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Abstract. The influence of the reduction of macromolecular entanglements on the thermal and mechanical properties of
polylactide composites containing 0.1-1.0 wt% of carbon nanotubes was investigated. Partial disentangling of the macro-
molecules improved the dispersion of the filler during composite fabrication. Greater mobility of less entangled polylactide
macromolecules affected the crystallization of nanocomposites, which occurred already during the cooling of the melt and
not only as a cold crystallization. Isothermal crystallization studies showed a beneficial combination of matrix disentangle-
ment and increased nanotube nucleation, leading to much faster crystallization. In the entangled composite, crystallization
at 120°C was completed after 14 min, while in the partially disentangled composite only after 9 min. The reduction of en-
tanglements of macromolecules also affected the mechanical properties. The plastic deformation was more easily initiated,
and stresses in the strain-hardening phase increased more slowly during the deformation of disentangled homopolymers. In
composites, the strain-hardening effect depended not only on the content of nanotubes but also on their dispersion, which
was better in the less entangled polylactide matrix.
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1. Introduction One of the possible ways to improve the unsatisfac-
Polylactide (PLA) is an aliphatic polyester derived  tory properties of biopolymer is to make a compos-
from renewable resources. It has been intensively ex-  ite. The effective fillers are multi-walled carbon nan-
plored because it is non-toxic to the human body, otubes (MWCNT). The properties of PLA/MWCNT
friendly to the environment, and compostable [1]. composites were studied by many authors [4, 5]. The
Polylactide can occur in the form of two stereoiso- research focused mainly on two issues: thermal
mers, designated as L and D, but is usually a mixture = properties, including crystallization, and mechanical
of them. When the content of the minor enantiomer  properties.

does not exceed a few percent, the polymer is capable ~ Many studies have focused on the crystallization of
of crystallization. Usually, it does not occur directly composites [6—13]. Some of them are concerned
during cooling from the melt but during increasing the ~ with non-isothermal crystallization. The tested com-
temperature in the solid state, as the so-called cold posites were able to crystallize when cooled, which
crystallization [2, 3]. Polylactide is brittle under typi- resulted in cold crystallization observed in PLA but
cal exploitation conditions, i.e., below a glass transi- not in PLA/MWCNT [6]. Different were the obser-
tion at 56-58°C. However, at temperatures above vations by Park ez al. [9], where only a decrease in the
60°C, it is possible to obtain large deformations. cold crystallization temperature (7¢.) and an increase
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in the melt crystallization temperature were observed
as a result of increasing carbon nanotubes (CNTs)
content in the composite. Rizvi et al. [10] noted that
a decrease in T is observed for CNTs concentration
below 2 wt% because highly concentrated MWCNTs
inhibit the growth of PLA crystals and increase this
temperature. Similar to changes in T, the melting
temperature of the composites changed. The glass
transition temperature (7) usually was constant, al-
though Wu and Liao [11] noticed an increase in 7T,
with the addition of CNTs.

According to Wu et al. [13], the presence of nano-
tubes has a nucleating effect on both the melt crys-
tallization and the cold crystallization of PLA. How-
ever, the nanotubes also act as a physical barrier,
hindering crystal growth [12]. As a result, the pres-
ence of nanotubes accelerated the melt crystalliza-
tion while retarded the overall kinetics of the cold
crystallization. The heat of melting of PLA in the
composite regularly decreased with the CNTs con-
tent [11].

Xu et al. [7] noticed for MWCNTs with a modified
surface that, if they have a smaller aspect ratio, the
nucleation rate of PLA spherulites increases. It was
attributed to fewer sidewall carboxyl groups on the
surfaces of MWCNTs with smaller aspect ratios,
which provides more nucleation sites for PLA crys-
tallization. The increase in PLA crystallinity after
modification of MWCNTs compared with the com-
posite of unmodified MWCNTs and the double melt-
ing behavior for nanocomposites, while the pure
PLA showed a single melting character, were the
main observations of Mina ef al. [8].

Isothermal crystallization studies showed that the in-
sertion of CNT effectively increased the crystalliza-
tion rate of PLA [9]. Also, for carboxyl-functional-
ized MWCNTSs composite, the effect of nanotubes
on the isothermal cold crystallization of PLA was
observed [12].

The mechanical properties of PLA/MWCNT com-
posites are essential for practical applications; there-
fore, they have been studied by several teams. Some
of them observed an increase in tensile strength with
an increase in the content of nanotubes [14], but
other authors did not find such dependence [15]. It
was also found that the flexural strength of the com-
posite increased with MWCNTs content [14]. The
mechanical properties of composites depended on
the shape of the filler. Composites with a higher as-
pect ratio were characterized by a higher modulus
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and higher tensile strength, which was related to the
better dispersion of CNTs [16].

Studies of the properties of composites with chemi-
cally modified CNTs lead to the general conclusion
that the modification of mechanical properties is
most effective when the chemical treatment of CNTs
improves their dispersion [11, 17-19]. It was found
that the tensile strength of PLA/CNT composite was
enhanced when a small number of modified MWC-
NTs was added to PLA [8, 9]. The observations of
changes in the modulus of elasticity were contradic-
tory. Ramontja et al. [17] noted that Young’s modu-
lus of the composite is lower than that of pure PLA,
but Chiu et al. [20], Park et al. [9], and Mina et al.
[8] reported the opposite tendency.

In all of the above studies, the mechanical properties
were determined at 20-25 °C, which meant that PLA
was rigid even after CNTs were applied, so only
minimal tensile deformation of the composite was
possible.

Since the properties of PLA composites depend on
the dispersion of CNTs, it was investigated how the
dispersion depends on extrusion parameters [21]. In
processing, it is recommended to use masterbatches.
The MWCNTs dispersion within the diluted compos-
ites was predominated by the filler dispersion in the
masterbatches. The high rotational speed — in com-
bination with a screw profile containing mainly mix-
ing elements — was found to be very suitable for the
dispersion and distribution of MWCNTs. The tem-
perature profile applied showed less influence.

The polymers that make the composites have entan-
gled macromolecules in the amorphous phase [22].
These macromolecular entanglements significantly
affect the behavior of not only the deformed polymer
but also its composite. It is assumed that in a typi-
cally synthesized polymer, macromolecular entan-
glements are at an equilibrium level characteristic of
each polymer [23, 24]. The entanglement density of
macromolecules is characterized by giving the aver-
age molecular mass between the entanglements. Val-
ues in the range of 4000—10500 g/mol are given in
the literature for polylactide [24, 25].

It is possible to reduce the density of entanglements,
and appropriate methods have been developed [25].
The reduction of entanglements can be achieved by
polymerization occurring together with crystallization.
For commercially available polymers, entangle-
ments can be reduced by dissolution. The more the
polymer solution is diluted, the less contact there is
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between macromolecules and their entanglement. A
certain difficulty is to maintain limited entangle-
ments when converting the polymer from solution
to solid state. This is often achieved by freezing the
solution and sublimating the solvent or precipitating
it with a non-solvent. The ability of the polymer to
crystallize when the solution is cooled may also be
useful in maintaining disentanglement.
Disentangling polymers in solution is well suited for
scientific purposes. However, in industrial applica-
tions where the environmental aspect must be taken
into account, it would be better to achieve the disen-
tanglement of macromolecules in a different way.
Recently, attempts have been made to disentangle
macromolecular chains using large-amplitude oscil-
latory shear flow [26]. It should be noted that a fully
disentangled polymer is not of interest as a material
because the entanglements ensure the continuity of
the amorphous phase during deformation. At the
same time, the partial reduction of the entanglement
density is interesting because, as has been shown for
many polymers, it significantly affects their proper-
ties [27, 28].

