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Abstract

A considerable number of research works focus on the positive influence of cellu-
lose on the properties of polymer-based composites and their wide range of applica-
tion possibilities. The present work is focused on the synthesis of novel bio-based
polyurethane (bio-PU) composites filled with powdered cellulose (microcellulose,
MC) in an amount of 5 wt.%. Bio-PU composites were synthesized via a non-solvent
prepolymer method. First, the prepolymer was synthesized from diisocyanate mix-
ture based on hexamethylene diisocyanate and bio-based polyisocyanate Tolonate™
X Flo 100 and a,w-oligo(ethylene-butylene adipate)diol which contained cellulose.
Then, resulted prepolymer was extended by bio-based 1,4 butanediol (bio-BDO).
Bio-PU composites were obtained with the different [NCO]/[OH] molar ratios: 0.95,
1.0, 105 and 1.1. Special attention was paid to the influence of MC on the phase sep-
aration between soft and hard segments of bio-PU by studying the chemical struc-
ture, morphology and thermal and mechanical properties of the prepared cellulose-
based composites.

Introduction

The versatile chemical structure and properties of polyurethanes (PUs) and their
composites have led to these materials finding a wide range of practical and
different applications, such as in the automotive, medical devices or furniture
industries (Gtowinska and Datta 2016; Trache et al. 2016). Polyurethane can be
obtained by using bio-monomers, resulting in environmentally friendly polymers
with high contents of green carbon and desirable properties (Glowiriska and Datta
2015a; Pattamaprom et al. 2020; Gtowiriska et al. 2021; Kasprzyk et al. 2021).
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The mentioned features are advantages of bio-based polymers in comparison to
traditional polymers, with non-renewable carbon in their chemical structure.

It is well known that some types of components utilized in the synthesis of
PUs, such as isocyanates, polyols, chain extenders, catalysts or other chemi-
cal additives, like active fillers, have a crucial impact on the properties of PUs
(including their composites) and their future application. The molar ratio of iso-
cyanate to hydroxyl groups [NCO]/[OH], and thus the phase separation between
the hard segments (HS) and soft segments (SS) of PUs, also influence the struc-
ture and final properties of the mentioned materials (Desai et al. 2000; Huang and
Zhang 2002).

The properties of polymer-based composites not only depend on the matrix and
filler type but are also related to the adhesion of the polymer matrix to the filler
surface (Auad et al. 2008). Adhesion is an important factor, which should be con-
sidered when preparing the composites, because it affects the matrix—filler interac-
tion. For instance, hydroxyl groups of cellulose-based filler can react with chemicals
containing isocyanate groups by creating a urethane linkage. This chemical linkage
provides strong covalent bonds between the filler and the matrix (Kabir et al. 2012).
That is why prior to the preparation of cellulose-based composites, it is important to
take into account the effect on the interaction of the filler and polyurethane matrix
and on the phase separation in polyurethane materials.

The type and structure of the filler have impact on the resulting materials.
Depending on the morphology of cellulose, it might cause different changes in the
polyurethane materials. For example, Marcovich et al. (2006) studied polyurethane
composite films reinforced with cellulose crystals. Researchers demonstrated that
cellulose crystals are chemically bonded to the polyurethane, due to the chemical
reaction between the —OH groups from the cellulose and the isocyanate groups pre-
sent in prepolymers, which was confirmed by infrared spectroscopy. Increases in the
glass transition temperature (T,) and tensile modulus of the PU at filler loadings
(0.5-5 wt.%) were observed and related to an increase in the cross-linking density of
the materials.

In another work, Kasprzyk et al. (2020) obtained poly(ether-urethane)-based
composites containing microcrystalline cellulose (MC) in amounts of 1, 3, 5 and 7
wt.% characterized by good thermo-mechanical and thermal properties. The authors
found that cellulose microcrystalline addition to the poly(ether-urethane)-based
matrix influenced hydrogen bond formation. Selected properties of the studied mate-
rials decrease with increasing content of bio-filler, such as elongation at break or
tensile strength (Kasprzyk et al. 2020).

