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Tailoring the physical properties of poly(lactic acid)
through the addition of thermoplastic polyurethane
and functionalized short carbon fibers
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>National Interuniversity Consortium of The elevated brittleness of commercial grades of poly(lactic acid) (PLA) may
Materials Science and Technology limit their use in several engineering applications. Therefore, the aim of this

(INSTM), Florence, Italy work is to develop a PLA-based material possessing well-balanced stiffness and

Correspondence toughness. Composites were prepared by blending PLA with increasing con-

L. Simonini, Department of Industrial tents (from 10 to 30 wt%) of a thermoplastic polyurethane (TPU) and a fixed
Engineering, University of Trento, Via

Sommarive 9, 8123 Trento, Italy.
Email: laura.simonini@unitn.it of the resulting materials. In order to increase the interfacial adhesion between

concentration (5 wt%) of carbon fibers (CFs), to tune the mechanical properties

CFs and polymeric phase, CFs were subjected to an acidic modification, by
treating them in solution of H,SO, and HNOs. The prepared composites were
characterized from a chemical, rheological, morphological, and thermo-
mechanical point of view. Fourier transform infrared spectroscopy showed that
the fiber surface reactivity was significantly enhanced by the acid treatment,
with the introduction of reactive functional groups on CFs. Rheological and
dynamic-mechanical tests confirmed that the introduction of acid-treated CFs
implied strong fiber-matrix interactions. Thanks to the presence of the acid
treated CFs, an important increase in tensile modulus and maximum stress
was obtained for all the compositions. In particular, samples containing 10 wt
% of TPU showed +74% tensile modulus and +43% maximum stress with
respect to the unfilled blends. Moreover, the elongation at break of PLA was
significantly improved (4+81%) with the addition of 30 wt% of TPU. It was
therefore demonstrated that the adopted approach could be effective for the
preparation of novel PLA-based materials with tailorable and well-balanced
properties that could find application in various technological fields.
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1 | INTRODUCTION therefore receiving growing interest in the scientific
community.' Biopolymers are polymeric materials
The urge of replacing petroleum-based polymers is push- made starting from renewable resources and/or

ing materials engineers toward the development of new  biodegradable,*® and among them, poly(lactic acid)

products based on natural resources, and biopolymers are ~ (PLA) displays interesting physical and mechanical
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properties.” '° It is a bio-based and biodegradable ali-
phatic polyester derived from lactic acid. PLA can be
either an amorphous, semicrystalline or highly crystalline
polymer. Due to the chiral nature of the lactic acid, it can
be found either in the form of poly-L-lactide (PLLA) or
poly-D-lactide and in the racemic mixture of poly-DL-lac-
tide. It is a relatively cheap polymer and offers excellent
degradability and barrier properties.'' It can be processed
in many ways such as extrusion, spinning, or injection
molding, with vast application perspectives in the
future 81?71 However, PLA is rather brittle, and this fea-
ture may limit its application in many industrial seg-
ments.!® Therefore, there is a common interest to
formulate new grades of PLA with improved ductility,
while maintaining its tensile strength.”*° At this aim, dif-
ferent methods have been adopted, such as the use of
plasticizers,”*** incorporation of fillers,>**° and blending
with other polymers having elevated ductility.>’*" In par-
ticular, the possibility of blending PLA with elastomers®*>**
and thermoplastic polyurethanes (TPUs)***® has been
widely investigated in literature. TPU is a melt-processable
thermoplastic elastomer characterized by high durability,
flexibility, biocompatibility, and biostability.***° It is pro-
duced by the polycondensation reaction between a diiso-
cyanate and one or more diols, thus providing a chemical
structure made of soft segments (SS) and hard segments
(HS).*' The SS give flexibility and elastomeric behavior
while the HS give stiffness and hardness to the structure.
Thanks to its peculiar properties, TPU is used in a variety
of applications such as in 3D printing, automotive, medi-
cal, and sport sectors.*”*® For instance, Jaso et al.*’
blended PLA with TPU at different relative ratios, showing
that the thermal, morphological, and mechanical proper-
ties of PLA were strongly affected by the addition of TPU.
Feng and Ye*® showed that the strength of PLA declined
slowly by increasing the TPU content, while the elonga-
tion at break was considerably improved for TPU amounts
higher than 5 wt%. However, Han and Huang® proved
that, for a satisfactory toughening of PLA, elevated
amounts of TPU (>30 wt%) must be added to PLA. The
major drawback of adding large concentrations of TPU is
the substantial decrease in strength and elastic modulus.
Moreover, also the biodegradability of the resulting blends
could be strongly impaired. So, a polylactide-based mate-
rial at elevated PLA contents with balanced stiffness and
toughness is still difficult to be developed. The addition of
fillers may help to overcome this problem, thus obtaining
a ternary material having better mechanical properties
compared with the unfilled blends.’®>* In this sense, Xiu
et al.>* added hydrophilic silica (SiO,) nanoparticles to
PLA/TPU blends, obtaining a discontinuous network-like
morphology that allowed a noticeable improvement in the
impact toughness of the blend. In another work, Xiu

