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Abstract: The influence of the addition of tetrafunctional double-decker silsesquioxanes (DDSQ-ether-
-40H) on the compatibility, thermal and mechanical properties of polylactide and epoxidized natural
rubber (PLA/ENR) vulcanizates was investigated. The apparent cross-linking density and thermal sta-
bility of PLA/ENR vulcanizates were also determined. The FTIR analysis confirmed the compatibil-
izing effect of DDSQ-ether-4OH and the formation of the PLA-g-ENR copolymer. A strong effect of
ENR content and DDSQ-ether-4OH addition on the thermal and mechanical properties of the obtained
vulcanizates was demonstrated.

Keywords: polylactic acid, epoxidized natural rubber, dynamic vulcanization.

Wilasciwosci termiczne i mechaniczne termoplastycznych wulkanizatéw
PLA/ENR kompatybilizowanych czterofunkcyjnym silseskwiokanem typu
double-decker

Streszczenie: Zbadano wptyw dodatku czterofunkcyjnego silseskwioksanu typu double-decker (DDSQ-
-eter-40H) na kompatybilno$¢ oraz wiasciwosci termiczne i mechaniczne wulkanizatéw polilaktydu
i epoksydowanego kauczuku naturalnego (PLA/ENR). Oznaczono réwniez pozorng gestos¢ usiecio-
wania i stabilnos¢ termiczna wulkanizatéw PLA/ENR. Metoda FTIR potwierdzono kompatybilizujace
dziatanie DDSQ-eter-4OH i utworzenie kopolimeru PLA-g-ENR. Wykazano silny wplyw zawartosci
ENR i dodatku DDSQ-eter-4OH na wtasciwosci termiczne i mechaniczne otrzymanych wulkanizatow.

Stowa kluczowe: polilaktyd, epoksydowany kauczuk naturalny, dynamiczna wulkanizacja.

The growing focus on utilizing polymeric mate-
rials sourced from renewable resources is driven by
the increasing environmental consciousness of soci-
ety and worries about the depletion of petrochemical-
based material [1]. Polylactide (PLA) has gained popu-
larity as a sustainable material for bio-based products
because it originates from aliphatic polyester, which
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offers excellent biodegradability and biocompatibility.
Furthermore, PLA exhibits high strength and stiffness,
making it a promising substitute for petroleum-based
materials [2]. Regrettably, the natural brittleness of PLA
has been a significant limitation in its potential applica-
tions. Consequently, various efforts have been under-
taken to enhance PLA’s toughness, including copolymer-
ization [3-5], plasticization [6, 7], blending [5, 8, 9], and
the development of filled composites [10-14].

The most practical and cost-effective approach to
enhancing the toughness of PLA is achieved by blend-
ing it with other polymers. Elastomers’ addition and
blending are often regarded as an effective method for
improving amorphous thermoplastics’ ductility and
impact strength. Elastomeric particles function as stress
concentrators, increasing the ability of brittle polymers
by absorbing fracture energy and resulting in a more
durable material. PLA has been blended with various
elastomers, including thermoplastic polyurethane (TPU)
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[15], polyurethane [16], poly(ethylene-glycidyl methac-
rylate) (EGMA) [11], polyamide elastomer (PAE) [17],
poly(ether-b-amide) copolymer (PEBA) [18], ethylene-
propylene-diene-rubber (EPDM) [19] etc. Although these
elastomers have indeed increased the toughness of PLA,
most of them are synthetic materials derived from petro-
leum-based sources.

Natural rubber (NR) is an environmentally sustainable
resource obtained from the latex of rubber trees. Its unique
combination of toughness, biocompatibility, and biode-
gradability, coupled with its bio-based origins, renders it
a perfect choice for addressing the brittleness of PLA [20].
Several studies report about NR toughing PLA [20-23].
Bitinis et al. [20-22] analyzed in detail PLA/NR blends.
Their research revealed that 10 wt% is the ideal concen-
tration of NR for significantly enhancing the toughness
of PLA. In the blends, a phase-separated structure was
observed, with NR forming small droplets dispersed
within the continuous PLA phase. Juntuek [23] similarly
discovered that the blend of PLA/NR achieved its maxi-
mum impact strength when using a 90/10 (PLA/NR) wt.
ratio. To enhance compatibility in the PLA/NR blend,
they incorporated glycidyl methacrylate-grafted natu-
ral rubber (NR-g-GMA), resulting in the dispersion of
NR domains within the PLA matrix. In addition, Xu et
al. [24] reported a super toughened dynamically vulca-
nized PLA/NR blend in which the cross-linked NR had
a continuous phase and excellent interfacial compatibil-
ity with PLA.

It is widely recognized that elastomers should be
evenly dispersed as small domains within the poly-
mer matrix to enhance the toughness of polymers.
Furthermore, numerous investigations of PLA/NR blends
have highlighted the issue of inadequate compatibility
between these polymers. One approach to address this
issue involves incorporating epoxidized natural rubber
[25-27] and its derivatives [28-30], employing functional
modifiers during the reaction mixing [31, 32], and pre-
treating NR to enhance the presence of oxygen-con-
taining groups [31, 33]. However, it is important to note
that these techniques necessitate using costly materials.
Commercial PLA and its blends have been modified by
the wide spectrum of plasticizers and compatibilizers.

