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Effect of thermal aging on the crystalline structure and 
mechanical performance of fully bio-based, furan-ester, 
multiblock copolymers
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Abstract: In this study, the effect of thermal aging on the physical transitions, crystalline structure 
development and the mechanical performance of furan-ester, multiblock copolymers is reported. The 
materials were synthesized via polycondensation in a melt using 2,5-furandicarboxylic acid (FDCA), 
1,3-propanediol (1,3-PD) and dimerized fatty acid diol (FADD). All reagents were plant-derived. The 
copolymers were characterized by a multiblock structure with randomly distributed poly(trimethylene 
2,5-furandicarboxylate) (PTF) and FADD segments and a phase separation forced by the crystallization 
of the rigid segment. As a consequence, the copolymers revealed elastomeric behavior and a rubbery 
plateau over a relatively large temperature range and also good processability. However, due to the 
specific architecture of FDCA – the most important bio-based monomer – the crystallization of the 
rigid segment was impeded. Differential scanning calorimetry (DSC), wide-angle (WAXS) and small- 
-angle X-ray scattering (SAXS) analyses confirmed a significant development in the crystalline struc-
ture due to the thermal treatment. As a consequence, noticeable changes in the mechanical perfor-
mance of the copolymer samples were observed, which is interesting for potential applications of these 
new materials. 
Keywords: 2,5-furandicarboxylic acid, furan-ester copolymers, bio-based polymers, thermal aging.

Wpływ procesu wygrzewania na strukturę krystaliczną i właściwości 
mechaniczne furano-estrowych kopolimerów multiblokowych z udziałem 
monomerów pochodzenia roślinnego
Streszczenie: Analizowano wpływ procesu wygrzewania na przemiany fizyczne, strukturę krystalicz-
ną oraz właściwości mechaniczne furano-estrowych kopolimerów multiblokowych. Materiały otrzy-
mano metodą polikondensacji w stanie stopionym z wykorzystaniem pozyskiwanych z roślin następu-
jących monomerów: kwasu 2,5-furanodikarboksylowego (FDCA), 1,3-propanodiolu (1,3-PD) oraz diolu 
dimeryzowanych kwasów tłuszczowych (FADD). Badane kopolimery charakteryzowały się multiblo-
kową strukturą z naprzemiennie rozłożonymi segmentami sztywnymi i giętkimi oraz separacją fazową 
wymuszoną przez krystalizację segmentów sztywnych. W konsekwencji materiały wykazywały cechy 
typowe dla elastomerów, plateau elastyczności w dość dużym zakresie temperatury oraz łatwość prze-
twórstwa. Z powodu specyficznej budowy FDCA – najważniejszego biomonomeru – krystalizacja seg-
mentów sztywnych była jednak wyraźnie utrudniona. Metodami różnicowej kalorymetrii skaningowej 
(DSC) i rozpraszania promieniowania rentgenowskiego pod dużymi i małymi kątami (WAXS i SAXS) 
potwierdzono istotne zmiany w strukturze krystalicznej na skutek wygrzewania. Stwierdzono również 
wpływ wygrzewania na właściwości mechaniczne kopolimerów, co może być interesujące w aspekcie 
aplikacyjnym materiałów. 
Słowa kluczowe: kwas 2,5-furanodikarboksylowy, kopolimery furano-estrowe, polimery otrzymane 
z monomerów pochodzenia roślinnego, proces wygrzewania.
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Polyesters containing plant-derived monomers are an 
interesting group of materials that have been extensively 
developed over the last few years. This is due to the ge-
nerally wide range of physical properties of thermoplastic 
polyesters and, consequently, their very high consumption 
by various industries. The global trend in searching for 
more environment-friendly polymer materials, including 
those that are bio-based and biodegradable, is noticeable 
by intensified research on the already known and com-
mercialized: poly(lactic acid) (PLA) [1–3], poly(butylene 
succinate) (PBS) [4–7], poly(butylene adipate-co-terephthal-
ate) (PBAT) [8–11], and polyhydroxy alkanoates (PHAs) 
[12–15]. Recently, a tremendous increase in research on 
the synthesis of polyesters and their copolymers based 
on 2,5-furandicarboxylic acid (FDCA) has been observed. 
This  bio-based monomer belongs to the furfural family 
and most of the synthesis routes use the conversion of 
5-hydroxymethylfurfural (HMF) received from vegetable 
feedstock-derived: glucose, fructose, xylose or saccharose 
[16, 17]. Although FDCA production methods using poly-
saccharides were patented for the first time in the 1990’s 
[18–22], its application for polymer synthesis was not wide-
ly investigated due to a low efficiency of the monomer pro-
duction and some ethical aspects concerning the utiliza-
tion of crops for human consumption. Nowadays, many 
new approaches that are much more effective have been 
developed including approaches based on the utilization 
of biomass [23, 24], or even carbon dioxide [25]. FDCA pro-
duction is also commercialized [26]. The particular interest 
in this acid lies in its structural similarity to petroleum- 
-based: terephthalic, isophthalic, or adipic diacids, among 
others, and it is considered a green substitute for these 
important monomers. That explains a multiplicity of re-
search on the synthesis of FDCA-based polyurethanes 
[27, 28], polyamides [29–31], and especially polyesters as 
counterparts of highly industrially relevant: poly(ethylene 
terephthalate) PET, poly(butylene terephthalate) PBT and 
poly(trimethylene terephthalate) PTT [32–38]. 

