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Modification of biobased PLLA properties by mixing with conventional PMMA via
melt mixing in Brabender mixer was performed. Despite negative results of theoretical
miscibility calculations by the group contribution approach of Coleman, Graf and Paint-
er, homogeneous blend morphologies were prepared as recorded with scanning electron
microscopy (SEM). All PLLA/PMMA blends displayed a single glass transition tempera-
ture. With increasing fraction of PMMA in blends, the increase in 7', from 58 °C to 93
°C was recorded by differential scanning calorimetry (DSC). Added PMMA improved
mechanical properties, while the flexibility of PLLA/PMMA blends gradually decreased
as revealed by DMA measurements.
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Introduction

Polylactide (PLA) is the most important ali-
phatic polyester used for various applications in
medicine and pharmacy for quite some time, in par-
ticular, due to its extraordinary characteristics of
biocompatibility, nontoxicity, and processability.
Additionally, the biodegradable nature and the re-
newable origins spur interest for PLA and enhance
its application in various areas, such as packaging,
cutlery, composting bags, agricultural foils, coat-
ings, textile, etc.!? At the same time, demands for
substituting conventional plastics produced from
fossil sources are becoming louder. Consumption of
fossil sources is usually marked as the main founda-
tion of these demands. Although, it is not fully true
because production of plastics consumes up to 10 %
of the liquid fossil fuels**, this approach should be
complimented as any other attempt to introduce
eco-friendly materials or green chemistry. Among
all aliphatic polyesters, PLA was first produced
cost-effectively from renewable sources at large
scale®. That, along with its other good characteris-
tics, speaks in favor of this material as a good re-
placement for some conventional plastics®’.

Poly(L-lactic acid) (PLLA), a biobased thermo-
plastic polyester, has good prospects to be used
widely due to its favorable mechanical properties,
positive life cycle assessment, low production costs,
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and degradability in conditions of industrial com-
posting. However, in order to be used for new ad-
vanced applications, specific properties such as
high and long-term thermal stability, high impact
strength, electrical conductivity, self-extinguishing,
controlled degradation, etc., are required. Generally,
polymer properties can be improved by copolymer-
ization with other monomers or by blending with
other polymers, whereat the latter presents a sim-
pler way of tuning the desired physical and chemi-
cal properties. Synthesis of PLA copolymers with
various monomers has been performed in order to
modify the properties of materials®'*. Preparation
of PLA blends or composites with diverse conven-
tional polymers opens up the possibility of combin-
ing biobased materials with fossil-based materials.
Therefore, research aiming at preparation of (nano)
composites or direct chemical modifications of the
polyester chain have been reported'* %, In case of
blending PLA with synthetic thermoplastic poly-
mers, melt blending proved as the simplest and least
demanding method. Thus, poly(methyl methacry-
late), PMMA, due to its good mechanical proper-
ties, high transparence, UV resistance and stability
seems an interesting material for the modification
of PLA. Therefore, PLA/PMMA blends have been
investigated recently. Meanwhile, it has been estab-
lished that the properties of prepared blends depend
on the preparation methods (melt blending vs. sol-
vent casting), process conditions (temperature, sub-
sequent annealing), and characteristics of polymers
involved [poly(L-lactide) (PLLA) vs. poly(D-lac-
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tide) (PDLA), tacticity of PMMA], etc.'”?*, which
reveals the complexity of such an apparently simple
system.

The work of Eguiburu et al.'® is among the pi-
oneering ones; they studied the miscibility of PLLA
or PDLA with poly(methyl methacrylate) (PMMA)
or poly(methyl acrylate) in a systematic way. Based
on the differential scanning calorimetry (DSC) and
dynamic mechanical analysis (DMA), they con-
cluded that the preparation method had not influ-
enced the characteristics of blends. A significant
difference was noticed depending on the type of
used lactide, amorphous PDLA or semicrystalline
PLLA, respectively. In case of PDLA/PMMA
blends, a single glass transition temperature was
noted, which appeared between Ts of neat ho-
mopolymers positioned depending on the blend
composition. In the case of blending semicrystalline
PLLA with PMMA, phase separation was regis-
tered, which resulted in the appearance of two T

. .. g
peaks and a melting endotherm characteristic for
PLLA. In addition, it was found that the crystalliza-
tion of PLLA acted as the promoter of phase sepa-
ration. However, after heating to 200 °C in the sec-
ond heating run, the system became miscible,
displaying a single glass transition temperature. To
the contrary, a similar study performed by Zhang et
al.®® on blends of PDLA or PLLA with PMMA, dis-
played the correlation between the preparation
method and the behavior of blends. The PDLA/
PMMA system displayed good miscibility and a
single 7', when prepared using the solution/precipi-
tation method, while in the case of casting from
chloroform solution two separated and just partially
miscible phases were obtained. The PLLA/PMMA
blends prepared by solution/precipitation showed
phase separation, whereat it was established that
crystalline phase of PLLA enhanced the phase sep-
aration and formation of separated microdomains.
However, by increasing the content of PMMA in
the blends, the degree of crystallinity of PLLA de-
creased because the kinetics of crystallization of
PLLA in blends was restricted in the presence of
amorphous PMMA. Furthermore, there was no dif-
ference between PDLA/PMMA and PLLA/PMMA
blends once the thermal history of the blend PLLA/
PMMA was erased.