Attempts were made to partially disentangle poly-
lactide macromolecules, similarly to a number of
other polymers [24, 29-31]. The rheological exper-
iments showed that polylactide obtained from
0.1 wt% methylene chloride solution has only 20%
of the original entanglements. The crystallization
studies under isothermal conditions have shown that
crystal growth can be 10% faster in partially disen-
tangled PLA. Shifts in temperatures defining crys-
tallization regimes were also observed [31]. The role
of chain entanglements in the crystallization of stere-
ocomplex of partially disentangled PLA enantiomers
was studied by Sun et al. [32]. It was observed that
disentangling promoted not only a higher crystalliza-
tion rate but also higher crystallinity of the complex
in both the non-isothermal and isothermal condi-
tions. The less-entangled samples crystallized exclu-
sively as the highly crystalline stereocomplexes, in
contrast to the predominant homo crystallization that
occurred in the common entangled samples.

The tensile test of mechanical properties showed that
plastic deformation is easier in the partially disentan-
gled polymer. This was particularly evident as a de-
crease in strain hardening rate because, during the
final strain phase the deformation is mostly controlled
by entanglements in the amorphous phase [33].

Although there are already many reports on the prop-
erties of partially disentangled polymers, there are
almost no such studies in the case of polymer com-
posites. An exception is a recently published article
by Barangizi and Pawlak [34] discussing the crys-
tallization of polypropylene in a composite with
1 wt% dispersed nano Al,Os. It was found that iso-
thermal and non-isothermal crystallization occurs
faster or at a higher temperature, respectively, if the
composite has fewer macromolecular entanglements.
This was evident during the measurements of the
spherulite growth rate as well as the rate of melt-
crystal conversion. However, the crystallization in
the nanocomposite was slower than in the homo-
polymer because the dispersed nanoparticles hin-
dered the movement of macromolecules to the grow-
ing crystals.

Luo et al. [35] studied the recovery of entangle-
ments in polypropylene with graphene nanoplates
and noticed that the presence of graphene increases
the rate of crystallization. Drakopoulos et al. [36] pre-
pared from a solution a composite of gold nanopar-
ticles dispersed in partially disentangled ultra-high
molecular weight polyethylene (UHMWPE). The
composite was then calendered and stretched to draw
ratios ranging from 2-200. Thus, the processability
of UHMWPE was shown. As a result of the defor-
mation, an increase in UHMWPE crystallinity by
15% was found at high drawing ratios. It was also
observed that the average size of the gold aggregates
increased with the orientation of the composite.
Studies of polyethylene with polyhedral oligomeric
silsesquioxanes [37, 38] lead to the conclusion that
sufficiently small nanoparticles (e.g., 1.5 nm, small-
er than the tube size of polyethylene (PE), equal to
3.6 nm) can result in higher free volume in the melt,
less chain entanglement, and thus a lower complex
viscosity of polymer matrix. The distribution of TiO,
nanoparticles in waterborne acrylic copolymer coat-
ings caused a chain disentanglement and an order of
magnitude decrease of T, [39].

As can be seen from the above review of the litera-
ture, there are no reports that would allow a complete
assessment of how the reduced density of macromol-
ecular entanglement affects the formation and prop-
erties of composites. Particularly interesting are com-
posites with fillers having a high aspect ratio, well
dispersing in the polymer matrix, and characterized
by sufficient adhesion to the matrix polymer. To carry
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out the relevant research on composite with partially
disentangled macromolecules, we chose PLA/
MWCNT composite, focusing on its most important
properties, i.e. thermal and mechanical.

2. Experimental

2.1. Materials

Poly(L-lactide) NW 4032D by Nature Works was
used in the research. It contained only 1.15% of
D-lactide, so it was able to crystallize. Molecular
weight measurements by gel permeation chromatog-
raphy with multi-angle laser light scattering detection
(GPC-MALLS) gave the following values: number
average molecular weight, M;, = 72000 g/mol, mass
average molecular weight, M,, = 88000 g/mol. Thin
multi-walled carbon nanotubes were produced by
Nanocyl S.A. (Belgium) using a catalytic chemical
vapor deposition (CCVD) process. According to the
manufacturer’s data, NC 7000 nanotubes have an av-
erage diameter of 9.5 nm, length of 1.5 um, and sur-
face area of 250-300 m?/g.

2.2. Methods

The partial disentangling of PLA was done in solu-
tion using a procedure similar to that proposed by Liu
et al. [30]. PLA — after drying for 4 hours at 70°C —
was dissolved in methylene chloride at a concentra-
tion of 0.5% by weight. Mixing of the polymer and
solvent was carried out in a glass flask with a me-
chanical stirrer for 40 min at 25°C. The homoge-
neous solution was slowly poured into a large volume
of liquid nitrogen. In the next step, ethanol was added
to the frozen solution in a volume five times the vol-
ume of the solution. This resulted in the precipitation
of polylactide as a white powder. Finally, residual
methylene chloride and ethanol were removed by
drying for about 8 hours under a vacuum at room
temperature. Previously performed rheological stud-
ies showed that by using this procedure, the molecu-
lar mass between entanglements increased from
10500 g/mol for the original PLA to 32800 g/mol for
the solution-treated PLA. This means three times
fewer entanglements in the polymer.

Both fully entangled and partially disentangled PLA
was used to prepare composites with MWCNTs. The
composites were produced using EHP-5CS mini ex-
truder (Zamak-Mercator, Krakow, Poland). The plas-
ticizing system of this extruder was composed of two
screws with a variable profile and a return channel
with a valve, enabling multiple passages of the mate-
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rial through the extruder. The components were mixed
for 10 min at a temperature of 180 °C with screw ro-
tation of 60 rpm. The composites of entangled or
partially disentangled PLA, including 0.1 or 1.0 wt%
of MWCNTs, were prepared. It is assumed that to
obtain the desired properties of nanocomposites, the
content of 1 wt% of the filler should be sufficient.
On the other hand, it was difficult to predict whether
effects related to the disentanglement of the compos-
ite matrix would be visible at a very low content of
CNTs. Therefore, the contents of 0.1 and 1.0 wt%
CNTs were selected for the study. We did not modify
the surface of the filler. Although it could improve
the dispersion of nanotubes, it would make it diffi-
cult to interpret the impact of reducing macromole-
cular entanglements on the morphology of the
nanocomposite and its properties. Therefore, the
modification of the filler-polymer interactions was
abandoned, but we paid attention to whether a satis-
factory dispersion of the filler was achieved in the
mixing process.

