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ABSTRACT: Renewable thermoplastic blends based on polyurethane (TPU) and polyamide (DAPA) obtained from dimers of fatty acids
were reinforced with mineral microfillers, surface coated calcium carbonate (CaCOs3) or high aspect ratio talc (HAR), to prepare dif-
ferent micro-biocomposites systems. The influence of the nature of the filler, the aspect ratio and the filler content (5, 10, and 15 wt
%), for different TPU/DAPA ratios (20/80, 50/50, and 80/20 wt %/wt %), were specifically investigated. Differential scanning calorim-
etry (DSC) and thermogravimetric analyses were conducted to investigate the thermal properties. DSC analyses showed that the addi-
tion of CaCO; had no influence on the glass transition and the melting temperature of the corresponding composites. Moreover, the
morphology and the mechanical properties in the solid state of the different multiphase systems were investigated. SEM observations
after tensile tests showed that the best matrix/filler interactions were obtained in the case of the 20/80-based systems. Uniaxial tensile
tests have shown that the addition of HAR or CaCOj fillers led to a clear increase of the Young modulus. Micromechanical models
based on a two-phase composite approach, including Mori-Tanaka and Davies models were used to describe the dependence of the
elastic modulus on the volume fraction of HAR or CaCOj fillers. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43055.
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microphases with the specific behavior of a thermoplastic elas-
tomer i.e., high and reversible elongations.” Compared to TPU,
DAPA shows the conventional behavior of a classic semi-
crystalline thermoplastic, however DAPA is more flexible than
most of the conventional polyamides.®

INTRODUCTION

Nowadays, the use of renewable bio-based carbon feedstock is
of considerable interest because it offers the intrinsic value of a
reduced carbon footprint and an improved life cycle analysis, in
agreement with a sustainable development. In this way, poly-
mers with new macromolecular architectures are more and
more often obtained from biomass through different chemical

While there is a growing interest in using TPU or DAPA alone,
their corresponding applications are still limited due to their
reduced thermal and mechanical properties. A very recent study
on TPU/DAPA blends has shown the promise interest of this asso-
ciation.” At the processing shear rate, the apparent viscosities of
each polymer have similar values allowing a good dispersion of
each phase, leading to rather isotropic materials. Different mor-
phologies can be obtained according to the TPU/DAPA ratio. For
instance, for a ratio close to one a co-continuous structure was
observed. However, the final mechanical properties of those

and/or biochemical processes.' These bio-based materials with
controlled chemical architectures represent a good alternative to
conventional and fossil based chemical feedstock. Thermoplastic
polyurethane (TPU) and polyamide (DAPA) obtained from
fatty acid stand as good candidates. Recently, our group has
demonstrated that TPU and DAPA could be prepared from
dimers of fatty acids.”” TPUs are thermoplastic elastomers
formed of hard segments (HS) linked together by intermolecu-

lar hydrogen bonds, which act as physical crosslinkers, associ-
ated to soft segments (SS) contributing to the elastomeric
behavior. HS and SS are organized into segregated domains or

blends still need to be improved e.g., by addition of fillers.

Addition of fillers such as calcium carbonate (CaCOs3) is com-
monly used to tailor mechanical properties such as strength and

Additional Supporting Information may be found in the online version of this article.
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Figure 1. SEM observations of neat (a) CaCOj; and (b) HAR at the same scale (bar =20 pm).

modulus with a reduction of the material cost. Because of low
filler—matrix interactions,® many attempts were carried out to
improve the compatibility at the interface using, for instance,
silane grafted onto the filler or fatty acid treatment.”"°

Studies on talc-filled polymers have also been widely investi-
gated.''™"? Because of its lamellar shape, talc can bring specific
mechanical properties. To increase the surface and the aspect
ratio of the particles and to obtain microfillers (micron-sized),
a delamination process is now commonly used. The corre-
sponding natural talc-based microparticles present a high aspect
ratio with an average thickness of some hundreds of nano-
meters, based on stacked platelets.'*

The aim of this study was to prepare new bio-based microcompo-
sites with different TPU/DAPA ratios and, talc or CaCOj as fillers.
Composites with different filler contents were prepared. The
effects of the shape, aspect ratio, and filler content on the mor-
phology and the thermal and mechanical properties of the final
composites were investigated. Micromechanical models based on
a two-phase composite, including Mori-Tanaka'> and Davies'®
models were used to predict the elastic properties of these compo-
sites, and then compared with the experimental data.