Samuel et al*' have studied PLLA/blends pre-
pared by solvent-casting method or twin-screw ex-
trusion. Miscible PLLA/PMMA blends were pre-
pared with the latter over a whole composition
range, which was confirmed by a single glass tran-
sition and a single a-relaxation transition deter-
mined by DSC and DMA, respectively. This was in
contrast to two separated glass transitions in
non-miscible blends prepared by solution casting.
However, based on a smaller or larger shift in glass

transition temperature of each phase after heating,
one can conclude on a weak diffusion between
PLLA and PMMA phases in blends.

It should be noted that PLA and PMMA poly-
mers studied by various working groups differed
greatly in molar masses'® 2, sometimes even within
the same research report®. Li et al.** introduced the
existence of immiscible/miscible phase transition,
or UCST (upper critical solution temperature) type
phase diagram, upon heating. PLLA (M _ 152000
g mol ') was blended with PMMA of three different
molar masses (M : 53500, 100000 and 350000
g mol ), whereat all PLLA/PMMA blends prepared
from solution displayed two glass transition tem-
peratures and melting endotherm of PLLA phase.
The phase morphology changed drastically after
heating up to a high temperature, transforming from
clearly separated phases into a homogeneous mor-
phology. Samples quenched from 250 °C displayed
a single T, while samples quenched from 185 °C
displayed two clearly separated Ts. Those findings
were explained with the existence of a clarifying
point between 185 °C and 250 °C, whereat the au-
thors assumed the clarifying point to be in the range
225 — 250 °C depending on the content of PMMA,
or even up to 350 °C in the case of PMMA of molar
mass above 350000 g mol .

An additional parameter that indicates the com-
plexity of such a system, which might be consid-
ered, is tacticity of PMMAZ, It was established that
atactic and syndiotactic PMMA (aPMMA and sPM-
MA) mixed with PLLA by casting from chloroform
solution displayed similar behavior, UCST type,
and a clarifying point in the range 210 — 255 °C
depending on the composition. However, in the case
of isotactic PMMA (iPMMA) and PLLA, their
blend remained phase separated up to 300 °C, with-
out the clarifying point. The difference between sP-
MMA and iPMMA was explained by the difference
in solubility parameters (aPMMA and sPMMA:
19.43 and 19.53 (MPa)'2, which is close to PLLA
(20.66 (MPa)'?) relative to iPMMA (18.98 (MPa)'?).
These findings on the PLLA/PMMA blends indi-
cate that their miscibility depends on the prepara-
tion method and structural characteristics of poly-
mers. In the case of PLLA/PMMA blends prepared
by extrusion melting, miscible PLLA/PMMA blends
are expected, but co-continuous morphologies are
formed, as well. It seems that it is possible to con-
trol morphology of blends from immiscible to mis-
cible by thermal processing, tuning of processing
parameters and molecular structure of PLLA and
PMMA. The control of mixing the PLLA/PMMA
blends presents an elegant way to fine tuning the
final thermomechanical properties, or e.g., gas bar-
rier properties, which points to a wide range of pos-
sible technical and other applications where specific
characteristics are required.
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This work is one more attempt to better under-
stand the contradictory results on PLA/PMMA
blends reported in the literature. The aim was to ex-
amine miscibility of polymers of similar molar
masses: commercial PLLA and PMMA of adjusted
molar mass, synthesized in our laboratory by con-
ventional free radical polymerization. Generally,
slow solution casting produces systems, which are
closer to equilibrium due to increased mobility of
polymer molecules; however, this may be impracti-
cal from the industrial point of view. Therefore, in
this work, the blends were prepared by melt mixing,
which is a method widely applied in industry. For
the theoretical calculation of interaction parameter
in PLLA/PMMA polymer blend, we applied the
group contribution approach of Coleman—Graf—
Painter**. Based on the interaction parameter, the
Gibbs energy of mixing in relation to PLLA and
PMMA molar mass was determined. Molar masses
of homopolymers before and after processing as
well as their blends were determined by size exclu-
sion chromatography (SEC). Blends prepared in
Brabender mixer were used for the preparation of
test tubes for evaluating surface properties of the
prepared materials, while the morphology of pre-
pared materials was studied by wide-angle X-ray
scattering (WAX) and scanning electron microsco-
py (SEM). The thermal and dynamic-mechanical
properties of materials were examined as well.

Experimental part

Materials

Poly(L-lactide) (PLLA) (pellets, Ingeo Bio-
polymer 3251D, NatureWorks LLC, USA) and
PMMA synthesized in our laboratory were used for
the preparation of polymer blends. For PMMA syn-
thesis, methyl methacrylate monomer (polymeriza-
tion grade, Sigma Aldrich), tert-butyl peroxy-2-eth-
ylhexanoate (Trigonox 21®, Akzo Chemie) as an
initiator, and toluene (p. a., Carlo Erba Reagenti) as
a solvent were used.

PMMA synthesis

Monomer (250 g) and toluene (275 g) were
added into a batch reactor of 500 mL volume,
equipped with a heating jacket that used oil as a
heat exchange fluid. Tert-butyl peroxy-2-ethylhexa-
noate initiator, in quantity of 1 mass% with respect
to the mass of the monomer, was added as a 10
mass% solution in toluene (25 mL), 5 mL at a time
for 5 times each 15 minutes. Polymerization was
conducted at 90 °C in nitrogen atmosphere for three
hours. After the reaction completion, the resulting
polymer solution was poured into Teflon molds and
placed for drying in a vacuum oven at 60 °C up to
constant mass. The PMMA was then crushed into

small shreds in order to enable simple feeding into
the Brabender mixer chamber.