In general, furan polyesters reveal about 40–50 °C low-
er melting points compared to those based on terephthal-
ic acid. However, their glass transition temperatures are 
slightly higher [poly(ethylene 2,5-furanoate) PEF, and 
poly(trimethylene 2,5-furandicarboxylate) PTF], or com-
parable [poly(butylene 2,5-furanoate) PBF]. The new ma-
terials are also characterized by a relatively high tensile 
strength up to 85 MPa and an E modulus of ca. 2800 MPa 
has been reported. Moreover, PEF provides a superior O2 
and CO2 barrier [37, 39–44]. All these features confirm 
their great application suitability. However, it should 
not be neglected that the different architecture of the fu-
ran ring, along with smaller inter-atomic distances be-
tween the carboxylate groups and non-linear structure 
of FDCA, significantly affect the crystallizability of furan 
polyesters. This is a critical issue for the production, pro-
cessing, and performance of thermoplastic copolyester 
elastomers (TPEE), whose consumption by the process-
ing industry is also constantly growing. The character-

istic features of these materials are their strong ability 
for elastic deformations and good processability, what is 
a consequence of specific thermo-reversible multiphase 
structure [45]. This may be achieved by combining semi-
crystalline polyester rigid segments with highly flexi-
ble amorphous segments. In consequence, during cool-
ing from the melt, the molecular interactions between 
the rigid segments (i.e., their crystallization) lead to the 
formation of crystalline nanodomains (the hard phase) 
surrounded by flexible segments – rich soft phase. The 
crystalline regions generate thermally reversible, physi-
cal network nodes that provide strength and dimensional 
stability to the copolymer. The amorphous soft phase, in 
turn, ensures the elasticity of the materials [46, 47]. Thus, 
the performance of thermoplastic elastomers strongly de-
pends on two factors: the rigid and flexible segment con-
tents, and the state of the phase separation driven by the 
crystallizability of the rigid block. 