et al.>® introduced titanium dioxide (TiO,) nanoparticles

in PLLA/TPU blends, showing that nano-TiO, particles
selectively localized at the interface and led to a significant
improvement in impact toughness. Recently, carbon fibers
(CFs) have been considered as an ideal candidate to
improve the mechanical properties of polymer blends,
thanks to their outstanding strength and stiffness.>**>® In
literature, it is reported that CFs can be used as reinforce-
ment to improve the strength of polymers such as PLA
and TPU.>*°! Yin et al.*® introduced various amounts of
CFs in PLA/TPU blends, showing that the addition of CFs
tended to decrease the thermal stability, while the tensile
strength was increased by about 11.4% with a CF concen-
tration of 10 wt% Qian et al.>® prepared CF-reinforced
PLA/TPU blends, studying the effect of the fiber length
and content on the morphological, thermal, rheological,
and mechanical properties of the resulting materials. It
was shown that the mechanical performances were almost
unaffected by the fiber length, while the CFs content
strongly influenced the tensile and impact strength of the
composites. However, when CFs were used without any
surface treatment, the resulting composites possessed low
interfacial (IFSS) or interlaminar shear strength
(ILSS).**®° Inadequate interfacial properties can thus rep-
resent a serious problem in these systems.®®”° In order to
overcome this limitation, surface treatments can increase
the chemical compatibility of CFs with the matrix.”* Vari-
ous methods have been proposed in the literature, such as
plasma treatments, gas phase oxidation, heat, and poly-
merization treatments.”” Among them, nitric (HNO;) and
sulfuric (H,SO,) acid oxidative treatment is an effective
method to strengthen the interfacial adhesion properties.
This approach enhances the physical and chemical inter-
action between fibers and matrix, by roughening the CF
surface and also introducing reactive functional groups
compatible with the polymer matrix.”* Zhang et al.”* used
H,SO,/HNO; acid mixtures to functionalize CFs, demon-
strating the presence of O-/N-/S-containing groups on CFs
surface. Tiwari et al.””> used HNO; to include oxygenated
functional groups on the surface of CFs, to enhance the
interfacial adhesion with a thermoplastic polyetherimide
matrix, obtaining an improvement of the ILSS and the
flexural strength of 71% and 29%, respectively.

Based on these considerations, the present work aims
to investigate, for the first time, the effect of the oxidative
acid treatment (H,SO,/HNO;) of CFs surface on the
mechanical performances of PLA/TPU/CF composites.
The morphological and chemical properties of CFs before
and after the surface modification were systematically
investigated. Both untreated and acid-treated CFs were
then added to PLA/TPU blends, and a comprehensive
rheological, morphological, thermal, and mechanical
characterization of these ternary composites was
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performed. In this way, it could be possible to obtain PLA
based composites with tailorable mechanical properties
that could overcome the actual technological limits of
PLA and could extend the application fields of this
material.