EXPERIMENTAL

Materials

Chemicals and Compounds. The bio-based polyester polyol
used in this study was kindly supplied by Oleon (France). The
polyol is based on dimeric fatty acids from rapeseed oil, with a
purity higher than 98%, a hydroxyl value of 33 mg.(g KOH) ™'
and a weight average molar mass of around 3300 g mol™'. The
4,4'-diphenylmethane diisocyanate (MDI) was supplied by
Brenntag (France) and 1,4-butanediol (BDO) was purchased
from Sigma—Aldrich (France). DAPA has been provided by
Arkema (France), under the trade name of Platamid HX. DAPA
is a semi-crystalline polymer, with a glass transition (T,) at 6°C
and a melting temperature (7,,) of 120°C. The high aspect ratio
natural talc used in this study (HAR), was supplied by Imerys
Talc (France). HAR particles have been obtained by delamina-
tion of coarse natural talc leading to micron-sized particles [Fig-
ure 1(b)]. The HAR medium particle size d50 determined by
laser diffraction is about 10 pm with a specific surface area of
19.5 m* g~ . A fatty-acid-coated calcium carbonate, designated
here as CaCOj3, with a medium particle size d50 of 6.5 pm and
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a specific surface area of 1.3 m* g~ ! was provided by Omya
(France) [Figure 1(a)]. Phenol, 1,2-dichlorobenzene and dime-
thylformamide were used without any further purification.

TPU synthesis. TPU was prepared with an isocyanate/hydroxyl
(NCO/OH) ratio equal to 1 and HS content of 17 wt %, by a
two-step process. During the first step, a prepolymer with NCO
ending groups is obtained. In a second step, the high molar
mass TPU is prepared with BDO, as a chain extender. After
polymerization, the system was cured overnight in an oven at
70°C to ensure the complete reaction of NCO groups. NCO
content was evaluated in order to follow the reaction kinetics
during the different steps. The detailed synthesis has been fully
described in a previous publication.” The corresponding TPU
showed a glass transition of —48°C, which is related to the SS.

Preparation of the Blends and Composites. Prior to melt mix-
ing, the TPU and DAPA pellets as well as the microfillers were
dried overnight at 70°C, under vacuum. The composites were
prepared using an internal mixer (Counter-rotating mixer Rheo-
mix 600p, Haake, USA) equipped with a pair of high-shear
roller-type rotors at 150°C with a speed of 80 rpm for 8 min.
After melt processing, the composites were compression-
molded, to obtain films or sheets, with a hot press at 160°C
applying 160 MPa pressure for 5 min and further squeezed
between two steel plates for 5 min.

The weight ratios (wt %/wt %) of the TPU/DAPA systems were
80/20, 50/50 and 20/80, respectively. All the composites present
the corresponding designations: TPU/DAPA (X/Y)_Filler Z,
where X/Y is equal to the TPU/DAPA weight ratio, with
X+ Y=100. Filler can be HAR or CaCO;, respectively, and Z
can be 5, 10, or 15, corresponding to the filler weight ratio. An
example is “TPU/DAPA (80/20)_HAR 10” or “(80/20)_HAR
10”, corresponding to a composite where the weight ratio of the
TPU/DAPA system is 80/20 (wt %/wt %) and the HAR content
is 10 wt %.

General Methods

Thermogravimetric analyses (TGA) of the polymer blends i.e.,
the systems without fillers, and the composites were performed
on a Hi-Res TGA 2950 apparatus from TA Instruments. Sam-
ples were heated from room temperature up to 700°C at a rate
of 20°C min !, under air flow.
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Table 1. Surface Tension, Polar, and Dispersive Components of Test
Liquids

Surface tension y polar y dispersive

energy(mJm™2)  (MJm™23)  (MmIm?
Diiodomethane  50.8 2.3 48.5
Water 72.8 51.0 21.8

Differential scanning calorimetry (DSC) was performed using a
Q 200 wunder nitrogen (flow rate 50
mL min~'). All samples were weighed between 2 and 5 mg.
The samples were heated up to 160°C with a heating rate of
10°C min~ ' (first heating scan), then cooled down to —80°C at
10°C min~" and finally reheated to 160°C at a heating rate of
10°C min ' (second heating scan). Previously and by TGA, the
control that no major degradation could take place in this
explored temperature range has been performed. The glass tran-
sition (T) and the melting (T,,) temperatures were determined
at the midpoint of the change in the slope of the baseline and
the maximum of the melting point, respectively. These values
were determined on the second heating scan since the first scan
serves only to erase any previous thermal history. The phase
crystallinity is determined by eq. (2), where AH,,, =190 J g~!
for 100% crystalline DAPA,'” w is the DAPA weight percentage
in the blend, AH,, corresponds to the melting enthalpy and
AH, is the enthalpy of crystallization preceding melting.

AH,,-AH
AHmO Xw

TA Instruments

XDAPA(%): X100 (1)

The surface tension (Gibbs free energy per surface area) gives
an indication of the intermolecular forces at the interface. It
was obtained by contact angle measurements. Wu’s method,'®"?
particularly adapted to low energy systems, allowed the calcula-
tion of the polar () and dispersive (7% components of the
surface energy (7). Then, the interfacial tension y;, and thermo-
dynamic work of adhesion W), between each component were
calculated according to the harmonic mean egs. (2) and (3)%°
Vi S )
Xy X

d,d PP

1Y "7

W12=4< dl 2d+ p1 2p> (3)
VXY X,

712271+V2‘4( (2)

Surface tension of HAR, DAPA, and TPU was determined with
the sessile drop method on a GBX Digidrop R&D LC goniome-
ter (France). A droplet was deposited onto the surface of a plate
sample. Water and diiodomethane were used as test-liquids
because of their different polarities (Table I).