Polymer blend preparation

The melt blending was performed in a Bra-
bender mixer at 190 °C. Polymer pellets were added
into the chamber of the mixer, which was heated to
190 °C, and had blades rotating at 10 rpm. The
plunger was then lowered to enclose the chamber,
and the rotation was increased to 60 rpm. After 5
min, the blades were stopped and the blends were
removed from the chamber using a spatula, and cut
into pieces using scissors. The blends were allowed
to cool to room temperature on a bench top. The
obtained blends were then pressed in a laboratory
compression molder for 5 min at 200 °C, and films
for testing were obtained.

Characterization methods

Number, weight, and z-average molar masses
(M, M and M, respectively) of polymer samples
were determined by the size exclusion chromatog-
raphy method (SEC) on a Polymer Laboratories
GPC 20 instrument at room temperature. The nar-
row-distribution PMMA standards were used for
calibration. Chloroform, at flow rate of 1.0 cm?® min™,
was used as a solvent/eluent. Dispersity (D) was
calculated as M /M . The 'H NMR spectra were re-
corded by NMR Bruker Avance instrument at 600
MHz with deuterated chloroform (CDCL,) as sol-
vent. Contact angle measurements for Z—ML water
droplets on the surface of prepared polymer probes
were measured at room temperature with an OCAH
200 Data Physics Contact Angle System. Scanning
electron microscopy (SEM) recording was carried
out using a Vega 3 Tescan microscope, with a detec-
tor of secondary electrons. All samples were previ-
ously sputter coated with Au or Pd in argon plasma
to enhance their conductivity. XRD patterns of
blends were obtained on a powder X-ray diffrac-
tometer Shimadzu X6000 with CuKo radiation,
having a step size of 0.02 degrees and a scan speed
of 2° min™!. Differential scanning calorimetry (DSC)
analysis was performed using a DSC823e Mettler
Toledo instrument. Masses of examined samples
were 9-12 mg. Three scans: heat-cool-heat, were
performed whereat heating and cooling rates were
10 °C min'. Heating data of the second scan were
discussed. Dynamic mechanical analysis (DMA)
was performed using a DMA 983 TA Instruments
apparatus. The test specimens were ca. 50 mm long,
10-13 mm wide, and ca. 2 mm thick. A constant
frequency of jaw motion of 1 Hz, an amplitude of
0.2 mm, and a temperature interval from 0 °C to
130 °C at a heating rate of 5 °C min! were applied.
Thermogravimetric analysis was performed to de-
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termine the thermal stability of polymers using a
TA TGA Q500 instrument at a heating rate of 10 °C
min' under nitrogen atmosphere.

Results and discussion

Theoretical calculations of miscibility

In order to start with a theoretical insight into
miscibility of PLA and PMMA constituents, we cal-
culated the interaction parameter using the group
contribution approach of Coleman, Graf and Paint-
er**. The interaction parameter for the mixing of (1)
PLLA and (2) PMMA polymer segments was calcu-
lated according to the equation given by Ten Brinke
and Karasz>:

Ap=(4 _52)2 (H

where, 0 denotes the so-called non-hydrogen-bond-
ing solubility parameter for a given structure unit of
certain homopolymer that is calculated from the
group interaction parameters. The corresponding
formula is:

6 =H—— @

where, v, is the number of groups i in the polymer
structure un1t K, F is the attraction constant, and
V' is the molar volume.

The ideal behavior and genuine miscibility is
characterized by the zero value of interaction pa-
rameter; values between zero and 0.5 J cm™ imply
compatibility, while values > 0.5 J cm™ point to im-
miscibility due to the expressed repulsive molecular
interaction between blend constituents. The calcu-
lated interaction parameter for poly(methyl methac-
rylate) and PLLA amounts to A, .. =4.66 J cm™.
It is much higher than the ideal zero value but still
much lower than for, e.g., blends of structurally
similar poly(methacrylate acid) and PLLA, where it
amounts to 18.7 J cm™. These calculations reveal a
very high sensitivity of interaction parameter to the
structural differences.

Further, the Gibbs energy of mixing PLA with
PMMA was calculated from the calculated interac-
tion parameter according to equation:

AGy = RT(('D1 Ingp, +— L ln‘sz"‘Alz‘Pﬂpz (3)

Vl 2

where ¢, is the volume fraction, and v, is the molar
volume of component 1. Here, volume fractions of
polymers, ¢,, in the blend were calculated from:

g
Ve =D ViV (4)
i=1
XV
b =t (5)
* ZxLVL

The calculations were performed for different
molar masses of PLLA and PMMA, and the results
are presented in Fig. 1. As expected, the Gibbs en-
ergy of mixing increases with the molar mass of
polymers. However, the increase is much smaller
for the molar masses above 25000 g mol!'. Both ho-
mopolymers used in this work had close values of
molar masses (M, ), which were far above the limit
value (see Table 1).