2 | EXPERIMENTAL PART
2.1 | Materials

Pellets of PLA (density = 1.24 g/cm®, MFI at 210°C and
2.16 kg = 7 g/10 min, product code 4032D) were pur-
chased by NatureWorks LLC (Minnetonka, USA). Pellets
of TPU (density = 1.23 g/cm’, melting temperature range
220-240°C, product code 3059D) was supplied by Coves-
tro Srl (Milano, Italy). Chopped CFs Panex PX35 type
65 (density = 1.81 g/cm®), having an average length of
6 mm and a mean diameter of 8 pm, were provided by
Xenia Materials Srl (Vicenza, Italy). Sulfuric acid (H,SOy,
purity 96%) and nitric acid (HNOs, purity 69%) were pro-
vided by Sigma Aldrich (Saint Louis, MO, USA).

2.2 | Sample preparation
2.2.1 | Functionalization of carbon fibers
surface

Following the procedure described in Reference 74, acid
treatment of CFs was performed by immersing them in a
H,S0,/HNO; acid mixture (relative weight ratio 3:1)
under ultrasonic treatment. The treatment was per-
formed for 15 min at 60°C using a FALC (Shenzhen,
China) ultrasonic bath. Then, the fibers were washed at
room temperature under continuous stirring in deionized
water to reach a neutral pH, and then dried at 80°C for
24 h under vacuum. In this work, untreated CFs were

TABLE 1 List of the prepared

Sample PLA (Wt%) TPU (Wt%) uCF (wt%) fCF (wWt%)
PLA/TPU/CF composites.

PLA 100.0 - -

PLA/10 90.0 10.0 =

PLA/20 80.0 20.0 -

PLA/30 70.0 30.0 =

PLA/10/uCF 85.5 9.5 5.0

PLA/20/uCF 76.0 19.0 5.0

PLA/30/uCF 66.5 28.5 5.0

PLA/10/fCF 85.5 9.5 = 5.0

PLA/20/fCF 76.0 19.0 - 5.0

PLA/30/fCF 66.5 28.5 = 5.0
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designed as uCF, while treated (functionalized) CFs were
denoted as fCF.

2.2.2 | Composite preparation

Initially, both the polymers and the fibers were dried at
50°C for at least 72 h. PLA, TPU and CF were melt com-
pounded in a Thermo Haake Rheomix® 600 internal
mixer at 220°C for 5 min, setting a rotor speed of 50 rpm.
Then, the resulting compounds were compression
molded at 220°C for 5 min at a pressure of 3.4 MPa, thus
obtaining rectangular sheets with dimensions of
120 x 120 x 1 mm?. The samples were prepared accord-
ing to the formulations listed in Table 1.

2.3 | Experimental techniques

CFs were characterized by Fourier transform infrared
(FTIR) spectroscopy in attenuated total reflectance mode
with a Perkin Elmer Spectrum One FTIR spectrometer
(Perkin Elmer, USA). A minimum of 16 scans with a res-
olution of 4 cm™' were performed, between a scanning
interval of 4000 and 650 cm ™.

The dynamic rheological properties of the composite
samples were analyzed through a Discovery Hybrid Rhe-
ometer (DHR-2) (TA Instruments, USA), by adopting a
plate-plate configuration. These tests were carried out at
220°C, applying a strain amplitude of 1% on discoidal
specimens with a diameter of 25 mm. The thickness of
the gap was set at 1 mm. In this way, the trends of the
storage modulus (G'), of the loss modulus (G"), and of
the complex viscosity () were investigated in an angular
frequency (w) range between 0.1 and 100 rad/s.

The morphological observations were performed
through a Zeiss Supra 40 field-emission scanning electron
microscope, operating at an acceleration voltage of 3.5 kV.
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Before the observation, the samples were coated with a
Pt/Pd alloy (80:20) conductive layer having a thickness of
about 5 nm.