The morphologies of the composites were observed
with a polarized light microscope Nikon Eclipse 801
(Nikon Corp., Japan). The aim of the research was
to analyze the filler dispersion. The samples for ob-
servation were prepared on a Linkam TAHMS 600
(Linkam Sci., Salfords, United Kingdom) hot stage.
A small piece of the composite was placed between
two thin microscopic glasses. Then, such a sandwich
was put on the plate of the hot stage, melted for
1 min at 220 °C, and gently compressed into a layer
with a thickness of 12—14 um. The molten film was
quickly cooled to room temperature, thereby limiting
crystallization and making it transparent for obser-
vation. The samples prepared in this way were ob-
served in the microscope in the light transmission
mode. Fragments of samples with typical dispersion
of filler were photographed. Each of the five photo-
graphs taken for each material covered an area of
0.6x0.9 mm. From these photographs, histograms
that show the frequency of occurrence of agglomer-
ates of a certain size in each composite were deter-
mined. Observations of the morphology of the com-
posites at higher magnification were carried out
using a scanning electron microscope (SEM) Jeol
JSM 6010LA (JEOL Ltd., Japan). The samples for
observation were first broken in liquid nitrogen, and
then the exposed surfaces were sputtered with gold.
DSC Q 20 (TA Instruments, New Castle, USA) ap-
paratus was used to conduct thermal tests on samples
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having a weight 7-8 mg. For the non-isothermal test,
the sample was heated to 220°C at a rate of
10 °C/min, cooled to 25 °C at the same rate, and then
heated to 220 °C. In isothermal tests, the sample was
heated to 220°C, kept there for 3 min, and then
cooled down at the rate of 10 °C/min to the final tem-
perature of 120 or 125°C. While maintaining this
temperature, changes in heat flow were observed.
The experiment was stopped when heat changes be-
came invisible.

The thermogravimetric analyzer TGA 5500 (TA In-
struments, New Castle, USA) was used to assess the
thermal stability of the tested materials. Examined
samples were heated at a rate of 10 °C/min under ni-
trogen flow from 20 to 600 °C, and weight changes
were measured.

The samples for the mechanical test were prepared
by hot pressing pieces of composites or polylactides
at 180°C for 6—8 min. Plates with a thickness of
1 mm were obtained, from which samples were cut.
The specimens had a gauge length of 25 mm, a width
of 10 mm, and a thickness of 1 mm. Five samples of
each material were prepared for testing. The samples
were tested in a tensile mode using the Instron 5582
(Instron, Norwood, USA) universal machine. The
experiments were carried out in an environmental
chamber, which enabled the tests to be conducted at
temperatures of 20—70°C. The stretching rate was
10%/min. Changes in the shape of the samples dur-
ing deformation were recorded by photographs.
Markers were drawn on the surface of the samples,
which helped to determine local changes in dimen-
sions. By measuring the sizes for a selected small
volume between the markers, the volume strain AV
as a function of the strain was calculated. The vol-
ume strain is defined as (Equation (1)):

V=V
AV = VO 0 (1)

where V) is the initial volume of the analyzed frag-
ment of the sample, and V is the actual volume of
this fragment. The large value of AV is attributed to
the occurrence of cavitation phenomena [40]. Mi-
crometer-size cavities (voids) appear in the amor-
phous phase of the polymer. The intensity of the phe-
nomenon decreases with temperature when the
possibility of stress relaxation in the amorphous
phase of the polymer increases. The tensile experi-
ment was limited to the engineering strain of 400—
500% due to the size of the environmental chamber.
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Most of the samples tested at 70 °C did not break at
these strains.

X-ray scattering, resulting from structural changes
in deformed samples, was investigated in the small
angle X-ray scattering (SAXS) experiment. The
GeniX Xenocs (Xenocs, Grenoble, France) X-ray
source operating at 50 kV and 1 mA was combined
with a Kiessig-type SAXS camera of 1.2 m in length.
The scattered radiation was recorded using a Pilatus
100 K detector. The investigated samples had similar
thicknesses.

The formation of the crystalline phase due to the de-
formation of the stretched material was investigated
by recording 2-dimensional wide-angle X-ray scat-
tering (WAXS) patterns. The radiation source was a
CuK, lamp (sealed tube operating at 30 kV and
50 mA, by Philips). The deformed sample from the
mechanical test was placed in the path of the X-ray
beam at a distance of 39 mm from the Pilatus 100K
detector, which recorded the scattering image.

The dynamic mechanical analyzer DMA Q800 (TA
Instruments, New Castle, USA) was used to deter-
mine how the storage and loss moduli of the PLA
sample change with temperature. The test specimens
in the shape of strips had the following dimensions:
length 10 mm, width 6 mm, and thickness 0.25 mm.
The experiments were performed in the film tension
mode. Measurements were carried out in the temper-
ature range of 10-160°C, at a frequency of 1 Hz and
a scanning rate of 3 °C/min. The choice of the max-
imum temperature resulted from the expected melt-
ing of the samples above it.

Abbreviations of material names used in the text are
presented in Table 1.

3. Results and discussion

3.1. Morphologies of composites

Before carrying out the thermal and mechanical tests,
the dispersion of nanotubes in the polymer matrix
was evaluated. It is almost impossible to avoid the
presence of individual large agglomerates of filler in

Table 1. Abbreviations of material names used in the text.

Material PLA matrix MWCNT contents
[wt%]

PLAI Initial PLA, fully en- 0

PLAi 0.1 tangled macromole- 0.1
PLAI 1.0 cules 1.0
PLAd Solution treated, par- 0

PLAd 0.1 tially disentangled 0.1
PLAd 1.0 macromolecules 1.0
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-
a) b)
c) d)

Figure 1. Morphologies of thin films of composites: a) PLAi1 0.1, b) PLAi 1.0, ¢) PLAd 0.1, d) PLAd 1.0.

composite, which become visible when analyzing a
representative volume of the examined sample. Such
information is provided by light microscopy in the
transmission mode through a thin layer of the com-
posite. Figure 1 shows typical photographs of the
tested composites. Dark inclusions are agglomerates
of carbon nanotubes. As expected, agglomerates of
micrometer sizes were present in limited numbers,
depending on the concentration of filler and type of
matrix.

The largest agglomerates were visible in the photo-
graphs of the PLAi 1.0 composite, the smallest in the
case of the PLAd 0.1 composite. Intermediate, sim-
ilar sizes of inclusions were visible for PLAi 0.1 and
PLAd 1.0 composites. The agglomerates visible in
the pictures have been measured, and histograms
have been prepared to show the frequency of occur-
rence of agglomerates of certain sizes. These his-
tograms are shown in Figure 2. They cover the size
range from 3 to 150 pm. The histograms confirm the
observations that the reduction of macromolecular
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entanglements has a positive effect on the distribu-
tion of carbon nanotubes inside the polymer. For ex-
ample, in the PLAd 0.1 composite, almost 70% of
the agglomerates had a size below 10 pm, while in
the entangled PLAi 0.1 composite, the largest num-
ber of inclusions were 10-20 pm in size, and the size
distribution was also much wider. An increase in
filler content from 0.1 to 1.0 wt% increases the ten-
dency to agglomerate. The number of large agglom-
erates with sizes above 50 um is increasing. How-
ever, when comparing the PLAi 1.0 and PLAd 1.0
composites, it is clear that also, with higher nanotube
contents, the reduction of macromolecular entangle-
ments has a positive effect on their dispersion. Only
single agglomerates larger than 50 pm were visible
in the images for PLAd 1.0. It should be remembered
that light microscopy images do not show inclusions
below 3 micrometers, while SEM images (discussed
later) showing such inclusions cover very small areas
of samples and are of little use for calculating the
proportion of inclusions of various sizes.
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Figure 2. Histograms showing the frequency of occurrence of CNT agglomerates of various diameters: a) PLAi 0.1,

b) PLAi 1.0, ¢) PLAd 0.1, d) PLAd 1.0.