Influence of blend preparation on the molar
mass of polymers

Molar mass of a polymer has the greatest effect
on its mechanical properties. A polymer with low
M and low T, (below ambient temperature) is a
viscous liquid, while a polymer with high 7 is brit-
tle. Polymers with higher M_ show more rubbery
behavior and higher elongatlon before break. Most-
ly, polymers with M_ above 10° g mol™' are more
entangled and their elongation before break increas-
es greatly. Polar polymers achieve maximum tensile
strength and elongation at break at lower values of
M in comparison to non-polar polymers®. Here,
PMMA with srmrlar molar mass averages M =
30700 g mol™; = 73800 g mol™'; M = = 152000
g mol™) to PLLA (M = 33400 g mol™; 1 = 76200
gmol!; M = = 156000 g mol ™) was synthe51zed by
radical polymerrzatlon (Table 1). Relatively low
molar masses were chosen, because the indicative
results from the study of Li et al.??> showed lower
clarity point and slightly lower interaction parame-
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Fig. 1 — Gibbs energy of mixing for PLLA/PMMA blends
with the increase in polymer molecular masses:
10000, 25000, 50000, 100000, and 250000 g mol™’
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Table 1 — Number (M ), weight (M), and z-molar mass averages (M), dispersity (D) of non-processed and processed poly(L-lactic
acid) — PLLA, poly(methyl methacrylate) — PMMA, and their blends

M/ M,/ M,/ b
g mol™! g mol™! g mol™!

Nomprocessed PMMA 100 30700 73800 152000 2.40
PLLA100 33400 76200 156000 2.28

PLLA100 22100 54800 109200 2.48

PLLA80/PMMA20 24700 54600 108900 221

PLLA60/PMMA40 28800 63500 132000 221
Processed PLLAS50/PMMA50 27800 64000 133300 2.30
PLLA40/PMMAG0 29800 65100 134800 2.18
PLLA20/PMMAS0 30500 68700 144700 225
PMMA100 30300 71500 138900 2.36
PLLA80 23400 52600 107300 225
PLLA60 27600 59600 118000 2.16
Pf)‘;fﬁ:g&j&?ﬁfgﬁfd PLLAS0 28200 63400 134700 2.16
PLLA40 29600 65100 127800 2.20
PLLA20 28100 64000 133800 2.28

ter (x,,) in quasi-miscible state of PLLA/PMMA
blend Wlth PMMA-k53 (M = 53500 g mol™') com-
pared to PMMA-k100 (M, = 100000 g mol™). In
order to investigate p0s51ble degradation during
melt mixing of PLLA and PMMA, SEC analysis
was performed (Table 1, Fig. 2). Processed pure
PMMA had 1 % lower M, 3 % lower M, and 9 %
lower M, compared to non-processed PMMA,
which indicated very small or negligible degrada-
tion effect of melt mixing. In the case of PLLA, the
degradation was more pronounced and resulted in
lowering molecular masses by around 30 % (pro-
cessed PLLA had M_lower by 34 %, M_ lower by
28 %, and M, lower by 30 % than non—processed
PLLA). PLLA is known to degrade rapidly when
melted at high temperatures, losing from 20 to 80 %
of its initial M on melt processing'. The reduction
in molar mass averages in blends is inversely pro-
portional to PMMA content (see data in Table 1).
To determine if PMMA had some kind of protecting
effect when added in blends with PLLA, the PLLA
part of the blend was separated from PMMA by dis-
solving PMMA in toluene and filtering the solution
through filter paper. A transparent filtrate was ob-
tained, while undissolved PLLA residue was washed
several times with toluene, dried in a vacuum oven,
and analyzed by NMR and SEC. NMR analysis was
done to confirm that there was no residual PMMA
in the separated PLLA polymer to influence SEC
results. As shown in Fig. 3, the signal belonging to
—OCH, group from PMMA had more than 200
times (PLLAS0/PMMAS0), and more than 500

times (PLLA20/PMMAS80) smaller area than —~CH,
signal from PLLA (which has the same number of
protons), confirming that there was almost no resid-
ual PMMA left after separation.

Here, it was found that PMMA reduces the
degradation of PLA, which is elsewhere achieved
by, e.g., adding inorganic fillers'®. The results con-
firm a kind of protecting effect of PMMA that is
especially expressed in blends with the PMMA con-
tent above 40 mass%. For those compositions, M
was around 17 to 25 % higher than M of pure PLA
processed in the absence of PMMA.

Characterization of PLLA/PMMA blends

The prepared PLLA/PMMA blends were char-
acterized by measuring contact angle and perform-
ing morphology characterization with SEM. Crys-
talline structure of pure PLLA and its blends with
PMMA was assessed by WAXD measurements. In
addition, thermal and mechanical properties of ho-
mopolymers and prepared blends were studied by
DSC, TGA and DMA analysis, respectively.