Differential scanning calorimetry (DSC) was per-
formed by using a Mettler DSC30 calorimeter (Mettler
Toledo, Columbus, OH). The samples were heated from
0 to 200°C and subsequently cooled from 200 to 0°C.
Finally, a second heating stage was applied from 0 to
200°C. These thermal ramps were performed at a rate of
10°C/min, under a nitrogen flux equal to 100 mL/min.
Only one specimen was tested for each composition. The
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FIGURE 1 FTIR spectra of CFs before (uCF) and after (fCF)

the acid treatment.

relative degree of crystallinity (y) of the PLA phase in the
samples was calculated through Equation (1).

AH,,— AH
X:m40°°x 100, (1)
Prra AH,

where AH,, is the enthalpy of fusion of PLA, AH is the
enthalpy of cold crystallization of PLA, ¢p;, is the weight
fraction of PLA in the composite, and AH?, is the stan-
dard melting enthalpy of the fully crystalline PLA, taken
as 93.7J/g.”°

Thermogravimetric analysis (TGA) was carried out
by using a TA-IQ5000 IR (New Castle, USA) thermoba-
lance under an air flow of 100 mL/min in a tempera-
ture interval from 35 to 700°C at a heating rate of
10°C/min. The onset of degradation temperature (T,y,.
set)s the degradation temperature (T,) corresponding to
the temperature associated to the maximum mass loss
rate, and the residual mass (m,y,) at the end of the
tests were determined.

Dynamic mechanical analysis (DMA) was carried out
in tensile mode by wusing a TA Q800DMA
(TA Instruments, USA) machine. Rectangular specimens
(30 x 5 x 1 mm?®) with a gage length of 10 mm were
tested in a temperature range from 0 to 200°C at a heat-
ing rate of 3°C/min, a test frequency of 1 Hz, a strain
amplitude of 0.05%. In this way, the trends of the storage
modulus (E'), of the loss modulus (E”), and of the loss
tangent (tand) were investigated as a function of tempera-
ture. The glass transition temperature (T,) of the PLA
phase was estimated from the tané peak.

FIGURE 2 SEM micrographs of (A) uCF
and (B) fCF, together with their optical
appearance.
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Quasi-static tensile tests were performed by using an
Instron® 5969 (Instron, USA) universal testing machine,
equipped with a load cell of 1 kN, testing 1BA type dumb-
bell specimens according to the ISO 527 standard. Tensile
tests for the evaluation of the elastic modulus (E) were
performed at a crosshead speed of 0.25 mm/min, imposing
a maximum axial deformation level of 1%. The strain was
recorded by using a dynamic extensometer Instron model
2620-601 (gauge length of 12.5 mm). According to ISO
527 standard, the elastic modulus was evaluated as a
secant value between deformation levels of 0.05% and
0.25%. Tensile properties at break were evaluated at a
crosshead speed of 1 mm/min, without using the exten-
someter. The maximum stress (om.x) and the elongation at
break (eq) were determined for each composition. At least
five specimens were tested for each sample.

COMPOSITES

3 | RESULTS AND DISCUSSION
3.1 | Chemical and morphological
characterization of carbon fibers

FTIR spectroscopy allowed to detect the functional
groups introduced on the surface of the fibers by the
acidic treatment. Figure 1 shows the FTIR spectra of CFs
before and after the acid treatment. Strong absorption
bands of —~OH groups appear at 3332cm ' after the
chemical modification of CFs. The bands around 1300
and 1700 cm ™' correspond to the stretching vibrations of
—C=0 group. Similar FTIR transmittance spectra of CFs
before and after an acidic treatment can be found in liter-
ature.”””® These observations confirm that the fiber sur-
face activity was significantly enhanced by the acidic
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FIGURE 3  Storage modulus (G'), loss modulus (G"), and complex viscosity (i7) of neat PLA and TPU, of the blends and of the relative

composites. TPU content of (A) 10 wt%, (B) 20 wt%, and (C) 30 wt%.
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FIGURE 4 SEM micrographs of PLA, PLA/TPU blends, and their relative composites.
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treatment, which introduced reactive functional groups