Recent research has extensively employed polyhedral
oligomeric silsesquioxanes (POSS) to prepare polymer
nanocomposites [34, 35]. Among all nanofillers, POSS is
characterized as zero-dimensional. Typically, POSS par-
ticles measure between 0.6 and 1.2 nanometers in diame-
ter and may contain certain functional groups [36]. There
are considerable reports on the use of POSS molecules to
function as a coagent [36] or compatibilizer [37-42] and
improve thermal resistance [43, 44] mechanical proper-
ties [45] and flame retardancy [46, 47] of resulting hybrid
materials. However, the usage of POSS as a compati-
bilizer is particularly interesting. For instance, Zhao et
al. [40] investigated the thermal and mechanical proper-
ties of octavinyl-polyhedral oligomeric silsesquioxanes

(OV-POSS)/NR blends. The authors prepared five differ-
ent blends with a content of 5, 10, 15, and 20 phr OV-POSS.
They revealed vinyl groups of OV-POSS partially acted
as vulcanizing agents, and the addition of POSS led to
an improvement in thermal stability. The research also
examined the transport properties of POSS/NR compos-
ites using different forms of POSS, and it was determined
that the inclusion of POSS enhanced the resistance of the
NR matrix to solvents [48]. Kalkan et al. [41] investigated
octavinyl silsesquioxanes (OV-POSS) incorporation into
natural rubber (NR)/butadiene rubber (BR) elastomer
blends as a potential compatibilizer. Additionally, Kilic
et al. [42] used epoxidized polyhedral oligomeric silses-
quioxanes (epoxy-POSS) as a successful compatibilizer
in poly(lactic acid) (PLA)/poly(butylene adipate-co-tere-
phthalate) (PBAT) blends. Three different epoxy-POSS
types were utilized, having one-, tri-, and multi-epox-
ides per POSS cage. The compatibilization of PLA and
PBAT was shown through the decrease in the size of dis-
persed particles and the shifts in the glass transition tem-
peratures of phases. Mechanical properties of PLA/PBAT
improved in the presence of epoxy-POSS systems. This
research group [38] has also checked the effect of molec-
ular weight of poly(butylene adipate-co-terephthalate)
(PBAT) on the immiscible poly(lactic acid) (PLA)/PBAT
blends compatibilized with epoxidized silsesquioxanes
having different numbers of epoxy groups per molecule
(epoxy-POSSs). Mechanical tests revealed all epoxy-POSS
types significantly improved the performance of the
blends containing low-molecular-weight PBAT. In other
immiscible systems, polyhedral oligomeric silsesquiox-
anes (POSS) copolymer was used as a compatibilizer
between poly(methyl methacrylate) (PMMA) and poly-
styrene (PS) [39]. It was found that the presence of isobu-
tyl units on the corners of POSS cage is clearly sufficient
to encourage miscibility with PMMA. Within the family
of polyhedral oligomeric silsesquioxanes, a new class of
the so-called double-decker (DDSQ) type of silsesqui-
oxanes has attracted attention. Studies on the synthesis
and use of this DDSQ system involve the utility of the
“closed” and “open” core derivatives, and refer to di- and
tetrafunctionalized DDSQ compounds, respectively. This
in turn affects the application of these systems in the for-
mation of macromolecular DDSQ-based hybrid materials
[49, 50].

In the present study, double-decker silsesquioxanes
(DDSQ-eter-4OH) with dedicated functional hydroxyl
groups as a compatibilizer in the eco-friendly PLA/epox-
idized NR (ENR) system was used. This work aimed to
investigate two key factors: the influence of the PLA to
ENR ratio in thermoplastic vulcanizate (TPV) and the
impact of the addition of double-decker silsesquioxanes
functionalized with four 2-(2-ethoxy)ethanol groups
(DDSQ-eter-40OH) to TPV. Effects on the mechanical and
thermal properties, apparent cross-linking density, and
thermo-oxidative stability of the PLA/ENR blends pre-
pared via the dynamic vulcanization method were also
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examined. To assess the degree of association of DDSQ-
eter-4OH with the remaining TPV components, extrac-
tion in dichloromethane was performed to wash out
the unbound PLA, and then Fourier infrared spectros-
copy (FTIR) examination of the samples before and after
extraction was performed.

EXPERIMENTAL PART
Materials

The following materials have been used in this study:
polylactide (PLA) with 95.8% LLA content and a molec-
ular weight of 113,000 g/mol, produced under the trade
name Ingeo 4043D, (Nature Works, Minnetonka, USA);
epoxidized natural rubber (Epoxyprene 50) was pro-
vided by Resinex UK (Mooney viscosity: 70-100 and
epoxidation = 50 + 2). DDSQ-eter-4OH was used as the
compatibilizer which structure is presented in Figure 1.
The compound was obtained according to the known
hydrosilylation protocol of tetrahydrofunctional dou-
ble-decker silsesquioxanes and 2-(vinyloxy)ethanol
in the presence of Pt-Karstedt catalyst with 95% yield,
depicted in Scheme 1 [51]. Norperox DPC-40 dicumyl
peroxide (Nordmann AT Group, Vienna, Austria) was
used as a cross-linking agent and Irganox 1010 (Basf,
Ludwigshafen am Rhein, Germany) as an antioxidant.
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Scheme 1. Synthesis of DDSQ-eter-4OH
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Fig. 1. Structure of double-decker silsesquioxane (DDSQ-eter-
-40H)
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Dynamic vulcanization