It can be assumed that most of the MWCNTs used
are finely dispersed and invisible in microscopic im-
ages. Although it is difficult to measure the contri-
bution of the smallest particles to the total filler con-
tent, it can be roughly estimated from microscopic
photographs. The ratio of the volume occupied by
visible MWCNTs agglomerates, Venr, to the volume
of the PLA, Vppa, determined from photographs
was: 0.78% for PLAi0.1, 5.90% for PLAIi 1.0,
0.38% for PLAd 0.1 and 1.84% for PLAd 1.0, re-
spectively (see Table 2).

The ratio of the mass of visible MWCNTSs, mcnT, to
the mass of PLA, mpp a, may be calculated from the
Equation (2):

Ment _ Voenr Pont @)
Mpra ~ Vora Ppra

where penr is the density of MWCNTS filler, and
ppra 1s the density of PLA. According to the manu-
facturers, the bulk density of MWCNTs is equal to
0.075 g/cm?, and the density of PLA is equal to
1.24 g/cm?. During melt processing, mobile macro-
molecules penetrate the free space between the
nanoparticles, applying moderate pressure on the
nanotube assemblies. If we assume that there was
no significant compression of nanotubes, the density
of MWCNTs inside the polymer should be close to
the bulk density of MWCNTs. According to this

Table 2. Volume (Vent/Vpra) and mass (ment/mpra) ratios of MWCNTs and PLA determined by optical microscopy (OM)
and calculated fractions of MWCNTs invisible in the microscope.

VeV - Mass content of CNTs inserted into Mass content of nanoparticles not
Composite CI\E‘T, e ]PLA Cl\ﬁ Yl PLA composite visible by OM
’ ’ (%] (%]
PLAi 0.1 0.78 0.05 0.1 50
PLAi 1.0 5.90 0.35 1.0 65
PLAd 0.1 0.38 0.02 0.1 80
PLAd 1.0 1.84 0.11 1.0 89
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assumption, it can be calculated from Equation (2)
that the mcn/mpLa ratios in examined composites
were 0.05% for PLAi 0.1, 0.35% for PLAi 1.0, 0.02%
for PLAd 0.1 and 0.11% for PLAd 1.0. Comparison
of these values with the fact that the total content of
MWCNTs in the composites was 0.1 or 1.0% means
that most of the MWCNTs were dispersed to such an
extent that they were not visible in the light micro-
scope. The last column in Table 2 shows what per-
centage of the nanofiller was below 3 um. For all
composites, at least 50% of the nanotubes were dis-
persed at the nano level, i.e., good dispersion was ob-
tained. Comparing the composites with the same filler
content but with less or more entangled macromole-
cules, it can be seen that better dispersion of the filler
occurs in the partially disentangled PLA composite.

The morphologies of the composites at higher mag-
nifications, available in scanning electron microscopy,
were also observed. The photographs in Figure 3.
show that more agglomerates were present in com-
posites with entangled macromolecules, especially

\.

B, e
X1,500%,,10,[M i * ]
oo S Nl

e i

SEI’ 10kV. WD10mmSS30

when the filler content increased from 0.1 to 1 wt%.
For example, single agglomerates with a diameter of
3-5 um are visible in Figure 3b, while in the PLAd
matrix (Figure 3d), the size of the agglomerates does
not exceed 2 um. When only 0.1 wt% of MWCNTs
was introduced into the matrix, smaller agglomerates
can be seen in the photographs (Figure 3a), and in
the PLAd 0.1 composite, they are even poorly visi-
ble (Figure 3c). As can be seen from the calculations
in Table 2 and from the SEM observations, although
there are agglomerates in the composites, most of
the CNTs are dispersed at the nanometer level.

3.2. Non-isothermal crystallization

Non-isothermal crystallization was investigated by
DSC. The typical heating-cooling-heating protocol
was used. In the case of limiting the entanglement of
macromolecules, a possible change in the value of
the glass transition temperature (7;) could be expect-
ed. In the published studies of PLA-MWCNTs com-
posites, there were conflicting reports about the

x1,500

Figure 3. Morphology of the internal surface of composite: a) PLAi1 0.1, b) PLAi 1.0, ¢) PLAd 0.1, d) PLAd 1.0.
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Table 3. Glass transition temperatures measured in DSC
non-isothermal experiment.

Sample I I-::gt]ing C([);)éi]ng 1I. l[-{)eé\]ting
PLAI 57.4 58.9 60.7
PLAi 0.1 54.6 59.5 62.1
PLAi 1.0 55.3 58.2 62.4
PLAd 57.1 58.8 62.1
PLAd 0.1 55.6 60.8 61.6
PLAd 1.0 56.6 61.0 62.2

change or no change in the glass transition in the
presence of filler [10, 11]. Therefore, when analyzing
the results of DSC, we first focused on the glass tran-
sition temperature. The results of 7, measurements
are presented in Table 3. The determined glass tran-
sition temperatures depended somewhat on the
phase of the temperature cycle in which they were
measured. However, changes in T}, related to the dis-
entangling of macromolecules or the presence of
nanotubes were not systematic and were within the
range of accuracy of temperature determination.

Table 4 presents the thermal transitions that were ob-
served in non-isothermal DSC studies above the
glass transition. When calculating the degree of crys-
tallinity, it was taken into account that the heat of
melting of 100% crystalline PLA is 93 J/g [41, 42]
and that the mass fraction of PLA in the composites
is less than 100%. The first heating reflects the state
of the material created during its preparation. When
the temperature of the sample increased to 98.4—
105.1 °C, depending on the material, cold crystalliza-
tion, i.e., solid-state crystallization, was observed.
Changes in the cold crystallization temperature (max-
imum of peak) were not large and it was difficult to

see regularity related to the composition of the sam-
ple or degree of entanglement of macromolecules.
The measured heat of cold crystallization was high,
and the calculated increase in crystallinity was
32—-44%. Considering that for PLA, it is difficult to
achieve crystallinity above 40% [43], this means that
before the measurements, the tested composites had
a low content of the crystalline phase. The crys-
tallinity obtained by cold crystallization (X,.) was
lower for PLAd than for PLAi1 and regularly de-
creased with the content of nanotubes in the com-
posite. The difference between the polylactides is
probably due to the different polymer preparation
procedures and the smaller amount of nuclei present
in PLAd. On the other hand, the reduction of cold
crystallization with the increase in the content of
MWCNTs indicates their barrier role for this type of
crystallization.

In all tested samples, with the exception of PLAd, a
slight exothermic transformation was visible at 155—
156 °C with the heat of 0.2—1.5 J/g. This transforma-
tion, just prior to the melting of the material, is at-
tributed to the transformation of the o’ crystalline
phase in PLA into the more stable o phase [44].
The melting process observed during the first heating
reached its maximum at the temperature of 166.9—
169.4°C without a regular dependence on the com-
position of samples. The total crystallinity (X;,) de-
termined from the heat of melting showed a similar
tendency as the crystallinity of cold crystallization.
It was higher for PLAI than for PLAd and regularly
decreased with the addition of nanotubes. The differ-
ence between the Xy, and X, values, characterizing
the initial crystallinity and amounting to 1.3-5.7%,

Table 4. The results of non-isothermal crystallization experiment.