on the CF surface. Eamasaggsnao
SEM micrographs of uCF and fCF are represented in N T "
Figure 2A,B, together with their optical appearance. The D
surface of the fibers results to be altered after the chemical =
modification, as the fCFs seem considerably rougher than ms SRR NS T R
uCFs. The presence of deeper groves increases the surface M BE B BN
area of fCF, thus improving the number of active sites on ~
the fiber surface. These sites could provide a better mechan- 5
ical interlocking between CFs and the polymeric phases, mg N M EH H M
ultimately increasing the interfacial adhesion.”’® More- < BB BN
over, the chemical modification of CFs tends to separate the 5
short fibers from the bundles, making their dispersion M N K H H:
inside the matrix easier during melt compounding. H BH - H EH H:
oo 8 N O 4 @ o N o0 5
3.2 | Rheological characterization of the glg ' 88858832 dz
composites 2
HE
Figure 3A-C shows the dynamic rheological properties of 8 ;; % § E E g ;,‘\: E SH% ; %
neat PLA and TPU, of their blends and of the relative
composites in terms of storage modulus (G'), loss modu- ®
lus (G”), and complex viscosity (7). 'C’;
At a general level, it can be noticed that all the sam- 5 g g = ; = - E
ples present a pseudoplastic behavior, with a decrease of w0
the complex viscosity as a function of the frequency. It £ 6‘ -~ -18 .- ..
can be also concluded that the TPU matrix has higher G/, g § s 2grRdgsddan g
G", and 7 values with respect to PLA. Therefore, the S
dynamic moduli and the viscosity of PLA/TPU blends é g NN BN
increase with the TPU amount. This trend can be also S XN - & & *®> 3 s
partially due to the formation of hydrogen bonds between E _
the carbonyl groups of TPU and the hydroxyl groups of g g
PLA, and the subamide groups of TPU and the carboxyl & :s ~ - -E- -
group of PLA.” As it could be expected, regardless of the 9 4 ¥ 328983389284
TPU content, the presence of CFs in the blends shifts the : _
rheological parameters to higher values, because the E g’
chain mobility is restricted by the fibers. Considering the g = ~M - - H.HA.-B
composites with the same CF concentration, it can be E 5 C Q@ 4 g o g g a9
noticed that the G’, G”, and # values of fCFs filled sam- 5
ples are systematically higher than that of the samples :« g ~-N. N ...
containing uCFs. Higher viscosity implies a stronger j:]j & E § E E g § g & E E
fiber-matrix interaction, and this means that the acidic §
treatment on CFs probably leads to a stronger interfacial g )
bonding with the PLA/TPU matrix. 2 . BRI MR M
g gl 2 @ g 3 3
v €
2 3|
3.3 | Morphological characterization of I 2 TRl n
the composites T EIFSCRSTSHANRESAS
Q
= I c SR T o9
SEM micrographs of neat PLA, PLA/TPU blends and the ~ % % % 222
relative composites are represented in Figure 4. PLA = 283 =28 8 28 &
exhibits a relatively smooth and clear surface, typical of a 2 é é é é é é é é é é
brittle polymer. In the micrographs of the blends, it is =
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FIGURE 6 Representative TGA thermograms of the prepared samples. (A) Residual mass and (B) mass loss derivative as a function of

temperature.
Typeet (°C) Ty pia CC) Ty 1pu (°C) Moo (%) TABLE 3 Results of TGA tests <?n
neat polymers, blends, and the relative
PLA 342.3 382.5 - 0.0 composites.
TPU 320.2 352.2 433.7 0.0
PLA/10 324.2 369.2 - 0.0
PLA/20 323.9 362.5 = 0.0
PLA/30 320.5 360.2 - 0.0
PLA/10/uCF 330.4 366.8 = 7.9
PLA/20/uCF 330.1 363.0 399.7 6.7
PLA/30/uCF 333.3 360.2 400.7 8.1
PLA/10/fCF 329.7 345.2 - 59
PLA/20/fCF 3334 348.0 391.8 7.0
PLA/30/fCF 326.5 343.3 415.2 8.8