PLA/ENR vulcanizates were prepared by dynamic
vulcanization in a Brabender Plastograph (Duisburg,
Germany), which allows for mixing at elevated tempera-
tures. Before compounding, PLA was dried in a vacuum
at 80°C for 24 hours. Six mixtures were prepared: four
with the PLA/ENR wt ratio of 90/10, 80/20, 70/30, and
60/40; and two mixtures with PLA/ENR ratio of 60/40
containing 2.5 wt% and 5 wt% of DDSQ-eter-4OH.
Dicumyl peroxide was used as a cross-linking agent in
an amount of 1.5 wt% in relation to ENR, and Irganox

1010 was used as an antioxidant in an amount of 0.2 wt%.
Dynamic vulcanization was conducted at a tempera-
ture of 155°C. The kneader rotation during the process-
ing was 40 rpm. In the first stage, neat PLA was plasti-
cized. After approximately 3 minutes, Irganox 1010 was
incorporated and mixed for another 2 minutes until the
antioxidant was thoroughly distributed in the molten
PLA. Then, a small amount of ground ENR rubber was
gradually added to form a homogeneous mixture with
PLA. After achieving this effect, the mixing process
continued for about 5 minutes. In the case of samples
containing DDSQ-eter-4OH, it was right after adding
the rubber into the system and subsequently mixing
for another 5 minutes to distribute the DDSQ-eter-4OH
throughout the mixture. Once this effect was achieved,
dicumyl peroxide was added, and the mixing process
was continued for another 5 minutes. After processing,
the obtained thermoplastic vulcanizate was removed
from the mixing chamber.

Pressing of thermoplastic vulcanizates

The obtained thermoplastic vulcanizates were pressed
in a Planet Press P 200 E hydraulic press (Dr Collin
GmbH, Germany) at temperature of 160°C with pressure
of approx. 10 MPa for 5 minutes. In this way, samples
were obtained in the form of thin plates with an opti-
cally homogeneous structure. The plates were cut into
smaller fragments that could be subjected to the injec-
tion process.

Preparation of testing samples

The testing samples, type A3 according to EN ISO
527-2 (Figure 2) were injection molded using Boy 15 injec-
tion molding machine (Dr Boy GmbH&Co., Neustadt,
Germany). The parameters of injection molding were as
follows: the temperatures of the plasticizing zones (in
order from the hopper) were: 170°C, 200°C and 210°C,
respectively; the injection pressure was 100 MPa, and the
holding pressure was 35 MPa. The cooling time for the
molded parts was 30 s.

Thermal aging

To study the impact of the aging process on the
mechanical properties of neat PLA and PLA/ENR vul-
canizates, they were subjected to a thermal aging. The
process was conducted in an oven at 70°C for 168 hours
(7 days) without vacuum. Samples subjected to the aging
process are marked with the index “S”.

Preparation of samples for apparent cross-linking
density testing in toluene

Specimens for evaluating the cross-linking density in
toluene were cut from previously injection-molded parts.
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These samples were rectangular plates with dimensions
of 7 x7 x 2 mm.

Preparation of samples for FTIR spectroscopy by PLA
extraction

To remove the unbound PLA from the vulcanizates,
the obtained materials were subjected to an extraction
process. Extraction was performed in dichloromethane
at 40°C for 72 hours (3 days). The exact mass of samples
before extraction (ca. 4 g), the mass of empty thimbles
used for extraction, and the mass of thimbles with con-
tents before and after extraction were measured. Samples
after extraction in dichloromethane were marked with
the letter “E”.

Methods
Tensile properties

The tensile properties of neat PLA and thermoplas-
tic vulcanizates before and after the aging process were
measured according to PN-EN ISO 527 and PN-EN
ISO 178 using an Autograph AG-X plus tensile testing
machine (Shimadzu, Kyoto, Japan) equipped with 1 kN
load cell, a contact optical long-travel extensometer and
the Trapezium X computer software (Shimadzu, Kyoto,
Japan), operated at a constant crosshead speed of 5 mm/
min. Measurements were performed at room tempera-
ture on the paddle-shaped samples (type A3) with a grip
distance of 20 mm. The Young’s modulus, tensile strength
(oy) and elongation at yield (ey), strength at break (o,) and
elongation at break (¢,) of the vulcanizates were deter-
mined. Seven measurements were conducted for each
sample, and the results were averaged to obtain a mean
value.

Shore hardness

The hardness was investigated according to PN-EN
ISO 868 using a Zwick 3100 Shore A tester (Zwick GmbH,
Ulm, Germany). The reported values were the average of
10 independent measurements.

Hydrostatic density

The hydrostatic density was evaluated using the
Radwag AS 160/C/2 scale (Radom, Poland) in distilled
water at 22°C. At least 10 measurements were made for
each material, and the mean and standard deviation were
determined.

Differential scanning calorimetry
Differential scanning calorimetry (DSC) was per-

formed at a heating rate of 10°C/min, in nitrogen atmo-
sphere (20 ml/min), with a scan range of temperature from

-85°C to 200°C in a heating/cooling/heating cycle using
DSC 204 F1 Phoenix apparatus (Netzsch, Selb, Germany).
The tested samples (10 + 0.5 mg) were placed in sepa-
rate aluminum pans. The characteristic phase transition
temperatures (glass transition and melting) were taken
from the second heating run. Glass transition tempera-
ture (T)) was determined using the midpoint approach,
while spec1f1c heat capacity (AC) was calculated from
the vertical distance between extrapolated baselines at
T The crystallization (T)) and melting (T ) temperatures
were determined from the maximum of the exothermic
and endothermic peaks, respectively. The heat of fusion
(AH ) and crystallization (AH) were calculated from the
total areas under melting and crystallization peaks on
the DSC curves.