Scanning electron microscopy (SEM), on a TESCAN Vegan 3
(Czech Republic) with a 10 kV accelerating voltage was used to
examine the dispersed phase distribution, and to localize both
talc and calcium carbonate microparticles. Samples were
obtained after cryogenic fracture in liquid nitrogen. To specifi-
cally observe the phase distributions of the polymers, selective
extractions were performed using formic acid 95%, when DAPA
was the dispersed phase, or a dimethylformamide//phenol/1,2-
dichlorobenzene solution 1.0/0.1/0.9 in volume when TPU was
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the minor phase. The extractions were carried out at room tem-
perature for 48 h. All surfaces were gold-coated on a Quorum
Technology Gold Coater Sputter.

Uniaxial tensile tests were carried out with an Instron 5585H
(USA) equipped with a load cell of 5 kN. The experiments were
performed at room temperature at a constant strain rate of
10 2 s~ ! on samples with dimensions of 20 mm X 4 mm X
1 mm. Young’s modulus (E), tensile strength at break (o)
and elongation at break (&q,,c) were determined. The yield point
is defined as the maximum of the stress—strain curve before
softening.

RESULTS AND DISCUSSION

Morphology of TPU/DAPA Composites

SEM images of the cryogenically fractured surface of the (80/20)
blend and the composites are shown in Figures 2—4. In agree-
ment with previous publications on TPU/DAPA blends from
fatty acid dimers,” in the case of 80/20 blends, DAPA phases are
well dispersed into the TPU matrix as observed in Figure 2. The
average size of the dispersed DAPA phase is 0.9 = 0.2 pm.

In Figure 3, the dispersion of CaCOj; at a concentration of 15
wt % is observed for the different TPU/DAPA ratios. CaCOj; is
well dispersed in each case. Figure 3(a) shows that due to its
size, CaCOj is mainly localized in the major phase for the low-
est and highest TPU/DAPA ratios, 80/20 and 20/80, respectively.
For the 80/20 composite it is also possible to measure the size
of the DAPA particles. We observed that the addition of CaCO;
does not modify the initial morphology of the blend as
observed in Figure 2. The corresponding dispersed DAPA phase
exhibits an average size of 0.8 = 0.2 um, i.e. similar to the initial
value.

Figure 4 shows the dispersion of the HAR for the different
TPU/DAPA ratios. HAR particles are well dispersed and, as
expected for CaCOs;, these particles are also well distributed
into the major phase for 80/20 and 20/80 systems (Figure 4).
Partial voids can be noticed between the HAR platelets and the
matrix for 80/20-based composites [Figure 4(b)], demonstrating

Figure 2. SEM image of TPU/DAPA blend at a weight ratio of 80/20 after
a cryogenic fracture.
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_ |
e. TPU/DAPA (20/80)_CacCO, 15

d. TPU/DAPA (50/50)_CaCO; 15

f. TPU/DAPA (20/80)_CaCO, 15

Figure 3. SEM images after a cryogenic fracture of TPU/DAPA composites based on 15 wt % of CaCOs.

a poor TPU-HAR affinity. For this specific TPU/DAPA ratio,
the DAPA phase displays an average size of 0.8 £0.2 um, i.e.
similar to the initial size.

No clear conclusions can be drawn regarding the separation of
CaCO; or HAR micro-particles into one of the phases (DAPA vs.
TPU) from the SEM images for the TPU/DAPA (50/50) systems.
However, it is possible to theoretically predict the location of solid
fillers in immiscible polymer blends*' (Supporting Information).

Mixing procedures have a direct impact on the filler location.*
In our case CaCO5 or HAR are introduced into the blends, one
of the key parameters to take into account is then the viscosity
of the different polymer phases in the melted blend. It has how-
ever been previously reported” that TPU and DAPA display sim-
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ilar viscosities under the conditions of the mixing process. With
this in mind, the location of the fillers will be, therefore, mostly
dependent on the interfacial tension values. The calculated wet-
ting coefficient values of CaCO; and HAR, at room tempera-
ture, are 3.4 and —0.4, respectively, which would suggest that
CaCOj is mainly located in the DAPA phase and HAR at the
DAPA/TPU interface. After cryogenic fracture, selective extrac-
tions and TGA analyses, it appears that HAR particles are pref-
erentially located at the interface, as predicted. In addition, we
can show that CaCO; microparticles are mainly dispersed into
the DAPA phase. All the theoretical values obtained from the
wetting coefficients calculated from surface tensions values
(Supporting Information) are in good agreement with the
experimental observations.
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b. TPU/DAPA (80/20)_HAR 15

O

d. TPU/DAPA (50/50)_HAR 15

e. TPU/DAPA (80/20)_HAR 15
Figure 4. SEM images after a cryogenic fracture of TPU/DAPA composites based on 15 wt % of HAR.