Lee et al. (2017) investigated a series of polyurethane—urea (PUU) elastomeric
nanocomposites which contained low amounts (0.5, 1.0 and 2.0 wt.%) of bio-based
nanofillers and individualized cellulose nanofibers (TEMPO-oxidized cellulose-
individualized nanofibers, TOCNs). The authors confirmed covalent cross-linking
with the TOCNs and PUUs as the result of a reaction of carboxyl and/or hydroxyl
groups of TOCNs and the polyols with isocyanate groups of MDI. Based on the
results, it was found that 2 wt.% of TOCNs caused an increase in tensile strength
and strain to failure and a 35% decrease in the coefficient of thermal expansion in
comparison to the PUU without TOCNs (Lee et al. 2017).

@ Springer


http://mostwiedzy.pl

A\ MOST

Wood Science and Technology

Based on the literature review and earlier experience (Gtowiriska and Datta
2015b, 2016; Kasprzyk et al. 2020), it was stated that cellulose (in micro- and
nanocellulose form) has a positive influence on some properties of polyurethane
composites provided their amount is not higher than 5 wt.%. That is why, in this
current study, the powdered cellulose (MC) was incorporated into the bio-based pol-
yurethane matrix (obtained by using novel bio-based diisocyanate mixtures) in an
amount of 5 wt.%. The influence of cellulose addition and the effect of a different
[NCO]/[OH] molar ratio on the chemical structure, thermo-mechanical, thermal and
mechanical properties and morphology of obtained PU composites were studied.

Experimental
Preparation of materials and bio-based polyurethane composites

The bio-based polyurethane (bio-PU) composites were obtained via the prepoly-
mer method. Prior to the usage, polyester polyol as a,w-oligo(ethylene-butylene
adipate)diol with the trade name Polios 55/20, Mn~2000 (Purinova, Poland) was
dried and degassed at 90 °C for 1 h. Dried cellulose filler (coded as MC) in the
form of powdered cellulose (Alpha-Cel BH65, average particles size approx. 50
microns, International Fiber Corporation, Belgium) was added in the amount of 5
wt% to the polyol prior to the pre-polymerization process. The present experience
shows that this sequence is important because it provided a better distribution of
cellulose in the final materials, avoiding the creation of agglomerates. Otherwise,
the chosen amount of MC did not have a significant effect on the processing of bio-
PU system, making it easier to mix all ingredients. The prepolymer was synthesized
from an isocyanate mixture containing 75 wt% of hexamethylene diisocyanate HDI,
equivalent to a weight of approx. 84.1 g/mol (Vencorex Chemicals, France), and
25 wt.% of aliphatic bio-based diisocyanate Tolonate™ X Flo 100, equivalent to
a weight of approx. 341 g/mol and functionality ~2 (Vencorex Chemicals, France),
and the above-mentioned polyester polyol. The pre-polymerization was conducted at
80 °C for 4 h. Next, the free NCO content was determined by a back titration method
(ASTM D 2572-97) and equaled 8.06%. Next, the prepolymer chain was extended
with bio-based 1,4-butanediol (BASF, Germany) containing 0.2 wt.% of dibutyltin
dilaurate (DBTDL, Sigma-Aldrich, Poland) as the catalyst. The polyurethane com-
posites were synthesized within the narrow range of [NCO]prepolymer/[OH]chain
extender molar ratio of 0.95, 1.0, 1.05 and 1.1, respectively. The bio-based polyure-
thane composites were molded and cured at 100 °C for 24 h.