Thermo-oxidative stability

The thermo-oxidative stability of PLA and PLA/ENR
were evaluated using TGA 92-16.18 thermobalance
(Setaram, Caluire-et-Cuire, France). Measurements were
conducted at dry synthetic air (N,:O, = 80:20 vol. %) at
a flow rate of 20 mL/min. The study was conducted at
a heating rate of 10°C/min in the temperature range of
20-700°C. Measurements were conducted following the
PN-EN ISO 11358 standard.

FTIR analysis

Attenuated total reflectance — Fourier transform infra-
red (ATR-FTIR) spectra of PLA and PLA/ENR were
recorded using FTIR spectrophotometer Tensor 27
(Bruker Optic GmbH, Billerica, MA, USA). Measurements
were taken with 32 scans and a resolution of 2 cm™ over
the wavenumber range of 4000-400 cm™. The compar-
ative analysis of the functional groups presents in the
considered samples, using infrared spectroscopy (FTIR),
became the basis for assessing the type of material and
confirmed the presence of characteristic functional
groups appropriate for the position of the transmission
spectrum waves of the ENR- and POSS-modified poly-
lactide groups.

Cross-linking density

The apparent cross-linking density was evaluated for
each of the thermoplastic vulcanizates by placing previ-
ously cut samples with dimensions of 7 x 7 x 2 mm in tol-
uene 20°C. The mass of the samples was measured before
they were placed in toluene, and after immersion for 1,
2,3, 4, 24, 48, and 72 hours (after reaching the swelling
equilibrium). Before measuring the mass, each sample
was thoroughly wiped of toluene with a lint-free towel.
Photos of the samples after reaching the swelling equi-
librium are shown in Figure 2. The cross-linking density
was calculated using Eq. 1 [52]. The density calculated in
this way is a dimensionless value.
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where: V- apparent cross-linking density, m, — mass
of the sample before reaching the swelling equilibrium
state, m, — sample mass after reaching the swelling equi-
librium state, o, — toluene density (0.865 g/cm?), o, - ENR
density (1.25 g/cm?), A - ENR mass content in the thermo-
plastic vulcanizate.
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Fig. 2. Samples after reaching the swelling equilibrium sta-

te, from left: PLA/ENR vulcanizates: 90/10, 80/20, 70/30, 60/40,
60/40_ DDSQ-eter-40H, 60/40_ DDSQ-eter-4OH _5

RESULTS AND DISCUSSION

Mechanical properties

By comparing the stress-strain curves obtained during
the static tensile test (Figure 3) and the values of tensile
moduli, as well as the stress and elongation values listed
in Table 1, a significant impact of ENR on PLA mechan-
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ical performance can be found. In both cases of unaged
and aged samples, a decrease in the tensile stress, stress
at break, and an increase in the elongation at yield mean
values of the samples are observed with an increase in the
content of ENR in the TPVs. Both neat PLA and samples
containing 19% ENR cracked immediately after reaching
the yield point, without achieving elongations above 5%,
revealing typical brittle behavior. Only the addition of ENR
in the amount of 20 wt% and more allowed for higher elon-
gations to be achieved, but at the expense of lowering the
maximum recorded stresses in the material. However, the
highest elongations, both in the case of unaged and aged
samples, were noted for samples with an ENR content of
30% (253.9% + 3.2 for the unaged sample and 208.7% + 17.4
for the aged sample). Adding ENR to the vulcanizate in
larger amounts (40%) caused another reduction in the
elongation at the break value. Each of the tested samples
achieved a similar value of elongation at yield. In each case,
the value of ¢, was approximately 2-3%. The addition of
DDSQ- eter—4OH in amounts of 2.5 and 5 wt% also had
anoticeable effect on the mechanical properties of the sam-
ples. As the amount of DDSQ-eter-4OH increased, a sig-
nificant decrease in the value of elongation at break was
observed. Similar observations on the deteriorated effect
of POSS particles on the tensile strength and elongation
at break were observed by Jezidrska et al. [53]. Our stud-
ies are also in agreement with the ones made by Lipiniska
et al. [54], who also prepared PLA/ENR blends, but glyc-
idyl-POSS and trisilanolisooctyl-POSS were used as func-
tional additives. They observed the reinforcing effect of the
incorporation of PLA in the PLA/ENR blend. The higher
the ENR content in the blend, the lower the elongation at
break noticed. The formation of covalent bonds between
PLA and ENR phases reduced the elasticity of the blend,
at the same time, the system’s strength was enhanced.
Substantial reduction of the elongation at break ¢, after the
modification of 40:60 PLA/ENR by Gly-POSS was observed
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Fig. 3. Stress-strain curves of PLA and PLA/ENR vulcanizates: a) before aging, b) after aging



£= POLIMERY 2023, 68, nr 11-12

598
a) b)
60 40
50 N /-\
304
40 -
(o] (o]
S =
£30 1 220 - §
w0 wn
g <
& N
20 -
10
104
——90/10 ——80/20
. 90/10.S . 80/20_S
( 05 10 15 20 25 30 20 40 60 80 100
Strain, % Strain, %
o d)
35 25
304
20 -
25 |
(o] (o]
520 S
15 4
& E10- |
10 1
5 4 |
5 i |
70030 —— 60/40
. 70/30.S . 60/40_S
0 50 100 150 200 250 0 50 100 150 200 250
Strain, % Strain, %
e) f)
25
20 - A
|
20 ‘k—/_/_/ | \-a.u_______w_
| . | —
| | 15 - \
£15 ' &
p p=
) %1 0
() ] .
F10 &
5 51
60/40_POSS_2.5 — 60/40_POSS._5
60/40_POSS_2.5.S 60/40_POSS_5.S
0 T T T T 0 T T T T T
100 150 200 0 20 40 60 80

Fig. 4. Stress-strain curves of PLA/ENR vulcanizates before and after aging

50
Strain, %

Strain, %



wem: POLIMERY 2023, 68, nr 11-12

599

along with lower values of tensile strength as compared
with the blend modified by HO-POSS. They explained that
this effect can result from the higher cross-link density of
the blend. OV-POSS could have functioned as a multifunc-
tional cross-link reducing the material’s elasticity. At the
same time, additional cross-links caused excessive brittle-
ness of the material and decreased TS values.