Recently, a few papers on the synthesis and character-
ization of furan-based copolyesters have been published 
[39, 48], also papers revealing the features of thermoplas-
tic elastomers [49–51]. In our previous studies, we report-
ed bio-based multiblock copolymers consisting of PTF as 
the rigid segment and dimerized fatty acid as the flexible 
segment (PTF-block-FADD) [44, 52]. All reagents used for 
the copolymer syntheses were plant-derived. The new 
materials containing 35 to 65 wt % of the furan-ester rigid 
segments were characterized by multiphase microstruc-
tures in which the continuous soft phase was formed by 
a mixture of rigid and flexible blocks, and the phase sepa-
ration ensured by the presence of crystalline regions of 
the hard phase. The copolymers underwent melting and 
glass transitions, while the Tm and Tg values depended 
on the PTF to FADD segment ratio. Their mechanical 
behavior was typical for elastomers with deformation 
abilities up to ca. 410 % for the sample with the high-
est content of fatty acids. Moreover, a rubbery plateau 
was observed in the 25–80 °C temperature range, which 
also supports their elastomeric character. However, the 
studies also confirmed disturbances in the crystalliza-
tion process of the materials, which is particularly clear 
when two homopolymers: poly(trimethylene terephthal-
ate) and poly(trimethylene 2,5-furandicarboxylate) were 
compared. It was evident that PTF had a much slower 
crystallization from melt, differences in melting enthal-
pies, as well as the effect of cold crystallization during 
heating [44]. Similar effects in PTF were also observed 
by other researchers [43, 53–55]. Thus, an incorporation 
of FADD amorphous chains between furan-ester seg-
ments hindered their crystallization even further, which 
did not favor the phase separation in PTF-block-FADD 
copolymers. For that reason, annealing seemed to be a 
suitable process to enhance the copolymers’ crystalli nity, 
hence the phase separation, but the physical properties 
also evolved. 

The presented studies show the effect of thermal ag-
ing on the physical transitions and crystalline structure 
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of poly(trimethylene 2,5-furandicarboxylate)-block-(fatty 
acid dimer diol) copolymers with different PTF to FADD 
ratios. The results prove an improvement in the phase 
separation or further crystallization and its effect on the 
mechanical performance of the copolymers. In  other 
words, the mechanical properties of fully bio-based 
 PTF-block-FADD copolymers can be tailored by thermal 
treatments. 

EXPERIMENTAL PART

Materials

– 2,5-Furandicarboxylic acid (FDCA), 99 % purity, was 
purchased from Intatrade Chemicals GmbH (Germany).

– 1,3-Propanediol (1,3-PD), SusterraTM Propanodiol, 
and fatty acid dimer diol (FADD), Pripol 2033, were kind-
ly supplied by DuPont Tate & Lyle BioProducts, and Cro-
da (The Netherlands), respectively.

– Zinc acetate dehydrate, Zn(OAc)2, (Chempur) and tet-
rabutyl orthotitanate, Ti(OBu)4, (Fluka) were used as the 
catalysts for the materials’ synthesis, whilst Irganox 1010 
(Ciba-Geigy, Switzerland) was applied as an antioxidant.

Preparation of PTF-block-FADD copolymers’ samples 

A detailed description of the furan-based copolymers’ 
synthesis can be found elsewhere [44, 52]. In general, the 
process was carried out in two steps: first a direct esterifi-
cation of FDCA with 1,3-PD was conducted with a release 
of water as a by-product, and oligomeric PTF was synthe-
sized. In the second step, a copolymerization of the PTF 
oligomers with FADD proceeded in order to form a mul-
tiblock copolymer. During this step, 1,3-PD was released 
as a by-product and an increase of the stirrer torque, due 
to the increased viscosity of the reactive mixture, was ob-
served. For this study, PTF homopolymer, as well as co-
polymers containing 35, 50 and 65 wt % of PTF segments 
(denoted as PTF35, PTF50 and PTF65, respectively), were 
prepared. As the molecular weight of FADD was con-
stant, the changes in the copolymer compositions were 
controlled via changes in the PTF segment length. 

The “as-received” polymer materials were granulated 
and subjected to injection molding. Before processing, 
the materials were dried in a vacuum oven at a tempera-
ture of 60 °C for 12 hours. The dumbbell shaped samples 
(ISO 37:2005 type 3) were prepared using the laboratory 
injection machine Boy 15 (Dr Boy GmbH & Co.) with the 
following parameters: injection pressure of 40–60 MPa, 
melting temperature of 135–180 °C depending on speci-
fied Tm of the material, mold temperature of 30 °C, hold-
ing pressure of 20 MPa for 15 s, and cooling time of 15 s. 
Samples for WAXS/SAXS analysis had the form of thin 
films of ca. 125–130 μm prepared by compression mold-
ing (plate press, P200 E, Dr Collin GmbH) at a tempera-
ture of 15 °C higher than melting point, pressure of 1 MPa 
within a time of 10 s. The films were immediately cooled 

in ice water to obtain amorphous samples. Two samples 
were stacked together for measurements.