possible to notice that the TPU phase is well dispersed
within the PLA matrix, and it assumes a spherical form.
However, particle debonding denotes a poor interfacial
adhesion between the two phases. By increasing the
amount of TPU, their domains become larger in diameter,
passing from 1.5+ 0.5 pm for PLA/10 blend up to 3.9
+ 1.3 um for the PLA/30 sample. Moreover, the interfacial
adhesion with PLA seems to be better when the TPU con-
tent increases. Once again, this can be explained by the
formation of H-bonds and dipolar interactions between
ester and urethane fragments. A similar microstructural
behavior is reported in literature for PLA/TPU blends.®
Analyzing the microstructure of PLA/TPU blends rein-
forced with uCF, it can be noticed that crack propagation
occurs at different planes of the matrix, with failure pro-
gressing along the fiber/matrix interface, hence a fiber
pull-out phenomenon occurs in such composites. On the
contrary, in the blends reinforced with fCF, the fracture
plane is almost flat and shorter fiber length can be

detected. This indicates a strong interfacial adhesion
between the blends and the fibers, which results in the
fracture of fibers rather than a fiber pull-out failure mech-
anism. The reactive groups introduced on the surface of
fCFs by the acidic treatment react with the PLA/TPU
matrix, thus improving the interfacial adhesion. In addi-
tion, some residues of PLA/TPU matrix can be observed
along the pulled fCFs, proving once again a better interfa-
cial compatibility with respect to uCFs filled composites.

3.4 | Thermal characterization of the
composites

Figure 5 shows the most significant DSC thermograms of
the investigated samples, collected during the first heat-
ing scan, the cooling, and the second heating scan. The
most important results are summarized in Table 2. All
the thermal transitions reported in these thermograms
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modulus (E"), and (C) tans at different TPU contents.

are referred to the PLA phase since TPU does not mani-
fest significant transitions in the investigated temperature
interval.

The neat PLA has a semicrystalline nature, and it is
characterized by a glass transition temperature (T,) of
61.0°C, a cold crystallization temperature (7T.) of
102.9°C, and melting temperature (T,) of 173.8°C, taken
from the first heating scan. The second heating scan does
not present cold crystallization phenomena but indicates
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DMA tests on neat PLA and TPU, blends, and on the relative composites. Trends of (A) storage modulus (E'), (B) loss

a more pronounced melting peak, associated with a
higher crystallinity degree. The addition of increasing
amounts of TPU and CFs does not lead to substantial
changes in the values of T,, and T, of the polymer.
Instead, both uCFs and fCFs contribute to a slight
decrease in the cold crystallization temperature of PLA,
since the fiber surfaces may act as nucleating sites.
Regarding the y values, in the first heating scan the
degree of crystallinity of PLA seems not to be
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E' (0°C) (MPa) E (105°C) (MPa) tané peakintensity T,*(.c) | /ABLE 4 Resultsof dynamic-
mechanical analysis (DMA) on neat
PLA 2726 185 2.2 68.4 polymers, blends and on the relative
TPU 844 75 = = composites.
PLA/10 2672 171 1.6 72.8
PLA/30 2475 202 1.0 73.9
PLA/10/uCF 2835 494 0.9 74.2
PLA/30/uCF 2534 428 0.7 75.7
PLA/10/fCF 3412 838 0.6 73.4
PLA/30/fCF 2814 540 0.6 72.7
“Evaluated as the temperature corresponding to the tans peak.
substantially affected by the presence of TPU, while in —PLA
the second heating scan a strong reduction of the y values 60 4 e PLA/10
is registered. This phenomenon may arise from the order- e P A/10/uCF
ing of the SS and HS of TPU after the first heating and 50+ ——PLA0/CF
the cooling steps.® o 40, itﬁgg UCF
The thermal stability of neat polymers, PLA/TPU = 1l e PLA/30/fCE
blends and the relative composites was investigated by a
TGA analysis. Figure 6A,B shows the most representative = 301
TGA thermograms of the prepared samples in terms of @ 204
residual mass and mass loss derivative as a function of
temperature. 104
In Table 3, the values of onset degradation tempera-
ture (Tonset), degradation temperature (T,), and residual 04 . : . . . . .
mass (7o) are summarized. 0 5 10 15 20 25 30 35 40
Neat PLA starts to degrade at 342.3°C, reaching a Strain (%)
maximum degradation rate at 382.5°C. No residual mass
can be found at the end of the thermal treatment. TPU  FIGURE 8 Representative stress—strain curves of neat PLA,