The stress-strain curves of the aged samples are shown
in Figure 4, and the characteristic values are summarized
in Table 1. After the aging process, the strength proper-
ties of the samples, and particularly the tensile stress,
slightly deteriorated. The deterioration of properties
occurred in proportion to the content of the elastomeric
component in thermoplastic vulcanizates. The higher the
content of ENR in the sample, the lower the values of
stress at the yield and stress at break were recorded. The
elongations at break did not change significantly after
aging. Only after the incorporation of DDSQ-eter-4OH
a slight decrease was vis visible. This difference is clearly
visible between samples with 2.5 and 5 wt% of DDSQ-
eter-40OH (especially in the case of aged samples). It is
possible that the reduction in maximum elongations is
due to the increase in the degree of ENR cross-linking in
these samples, which may have been influenced by the
addition of DDSQ-eter-4OH. The tensile stress achieved
during the tensile test did not change significantly after
the introduction of DDSQ-eter-40OH.

According to the conducted research, the addition of
DDSQ-eter-4OH affects the aging process of materials,
which can be observed in Figure 4. As a result of the
increased temperature, the values of elongation at break
of the aged samples increased slightly. However, in the
case of unaged materials containing DDSQ-eter-4OH,

the elongation at break is much lower, but the strength
remains almost unchanged, which may indicate the
influence of the additive on the cross-linking process and
the formation of a larger number of bonds connecting the
PLA with ENR [27, 54, 55].

The results of hardness measurements of the tested
samples are presented in Table 1. As the tests show, the
hardness of TPV decreases with the increasing amount
of ENR. Adding 40% ENR to PLA resulted in a decrease
in the ShA value by 15, which means a change of as
much as 23%. This is quite a significant result. In addi-
tion, as expected, after aging, one could have observed an
increase in hardness of about 30 to even 60%. The increase
in hardness after aging can be attributed to several fac-
tors related to the molecular and structural changes that
occur over time, crystallization (increase crystallinity)
and crosslinking (formation of covalent bonds). In turn,
the negligible effect of the silsesquioxanes addition on
hardness is caused by the dominant share of the elastic
phase in the blend and the lack of reinforcing effect of
the nanostructured additive. The second mechanism that
may cause an increase in the hardness of PLA is changes
in its crystalline structure [56]. However, considering the
used in this study, PLA grade with a low tendency to
crystallize from the melt and the low tendency of POSS
to heterogeneous nucleation [57], the observed results
are reasonable. Similarly, Dandan Doganci [58] did not
observe a beneficial improvement in hardness caused
by the presence of nanostructured domains in the PLA-
-based blend when producing PLA from POSS cored star
poly(e-caprolactone).

Table 1 also shows the values of hydrostatic densities of
samples. As expected, samples with a higher ENR content

Table 1. Mechanical properties of PLA and PLA/ENR vulcanizates before and after aging

Sample E, MPa 0,MPa e, % o, MPa g, % H, Sh°A d, g/cm?®
Before aging
PLA 23244238 | 64.13+0.76 | 2.48+0.19 | 63.47+0.82 4.5+1.2 66.0+1.0 1.243
90/10 2213+101 50.34+1.01 | 2.30+0.07 | 51.45+1.12 1.7+0.9 65.1+1.0 1.214
80/20 1844+107 39.28+0.33 2.30+0.04 25.62+0.56 87.5+5.0 61.5+1.0 1.182
70/30 1312475 3210+0.23 | 2.63+0.12 | 23.94+0.38 | 253.9+3.2 60.4+1.0 1.155
60/40 952423 22.77+0.20 | 2.86+0.07 | 20.89+0.29 | 211.2+1.6 51.4+1.0 1.136
60/40_DDSQ-eter-4OH_2,5 954481 21.78+0.14 2.63+0.06 18.62+0.21 129.2+9.8 51.2+1.0 1.135
60/40_ DDSQ-eter-4OH_5 936+153 20.65+0.07 | 2.86+0.03 | 16.83+0.11 68.0+6.3 51.0+1.0 1.132
After aging
PLA 3050+192 | 64.31+0.17 | 2.72+0.15 | 63.45+0.31 3.5+0.2 93+1.0 1.715
90/10 2757+236 46.45+0.73 2.70+0.38 46.24+0.97 3.5+5.6 94+1.0 1.712
80/20 2054+240 34.92+0.40 2.45+0.49 22.49+0.68 136.5+17.4 91£1.0 1.643
70/30 1794+16 25.35+048 | 1.90+0.35 | 21.28+0.63 | 208.7+17.4 88+1.0 1.582
60/40 956+48 17.21+0.48 2.27+0.18 | 15.22+0.59 | 155.5+29.0 82+1.0 1.151
60/40_DDSQ-eter-4OH_2,5 684+17 16.29+0.30 3.01+0.35 15.62+0.51 171.0+15.7 77+1.0 1.510
60/40_ DDSQ-eter-4OH_5 647+5 13.01+0.19 | 2.68+0.24 | 12.54+0.14 | 82.5+13.0 75£1.0 1.498