The reference sample (coded as Ref. 1.0) was synthesized according to a similar
procedure but without the addition of cellulose powder. In Scheme 1, the synthesis
of bio-based polyurethane composites is presented, where substituent R can occur as
residue of oleic acid or palmitic acid.
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Scheme 1 Preparation of bio-based polyurethane composites

Measurements
Fourier transform infrared spectroscopy (ATR-FTIR)

Spectroscopic analysis was conducted by using attenuated total reflectance Fou-
rier transform infrared spectroscopy technique (ATR-FTIR) with a FTIR Nicolet
8700 spectrophotometer (Thermo Electron Corporation). During the measure-
ment, a Specac Heated Golden Gate single reflection diamond ATR accessory
was used. Each spectrum was registered for wavenumbers ranging from 500 to
4500 cm™!' at 4 cm™! nominal resolution. The mean number of scans was 64.
The measurements were taken at room temperature. Based on FTIR spectra, the
degree of phase separation (DPS) and the degree of phase mixing (DPM) were
studied and calculated using Eqs. (1), (2), and (3):

R

DPS = ——
R+1 M
DPM =1 - DPS )
Ab
R=-= 3)
Ay

where R is the carbonyl hydrogen bonding index; Aj,—absorption intensity of
hydrogen-bonded carbonyl; and A—absorption intensity of free carbonyl.
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Dynamic mechanical analysis (DMA)

The dynamic mechanical analysis was performed using a DMA Q800 Analyzer
(TA Instruments). The measurements were performed under nitrogen atmos-
phere in a temperature range from — 100 to+ 150 °C at an operating frequency
of 10 Hz, with a heating rate of 4 °C /min. Rectangular samples with dimensions
of approximately 18 x 10 mm and a thickness of 3 mm were used. Based on the
recorded DMA measurements, the storage modulus and glass transition tempera-
ture were determined.

Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) was performed using a TG 209 F1 Libra Ana-
lyzer (NETZSCH) under nitrogen atmosphere at a heating rate of 10 K/min and
temperature range from 25 to 700 °C. Mass of each sample was about 10 mg. The
results of the TGA analysis were presented as TG and DTG curves.

X-ray diffraction (XRD)

To study the structural properties of the cellulose additive (MC) and obtained
bio-based PU materials, Phillips X’Pert Pro diffractometer (XRD) with CuK «
radiation (1.540 A) was used. The measurements were taken at 40 kV and 30 mA
at room temperature. The diffraction angle of 20 ranged from 10° to 60°.

Scanning electron microscopy (SEM)

The microstructure analysis of bio-based polyurethane composites containing
powdered cellulose was conducted using a Quanta FEG scanning electron micro-
scope equipped with the Everhart—Thornley detector (ETD). The measurements
were taken under high vacuum (20.00 kV) at a working distance of 10 mm. Each
sample was cut with a scalpel in one quick motion, and then the cross sections of
samples were gold-coated prior to the analysis.

Mechanical properties
Tensile test
The tensile test was performed using a standard tensile-testing machine Zwick

7020, in accordance with EN ISO 527-1:1996 and EN ISO 527-2:1996 stand-
ards. The dumbbell-shaped samples of standard dimensions were tested at a rate
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of 50 mm/min. The measurements were performed at room temperature. Tensile
strength (TS,) and elongation at break (e,,) were determined.

Cyclic compression tests

The compression test was carried out using a Zwick Z020 tensile-testing machine, in
accordance with the EN ISO 604:2006 standard. Cylindrical samples sized approx.
10+0.5 mm in diameter and 25+ 1 mm high were tested. The cyclic compression
tests consisted of three load—unload loops applied continuously up to the strain of
40%. The bio-PU composites were tested at a compression rate of 5 mm/min, at
room temperature.

Hysteresis is expressed as a loss of energy during a deformation cycle:

w
H=—24

100% 4)
loading

where Wy is the lost energy; W, qi,,—energy of loading (deformation).

Results and discussion
ATR-FTIR spectroscopy analysis

The chemical structure of bio-based polyester—urethane—urea materials contain-
ing cellulose powder as well as the reference material (Ref. 1.0) was determined by
ATR-FTIR and is presented in Fig. la.