Sample I. Heating Cooling I1. Heating

Tee Xee T X T. X T Xee T X

[°C] [%] [°C] [%o] [°C] [%o] [°C] [%] [°C] [%]
PLAi 99.5 43.5 166.9 48.3 93.1 5.9 100.4 34.7 166.8 45.8
PLAi 0.1 105.1 394 169.5 40.7 89.6 3.1 102.4 33.1 168.2 40.2
PLAi 1.0 102.2 34.6 168.9 40.3 89.4 4.7 99.1 28.3 168.3 38.2
PLAd 105.3 40.2 169.4 42.0 94.1 0.7 125.1 37.5 168.8 425
PLAd 0.1 100.3 36.1 168.4 40.4 98.5 23.1 96.6 9.8 167.9 40.5
PLAd 1.0 98.4 31.7 168.9 36.1 100.5 27.6 105.7 3.8 168.5 38.7

T, — cold crystallization temperature,
Tin —melting temperature,
T. — crystallization temperature,

X, — crystallinity calculated from the heat of cold crystallization,

Xm — total crystallinity determined from the heat of melting,
X. — crystallinity calculated from the heat of crystallization on cooling.
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confirmed that the crystallinity of the samples before
the DSC tests was low.

The interesting effects were observed when cooling
the melt, during which crystallization of polylactide
happened. Crystallization of PLAi and PLAi 0.1,
PLAi1 1.0 composites started at temperatures of
111-113°C. The temperature of the beginning of
crystallization in PLAd was similar, although it was
difficult to determine it precisely due to the weak-
ness of the effect. The temperatures of the beginning
of crystallization in the PLAd 0.1 and PLAd 1.0
composites were much higher, at 122.4 and 121.1°C,
respectively. The maximum (peak) crystallization
temperature was similar for both homopolymers, one
degree higher for PLAd. However, as the filler con-
tent increased, the temperature representing the max-
imum changed differently for the entangled and dis-
entangled PLA matrix composites. In the fully entan-
gled PLAi1 composites, the maximum crystallization
was shifted to lower temperatures after the addition
of carbon nanotubes. It can be assumed that the pres-
ence of nanotubes limits the movement of macro-
molecules to growing crystals, not compensated by
additional nucleation on MWCNTs. The crystallinity
in PLAIi and its composites is low (3—6%), and it de-
creases in the composite, which supports the as-
sumption that nanotubes are more crystallization ob-
stacles than promoters as crystallization nuclei.
Crystallization in PLAd composites proceeded dif-
ferently. The PLAd homopolymer obtained very low
crystallinity on cooling, but the PLAd 0.1 and
PLAd 1.0 composites crystallized easily. After adding
MWCNTs to PLAd, the maximum crystallization
temperature (from 94.1 to 100.5°C) and the degree
of crystallinity (from 0.7 to 27.6%) significantly in-
creased. Better dispersion of the filler in PLAd com-
posites than in PLAi composites meant that a larger
fraction of nanoparticles present in the polymer
could cause nucleation of crystallization. With the
greater mobility of the less entangled macromole-
cules, the combined effect of enhanced nucleation
and easier transport outweighed the fact that the nan-
otubes were obstacles to the movement of macro-
molecules to crystallization sites. As a result, a sig-
nificant increase in the degree of crystallinity was
observed during the cooling of composites with dis-
entangled macromolecules.

The behavior of materials observed during the sec-
ond heating depended on the previous crystallization
during cooling. The well-crystallizing PLAd 0.1 and

PLAd 1.0 composites showed limited cold crystal-
lization. PLA1, PLAd, PLAi1 0.1, and PLA1 1.0, which
crystallized poorly on cooling, showed effective cold
crystallization. For PLAi composites, a certain reduc-
tion in the degree of crystallinity was visible with an
increase in the CNT content. PLAi and PLAi com-
posites began to cold crystallize at 81-83 °C, similarly
to PLAd 0.1 (81.1°C), while the cold crystallization
in PLAd 1.0 started at 88.0°C. The maximum of the
cold crystallization peak was observed at the temper-
ature of 96.6-105.7°C. Considerably delayed, prob-
ably due to the limited number of nuclei, was the
crystallization in PLAd. Its beginning was at 93.5 °C,
maximum at 125°C, and the crystallization peak
smoothly turned into a melting peak.

During the second heating, in most materials, with
the exception of PLAd and PLAd 1.0, there was a
slight o'-a transition peak, visible at 153.5-154.6°C,
with the heat of transition of 1.1-3.1 J/g. At temper-
atures above 154 °C, the melting process began to be
visible. The melting temperatures during the second
heating were similar for all studied materials (166.8—
168.8 °C). The total crystallinity of PLA1 and PLAd
composites was in the range of 38.7-45.8% and
slightly decreased with the increase in the content of
nanotubes. The measured total crystallinity resulted
from previous normal and cold crystallization.

3.3. Isothermal crystallization

The crystallization properties of polymers and com-
posites were also examined in isothermal conditions.
Based on the results in non-isothermal conditions,
knowing the temperatures of the beginning of crys-
tallization during cooling, two temperatures were se-
lected for isothermal tests: 120 and 125 °C. The time
dependencies of the heat flow are shown in Figure 4,
and the characteristic times of crystallization are
shown in Table 5. In all examined materials, crystal-
lization at 120 °C proceeded faster than at 125°C.
The dynamics of isothermal crystallization depend
on two factors: nucleation and rate of crystal growth.
We previously determined the lamella growth rate for
this polymer, which was 2.15 pm/min at 120 °C and
2.25 um/min at 125 °C for PLAi and 2.25 um/min at
120°C and 2.35 pm/min at 125°C for PLAd [31].
Nucleation was not determined in these studies, but
it is usually more intense in semi-crystalline poly-
mers at lower crystallization temperatures. As a result
of the interaction of both factors, it takes much
longer to crystallize at 125 °C.
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Figure 4. Changes of heat flow with time recorded during isothermal crystallization at 120°C (a) and 125°C (b).

Table 5. Times characterizing isothermal crystallization at 120 and 125 °C and heat of crystallization.

Material T=120°C T=125°C

tmin fmax tend Heat tmin tmax tend Heat

[min] [min] [min] [J/g] [min] [min] [min] [J/g]
PLAI 1.0 7.9 19.0 38 1.0 10.0 21.9 43
PLAi 0.1 0.7 5.0 15.9 40 0.3 8.1 20.0 43
PLAi 1.0 0.7 4.7 13.5 37 0.5 7.5 18.3 42
PLAd 1.3 9.2 21.0 40 1.6 24.0 39.0 43
PLAd 0.1 0.3 2.0 9.7 37 0.3 4.1 16.3 40
PLAd 1.0 0.0 1.6 8.5 37 0.3 3.0 14.5 41

tmin — start time of crystallization,
tmax — time when the maximum heat flow was observed,
tend — end time of crystallization.

Comparing both homopolymers, i.e. PLAi and
PLAd, the second one needed more time to crystal-
lize. As discussed during the non-isothermal crystal-
lization, some nuclei were removed from the PLAd
during solvent treatment. The greater difference in
crystallization time of both homopolymers observed
at 125 °C, when the activity of the present nuclei de-
creases, confirms that there were fewer nuclei in
PLAAJ. The slightly faster crystal growth rate in PLAd
did not compensate for the lower nucleation.

