for the cross-linking efficiency, the sulfur
concentration of 5.0 wt % is optimal.
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Fig. 4. Influence of sulfur concentration on regularity of
thermomechanical curve variations for composites based
on HDPE + PEMA, 3.0 wt % + Al, 5.0 wt %. Sulfur con-
centration, wt %: 1 (0) 1.0, 2 (@) 3.0, 3 (X) 5.0, 4(») 7.0,
5(a) 10.

CONCLUSIONS

Thus, we may conclude that, to improve the com-
patibility of aluminum with HDPE, PEMA (3.0 wt %)
should be used as a compatibilizer.

We have showed that, with insertion of aluminum,
a slight decrease in the HDPE softening temperature
takes place.

Studies of vulcanization of the HDPE-based com-
posites showed that the optimal PD content is 0.5 wt %.
At a PD concentration within 0.25—0.5 wt %, cross-
linked composites are characterized by three physical
states. At higher PD concentration, the polymer com-
posite is completely cross linked and becomes unus-
able for treatment by injection molding and extrusion
methods.

The study of the process of sulfuric vulcanization of
HDPE composites showed that, even at high concen-
trations, samples are characterized by three physical
states typical for rubbers. The optimal sulfur concen-
tration as a vulcanizing agent is 5.0 wt %.
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