Thermal Properties

Thermal degradation temperatures of the neat polymers and the
(50/50) blend were determined by TGA. The corresponding ther-
mograms under air are depicted in Figure 5. Togos, T2960 TDTGmax
as well as the mass losses are summarized in Table II. The TGA
thermogram of TPU reveals three main degradation steps as
described in the literature. Urethane groups are relatively ther-
mally unstable’** beginning to degrade around 150°C. This deg-
radation then becomes irreversible at around 200°C (Supporting
Information Figure 3). It has been reported®*> that the first deg-
radation step is related to the urethane bond decomposition into
isocyanate and alcohol with a possible formation of primary and
secondary amines. It should be also specified that the mass loss
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f. TPU/DAPA (20/80)_HAR 15

associated with this first degradation step may also be correlated
with the HS content. The second observed degradation step is
related to the break of the ester bonds within the polyol soft
phase of the TPU.*® Finally, the third degradation step is related
to the degradation of the residues produced during the second
degradation and other fragments from the remaining structure.”*
DAPA mainly exhibits a unique degradation step starting at
377°C, as shown in Figure 5(a). According to the TGA thermo-
gram, the maximum degradation temperature occurs at 448°C.
Previous work® with similar DAPAs suggests that equivalent
mechanisms occurring in PA 6 or 6-6 could be expected. Thus,
the DAPA decomposition could start with the degradation of the
alkylamide bond followed by the degradation of the major

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43055
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Figure 5. TGA and DTG curves for the neat fillers and the different composites. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

components of the chains, the alkyl units. At the end of the TGA
analyses, the thermal stability of DAPA is higher than TPU.

The thermal degradation of the (50/50) blend starts approxi-
mately at the same temperature as neat TPU (Table II). The
global TGA curve of the blend shows the combination of the
degradation steps of both main components [Figure 5(a)].

The thermal stability of HAR and CaCOj; is reported in [Figure
5(c,e)]. The HAR shows a high thermal stability within the

studied temperature range. Only a small mass loss (around 1 wt
%) can be seen before 600°C that corresponds to the decompo-
sition of chlorite and calcite impurities contained in the talc.”’
CaCOj; exhibits a small weight loss of about 0.5%, starting at
274°C [Figure 5(c)]. This small degradation corresponds to the
decomposition of the fatty acid used for the surface treatment.
This value is in good agreement with the one given by Omya.
The second degradation step is related to the decarbonation of
the CaCO; *®

Table II. Main Degradation Temperatures of the Neat Polymers and TPU/DAPA (50/50) Blend

Tosw (°C) T2% (°C) Totamax (°C)/% of weight loss during the corresponding degradation step
DAPA 377 526 448/96
TPU 298 540 330/18 400/73 521/9
(50/50) Blend 294 571 332/14 41727 444[50 564/9
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Table III. Filler Content (in wt %) Determined by TGA, for the TPU/
DAPA (50/50)-based Composites

CaCO3 content HAR content
(50/50) filler 5 5 6

(50/50) filler 10 11 11
(50/50) filler 15 15 15

TGA analyses are also used to determine the final filler content.
All the values obtained for the (50/50) composites are listed in
Table III.

T, crystallization temperature (T.), cold crystallization temper-
ature (T,.) which corresponds to the crystallization preceding
melting, T,, of the TPU, DAPA, and the TPU/DAPA-based
blends or composites, and the associated enthalpies (AH, AH,
and AH,,) obtained by DSC are presented in Table IV. DAPA is
a semicrystalline polymer with a T, at 39°C and a crystallinity
content of about 4.1%. This crystallinity changes by blending
with an increasing amount of TPU. Different possible explana-
tions can be provided. It may be due to an overlapping of the
DAPA cold crystallization and melting (Supporting Information
Figure 2). Similar observations were reported e.g., for TPU/PLA
blends.** An assumption, which needs to be verified with addi-
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DAPA leading to an increase in T.. Thus, TPU could act as a
nucleating agent through its HS parts. When TPU was blended
with DAPA it was observed that the crystallization takes place at
a higher temperature as reported in the literature for different
blends, such as TPU/PA1010 or TPU/aliphatic polyester.’**'

In the case of CaCOj3-based composites (Table IV), the T, from
TPU (SS), the T, and T, from DAPA stay constant when the
microfiller is added. This is in agreement with previous observa-
tions on micro-calcium carbonate-based systems.'> However,
when CaCOj; is added into the (80/20) systems, the crystalliza-
tion temperature increases by 10 and 11°C for the composites
with 5 and 15 wt % of microfiller, respectively, compared to the
corresponding blend. No significant variations are noticed for
the others TPU/DAPA ratios. Moreover, the crystallinity con-
tents of the CaCOs-based composites appear to be lower than
the associated neat blends (Table IV). As a result, CaCO;, which
was assumed to be principally located in the DAPA phase for
the (50/50)_CaCO; and the (20/80)_CaCO; systems, may
restrict and prevent the crystal growth of the DAPA phase.