For composites, the addition of nanotubes shortened
the crystallization time. However, significantly more
MWCNTs particles in 1.0 wt% of composites give
only a slight shortening of crystallization compared

to 0.1 wt% composites. Increasing the content of
nanotubes provides additional nuclei, but only some
of the nanotubes nucleate polylactide. On the other
hand, almost all nanoparticles are an obstacle to the
movement and crystallization of polymer chains and
there are definitely more of them in the composite
with 1.0 wt% MWCNTs by weight. Therefore, the
crystallization time is only slightly shortened with
the increase in the content of nanotubes.

Table 5 also shows that the crystallization process
was faster in composites with partially disentangled
chains than in their fully entangled counterparts. Bet-
ter dispersion of MWCNTs, providing more active
nuclei, and greater mobility of macromolecules are
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the reasons for this faster crystallization, although
improved dispersion also means more obstacles
from nanotubes in the path of macromolecules.

The heat of crystallization for each material was high-
er at a temperature of 125 °C than at 120 °C because
the total time of process was longer, and some anneal-
ing just formed crystals increased the total crystallini-
ty. The heats of crystallization of composites were
slightly lower than for homopolymers; however, the
observed changes were not regular.

3.4. Thermogravimetry

In order to determine whether a less entangled matrix
or the presence of nanotubes affects the thermal sta-
bility of the tested materials, thermogravimetric meas-
urements were performed. The change in the mass of
the tested sample as a function of temperature and the
derivative of the change in this mass are shown in
Figure 5. Thermal degradation of all samples occurred
in the same temperature range of 270—400 °C. The dy-
namics of the process were very similar for both
PLASs and their composites. The temperature at which
the mass of the sample changed the fastest was
slightly higher in the composites. It was 367 °C for
PLAi and 369 °C for PLAI 1.0. In the case of partial-
ly disentangled materials, this temperature was
365°C for PLAd and 368 °C for PLAd 1.0.

The slight decrease in temperature observed for the
partially disentangled polymer can be attributed to
easier access to the polymer volume. On the other
hand, a slight increase in the temperature of the fastest
degradation in composites is caused by the barrier
effect resulting from the presence of fillers. Although
a slight influence of the structure of the samples on

1.0 * PLAI
* PLAI 0.1
¢ PLAI 1.0
0.81 e PLAd
* PLAd 0.1
- * PLAd 1.0
= 0.61
E
g
0.41
0.21
0.01
200 250 300 350 400 450 500
a) Temperature [°C]

the thermal resistance is visible, it generally does not
affect the good stability of the materials.

3.5. Mechanical properties

The conditions for mechanical testing were first es-
tablished using PLAi samples subjected to tensile
tests at different temperatures. The strain-stress curves
of PLAI are shown in Figure 6a. It can be seen how
quickly the yield stress decreases with increasing tem-
perature. This stress was 73 MPa at 20°C, 49 MPa at
40°C, and 32 MPa at 50 °C. At a temperature of 20 °C,
which is well below the glass transition, the possibil-
ities of movement of ‘frozen’ PLA macromolecules
were very limited, which led to the rapid breaking of
the samples. From theoretical considerations, it is
known that the influence of the degree of entangle-
ment of the macromolecular network on the properties
should be visible primarily at higher strains, where
strain hardening occurs. Therefore, the tests of par-
tially disentangled samples should be carried out at a
temperature where large deformations are possible.
As seen in Figure 6a, the deformability of PLAI sig-
nificantly increases at higher temperatures.
Disentanglement of the polymer usually increases
the probability of brittle failure due to the easier for-
mation of voids inside the material, but this negative
effect decreases with increasing temperature as the
mobility of macromolecules increases. For the above
reasons, it would not be a good idea to test our poly-
mers and composites at ambient temperature, but
good testing conditions could be expected above the
glass transition temperature.

Observations of the samples during and after the test
showed that the mechanism of deformation changed

6
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« PLAd

4 « PLAd 0.1

« PLAd 1.0
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1 . . . . r
0 100 200 300 400 500 600
b) Temperature [°C]

Figure 5. a) The ratio of the current, m, and initial mass of the sample, my, as a function of temperature during heating in ni-
trogen atmosphere; b) derivative of mass loss during heating. The black curve in Figure 5b is in its original posi-
tions, the other curves have been proportionally (0.5 each) shifted vertically for better visibility.
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Figure 6. a) Mechanical properties of PLAi determined during tensile test at temperatures of 20, 40 and 50 °C; b) storage
modulus (G"), loss modulus (G") and tan § measured for PLAi1 samples at temperatures of 10—-160°C.

as a function of temperature. It was a brittle fracture
with signs of crazing before the break when tested
at 20°C, formation of a localized single shear band
with necking at 40 °C and almost uniform deforma-
tion at 50°C.

To determine the best temperature for tensile test-
ing of our PLA, the DMTA, studies were conducted
(Figure 6b). Experiments have shown that the glass
transition occurs at a temperature range of 50 to
70 °C. The maximum of G” was observed at 62.5°C,
and the maximum of tand was at 68.7 °C. The stor-
age modulus remained constant from 70 °C. For these
reasons, the tensile properties of our samples were
examined at 70 °C, where a large deformation could
be observed, including the strain-hardening phase.
Similarly, other authors interested in PLA deforma-
tion mechanisms conducted research at temperatures
of 70°C and higher [2, 44].

The results of the tensile test of PLAs and compos-
ites at 70 °C are shown in Figure 7. The exemplary
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Figure 7. Representative strain-stress curves showing the

mechanical properties of the samples in a tensile
test at 70 °C.

strain-stress curves are shown. All tested materials
were able to achieve high engineering strains of 350—
500%. The yield point was reached at 50-55% strain
for homopolymers, increasing to the strain of 65-70%
for composites. However, no strong localization of
deformation at the yield was observed in the form of
a neck appearing in the tested sample. The yield
stress values are shown in Table 6. As expected, the
stress values at high test temperatures were low, less
than 1 MPa. At the yield point, it is seen that less
stress is needed to initiate the plastic deformation in
the less entangled PLAd polylactide. For both poly-
mers, the yield strength increased with the content
of nanotubes, indicating some reinforcement of the
matrix by MWCNTs, which is more effective in
PLAd composites. The standard deviations for the
tested samples were 4-8% of mean values (Table 6),
which proves good repeatability of measurements.
At elongations beyond the yield point, the deformed
sample entered the plateau stage, in which no signif-
icant changes in stress are usually observed. In the
tested samples, this phase was relatively short and
ended at a strain of about 150%.

Significant differences between the studied materials
appeared at large deformations. After a short drop
and a plateau in the curves, the next stage of defor-
mation, called strain-hardening, began (at the strain

Table 6. Yield stress (cy) measured at 70 °C.