E - Young’s modulus; 0,, ¢, - tensile strength and elongation at yield, respectively; 0, ¢, - tensile strength and elongation at break, respec-

tively; H — shore hardness; d — hydrostatic density
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Fig. 5. DSC thermograms of PLA and PLA/ENR vulcanizates: a) the second heating, b) cooling

showed lower density than samples with a higher PLA
content. This is since neat PLA has a higher density than
ENR. The addition of POSS to thermoplastic vulcanizates
with an ENR content of 40% did not significantly affect
their density. Maintaining a linear relationship with the
density change also proves the correct preparation of the
composition and the proper uniformity of the blends. The
influence of the aging process on the increase in hydro-
static density values was also observed. The increase in
the hydrostatic density value after aging is also dictated
by molecular and structural changes in the materials, i.e.,
higher crystallinity and formation of additional chemical
bonds (cross-links) between polymer chains.

Thermal properties

The DSC thermograms recorded during the second
heating and cooling are presented in Figure 5. The char-
acteristic phase transition temperatures and the corre-
sponding enthalpies of these phase transitions are pre-

sented in Table 2. Based on the second heating (Figure 5a),
one can assume that both ENR and PLA demonstrate an
amorphous nature. For neat PLA and all TPVs, cold crys-
tallization exotherms and melting peaks can be detected
in the second heating scans. In turn, none of the tested
materials exhibited crystallization from the molten state
(cooling thermograms, Figure 5b).

All vulcanizates, except for the system containing 90%
PLA, showed two glass transitions. With the increase in
the amount of ENR in the system, a shift of the T, value
(from PLA) towards lower temperatures (plasticizing
effect) was observed, and the glass transition associated
with ENR was identical for all TPVs. Only the addition
of DDSQ-eter-40H caused a slight shift of the T, value
towards higher temperatures. Moreover, the ACW1 values,
as expected, increase with the increase in the content of
ENR in the TPVs.

By analyzing the values of melting temperatures for
vulcanizates and comparing them to the neat PLA, slight
reduction in the value of T along with a significant reduc-

Table 2. Thermal properties of PLA and PLA/ENR vulcanizates determined from DSC

Sample Glass transition Cold crystallization Melting
T, °C AC,, J/g-°C T, °C AC, J/g-°C T, °C AH_, J/g T, °C AH ,J/g
PLA - - 58.7 0.656 120.1 25.26 151.2 26.86
90/10 - - 58.4 0.429 129.2 3.979 152.0 4.75
80/20 21.2 0.092 57.6 0.415 129.2 3.428 150.8 4.197
70/30 21.2 0.146 57.6 0.347 127.6 3.010 150.4 3.966
60/40 21.1 0.179 56.5 0.624 127.,5 2.028 149.3 5151
60/40_DDSQ-eter-40OH_2,5 -19.7 0.151 58.5 0.288 126.3 4.876 149.7 5.081
60/40_ DDSQ-eter-4OH_5 -19.6 0.148 571 0.257 127.8 4.52 149.0 5.466
ENR 21.2 0.499 - - - - - -

17
témperature and enthalpy of cold crystallization); T

m’

T, T ,—glass transition temperature of ENR and PLA respectively; AC
g

AC,, - change of heat capacity at T, T, respectively; T,

cc!

AH_ -

PV

AH - temperature and enthalpy of melting
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Fig. 6. Curves of PLA and PLA/ENR vulcanizates: a) TG, b) DTG
Table 3. TGA data of PLA and PLA/ENR vulcanizates
T TDTG] TDTGZ TDTG3 TDTG4
Sample 058 PLA PLA ENR ENR
°C °C °C °C
PLA 316 355 425 - -
90/10 295 340 436 - -
80/20 288 334 457 - -
70/30 287 328 - 413 471
60/40 283 323 - 415 471
60/40_ DDSQ-eter-4OH_2,5 276 322 - 423 474
60/40_ DDSQ-eter-4OH_5 276 320 - 425 475
ENR 337 - - 379 394

tion in the values of enthalpies of cold crystallization
(AH_) and melting (AH, ) can be observed. Moreover, the
incorporation of ENR into PLA caused firstly an increase
in the value of T and, subsequently, its further decrease
along with the increase in ENR content in TPVs.

It can, therefore, be concluded that the incorpora-
tion of DDSQ-eter-4OH limited the molecular mobility
around the glass transition temperature [59]. This effect
may be caused by the increase in cross-linking of the
ENR chains because of the introduction of additional
reactive groups with the compatibilizer, which may indi-
cate its incorporation into the structure of cross-linked
rubber [41, 42, 54].

TGA analysis of the samples allowed for the assess-
ment of the thermal decomposition rate of the samples
(mass loss) with increasing temperature (Figure 6). In
addition, the temperature of the 5% mass loss, as well as
the temperatures corresponding to the maximum mass
losses (T ;o Tprey Tprey Tored) €an be found in Table 4.
Among the tested materials, the highest value of T, value
was recorded for neat PLA (T, =315°C) and for neat ENR
(T, = 337°C). The T, temperatures of the tested vulca-
nizates were noticeably lower compared to the reference

samples. Moreover, as the content of ENR in the vulcani-
zate increased, the value of T, decreased. In the case of
vulcanizates containing DDSQ-eter-4OH, the T;,, temper-
ature was the lowest, and the percentage of DDSQ-eter-
-40H did not affect its value. For both vulcanizates con-
taining 2.5 and 5 wt% DDSQ-eter-40OH, this temperature
was comparable (276°C and 276°C, respectively).