Contact angle

The contact angle measurements were under-
taken in order to quantify the surface wettability of
PLLA and PMMA homopolymers and their blends.
Contact angle values measured on prepared films
are given in Table 2. Measurements of contact angle
revealed similar polarity, i.e., hydrophobic character
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Fig. 2 — Number (M), weight (M ), and z-molar mass aver-
ages (M) of non-processed (0, o, A), and processed
PLLA, PMMA, and their blends
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Fig. 3 — NMR spectra of separated PLLA20 and PLLAS50
from PLLA20/PMMAS80 and PLLA5S0/PMMAS50 by
dissolving and separating PMMA

Table 2 — Values of contact angle of water droplets on the
examined surfaces of poly(L-lactic acid) — PLLA, poly(methyl
methacrylate) — PMMA, and their blends

Sample Contact angle/° SD*/°
PLLA100 79.21 2.34
PLLA80/PMMA20 83.83 3.49
PLLA60/PMMA40 83.85 2.20
PLLAS50/PMMAS50 82.08 433
PLLA40/PMMAG60 78.07 297
PLLA20/PMMAS0 82.92 222

SD* — standard deviation

of PLLA (79.2°) and PMMA (81.7°). Accordingly,
their blends displayed similar values, yet surprising-
ly, slightly higher relative to the pure components.
The PLLA40/PMMAG0 sample was an exception
that displayed the lowest value among all samples.
Small deviations of contact angle are probably the
consequence of slightly different roughness of pre-
pared testing probes.

Scanning electron microscopy

The compatibility of PLLA/PMMA blends was
investigated by SEM. Fig. 4 shows the typical SEM
micrographs taken from neat PLLA, PMMA, and
PLLA/PMMA blends. The blend exhibited homoge-
neous morphology of fractured surface, which indi-
cated that there were no separated phases and that a
good compatibility was achieved. The behavior of
PLLASO/PMMAZ20 sample resembled very much
that of neat PLLA. The fracture surface changed,
displaying more brittle fracture with increasing
fraction of PMMA, whereat the smoothest surface
was, surprisingly, noticed in PLLA20/PMMAS0
sample. Such a surface indicates the brittle failure
mechanism, i.e., the absence of large-scale plastic
deformation in the case of such a high content of
PMMA in blend*. There are SEM micrographs of
PLA/PMMA blends presented in the literature cor-
roborating the homogeneous morphology* as well
as opposite findings pointing to phase separation'?,
which shows a complex nature of those blends, and
influence of different structural characteristics and
processing conditions.

WAXD characterization

The crystalline structure of PLLA and PLLA/
PMMA blends was examined using wide-angle
X-ray diffraction (WAXD) analysis, and results are
shown in Fig. 5. The PLLA sample showed two
main diffraction peaks at 260 = 16.7° and 19.3°, cor-
responding to (110) / (200) and (203) planes of
PLLA, respectively, which belong to the a crystal
form of PLLA?. However, in PLLA/PMMA blends
(and PMMA homopolymer), no peaks for ho-
mocrystal and stereocomplex crystal were observed,
proving the amorphous state of the probes after the
preparation process.

Differential scanning calorimetry

Thermal properties of neat PLLA and PMMA,
and PLLA/PMMA blends were studied by DSC. A
three-scan procedure in the range —30 to 200 °C
started with the first heating scan, followed by the
cooling scan, and ended with the second heating
scan. The values of interest were collected from the
second heating scan in order to minimize the ther-
mal history effect. Typical non-isothermal DSC
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thermograms for all samples are shown in Figs. 6
and 7. In an attempt to obtain more correct values
of enthalpy change, the integration of a broad seg-
ment of the scan, i.e., from the beginning of cold
crystallization exotherm to the end of meltmg endo-
therm (AH - |AH |) was made in the second
heating scan. These “and other thermal properties
related values (glass transition temperature (7' g),
cold crystallization temperature (7)) and melting
temperature of crystal domains (7)) of homopoly-
mers and their blends are summarized in Table 3.
During the second heating scan, all examined sam-

Fig. 4 — SEM images of pure PLLA, PMMA, and PLLA/PMMA blends taken at
1500x magnification

ples displayed a single glass transition temperature,
which would imply miscibility of PLLA and
PMMA, as previously stated in the literature®.
PMMA displayed the highest glass transition tem-
perature, as expected. PLLA displayed T at 57.4
°C. PLLA/PMMA blends displayed an increase in
T, with respect to PLLA, but a significant one only
for the PMMA content of 50 mass% or higher. Un-
like Yoon et al.?’, who obtained two glass transi-
tions in the first heating scan that became single 7'
in the second heating scan, or unlike Li and Woo?,
who achieved blending on molecular level only af-
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Fig. 6 — DSC cooling scan of PLLA, PMMA, and PLLA/
PMMA blends recorded at 10 °C min™

ter quenching preceded by heating to 250 °C, we
obtained single glass transition in both heating
scans, whereat T’ . values shifted upwards relative to
the values in the first heating run. This might indi-
cate that the melt blending temperature of 190 °C
surmounted the upper critical solution temperature
(UCST) enabling good melt mixing of poly-
mers*?3% Since molar masses of our homopoly-
mers were several times lower compared to some in
literature®*°, seemingly, the temperature of 190 °C
was sufficient to achieve complete melt mixing. In
addition, despite lower molecular masses of our ho-
mopolymers in comparison to those in the litera-
ture, they displayed the same or close values of
glass transition temperatures. The dependence of T
on blend composition (in terms of mass fractions of
polymer components, w) was analyzed by fitting
the Ts with some models developed for miscible
systems. Fox equation, 1/Tq,blend =w/T i w)/ T o
did not show a good match (Fig. 8). An attempt to
apply Gordon-Taylor equation with the assumption
of £ = 0.5 in order to achieve good matching of
measured and calculated values was not successful
for our system, as opposed to findings of Zhang et
al.®® However, when Gordon-Taylor equation was
applied, T eblend — w,T ot szgz)/(w1 + kw,), an em-
pirical fitting parameter k£ of 0.168 for PLLA/
PMMA blends was obtained, as shown in Fig. 6.
It is lower than k = 0.24 obtained for M (PLA) =
106000 g mol™ and M (PMMA) = 70000 g mol™
blends or k£ = 0.2 obtained for blends with PMMA
of molar masses of 53000 and 350000 g mol™! and
k=0.25 for M (PMMA) = 100000 g mol™', respec-
tively?. Since in the last example M _(PLA) = 152000
g mol™! was used, it showed that a higher value of
fitting parameter k, ie., better miscibility was
achieved in the case of close values of molecular
masses. Although the low & value and negative de-
viation of Ts relative to the values calculated for