Sample [B;f;a]
PLAi 0.51+0.02
PLAi0.1 0.55+0.04
PLAi 1.0 0.67+0.03
PLAd 0.48+0.02
PLAd 0.1 0.63+0.03
PLAd 1.0 0.84+0.03
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of 200-250%). During strain-hardening, the stress
measured in the tested samples increased quickly,
and there were significant differences between the
samples. One of the factors responsible for the rate
of stress increase is the density of macromolecular
entanglements, which determines the stronger or
softer reaction of the deformed macromolecular net-
work in the polymer. This is the reason for the slow
increase in stress for partially entangled PLAd and
greater for fully entangled PLAI. The second factor
influencing the course of strain-hardening is the
presence of nanofillers in the composites. In the case
of both polylactide matrices, the increasing amount
of dispersed filler accelerated the stress increase and
shifted the beginning of the hardening phase to
smaller strains. With the same content of nanotubes,
a stronger reinforcement effect was seen in the com-
posite with a less entangled amorphous phase. For
example, in the PLAd 1.0 composite, at 350% strain,
the stresses were 1.4 times higher than in the
PLAi 1.0 composite (3.4 vs. 2.5 MPa) and 5 times
higher than in the PLAd polymer. The differences

between the composites can be attributed to the pre-
viously discussed better dispersion of the filler. Thus,
well-dispersed, numerous nanotubes have a stronger
effect on the strain-hardening than the reduction of en-
tanglements in the PLA macromolecules network.

In order to learn more about the changes taking place
inside the composites during deformation, measure-
ments of their shape (i.e., length, width, and thick-
ness) in the function of time were made. Knowing
the changes in shape, it was possible to calculate the
change in volume in a selected fragment of the sam-
ple. Such measurements are usually made for the
first deforming part of the sample, where structural
changes during plastic deformation occur fastest.
However, in the case of the tested materials, the de-
formation of individual parts of the sample occurred
similarly, so the selection of the right fragment was
less important. Figure 8a shows how the width W
and thickness D of the samples decreased during de-
formation in the example of the PLAd sample. Size
changes were very similar for the other materials
tested (not shown here). In the applied experimental
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Figure 8. a) Changes in the dimensions of the sample during deformation measured for PLAd. L — actual length, L, — initial
length, W — actual width, W — initial width, D — actual thickness, Dy — initial thickness; b) volume strain calculated
for PLAI and its composites; ¢) volume strain calculated for PLAd and its composites. The lines connecting the
points are intended to help the reader notice the trends of the results.
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conditions, changes in thickness were very similar
to changes in the width of the tested sample, which
means that the shape of its cross-section did not
change.

Figure 8b and Figure 8c show volume changes dur-
ing the deformation of the tested materials, calculat-
ed according to Equation (1). The increase in volume
in our polylactides was relatively low. The largest
increase in volume was observed for PLAi (0.10 at
L/Ly=2.0) and PLAd (0.07 at L/Ly= 1.4). In the
composites, with the increase of the MWCNTs con-
tent, the volume strain decreased to almost zero. This
decrease was faster when the matrix was less entan-
gled, most likely as a result of better nanoparticle
dispersion. The very small volume strain of the com-
posites supported the assumption that limited micro
cavitation was present only in PLAi and PLAd. The
scale of cavitation, and thus the increase in volume,
depends on the possibility of relaxation of local stress-
es in the matrix. Both the greater mobility of less en-
tangled macromolecules and the better MWCNTs dis-
persion prevent stronger stress concentration in the
PLA matrix.

Analyzing the volume strain with the progress of de-
formation, it can be seen that the volume rapidly in-
creased until the local deformation of 1.5-2.0. Since
the samples deformed almost uniformly, this corre-
sponded to engineering strain of 50-100%, i.e., de-
formation just after yielding (see Figure 7), when the
structure of the polymer is reorganized, and cavities

PLAI

Non deformed

PLAI

Deformed

PLAd

PLA

PLAd 0.1

usually are initiated. For larger strains (i.e., for
L/Ly= 2.5-3.0), a decrease in the volume strain is
observed, usually explained by a change in the shape
of the voids into more elongated but thinner, and
therefore with a smaller volume of each void.

In order to better understand the structural changes
that occurred in the tested materials, the samples after
the tensile test were characterized by X-ray methods,
and WAXS and SAXS tests were performed. X-ray
experiments were conducted to clarify three issues:
the occurrence of crystallization due to deformation,
the orientation of structural elements, and the ap-
pearance of nanocavitation. The answer to the first
question can be provided by the WAXS 2D experi-
ment; the nanovoiding and orientation of the nan-
otubes should be visible in the SAXS patterns.
WAXS 2D scattering images from the tested samples
before and after deformation up to 350% of strain
are shown in Figure 9. For non-deformed homopoly-
mers and composites, only scattering in the amor-
phous phase is visible, which confirms the absence
of a crystalline phase and agrees with the previously
discussed results of DSC studies on crystallization.
The scattering images changed after the samples
were deformed. In the case of both polylactides, a
strong localization of signals is visible and the pat-
terns resemble those observed for fibers. The scat-
tering is mainly from the newly formed crystalline
phase, although a weakened amorphous hallo is still
visible. The ring fragments (arcs or blobs) represent

i0.1 PLAi 1.0

—

PLAi 1.0

—

S—

PLAd 1.0

Figure 9. WAXS patterns registered for non-deformed samples and samples deformed to strain of 350%. The direction of

stretching in the photographs was horizontal.
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the scattering at 20 angles of 16.7°, 19.1°,24.9°, and
33.0°. The last two reflections are hardly visible. The
most intensive reflection (i.e.16.7°) is visible in the
vertical direction, and the last one (33.0°) is in the
horizontal direction, i.e., in the direction of stretching.
The reflection at 26 =16.4° is assigned to the (200)
and (110) crystal planes and the reflection at 26 =
18.7° represents the diffraction on the (203) crystal
plane [3, 43]. The lack of reflections at 20 = 14.8°
and 22.2° indicates that the less ordered o' form
rather than the a form was formed in the sample [2].
The location of reflections (200) and (110) indicates
a strong orientation of the macromolecules forming
crystals in the direction of deformation.

A very similar evolution of polylactide WAXS pat-
terns was observed with the progress of deformation
by Stoclet et al. [2] and Zhang et al. [45]. They no-
ticed that patterns indicating crystallization in the
sample were first seen shortly before or at the begin-
ning of the strain-hardening phase. Stoclet et al. [2]
have seen much weaker crystalline scattering at
70°C than is visible in Figure 9; however, it may be
explained much faster deformation rate in their case,
limiting the time available to crystallization during
the experiment. On the other hand, Zhang et al. [45]
observed that an increase in strain rate tends to favor
crystallization. In Zhang’s work, it was also shown
that annealing for the time corresponding to the ten-
sile experiment did not lead to the formation of a
crystalline phase. This agrees with our supplementary
observations. Thus, the patterns of PLAs in Figure 9
are the result of strain-induced crystallization, not
annealing during deformation.

Scattering images after deformation for PLAi 0.1 and
PLAd 0.1 composites are very similar to those record-
ed for polylactide. A thorough analysis, however,

shows slightly less concentration of reflections, e.g.,
from the (200)/(110) planes. The change in the shape
of the reflections, which take the form of arcs, in-
creases with the content of MWCNTs in the com-
posites. This can be clearly seen in the scattering im-
ages on PLAd 1.0 and PLAi 1.0 composites. The
presence of nanotubes makes it difficult to orientate
macromolecules and the resulting crystals are there-
fore less oriented with the increase in the content of
the nanofiller.