presents an anticipated degradation that starts at
320.2°C, with the maximum degradation rate at 352.2°C.
From the first derivative of the TGA curve (Figure 6B), a
second degradation peak can be observed for TPU at
433.7°C. As explained in literature, the first degradation
step is due to the dissociation of the urethane bonds in
the TPU hard segment, while the second degradation step
is due to the thermal decomposition of the SS.*' Regard-
ing the addition of TPU to PLA, the thermal stability of
PLA is decreased by increasing the amount of TPU, shift-
ing the onset of degradation and the maximum degrada-
tion rate to lower temperatures. In addition, the addition
of both untreated and treated CFs results in a decrease of
the thermal stability of PLA/TPU composites. This trend
was observed also by Yin et al.®” where the introduction
of 5 wt% CF in PLA/TPU matrix decreased the Typsec by
22.9°C and T4 ppa by 59.5°C. However, the observed drop
does not substantially compromise the applicability of
PLA in the packaging field. Moreover, a residual mass at
the end of the test is present, due to the incomplete ther-
mal degradation of the CFs in the temperature range
analyzed.

PLA/TPU blends, and the relative composites.

3.5 | Mechanical characterization of the
composites

Dynamic mechanical thermograms of neat PLA and
TPU, PLA/TPU blends and the relative composites are
represented in Figure 7A-C, while the most important
parameters are summarized in Table 4.

The storage modulus (E') of PLA at 0°C is equal to
2726 MPa and it decreases significantly above its T,
(68.4°C). Then, a slight increase of E' up to 185 MPa can
be detected between 100 and 160°C, due to the cold crys-
tallization of PLA during the test. TPU shows limited E’
values (844 MPa at 0°C) in the temperature range ana-
lyzed, since it is above its T, (—42°C according to the
datasheet). Regarding the blends, a slight positive shift in
the T, values is observed upon TPU addition, probably
because DMA has a higher sensitivity than DSC in
detecting the thermal transitions within the polymeric
materials. Moreover, the E' value of PLA decreases with
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FIGURE 9 Values of (A) elastic modulus, (B) maximum stress, and (C) elongation at break from tensile tests on neat PLA, PLA/TPU

blends, and the relative composites.

TPU content and this phenomenon is more evident for
sample PLA/30 that shows a decrease of E' of 10% than
neat PLA, at 0°C. The introduction of uCFs causes a
slight increment of E' below Ty, while a more consider-
able enhancement can be detected in the case of fCFs
(up to 252% for PLA/10/fCF at 0°C). Bindu and
Thomas®* showed that this behavior is a clear indication
of both a homogeneous dispersion of the reinforcement
in the matrix and of the existence of a strong interfacial
interaction. The tané peaks intensity is reduced in pres-
ence of fCF which is also an indication of the improved
interaction between the matrix and fCFs: this proofs once
again the efficacy of the acid functionalization of CFs.*?
As explained by Chua,** the formation of strong bonds
between fibers and matrix reduces the motion of the
polymeric chains, thus resulting in lower tané peak
values.

Representative stress-strain curves of neat PLA,
PLA/TPU blends, and the relative composites are reported

in Figure 8, while the values of elastic modulus, stress at
break, and elongation at break are compared in
Figure 9A,C.