The effect of thermal aging was studied on both in-
jection molded and compressed samples. The materials 
were subjected to thermal treatment at a temperature of 
20 °C above the Tcc (temperature of cold crystallization) 
for 4 hours in a vacuum oven, and then cooled freely in 
the air.

Methods of testing

– The melting and crystallization behavior of the co-
polymers was studied using differential scanning calo-
rimetry (DSC, Q100 TA Instruments) in the heating-cool-
ing-heating cycles. The temperature range of -60 to 200 °C 
was applied. 

– Wide-angle (WAXS) and small-angle X-ray scatter-
ing (SAXS) measurements were performed at the non-
-crystalline diffraction (NCD) beamline (BL-11) of the 
Alba synchrotron (Cerdanyola del Vallès, Barcelona, 
Spain) at a wavelength of λ = 0.100 nm. X-ray scatter-
ing data were collected on a Quantum 210r CCD ADSC 
detector for SAXS and LX255-HS Rayonix detector for 
WAXS data. The  q-axis calibration was obtained by us-
ing the following standards: silver behenate for SAXS 
detector and Cr2O3 for WAXS detector. The WAXSFIT 
software [56] was employed to edit and analyze the dif-
fractograms. The crystallinity degrees, XcWAXS, were cal-
culated as the ratio of crystalline peaks integrated area 
to total spectrum area. The Lorentz corrected SAXS data 
were used to calculate the long period values, Lp = 1/smax, 
where s = 2πsinθ/λ is the modulus of the scattering vector 
and 2θ is the scattering angle. 

– The mechanical behavior of the copolymers before 
and after annealing was studied in static tensile tests 
and the Shore hardness. The tensile tests were per-
formed on a universal testing machine (Instron 5566) 
equipped with an optical extensometer (ISO 527-1:2012, 
ISO  527-2:2012). The dumbbell shaped samples were de-
formed at the speed of 1 mm/min up to 1 % of strain 
in order to calculate the tensile modulus, and then 
the speed was 100 mm/min. Eight tests were done for 
each material. The average values of tensile strength, 
stress at break, stress at yield (if observed), elongation 
at break and tensile modulus were calculated from the 
 stress-strain curves. The hardness was measured using 
a Shore durometer (Zwick) scale D.

RESULTS AND DISCUSSION

As mentioned above, the furan-based polyesters, due 
to the specific chemical structure of the FDCA, are char-
acterized by the relatively high stiffness of mers. This 
hinders the macromolecules’ folding (crystallization), 
may affect the glass transition and surely decreases the 
melting point compared to terephthalic acid-based ana-
logues. This tendency is clearly observed in the thermal 
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behavior of PTF homopolymers using DSC analysis with 
different cooling rates (Fig. 1).

The “as-received” sample, after cooling from melt with 
the standard rate of 10 °C/min, was amorphous with a 
clear glass transition effect at 51 °C. When the cooling rate 

was reduced to 5 °C/min, a small crystallization peak ap-
peared at 120 °C (ΔHc = 0.5 J/g), and during the 2nd heating, 
when the glass transition is exceeded, a small exothermic 
effect with a maximum at 139 °C was observed, ascribed 
to the cold crystallization. Then, this effect smoothly 