To better present the corresponding thermal degra-
dation peak, DTG curves were presented in Figure 6b).
Neat PLA and ENR showed double thermal degradation
peaks (355°C and 423°C for PLA, 378°C and 394°C for
ENR). Vulcanizates with lower amounts of ENR (10 and
20%) showed two thermal degradation peaks, first close
to PLA, and second close to ENR, which demonstrated
that part of PLA was grafted on ENR network (PLA-g-
-ENR). However, the degradation peak temperature of
the PLA phase in the vulcanized part of TPV was lower
than neat PLA. This was due to the grafted PLA result-
ing from dynamic vulcanization processing [55]. More
complicated DTG curves was obtained for the TPVs with
more than 20% of ENR, i.e., 30 and 40%, and samples con-
taining DDSQ-eter-4OH. Here, three degradation peaks
were observed - first, the most intense, close to PLA, and
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Fig. 7. Mass uptake over time of PLA/ENR vulcanizates immersed in toluene

the other two, close to ENR. Moreover, the degradation
peak temperature of the ENR phase in the vulcanized
part of TPV was higher than neat ENR, which may be
attributed to PLA grafting on the surface of the ENR net-
work to delay ENR degradation.

It is worth noting that introducing DDSQ-eter-4OH
in the vulcanizate containing 40% ENR also resulted in
a shift of the T, peak for ENR towards higher values.
This may prove the grafting of DDSQ-eter-4OH into the
ENR structure, as the degradation of ENR occurred later
in vulcanizates containing DDSQ-eter-4OH compared to
vulcanizates with the same PLA to ENR ratio but with-
out the addition of DDSQ-eter-4OH. This indicates that
DDSQ-eter-4OH can play the role of radical trap via con-
suming the highly reactive hydrogen and hydroxyl radi-
cals so that they increase the onset degradation tempera-
ture of the ENR [35, 60].

Absorption and apparent cross-linking density

Figure 7 shows the mass intake of samples immersed
in toluene. Mass measurements were taken during the
first 4 hours of the study and every 24 hours for the next
3 days. Analyzing the course of the graph during the first
4 hours of the test, it can be clearly observed that samples
with a higher ENR content absorbed toluene much faster,
and their mass intakes increased in a stronger manner.
It is also worth noting that samples containing 2.5 and
5 wt% DDSQ-eter-4OH also absorbed slightly faster than
the reference (60/40), but only in the case of the sample
with 5 wt% of DDSQ-eter-40OH the final mass intake was

greater. Samples with 10 and 20 of ENR content reached
the after approximately 24 hours. After this time, the
mass intakes were minimal. The remaining samples
reached the swelling equilibrium state after approxi-
mately 48 hours.

Table 4 shows the apparent cross-linking density of the
tested samples calculated according to Eq. 1. Analyzing
the results, an increase in the cross-linking density of the
vulcanizate is observed with an increase in the ENR share
up to 30%. In turn, the higher amount of ENR in the vul-
canizate caused the apparent cross-linking density value
to decrease. At the same time, it was found that in the
system of 60/40, the incorporation of DDSQ-eter-40OH did
not noticeably affect the cross-linking density. Such an
increase in the apparent cross-linking density for the vul-
canizate with an ENR content of not more than 30% might
refer to the greater number of cross-links or chemical
bonds formed between polymer chains within the ana-
lyzed material. Further increasing the amount of ENR in

T able 4. The apparent cross-linking density of PLA/ENR
vulcanizates

Sample APty e
90/10 0.860
80/20 0905
70/30 0933
60/40 0915
60/40_ DDSQ-eter-4OH_2,5 0916
60/40_ DDSQ-eter-40H_5 0913
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the system has led to a change in the structural character
of this composition. Thus, increasing the amount of ENR
in the analyzed vulcanizates to 40% leads to phase inver-
sion, and the matrix (PLA) turns into the dispersed phase,
while ENR takes over the role of the dominant phase.

FTIR analysis

The FTIR analysis was performed to examine the
chemical structure of physical blends. The obtained spec-
tra for neat materials and blends without further modifi-
cation are presented in Figure 8. Additionally, spectra for
materials after extraction in dichloromethane and with
POSS content are presented in Figure 10. The peaks at
1080 cm™ and 1184 cm™ visible for neat PLA and blends
can be ascribed to C-O-C stretching [5, 61, 62]. The sharp
peak at 1749 cm™ is typical for stretching ester carbonyl
C=0 groups [63]. Furthermore, for every material, one
can observe -CH, symmetrical and asymmetrical bend-
ing at 1361 cm™ and 1452 cm™, respectively [61, 64, 65].
Moreover, the C-H stretching vibrations have been iden-
tified at 2820-2995 cm™ [5, 64]. The characteristic peak for
ENR at 1249 cm™ is assigned for the symmetrical stretch-
ing vibration of the epoxy ring [64]. The peaks corre-
sponding to the asymmetrical stretching vibration of the
epoxy ring can be found at 875 cm™ and 832 cm™ [66, 67].
With the increasing content of ENR, the peaks associ-
ated with vibration are more visible due to higher inten-
sity. Furthermore, peaks related to C-H stretching vibra-
tions, as well as symmetrical and asymmetrical bending,
become more visible with higher ENR content.