In the case of HAR-based composites, Table IV shows no
impact on the T, of TPU (SS), and T, and T,, of the DAPA
phase. For each composite, T, occurs at a higher temperature
than the corresponding neat blend. Similar trends were previ-
ously reported with natural talc added into PP/PA6 blend.*?

tional tests, could be that the HS of TPU interacts with the = The addition of HAR microparticles also led to the
Table IV. Thermal Properties of the Neat Polymers, Blends, and the Different Composites

Tgtru Tgoapa  Tcoapa  AHcpapa  Tmopapa  AHmopapa  Tccpapa  AHcopapa  Xc papa

(C) C) Q) Yo 0 Ug™ (C) Yg (%)
TPU —-48 = = = = = = = =
DAPA - 6 39 39 122 20.4 40 12.7 41
(80/20) Blend —47 4 44 5.8 121 7.9 42 1.0 182
(80/20).CaC0O3 5 —-48 4 54 0.8 120 4.3 46 2.7 4.3
(80/20).CaC0O3 10 —48 7 n.a. n.a. 120 3.4 45 2.5 2.8
(80/20).CaC0O5 15 —48 5 55 0.9 119 3.7 47 2.0 51
(80/20) HAR 5 —47 5 52 2.6 120 4.5 47 0.8 10.2
(80/20) HAR 10 -49 7 59 2.7 121 3.8 n.a. n.a. 111
(80/20) HAR 15 —49 4 58 1.8 121 3.4 n.a. n.a. 10.5
(50/50) Blend -46 5 44 5.8 122 13.2 43 13 12.5
(50/50).CaCO3z 5 -47 6 41 1.2 120 9.7 45 6.9 3.2
(50/50).CaCO3 10 —48 5 43 4.0 120 8.7 43 4.8 4.7
(50/50).CaC0O5 15 —47 5 40 1.3 119 9.2 44 6.6 32
(50/50) HAR 5 -49 5 55 7.9 120 11.5 n.a. n.a. 12.7
(50/50) HAR 10 —-48 5 63 10.3 122 10.3 n.a. n.a. 12.0
(50/50) HAR 15 -48 6 60 6.7 120 10.0 n.a. n.a. 124
(20/80) Blend —-48 6 46 10.2 120 18.1 39 4.3 9.1
(20/80).CaCO3 5 n.a. 4 40 2.0 119 151 43 11.7 2.4
(20/80).CaC0O3 10  n.a. 5 43 6.3 120 16 42 7.7 6.1
(20/80).CaC0O3 15 n.a. 4 40 2.3 119 14.5 44 9.4 4.0
(20/80) HAR 5 -49 6 54 12.6 121 183 n.a. n.a. 12.7
(20/80) HAR 10 -49 3 56 121 118 174 n.a. n.a. 12.7
(20/80) HAR 15 -49 4 60 11.2 120 154 n.a. n.a. 11.9
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disappearance of the cold crystallization. This may be related to
the rate of crystallization of the DAPA phase.’” Crystallinity
content of the (80/20) composites was reduced compared to the
corresponding blend (Table IV). The reduction of the crystallin-
ity content in PA6/talc composites was also reported.”” They
supposed that the mobility of the PA6 chains might be
restricted during cooling. This phenomenon is also likely occur-
ring in the case of our HAR and CaCO; composites. For (50/
50)-based systems, crystallinity degrees are equivalent with or
without HAR, and still above the values determined for equiva-
lent CaCOj-based composites. Increases in T, combined with
the rise of the phase crystallinity is only observed for the TPU/
DAPA (20/80)_HAR systems. The crystallinity is around 3%
higher than the corresponding blends for the different compo-
sites. This slight evolution could be due to a better distribution
of the DAPA crystals and the presence of DAPA crystals with
better degrees of perfection as explained by Bajsi¢ et al’* for
TPU/PP composites filled with talc. Furthermore, it has been
assumed before that HAR particles may be located mainly in
the DAPA phase for (20/80)_HAR systems. Thus, for this TPU/
DAPA ratio in particular, HAR particles could be considered as
nucleating agents.

Mechanical Properties

The main results from uniaxial tensile tests are present in Table
V. The different corresponding stress—strain curves are presented
in the Supporting Information (Supporting Information Figures
3 and 4). At high TPU content, two stages can be observed with
an initial linear elasticity followed by a nonlinear transition to
global yield stress (typical of elastomeric polymer materials). At
high DAPA content, four stages can be distinguished, an initial
linear elasticity, a non-linear transition to yield stress, the strain
softening and the strain hardening (typical of many conven-
tional thermoplastics).

The stress—strain curves of TPU/DAPA_HAR composites are
presented in Supporting Information Figure 3. As described for
the blends, the stress—strain curves of TPU/DAPA_HAR compo-
sites can be divided in different stages, depending on the TPU/
DAPA ratio. The Young’s modulus, the yield stress and the elon-
gation at break of HAR-based composites systems are listed in
Table V. It has been observed that for all the different neat
blends, the Young’s modulus value increases with the DAPA
content due to the higher modulus of DAPA, compared to
TPU. Moreover, the Young’s modulus increases when the HAR
concentration increases. The largest improvement is observed
for the (20/80)_HAR systems. For these composites, the SEM
images have shown that the HAR particles were mostly located
in the DAPA phase, which increases the reinforcing effect intro-
duced by the HAR. Moreover, this increase is also related to the
highest crystallinity content of the DAPA.>* In the same way,
the yield stress also increases with the addition of HAR, espe-
cially at high DAPA content.