Fig. 1. DCS heating scans of PTF homopolymers after cooling at 
different rates: 10 °C/min, 5 °C/min, and after aging at 140 °C
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Fig. 2. WAXS spectra of PTF sample “as-received” and aged at 
140 °C 
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transmuted into an endothermic one (ΔHm = 5.1 J/g) deter-
mining the polymer melting at 167 °C. Such behavior con-
firms that the material is able to crystallize, however the 
difference between the Tm and Tc indicates that ca. 47 de-
grees of supercooling is needed to initiate the crystalli-
zation. If, however, the sample is subjected to annealing 
at the temperature of Tcc, the enhanced macromolecular 
mobility leads to re-organization in the crystalline struc-
ture. This effect is clear by a significant increase of the 
melting enthalpy (ΔHm = 30 J/g), thus crystallinity degree. 
The melting multipeak appears due to the presence of the 
secondary crystallites, as well as a slight increase in Tg 
value observed as a consequence of better macromolecule 
packing. These structural changes in PTF due to thermal 
aging are in accordance with the studies of Vannini et al. 
[55], who also reported an enormous improvement in oxy-
gen and water vapor barrier effect resulting from the crys-
talline region development and decreasing free vo lume. 
Moreover, the DSC scan of the annealed sample revealed 
the effect of a single, endothermic, physical aging peak in 
the Tg region. Such an effect, studied in detail for amor-
phous and semicrystalline PET samples subjected to an-
nealing at different temperatures and durations [57], was 
also observed for annealed poly(butylene 2,5-furanoate) 
and its copolymers [42]. This effect is related to the char-
acter of the amorphous phase depending on its distance 
from the crystalline region. In other words, the crystal-
lites in the immediate vicinity constrain the amorphous 
phase whose mobility is reduced when compared to the 
mobility of the phase in fully amorphous samples. This ef-
fect results in a slightly increased Tg value and enhanced 
DSC response at the glass transition region. Other evi-
dence for the development of the crystalline structure due 
to the thermal treatment is provided by the WAXS spectra 
of “as-received” and aged at 140 °C PTF samples (Fig. 2).

The most intense peaks at 18.68, 21.25 and 25.88° of 2θ, 
recorded for the annealed sample, are very close to those 
reported in the literature [53, 55], and the mass crystal-
linity degree calculated from WAXS is 49 %. 

When applying the standard cooling/heating rate to 
analyze the thermal properties of the PTF-block-FADD co-
polymers, the materials do not reveal any effects of crys-
tallization during cooling nor melting enthalpies dur-
ing 2nd heating (Figs. 3a, 3b).

In DSC thermograms, only clear glass transition effects 
are observed, and Tg values are lowered with fewer fatty 
acids segments. It can be concluded that, in the copoly-
mers’ microstructure, only one continuous soft phase is 
formed or the content of the crystalline hard phase do-
mains are too small to be detected by DSC. Thus, the 
phase separation does not exist for the samples cooled 
with the rate of 10 °C/min. 

Reducing the cooling rate to 2 °C/min enables the crys-
tallization process as evidenced by the thermograms in 
Figs. 3c, 3d. This is clearly observed for the PTF65 sample, 
which reveals an exothermal peak. For the PTF50 copo-
lymer, the crystallization peak is smaller, thus the nucle-

ation process is initiated. However, the crystals’ growth 
is impeded by the glass transition. In consequence, the 
microstructure is unstable and, when subjected to a 2nd 
heating cycle, the cold crystallization proceeds after that 
Tg is exceeded. The melting peaks observed in both cases 
confirm the presence of crystalline domains in the hard 
phase. For the copolymer containing the smallest con-
tent of PTF segments, although the crystallization peak 
during cooling is not observed, the presence of a small 
endothermic effect during the 2nd heating indicates its 
ability to crystallize. However, the crystalline structure 
is rather fine and imperfect. It is worth noting that simi-
lar observations on the nucleating effect of the flexible 
segments modification of PTF were reported in a US pa-
tent [54] wherein a significant increase of PTF melting 
enthalpy was observed for contents with up to 50 wt % 
of poly(trimethylene ether) glycol. However, since the 
phase separation forced by the rigid segment crystalli-
zation is a key feature of TPEE and the presence of cold 
crystallization peaks suggests that the copolymers are 
still in thermodynamic nonequilibrium, the copolymer 
samples were subjected to aging at the temperature of 
20 °C above a detected or expected Tcc, i.e., 105 °C for 
PTF65, 115 °C for PTF50, and 80 °C for PTF35. All the 
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T a b l e  1. Thermal and crystal structure parameters for unaged 
and thermally aged (A) PTF-block-FADD samples

Sample Tm, °C XcWAXS, % Lp, nm

PTF 167 1 –

PTF65 144 19 6.3

PTF50 129 9 5.4

PTF35 85 7 5.7

PTF(A) 162 49 –

PTF65(A) 152 35 13.3

PTF50(A) 134 37 11.8

PTF35(A) 119 23 9.1
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samples became opaque during annealing, but did not 
suffer deformation or melting. 