By analyzing the FTIR spectra for samples 70/30 and
60/40 before and after extraction (Figure 9), it can be
concluded that some of the PLA macromolecules were
attached to the ENR chains during dynamic vulcanization.
After extraction in dichloromethane, the PLA that did not
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Fig. 8. The FTIR spectra of PLA and PLA/ENR vulcanizates

produce bond to ENR was washed out, as evidenced by
a decrease in the intensity of the spectrum at wavelengths
of 1750 cm, 1184 cm™ and 1080 cm™ and a slight increase
in intensity at a wavelength of 1370 cm™. Additionally, the
peak at the wavenumber of 1750 cm™ (responsible for the
stretching vibrations of the C=O groups present in PLA)
was shifted to the wave number of 1755 cm™, which may
indicate a chemical interaction between PLA and ENR.
The probable mechanism of combining PLA macromol-
ecules with ENR is based on the initiation of active points
(e.g., without tertiary carbon) on PLA macromolecules by
hydrogen atoms originating from dicumyl peroxide-con-
taining radicals. These points were able to react with ENR
chains (or ENR radicals) to form a PLA-g-ENR graft copo-
lymer at the PLA-ENR interface, binding part of the PLA
dispersed phase. Moreover, when comparing the series of
vulcanizates with the addition of DDSQ-eter-4OH before
and after extraction, a noticeable decrease in intensity is
observed at the wavenumber of 1750 cm™ for the extracted
samples (responsible for the stretching vibrations of the
C=0 groups present in PLA). However, this peak is evi-
dent enough even after extracting unbound PLA from the
samples. This allows us to assume that the DDSQ-eter-
40H present in vulcanizates helped bind PLA to ENR, so
that even after extraction, the peak at the wave number of
1750 cm™ is visible.

CONCLUSIONS

The selected properties of thermoplastic vulcanizates
based on polylactide and epoxidized natural rubber were
examined. The incorporation of ENR into the PLA struc-
ture was clearly demonstrated, as well as the influence of
the addition of DDSQ-eter-4OH on the properties of the
system (FTIR). Moreover, FTIR examination of thermo-
plastic vulcanizates extracted in dichloromethane seems
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Fig. 9. The FTIR spectra of PLA/ENR vulcanizates after extrac-
tion in dichloromethane and with addition of DDSQ-eter-4OH
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to confirm the chemical bonding of PLA and ENR at the
phase boundary: formation of macromolecules of the PLA-
-g-ENR copolymer. Moreover, the analysis of the FTIR
spectrum of the extracted sample with 5 wt.% DDSQ-eter-
-40H showed a greater bonding degree between PLA and
ENR, which clearly confirms the compatibilizing effect of
DDSQ-eter-4OH. It was also shown that the incorporation
of 10 wt% of ENR resulted in a distinct change in mechani-
cal properties. Samples containing a smaller amount of
rubber show mechanical properties typical of brittle and
stiff materials (high maximum stress and low elongation
at break), which was predictable due to the brittle nature
of neat PLA. However, as the rubber content increased,
the samples began to show characteristics more like elas-
tomeric materials - the elongation at break increased at the
expense of the maximum stress, which proves that ENR
was incorporated into the PLA structure. The greatest
improvement in elongation at break was observed with
TPV containing 30 wt% ENR. However, a higher ENR con-
tent (40 wt%) resulted in lowering the value of elongation
at break. By analyzing the stress-strain curves, conclu-
sions can also be drawn regarding the effect of the DDSQ-
eter-40OH addition on the properties. Samples containing
DDSQ-eter-40OH showed a significant reduction in maxi-
mum elongation while maintaining the same maximum
stress as samples without DDSQ-eter-4OH. This allows
us to assume that DDSQ-eter-4OH was incorporated into
the structure of vulcanizates, thus increasing the degree of
cross-linking and stiffening the material. Aging resulted in
the deterioration of all mechanical properties. In the case
of PLA/ENR without DDSQ-eter-4OH, both the maximum
stress and the elongation at break were reduced. However,
it is worth noting that in the case of PLA/ENR contain-
ing both 2.5 and 5 wt% DDSQ-eter-40OH, the elongation at
break increased after samples’ aging.

By analyzing DSC thermograms, the amorphous nature
of the PLA/ENR vulcanizates was demonstrated. The
addition of DDSQ-eter-4OH resulted in a slight reduction
in the glass transition temperature from ENR. At the same
time, the analysis of TG curves showed a shift in the tem-
perature value of 5% mass loss with an increase in ENR
content, and in the system containing DDSQ-eter-4OH an
increase in thermal stability was observed. This may con-
firm the incorporation of DDSQ-eter-4OH into the ENR
and the increase in cross-linking of this structure.

The analyzed PLA/ENR systems, especially those com-
patibilized with silsesquioxanes can be used in various
fields, especially where the properties of both PLA and
ENR are required. Here are some areas where such sys-
tems can be used: i) in the production of flexible food
packaging; ii) for the production of foils and bags, iii) for
the production of household products, such as flexible
covers or mats; iv) in the sports industry for the produc-
tion of flexible elements, such as soles for sports shoes,
armbands or protectors, v) for the production of flexible
insulating materials that can be used in the electrical or
construction industry; vi) for 3D printing, enabling the

creation of flexible and durable models, vii) in the pro-
duction of gaskets, sealants or flexible edges and viii) for
the production of flexible components such as seals or
shock absorption elements in the automotive industry.
The above applications show that systems based on PLA
with epoxidized natural rubber can be used in various
fields, combining the advantages of both materials, and
meeting the specific requirements of a given application.
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