As for TPU/DAPA_HAR, the stress-strain curves of TPU/
DAPA_CaCOj; composites (Supporting Information Figure 4)
reveal two stages for low DAPA concentration in TPU/DAPA
matrix and four stages when the DAPA concentration increases.
Young’s modulus and yield stress increase with the CaCO; con-
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Table V. Young Modulus, Yield Stress, and Elongation at Break of TPU/
DAPA_HAR Systems

Young Yield Elongation
Multiphase modulus stress at break
systems (MPa) (MPa) (%)
(80/20) Blend 44+01 23+02 389x95
(80/20) CaCOz 5 4.8+0.3 24+01 442 +16
(80/20) CaCO5 10 4.6+0.1 25+0.2 412 + 44
(80/20) CaC0O3 15 5.4+0.1 25=x01 375+28
(80/20) HAR 5 52+0.3 25+0.1 351 +19
(80/20) HAR 10 6.9+x0.2 26+x02 279=x16
(80/20) HAR 15 102=+1.2 32=+01 237 +13
(50/50) Blend 456+2.6 40=01 460+ 29
(50/50) CaCO3 5 51.7+3.3 53+0.3 575+43
(50/50) CaCO5 10 56.0+2.2 48+0.1 400 + 44
(50/50) CaCO3z 15 54.9+19 57+03 373x22
(50/50) HAR 5 532+4.0 47=+01 300+51
(50/50) HAR 10 749+84 6.2+0.1 342 +24
(50/50) HAR 15 107.1+76 72+01 209+ 63
(20/80) Blend 70.0+3.6 8.7+x0.2 845 + 93
(20/80).CaC0O3 5 1029+53 94+05 811+110
(20/80) CaCOs 10 120+6.2 9.8+0.7 795+60
(20/80) CaCO5 15 119.8+28 102+0.5 707%49
(20/80) HAR 5 1354+57 10103 718=+120
(20/80) HAR 10 153.3+123 11.2+04 607+87
(20/80) HAR 15 183.2+8.7 122+01 464+20

tent. The largest increase appears when the DAPA content is the
highest (Table V). Compared to HAR-based composites how-
ever, this improvement is lower. This is mainly due to the shape
and higher aspect ratio of HAR, with an interfacial surface
around 15 times greater than CaCO;. Moreover, for the (20/
80)_CaCOs; systems, the crystallinity of the DAPA phase is lower
than in the associated HAR-based systems, thus, the stiffness is
less impacted.

Analysis of Mechanism of Deformation. SEM observations
performed on samples, which were ruptured during the tensile
tests, provide some details on the mechanism of deformation of
these composites. According to the corresponding SEM images,
(80/20)_HAR systems [Figure 6(c) and Supporting Information
Figure 6(c)] present a specific surface, which can be associated
to a ductile break. The TPU/DAPA (80/20) matrix deforms as if
it were subjected to shear yielding. As shown by SEM, the
deformation process seems to be dominated by a succession of
microvoid nucleation, growing and coalescence. Some micro-
voids are associated with completely dewetted HAR particles.
The presence of micro-fibrils, related to the stretching of the
predominant TPU phase, also appears on the SEM image. The
interfacial debonding between HAR particle and TPU/DAPA
(80/20) matrix is strongly supported, as previously mentioned,
by the limited microfiller-TPU affinity. When DAPA content
increases, the fracture surface stays representative of a ductile
material, for instance for the (20/80) systems, however the SEM
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Figure 6. SEM images of TPU/DAPA systems filled with 15 wt % of CaCO; or HAR after a tensile fracture.

image [Figure 6(d) and Supporting Information Figure 6(d)]
shows few microvoids in this case. The HAR-matrix interface
shows good adhesion, in this case, the main deformation pro-
cess is the shear yielding of the matrix.

The SEM images from (80/20)_CaCO; and (20/80)_CaCO;
composites are shown in Figure 6 and Supporting Information
Figure 6. The SEM picture of (80/20)_CaCO; [Figure 6(a)]
reveals a rough surface, and it can be clearly seen that the
CaCO; microparticles are completely dissociated from the (80/
20) matrix. The SEM image also reveals some large voids spe-
cific to TPU cavitation. For this composite, the first mechanism
of deformation seems to be based on the decohesion between
the microfiller and the (80/20) matrix. When the strain
increases, the rubbery TPU phase mainly deforms by cavitation,
however, the DAPA phase deforms by matrix yielding (visible
on the SEM picture as elongated fibrils). For the (20/80) system
[Figure 6(b)], the SEM surface is smooth and presents many
ductile fibrils. No dissociated particles are observed.