The DSC thermograms in Fig. 4 presented and dis-
cussed widely in [44], confirm significant changes in the 
copolymers’ microstructure. All materials reveal multi-
phase structures with clear melting enthalpies, whose 
maxima (Tm) are extended to higher temperatures com-
pared to the non-annealed samples. At the same time, the 
Tg values correspond to the values determined in Fig. 3. 

Wide-angle X-ray diffraction analysis of the copolymer 
structures indicates that, although the materials crystal-
lize slowly, the film samples prepared by compression 
molding are not completely amorphous (Fig. 5a).

The copolymers’ samples are characterized by relative-
ly small crystallinity degree, but higher than for PTF ho-
mopolymer (Table 1). It proves that if the materials are not 
in equilibrium after processing they crystallize during 
storage. In fact, when stored at ambient temperatures, all 
copolymers are above their Tg. An incorporation of more 
flexible fatty acids segments among the rigid PTF blocks 
enlarges the distances between furan rings providing 
higher flexibility to the whole macromolecules. That fa-

vors their mobility and folding. Nevertheless, a signifi-
cant development in the crystalline structure of the co-
polymers is achieved due to thermal aging (Fig. 5b). The 
main reflections superimposed over the halo of the amor-
phous phase strongly correspond to the reflection posi-
tions detected for semicrystalline PTF. It confirms that 
only the furan-based rigid segment is able to crystallize 
and the FADD segments are fully involved in the soft 
phase formation. The crystallinity degrees calculated 
from WAXS spectra (Table 1) are improved and evident-
ly increase along with the content of PTF rigid segments 
in the copolymer compositions. 

Changes in the crystalline nanodomain sizes are also 
observed in the small-angle X-ray scattering (SAXS) ana-
lyses. Figure 6 presents the raw SAXS data recorded for 
both thermally treated and untreated samples (Fig. 6a), 
and the data after the Lorentz correction in order to em-
phasize the interlamellar distances (Fig. 6b). Significant 
differences in the shape of the curves were observed; 
specifically, the scattering power is much poorer for the 
“as-received” films whilst the characteristics of the an-
nealed samples revealed clear maxima at low values of 
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Fig. 5. WAXS analysis of PTF-block-FADD copolymers: a) before, b) after thermal aging 
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the modulus of scattering vector s (Fig. 6a). The maxima 
pronounced by the Lorentz correction determined the 
 so-called long period values, Lp (Fig. 6b). This parameter 
is interpreted as a sum of the average thickness of the 
crystalline lamella and the amorphous regions in the ma-
terial structure. On the one hand, the presence of peaks 
confirms once again that the crystalline lamellae exist 
in unaged samples. However, the Lp values are relative-
ly small (of ca. 6.5 nm) and do not differ with PTF seg-
ment content (Table 1). This may support the assumption 
about the materials cold crystallization during storage. 
On the other hand, the annealing process results in a sig-
nificant increase of Lp values, almost two-fold for PTF65 
and PTF50 copolymers, but the peaks are broader and 
less intense compared to unaged samples. This suggests 
that, during annealing, the crystallization process con-
tinued to expand the existing crystallites and it is favored 
in copolymers containing a relatively high content of rig-
id segments. As a consequence, the lamellae thickness 
increased, as well as the Lp values. It is also possible that, 
as a result of the re-organization, secondary crystallites 
with different morphologies were formed resulting in 
more extensive peaks. This is not, however, supported 
by DSC results since only single melting peaks are ob-
served for the aged copolymer samples. Even if the char-
acter of the crystalline structure after re-organization is 

not strictly recognized, it apparently affects the mechani-
cal performance of the copolymers.