Table 3 — Thermal properties of neat poly(L-lactic acid) — PLLA, poly(methyl methacrylate) —-PMMA, and their blends prepared by

melt mixing

2" heating run

Sample G-T20k
T,/°C Fox G-T i—o0s | T/°C | T,/°C | AH — [AH [/Tg" | X, %
PLA 57.4 574 57.4 574 98.0 163.0 -20.2 23.1
PLLAS0/PMMA20 58.4 65.2 60.8 62.3 132.2 167.9 -0.3 0.5
PLLAG0/PMMA40 61.7 73.4 65.5 68.5 - 168.2 -1.7 3.0
PLLAS0/PMMAS0 64.5 77.6 68.7 72.1 - - - -
PLLA40/PMMAG0 69.3 81.9 72.8 76.2 - - - -
PLLA20/PMMAS0 74.0 90.9 85.0 86.4 - - - -
PMMA 110.4 110.4 110.4 110.4 - - - -
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ideal blends imply that strong interactions between
PLLA and PMMA are lacking, the blends displayed
single glass transition temperatures between the T S
of neat polymers, which indicates their miscibility
or, at least, compatibility. Here, two homopolymers
of close values of molecular masses: PLLA (76200
g mol™! of non-processed or 54800 g mol™' of pro-
cessed) and PMMA (73800 g mol™ or 71500 g mol ™)
displayed significant compatibility.

Along with some other semi-crystalline poly-
mers, PLLA is known for its slow crystallization.
Crystallization of the same pure PLLA sample
during cooling scan was discussed previously where
various composites prepared by melt mixing were
studied®'. In the studied PLLA sample, the crystalli-
zation developed during cooling (Fig. 7) shifted to a
lower temperature, which was much smaller in ex-
tent in comparison with the first heating scan. In the
second heating scan, the cold crystallization also
shifted to a lower temperature like in the cooling
scan (Fig. 8)*2. Cold crystallization during second
heating scan occurs consequently if no crystalliza-
tion or one smaller in extent occurs during cool-
ing**3. The results collected during the second
heating scan show clearly that added PMMA hin-
ders the crystallization process in PLLA (Fig. 8).
PMMA, as a well-known amorphous material, does
not display crystallization or melting. Regarding
two characteristic transitions, pure PLLA sample
displayed the cold crystallization peak in the range
of 89 — 105 °C centered at about 98 °C, followed by
melting in the range of 163 — 175 °C. A characteris-
tic small exothermic peak preceded the melting
peak. In an attempt to obtain more correct values of
the enthalpy change despite unclear transition of the
crystallization in the melting process, the whole
scan, i.e., from the beginning of cold crystallization
exotherm to the end of melting endotherm, was in-
tegrated. The calculated difference introduced in
Eq. 6, and using enthalpy of fully crystalline PLLA
(AH °=93.6 ] g')’!, where a is the mass fraction
of PLLA, enables calculation of the degree of crys-
tallinity (X_ = 23.1 %). As may be seen from Fig. 7,
the as-blended PLLASO/PMMAZ20 also underwent
cold crystallization during the second heating scan.
In the sample PLLASO/PMMA20, an exothermic
peak at about 132 °C and a melting peak at close to
168 °C were registered. Therefore, the onset and
peak of cold crystallization had shifted upwards for
more than 20 °C and 34 °C, respectively, relative to
PLLA. The lower T in pure PLLA is to be attribut-
ed to the partial crystallinity of the sample before
the second heating scan, where crystals acted as
cold crystallization nuclei****. The slight endother-
mic peak persisted, but there was no evidence of
cold crystallization under these conditions in
PLLA60/PMMAA40. In addition, blends with higher

PMMA content displayed neither melting nor cold
crystallization during the second heating run. When
Eq. 6 was used for calculation of the degree of crys-
tallinity for the blends PLLAS80/PMMA20 and
PLLA60/PMMA40, X values of 0.5 % and 3 %,
respectively, were obtained. The obtained results
are consistent with findings of Zhang et al.** who
have shown for the PLA and ethylene/methyl acry-
late/glycidyl methacrylate terpolymer (EGA) blends
that, the addition of EGA up to 20 % caused an in-
crease in melting temperature, as well as an increase
in the enthalpy of cold crystallization, i.e., added
EGA induced a larger non-isothermal crystallization
in PLA. However, the small difference between
melting and cold crystallization enthalpies in the
PLLASO/PMMAZ20 blend indicated that the cold
crystallization of blend did not progress®’. Further
increase in PMMA content did not contribute to the
cold crystallization of PLLA, but oppositely.