Neat PLA has an elastic modulus of 3 GPa, a maxi-
mum stress of 47 MPa and an elongation at break of 4%.
The addition of increasing amounts of TPU (from 10 to
30 wt%) decreases the stiffness and the strength of PLA.
In particular, when 30 wt% TPU is added to PLA, the
elastic modulus decreases by 38% and the stress at break
by 27%. On the other hand, TPU addition leads to a
noticeable increase in the elongation at break (up to
867% with a TPU concentration of 30 wt%), highlighting
the role played by TPU as toughening agent inside the
brittle PLA matrix. The loss of stiffness and maximum
stress of PLA is efficiently recovered, and in some cases
overcompensated, by the introduction of CFs inside the
polymeric matrix, and this beneficial effect is more evi-
dent in the case of the fCFs. In particular, due to the
addition of 5 wt% fCFs to PLA/10 sample, the elastic
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modulus is increased by 47% with respect to the corre-
sponding blend, and only by 20% in the case of uCFs. For
PLA/20 blend, the addition of fCFs improves the elastic
modulus by 65% (46% for uCF), while for PLA/30 blend
by 74% (31% for uCF). Regarding the maximum stress,
the introduction of 5 wt% fCF in PLA/10, PLA/20, and
PLA/30 samples improves the maximum stress of the cor-
responding blends by 43%, 48%, and 37%, respectively
(29%, 36%, and 22% for uCF). These results suggest that
fCFs have a good interfacial compatibility with PLA/TPU
matrix, due to the formation of a strengthened interphase
upon the acid functionalization of CFs. Regarding the
elongation at break, the strong increase given by the
introduction of TPU in the PLA matrix is lost by adding
both uCFs and fCFs. However, PLA/10/fCF, PLA/20/
fCF, and PLA/30/fCF still show higher elongation at
break values than neat PLA, with a relative improvement
of 66%, 55%, and 81%, respectively. For a given fiber con-
tent, the elongation at break values obtained with the
introduction of fCF and uCF are quite similar, thus sug-
gesting that the adopted chemical treatment does not
substantially influence the elongation at break of the
material. It can be therefore concluded that the adopted
approach, based on a combination of TPU blending and
the addition of functionalized CFs, can lead to an
improvement of the stiffness and of the maximum stress
of the PLA, and also the ductility of the material is
improved. This strategy could represent a valuable solu-
tion to extend the application fields of PLA.

4 | CONCLUSIONS

In this work, a PLA matrix was melt compounded with
different amounts of TPU and a fixed concentration of
CFs, in order to increase the ductility of PLA and to
retain its stiffness and strength, with the aim to extend
the applicability of this material. Both untreated and
functionalized CFs were utilized. Acid surface modifica-
tion of chopped CFs was performed by dipping the CFs
in solution of H,SO, and HNO; and performing ultraso-
nication. Infrared spectroscopy revealed the formation of
strong chemical functionalities on the surface of the
fibers upon acid treatment. Morphological analysis
showed that the fCFs had a rougher surface than uCFs,
which allowed a better adhesion with the matrix. Rheo-
logical measurements on the composites demonstrated
that the introduction of fCFs implied higher complex vis-
cosity values with respect to the composites filled with
uCFs, due to a stronger fiber-matrix interaction. DSC
and TGA tests showed that the presence of modified
fibers did not alter significantly the thermal properties of
the PLA matrix. Dynamic-mechanical analysis showed

the improved dynamic-tensile properties of composites
made of fCFs below T, and confirmed the enhanced
interfacial adhesion between fibers and matrix (see the
reduced intensity of tand peaks). Quasi-static tensile tests
proved that composites made by fCFs showed higher ten-
sile modulus and maximum stress than the correspond-
ing blends, but the introduction of CFs resulted in a
drastic reduction of elongation at break with respect to
the corresponding blends. However, fCF filled composites
still showed improved values of the elongation at break
than neat PLA (+81% in the case of PLA/30/fCF). The
adopted approach could therefore represent a valuable
solution to obtain PLA based composites with tailorable
properties, in order to overcome the actual technological
limits of PLA and to extend the application fields of this
emerging material.
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