The stress-strain characteristics of the static tensile 
tests done before and after thermal aging are presented 
in Fig. 7 and Table 2. The curves received for “as injec-
tion molded” samples, discussed in details in [44], corre-
spond to typical elastomer curves with the level of stress 
and strain dependent on the PTF to FADD segment ratios. 
In other words, an increasing content of the amorphous 
blocks and relatively low crystallinity improves defor-
mation ability of the copolymers. The annealing process 
significantly changes the mechanical behavior of the 
samples resulting in higher tensile strengths (Rm) but re-
ducing elongation at break values (εb). Moreover, a clear 
necking and typical plastic deformation are observed on 
the tensile curves. These findings support the previous 
DSC analysis conclusions about the slow crystallization 
rate of the furan copolyesters. It is crucial when the pro-
cessing of the polymers is considered. In the case of in-
jection molding, a cooling rate is relatively high and a 
polymer/copolymer is unable fully to crystallize but the 
existing microstructure ensures a rubber-like behavior. 
An improvement in the phase separation due to further 
crystallization, in turn, constrains the continuous soft 
phase, which does not favor the elastic properties of the 
copolymers. Materials gain in stiffness but lose the ability 
for high deformations. These effects are also supported 
by the hardness measurements (Table 2). An increase in 
H values is observed for almost all annealed copolymers 
except the sample with the smallest PTF content (the least 
crystalline). This leads to the conclusion that the mecha-
nical performance of the fully bio-based PTF-block-FADD 
copolymers is tunable and may be tailored as needed not 
only by the PTF to FADD segment ratio but also the ap-
propriate processing conditions or possibly the thermal 
treatment.

CONCLUSIONS

In this study, the effect of thermal aging on the phys-
ical transitions, crystalline structure development, and 
the mechanical performance of fully bio-based PTF-block-
-FADD copolymers was studied. Although the materials 

T a b l e  2.  Mechanical parameters for PTF and copolymers before and after annealing

Sample Rm, MPa σb, MPa εb, % E, MPa H, ShD Reference

PTF 74.29 ± 3.11 74.29 ± 3.11 4.1 ± 0.8 1929 ± 121 83 ± 1 [44]
PTF(A) 53.32 ± 4.23 53.32 ± 4.23 2.6 ± 0.6 2455 ± 195 86 ± 1 this study
PTF65 15.06 ± 0.63 15.00 ± 0.58 314 ± 27 144 ± 21 63 ± 1 [44]

PTF65(A) 26.20 ± 0.47 16.30 ± 1.12 138 ± 21 277 ± 25 67 ± 1 this study
PTF50 10.44 ± 0.33 10.20 ± 0.40 305 ± 33 30 ± 8 54 ± 1 [44]

PTF50(A) 16.03 ± 0.17 14.09 ± 0.26 212 ± 10 108 ± 11 56 ± 1 this study
PTF35 8.75 ± 0.29 8.48 ± 0.29 411 ± 7 8 ± 1 43 ± 1 [44]

PTF35(A) 8.95 ± 0.20 8.48 ± 0.20 238 ± 29 32 ± 3 43 ± 1 this study

Rm – tensile strength, σb – stress at break, εb – elongation at break, E – tensile modulus, H – Shore D hardness.
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Fig. 7. The representative stress-strain characteristics of PTF-
-block-FADD before and after thermal aging 
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crystallize slowly due to the stiffening effect of the fu-
ranoate units, they are semicrystalline in their nature. 
Their mechanical performance strongly depends on the 
state of the microstructure, and the resulting microstruc-
ture is affected by the thermal treatment of the sample. 
When subjected to thermal processing and cooled from 
melt quite fast the microstructure is characterized by 
rather poor phase separation. In consequence the copo-
lymers, depending on PTF to FADD segment ratio, re-
veal elastomeric behavior and rubbery plateaus over a 
relatively large temperature range. If, however, they are 
subjected to annealing above Tcc, an improvement in the 
phase separation due to further crystallization leads to an 
increase of the tensile strength and hardness but at the 
cost of reducing elongation at break and ability to defor-
mation. The changes in the crystalline structures were 
confirmed by DSC, WAXS and SAXS analyses. All these 
observations lead to the conclusion that, by changing the 
copolymer composition or employing thermal aging, it 
is possible to fit the PTF-block-FADD performance to a 
broad range of possible applications both as thermoplas-
tic elastomers and engineering materials for precisely 
molded parts.
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