XC(%)zl(AHm —|AH ., )]100 (©6)

AH) (a—1)

Thermogravimetric analysis

Thermal stability and degradation of PLLA,
PMMA, and their blends prepared by melt mixing
was examined by TGA, and results are displayed in
Fig. 9. All samples were heated to 500 °C under a
nitrogen flow, whereat the decrease in mass per-
centage was monitored. The one-step mass loss pro-
cess was observed in PLLA, while the two-step pro-
cess was recorded in pure PMMA. Thermal
decomposition of PLLA took place in a single,
smooth step that began at about 310 °C, and reached
zero mass at 390 °C. PMMA displayed decomposi-
tion in the temperature ranges of 225 °C to 330 °C
and 330 °C to 430 °C (Table 4). Two-step degrada-
tion is well documented for PMMA in literature®®’.
The process was explained to initiate with vi-
nylidene end-groups, which resulted from the bimo-
lecular radical termination by disproportionation
during polymerization. The second degradation step
resulted from random chain scission. Interestingly,
in the work of Peterson and Vyazovkin®®, the occur-
rence of the first degradation step was registered in
the temperature range of 180 — 350 °C, which was
significantly lower in comparison to our results, al-
though the molar mass of PMMA sample was sig-
nificantly higher there (M = 996000 g mol™). In
addition, at lower heating rates, they observed an
additional step that preceded the two previously
mentioned. This was explained by Kashiwagi et
al® as the degradation of irregular head-to-head
linkages formed as a result of termination by com-
bination of growing polymer chains. On the other
hand, Peterson et al.*® concluded that the processes
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Fig. 7— DSC second heating scan of PLLA, PMMA, and
PLLA/PMMA blends recorded at 10 °C min™!

of degradation initiated at the irregular head-to-head
linkages and vinylidene end-groups were strongly
overlapped. Here, added PMMA decreased the
low-temperature thermal stability of PLA and
caused the appearance of small peaks around 200
°C that preceded the major degradation steps in
blends. The major degradation proceeded in three
peaks characteristic for PMMA component (second
and fourth) and PLLA component (third peak). Fi-
nally, the PLLA peak and second PMMA peak
overlapped, and the total degradation of blends
shifted to a slightly higher temperature.

The decomposition temperatures 7,, T,, T,
and T are summarized in Table 4. The 7, T,, T,
and T 5 are corresponding to the temperature at

which the remaining mass of the materials is 95, 90,
50, and 5 %, respectively. Initially, pure PLLA was

100

80 -

60 -

Mass / %

40

20 A

100 200 300 400 500
Temperature / °C
Fig. 9 — TG curves of pure PLLA, PMMA, and PLLA/PMMA

blends, investigated under a stream of nitrogen at 10
°C min™

120
[ Exp
110 {| ——— Fox
GT (k=0.5)
—————— GT (k=0.168)
o 100 -
[0 i /
L 90 Y
©
= 7
2 80 /
IS /
o //.
F 70 - [ Vi
e
60 - il
50 4 ; .

0.0 0.2 0.4 0.6 0.8 1.0
X (PMMA) / wt%

Fig. 8 — Glass transition temperatures of polymer blends
with fitted Fox and Gordon-Taylor (GT) models

thermally the most stable, while blends displayed
lower stability. The least stable among all samples
was PLLA20/PMMARQ that displayed both the
lowest 7, and 7. Finding that added PMMA re-
duces the low-temperature thermal stability of
PLLA is reasonable, since PMMA showed smaller
stability relative to PLLA. However, it is interesting
that prepared blends displayed even lower stability
than neat PMMA. At the same time, added PMMA
reduced the degradation of PLLA during melt-blend-
ing, i.e., increased the resilience of PLLA against
shear force and increased temperature during blend
processing, as it was proved by SEC measurements
(smaller decrease of molar masses). As opposed to
the large difference regarding onset of degradation
process, all samples displayed very similar 7. val-
ues, AT ~ 4 °C.

40

PLLA

PMMA

N w
o o
1 L
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1

Temperature derivative of mass / % ¢!
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Fig. 10 — DTG curves of pure PLLA, PMMA, and PLLA/

PMMA blends, investigated under a stream of ni-
trogen at 10 °C min™’
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Table 4 — Thermal degradation data of poly(L-lactic acid) — PLLA, poly(methyl methacrylate) — PMMA, and their blends

e | wnan | g T T mas T s T men T s
T,/°C 330 286 271 243 259 235 288
T,/°C 341 324 296 285 287 274 283
T,/°C 366 365 364 363 364 365 364
T/°C 384 395 423 427 432 437 408

Mechanical properties

DMA results for neat PLLA, PMMA, and their
blends are shown in Figs. 11 and 12. The a transi-
tion temperatures, 7, defined as the temperature of
the main peak in the thermogram of loss factor (tan
0), are given in Table 5. In PLLA homopolymer, it
was not possible to determine the 7 value due to
the plateaued shape of the curve, but the 7 values
of blends shifted downwards relative to PMMA.
The intensity of tan ¢ of blends increased, which
can be taken as additional proof of their compatibil-
ity. With the increasing content of PMMA in blends,
the glass transition temperature increase was re-
corded expectedly. The PLLA80/PMMA20 sample
displayed a high 7 value close to that of the
PLLA40/PMMAG60 sample with a three times high-
er PMMA content. The explanation for it is that,
although 7 of PLLA80/PMMA20 moved to the
value of about 63 °C initially, with a further tem-
perature increase, a recovery of mechanical proper-
ties took place and a maximum at 88.8 °C was re-
corded. The result from the loss factor (7)) was
consistent with the result of DSC measurement,
where the cold crystallization was noted in the same

PLLA20/PMMAB80
PLLA40/PMMA60/'\-\

PLLA50/PMMA50 / /"\\_
[ 1,7

PLLA8O/PMMA20 i
0.8 - PLLABO/PMMA40?/{;.13'

iy

i

1.2 4

A

oY
- Ren,...