Modeling of the Elastic Properties. The modeling of the effect
of the microfiller content on the elastic properties is performed
by different micromechanical approaches. The effective proper-
ties of the composites could be predicted using a homogeniza-
tion technique. The composite material is assumed to be a
biphasic material composed of an homogeneous isotropic
matrix (denoted M) with an elastic tensor CM filled with N
homogeneous isotropic inclusions (denoted I) with an elastic
tensor C. Both the TPU matrix and the DAPA inclusions dis-
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play linear elastic properties. For a homogeneous isotropic
material, the elastic tensor is expressed by eq. (4).

1
Cij=2p {(%2‘) 0iidp+ 5 (8idj+0udik) (4)

where u and v represent the shear modulus and the Poisson
ratio, respectively. In this study, the prediction of the elastic
properties of the composite has been divided into two steps.

180

L | == \/0igt bound
160 | Reuss bound

[| === Mori-Tanaka model
140 |

== Davies model
€ Experimental data

120
100

Eeff/Em

00 02 0.4 06 08 10

Volume fraction
Figure 7. Evolution of the Young’s modulus as a function of the DAPA
volume fraction, comparison between experimental data and model pre-
dictions. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]
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Table VI. Young Modulus and Poisson Ratio Obtained from the
Mori-Tanaka and Davies Models

Young's modulus (MPa) Poisson ratio

DAPA

content Davies Davies
(wt %) Mori-Tanaka ~ model Mori-Tanaka ~ model
0 15 1.5 0.43 0.43
20 31 7.5 0.39 0.43
50 7.6 39.6 0.35 0.43
80 24.1 137.5 0.31 0.43
100 264.2 264.2 0.32 0.32

First, the effective elastic properties of the TPU/DAPA blends
have been determined. These effective properties have then been
used as the matrix properties in HAR and CaCOj;-based com-
posites. The effective elastic properties of the TPU/DAPA sys-
tems (blends and composites) were modelled using various
approaches, such as Voigt,” Reuss,”® Davies,"® and Mori-
Tanaka'>*” models.

Voigt bound results in a deformation approach in which the
strain is assumed to be constant in all the composite phases and
equal to the imposed macroscopic deformation. The resulted
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equivalent stiffness tensor is given by the following
expression: CV¥'=CM+V;(C!-CM), where V; represents the
inclusions volume fraction.

In the Reuss approach, the stress is assumed to be constant in
all the composite phases and equal to the imposed macroscopic
stress. The equivalent compliance tensor is then given by
SReuss=GM 4V (§1-SM), where SM and S' represent the matrix

and the inclusion compliance tensors.

In the Mori-Tanaka model, the filler is supposed to be embedded
in an infinite matrix that has the same properties than the matrix.
The equivalent elastic tensor for the Mori-Tanaka model is given
by the following equation: CM'=CM+V;(C'—CM)AMT, where
AMT = ABshelby [(] — v ) [+ Vj ABshelby] ! defining the Mori-Tanaka
strain concentration tensor, AEMy=1+5(CM)~'(CI—CM)™" is
the Eshelby strain concentration tensor and S is the fourth dimen-
sion Eshelby strain tensor that depends on the matrix properties
and the filler’s geometrical shape.

The last model used in this study is the one well known to fit
co-continuous structures without any specified details. This
model, also known as the Davies model, is given by the empiri-
cal relation, CPies=(CM)!/? (1-Vvy) +(C)'? Vr.

According to the SEM observations (Figure 2), the DAPA par-
ticles are well dispersed and are depicted as spherical inclusions

5 5
B Experimental data | a. | B Experimental data b.
= \0igt bound | = Voigt bound
e ReUss bound | | s Reuss bound
4 | == Mori-Tanaka model a=0.075 4 jj|= Mori-Tanaka model a=0.075
7 7
3 7 £ J Ve
= o
s 3} 7 s 3t 7
w P L, a=014 w | 7 La=014
- -
e | - “n P
2L Ve - —a=03 2t 7 -~ —_a=03
- - - 7w - -
-— - -
2 = g =~
1 ‘_ — . T 1 1 1 1 1 ‘ I I 1 1 1
000 002 004 006 0.08 010 012 0.14 0.16 000 002 004 006 008 010 012 0.14 0.16
Volume fraction Volume fraction
5
B Experimental data c.
~—Voigt bound a = 0.06
=== Reuss bound 7
4 H| == Mori-Tanaka model
[ 7 o a=0075
I 7
Lj 7
3 s 7
w | =
! /n” o a=0.14
] s -~
: o -~
2 B rd -~ - =03
z - -
- -
o
-
1 ‘ S T s e s I i i
000 002 004 006 008 010 012 0.14 0.16

Volume fraction
Figure 8. Evolution of the Young’s modulus as a function of the HAR volume content, comparison between experimental data and predictions for (a)
TPU/DAPA (80/20)_HAR, (b) TPU/DAPA (50/50)_HAR and (c) TPU/DAPA (20/80)_HAR. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Figure 9. Evolution of the Young’s modulus as a function of CaCO; volume

fraction, comparison between experimental data and model predictions for

(a) TPU/DAPA (80/20)_CaCO3, (b) TPU/DAPA (50/50)_CaCO; and (c) TPU/DAPA (20/80)_ CaCOs. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

in the TPU matrix. In this particular case of spherical inclu-
sions, the Eshelby tensor is expressed by eq. (5).