It required clarification on whether the composition
of the material affected the intensity of crystalliza-
tion caused by deformation and whether, for exam-
ple, crystals of different thicknesses grew. Informa-
tion on these topics was provided by DSC studies of
deformed samples, carried out by heating to the melt
state. The measurement results are presented in
Table 7. Compared to the data in Table 3, an increase
in the glass transition temperature of about 2 °C is
noticeable.

The tested materials, apart from PLAd 1.0, showed
limited cold crystallization, occurring at tempera-
tures 15-20 °C lower than the temperatures measured
previously for non-oriented samples (see Table 4).
Melting took place at temperatures of 165.8-166.4 °C,
and their small dispersion indicates a similar thick-
ness of crystals present in different samples. Differ-
ences between the heat of melting and the heat of
cold crystallization show the crystallinity of the de-
formed samples. The degree of crystallinity deter-
mined after deformation was at the level of 40-45%,
similar for all tested materials.

Figure 10a shows small-angle scattering images
recorded for non-deformed samples. There is a vis-
ible lack of orientation and an increase in the inten-
sity of scattering with the increase in the content of

Table 7. Temperatures and heats of crystallization and melting measured for samples stretched to 350% strain.

T, Tec H,, Tw H,, H,-H, X

Sample °C] [°C] /gl [°C] [V/g] [I/g] [%]
PLAI 60.2 79.1 9.8 166.1 47.5 37.7 40.5
PLAi 0.1 60.1 88.9 2.7 165.8 44.5 41.8 44.9
PLAi 1.0 59.6 88.9 2.7 166.4 42.0 39.3 423
PLAd 65.8 89.0 2.7 165.8 43.1 40.4 43.4
PLAdO.1 58.1 89.9 3.6 166.1 435 39.9 429
PLAd 1.0 57.3 - - 166.2 42.0 42.0 452

T, - glass transition temperature,

Te. —cold crystallization temperature,

Tm — melting temperature,

H, — heat of cold crystallization,

Hy, — heat of melting,

X —crystallinity of samples before the cold crystallization.
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Figure 10. Small-angle X-ray scattering on the tested materials: a) non-oriented samples, b) samples after deformation in
the tensile test up to 350%. The yellow arrow shows the direction of stretching.

MWCNTs in the composites. The scattering of X-ray
on polylactide only comes from the amorphous
phase and is, therefore weak. In composites, it is ac-
companied by intense scattering on nanotubes. Scat-
tering images recorded for samples deformed to
350% of strain are shown in Figure 10b. Patterns for
PLAi and PLAd have not changed significantly, and

the orientation of the polymers is not visible on
them. Also, the intensity of scattering was similar for
homopolymers before and after deformation. The
studied samples had the same thickness, so it was
possible to compare intensity and scattering profiles.
Profiles taken in the vertical direction in Figure 10
are shown in Figure 11a, and Figure 11b. Figure 11c
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Figure 11. Scattering intensity profiles taken from the SAXS patterns in Figure 10 in the vertical PLAI (a), and PLAd (b)
and horizontal (c) directions. On the horizontal axis is the wave vector, s.
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shows profiles in the horizontal (stretching) direction
for selected samples.

The important issue is whether there are changes in
scattering that indicate crystallization or cavitation.
From the results of WAXS studies, it was expected
that the formation of the periodic crystal structure
should be visible in the SAXS patterns, mainly in the
horizontal direction. In the case of crystallization,
parameters such as long period and lamella thickness
can usually be specified based on SAXS. However,
for deformed, semi-crystalline PLA1 and PLAd sam-
ples, the additional scattering is small, which makes
it very difficult to determine the above parameters.
This is explained by the fact that the density of the
amorphous phase is close to the density of the imper-
fect o’ crystalline phase, which makes the scattering
intensity on the periodic structure low [44, 46]. Sim-
ilarly to microvoids also nanovoids can be generated
during polylactide deformation, which should be
seen as a rapid increase in scattering intensity. Such
additional scattering is not visible when comparing
intensity profiles for deformed and non-deformed
polylactides. This means that the formation of nano-
voids did not occur in homopolymers. Zhang et al.
[45] observed nanocavitation during the deformation
of amorphous polylactide at a temperature of 75 °C,
but this phenomenon occurred for higher strain rates,
with large strains. The minimum rate used in their
experiment was 0.01 s~!, which was one order of
magnitude higher compared to our experiments per-
formed at 0.0017 s7".

For composites after deformation, the orientation of
the scattering signal perpendicularly to the stretching
direction was visible. The effect was more pro-
nounced when the nanotube concentration was high-
er. Looking at the vertical scattering profiles for the
non-deformed and deformed the same composite,
can be seen the difference. Scattering after deforma-
tion is greater. However, when analyzing horizontal
profiles, scattering from deformed samples in this
direction is smaller. When the scattering was inte-
grated for the whole image, the differences in the
total scattering intensity before and after deforma-
tion did not exceed 5%, which is not significant. This
means that scattering for composites was mainly
from the nanotubes, so the shapes of the patterns in-
dicate the orientation of the nanotubes in the direc-
tion of deformation. The contribution to the scatter-
ing of that coming from the crystalline phase was
small. Scattering on nanovoids was not observed.
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4. Conclusions

As a result of the conducted research, it was found
that the reduction of entanglements of macromole-
cules in the polylactide-MWCNTSs composite affects:
filler dispersion during processing, ability to crystal-
lize, and mechanical properties. In the composites in
which PLA macromolecules were less entangled, bet-
ter dispersion of nanoparticles was obtained. This can
be attributed to easier penetration of macromolecules
into the agglomerated CNTs, as well as lower viscos-
ity in the melt, altering the processing conditions.
Large differences between composites with entan-
gled and less entangled macromolecules were ob-
served during non-isothermal crystallization studies.
PLAd prepared from solution had fewer nuclei than
PLA1, which limited the normal and cold crystalliza-
tion in this polymer. The presence of nanotubes in
the entangled polymer hindered their crystallization.
The potential effect of nucleation on the nanotubes
did not outweigh the fact that the nanotubes were an
obstacle to crystal growth. The addition of nanopar-
ticles to PLAd, better dispersed than in PLAI, gave
a sufficient number of nuclei, which, combined with
greater mobility of macromolecules and easier ob-
stacle avoidance, resulted in intensive crystallization
already during cooling, not only during cold crystal-
lization.

The isothermal crystallization confirmed the obser-
vations from the non-isothermal crystallization that
there were fewer nuclei in PLAd, which increased
the crystallization time. In composites, the process
was faster for those with less entangled macromole-
cules due to easier migration of macromolecules into
the growing crystals.

The influence of macromolecular entanglements as
well as the content and dispersion of nanotubes, was
visible when examining the mechanical properties.
Partial disentanglement of macromolecules in the
polylactide matrix resulted in lower stresses during
the initiation of the plastic deformation. Although the
strain-hardening phase for homopolymers was more
pronounced for more entangled PLAI, in composites
the stress increased faster in those with more and bet-
ter-dispersed MWCNTSs. The better dispersion of the
fillers had a greater effect on the stresses than the de-
gree of entanglement of the macromolecules. The
slight increase in volume observed during the defor-
mation of homopolymers was attributed to the for-
mation of a small number of microvoids. WAXS
studies confirmed the occurrence of the intensive
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strain-induced crystallization of polylactide. The
crystals were strongly oriented, especially when the
number of nanotubes was limited. The MWCNTs
themselves also became oriented during the defor-
mation of the composites.
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