\
PMMA100

Tan §

0.4 -

PLLA100

0.0 1

0 50 100 150

Temperature / °C

Fig. 11 — Tan 6 of pure PLLA, PMMA, and PLLA/PMMA
blends as a function of temperature

Table 5 —T values from DMA measurements; loss factor
(T, tan J), and loss modulus (Té, E") of poly(L-lactic acid) —
PLLA, poly(methyl methacrylate) — PMMA, and their blends

Sample T, (tan 9) T, (E)
PLLA100 n. d. 67.9
PLLA80/PMMA20 88.8 59.1
PLLA60/PMMA40 74.7 56.8
PLLAS0/PMMAS0 80.7 61.0
PLLA40/PMMAG60 86.8 63.9
PLLA20/PMMAS0 92.8 72.9
PMMA100 121.2 105.3

sample. Furthermore, the tan J peak height of the
PLLA/PMMA blends gradually increased with in-
creasing PMMA content, which is attributed to the
gradually decreased flexibility of PLLA/PMMA
blends.

In contrast, the tan 0 peak decrease with in-
creasing PMMA content was observed in litera-
ture'. In addition, they recorded higher tan ¢ val-
ues, especially for pure PLLA and PMMA that had
three and two times higher M, respectively.

5000
PMMA100
PLLAGO/PMMA40™~ —
4000 - PLLAZO/PMMA\SO
\'\' PLLA80/PMMA20
PLLA50/PMMAS0 .\'\,
, 3000 p|_|_A1oo-\_\\‘\,
o )
= -
PLLA40/PMMABO ™ ~
W 2000 - ~o ‘
\
1000 - \%‘ \
S\ \
i\ \
AR
04 N Darared
-50 0 50 100

Temperature / °C

Fig. 12 — Dynamic storage modulus of pure PLLA, PMMA,
and PLLA/PMMA blends as a function of temperature
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PMMA showed a steady decrease in £’ as ap-
proaching glass transition, Fig. 12. PLLA did not
show a complete reduction in storage modulus due
to cold crystallization, which is consistent with lit-
erature findings*. One can see that added PMMA
caused an increase in storage modulus. This indi-
cates the increase in rigidity of blends due to pres-
ent PMMA. Oppositely, the study of Anakabe et
al.’® showed that increasing content of PMMA in
blends caused a decrease in modulus. However, it is
interesting that blends prepared in this work dis-
played comparable values of modulus despite much
lower M values relative to theirs. Here, sample
PLLA40/PMMAG0 displayed the lowest £ of all
samples, while the analogous sample showed the
highest impact resistance (resilience)”. These find-
ings suggest, once more, that the mixing process of
PLA/PMMA blends seems to be diffusion-con-
trolled, and is highly dependent on polymer molar
masses and processing conditions.

Conclusions

Blends of biobased PLLA with PMMA in a
wide range of composition (0 — 100 mass%) were
prepared. The PMMA homopolymer sample of
structural characteristics (M , M and dispersity, D)
very close to the commercial PLLA was synthe-
sized in our laboratory in order to exclude the influ-
ence of their divergence on the results. The initial
theoretical calculations implied immiscibility of
PLLA and PMMA (A, 0, = 466 J cm?, >>
0.5). However, SEM images displayed homoge-
neous fracture surfaces without visibly separated
domains of two homopolymers. In addition, single
glass transition temperatures were recorded as addi-
tional evidence of homopolymers miscibility or at
least high compatibility. Added PMMA positively
influenced properties of PLLA in two ways; 1) it ob-
structed the degradation of PLLA during melt pro-
cessing as determined on the basis of molar mass
monitoring, and ii) it shifted 7 s upwards, notice-
ably at higher PMMA content. At the same time,
added PMMA reduced the low-temperature thermal
stability of PLLA, while 50 mass% loss was ob-
served at the same temperature in all samples. Me-
chanical properties of prepared blends assessed by
the loss factor (tan J) were improved significantly
with respect to pure PLLA. All blends displayed up-
ward T value shift with increasing PMMA content.
Crystallme phase that was identified also in DSC
measurement for the PLLASO/PMMA20 sample,
contributed additionally to the improvement of me-
chanical properties, which correlated with its rela-
tively higher 7 value. The height of tan J peak of
the PLLA/PMMA blends gradually increased with

increasing PMMA content due to the decreased
flexibility of PLLA/PMMA blends.

The results show that it is possible to improve
properties of PLLA by blending it with PMMA.
The designed material prepared by blending in Bra-
bender mixer displayed better mechanical proper-
ties as well as higher glass transition temperature
(T T ), and also proved more stable during pro-
cessmg
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