5v—1 4—
S = ——— 9;iéut 1

5v .
15(1—v) 5(1—v) (Oudi-+dadz)

(5)

Considering the Young’s modulus Erpy =15 MPa and
Epapa = 264.2 MPa, Poisson ratio vrpy = 0.43 and vpaps = 0.32
for the TPU matrix and the DAPA inclusions respectively, the
effective Young’s modulus and Poisson ratio can be predicted.

The different numerical results have been compared to the
experimental data (Figure 7) obtained by uniaxial tensile tests.
As expected, the experimental data of the TPU/DAPA system
stands between the Voigt and Reuss bounds. The Mori—Tanaka
model allows a good prediction for low volume fractions
(<0.2). The Davies model prediction is fairly in agreement with
experimental data. All the effective properties (Young modulus
and Poisson ratio) are reported in Table VI.

Both HAR and CaCOs;-based composites are considered as a
two-phase material, composed by a matrix (TPU/DAPA) and
inclusions (HAR or CaCO;). We assume that all materials
including the TPU/DAPA matrix and the HAR or CaCOj; inclu-
sions exhibit an isotropic elastic behavior. Because the Davies
model brings the best predictions, both Young’s modulus and
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Poisson ratio of TPU/DAPA can be determined by this model
(Table VI). According to the SEM observations [Figure 1(b)],
the HAR inclusions are in the TPU/DAPA matrix as spheroid
oblate fillers. As previously mentioned and shown by SEM, the
CaCO; particles present a spherical shape. The Eshelby tensor
for spherical inclusions has been previously mentioned in rela-
tion to spheroid oblate shapes, the component of this tensor is
given in the SI. The Young’s modulus of HAR inclusion is
Eyar =70 GPa and his Poisson ratio vgagr = 0.2 while the
CaCO; filler has a Young’s modulus of Ec,cos =72 GPa and a
Poisson ratio of veacos = 0.2.%8

Figure 8 and Figure 9 show the results obtained by the Voigt,
Reuss and Mori-Tanaka models (for different aspect ratios) and
experimental data. As expected, the experimental data are
located between the Voigt and Reuss bounds. The aspect ratio
of the HAR fillers plays an important role on the elastic proper-
ties of the composite. As expected (Figure 8), the Young’s mod-
ulus increases with the aspect ratio. For (80/20) and (50/50)
systems, a good correlation between the predictions and the
experimental data is obtained for o = 0.14. With the CaCOs fill-
ers (Figure 9), the Mori-Tanaka model predictions are in good
agreement with the experimental data of the (80/20)_CaCO;
and (50/50)_CaCO;5 composites. When the DAPA concentration
is high, as in the case of (20/80)_CaCO;, the Mori-Tanaka
model for spherical inclusions underestimates the experimental
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data. Good predictions in this particular case are obtained when
the CaCO;s fillers are assumed to be oblate spheroids with low
aspect ratio (o =0.11). Even considering two phases, the Mori—
Tanaka model gives good prediction results.

CONCLUSION

Bio-based composites prepared with thermoplastic blends and
microfillers are obtained by a melting process. According to
SEM images, mineral particles are well dispersed in each com-
posite. After the addition of CaCO; or HAR, no noticeable
changes on the TPU/DAPA morphologies of the blends are
observed. From thermodynamic calculations combined with
SEM images, we have been able to localize the mineral particles
in the composites. For the 20/80 and 80/20 systems the micro-
fillers are distributed in the major phase. For the 50/50 compo-
sites CaCOj5 particles are mainly located in the DAPA phase and
HAR at the TPU/DAPA interface. Thermal analyses show that
the crystallinity content of all the composites based on CaCO;
and (80/20)_HAR systems has been decreased possibly due to a
restriction of the mobility brought by the microfillers, which
prevent crystal growth. It has been shown that the best fillers/
matrix interactions are obtained for the multiphase systems
based on DAPA as the main phase (20/80). Tensile tests show a
conventional increase in the Young’s modulus and yield stress
with the addition of HAR and CaCOj particles. However, the
increase in mechanical properties is much higher for composites
with HAR microparticles, at same filler content, even if the
moduli of HAR and CaCOj; are comparable. This is due to a
higher aspect ratio of HAR, which exhibits an interfacial surface
almost 15 times greater than CaCOj;. Concerning the modeling
of the results of the uniaxial tensile test, the two-phase Mori-
Tanaka and Davies models give good predictions of the elastic
properties. The Mori-Tanaka model also reveals that the aspect
ratio of the HAR fillers played a predominant rule in the
enhancement of the elastic properties. The use of a three-phase
model (in which in the presence of an interphase is assumed)
could be more accurate and enable the description of compo-
sites with poor adhesion between the polymer matrix and fillers.
Such approaches are under investigation.

The association of bio-based polymers with fillers is a good
solution to overcome primary issues with green polymers i.e.,
the material cost and/or the mechanical properties. These bio-
based systems could find applications in different fields such as
automotive or coating industry for long term usage.
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