Prima facie, the registered spectra of all obtained materials seem to be similar
(Fig. 1a). Changes in the intensity of absorption peaks in FTIR spectra at 3320,
1727, 1681, 1540, 1257, 1133 and 1066 cm™' were observed in relation to the
[NCOJ/[OH] molar ratio. The vibration characteristics of urethane and urea groups
registered at about 3320 cm™ are attributable to the stretching vibrations of the NH
bond, whose intensity decreases with increasing [NCO]/[OH] molar ratio in the PU
sample. At this region, the characteristic peak of N—H groups at 3270-3400 cm™! is
observed for both the hydrogen-bonded and free N-H as a non-separate peak. The
absorption band at 1540 cm™' corresponds to the out-of-plane bending of the NH
bond and the CN stretching vibrations (Das et al. 2015). In the mentioned range
of 3320 cm™!, the urea group derived from bio-based polyisocyanate can be vis-
ible as a broad peak shifted toward higher value of wavenumbers. The presence of
a peak at 3320 cm™! may indicate that the majority of N-H groups are hydrogen
bonds. The difference between intensity of peaks at this region confirmed the struc-
tural changes caused by the molar ratio of [NCO]/[OH]. For all bio-PU materials,
typically the stretching vibrations of CH, group appeared at wavenumbers of 2867
and 2960 cm™!, while the deformation vibrations (symmetric and asymmetric) of
CH groups at 1480 cm™" and 1300 cm™', respectively (Glowiriska and Datta 2016).
The structural changes were revealed as differences in band intensity in the region of
C=0 vibration were observed. The valent vibration of the carbonyl group derived
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Fig. 1 a ATR-FTIR spectra of bio-based polyurethane with cellulose and reference material (Ref. 1.0);
b deconvoluted carbonyl peaks of bio-based polyurethane reference materials (raw matrix); and ¢ bio-
based polyurethane composite coded as 1.0

from free and hydrogen-bonded urethane groups appeared as a multiplet peak in
a wavenumber range from 1681 to 1727 cm™, and the stretching vibration of the
C-O group was registered in the range of approx. 1100-1260 cm™" (1064, 1133 and
1257 cm™!). The low value of wavenumber of a multiplet peak corresponding to
the hydrogen-bonded carbonyl groups indicates that the hydrogen-bonded C=0 has
derived from ordered crystalline domains (Gtowiriska and Datta 2016). The hydro-
gen bonds present between the carbonyl groups and NH in the urethane groups
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cause rigid domain formation and favor the process of microphase separation, espe-
cially in the case of samples containing cellulose. When the hydrogen bonds begin
to form between the NH groups and the C(O)O or C-O-C groups, the latter being
a structural element of elastic segments, the phase dispersion will occur. It is well
established that the positions and intensities of these vibrations are extremely sensi-
tive to the strength and specificity of the hydrogen bonds, which are formed.

Infrared spectroscopy was also used for determination of bio-PU phase separa-
tion (by DPS and DPM determination) by measuring the intensities and positions
of the hydrogen-bonded and free hydrogen-bonded N-H stretching vibrations, of
the hydrogen-bonded carbonyl groups (H-bonded C=0) and of the free hydrogen-
bonded carbonyl (free bonded C=0) of the urethane groups. The ratio of the hydro-
gen-bonded carbonyl and free hydrogen-bonded carbonyl is known as ‘hydrogen
bonding index’ and used to estimate the extent of hydrogen bonding (Chen et al.
1999, 2005). In the case of obtained bio-PU composites, in the urethane carbonyl
region, the presence of urea carbonyl groups (residue derived from bio-based pol-
yisocyanate) was also detected. Therefore, the carbonyl peak has been deconvo-
luted into four peaks: urea-bonded, urea-free, urethane-bonded and urethane-free.
In Fig. 1b, deconvoluted multiplet peaks for the reference sample (Ref.1.0) and PU
synthesized at [NCOJ]/[OH] molar ratio of 1.0 (Fig. 1c)) are presented. The hydro-
gen bonding index (R), the degree of phase separation (DPS) and the degree of
phase mixing (DPM) were calculated using Eqgs. 1, 2 and 3 and are listed in Table 1.
Additionally, the location, fraction and absorbance of the -C=0 peaks are also
presented.

Table 1 Hydrogen bonding index, DPS and DPM, location, fraction and absorbance peaks of the -C=0
band in the FTIR of the obtained bio-based polyurethane composites

Ref. 1.0 0.95 1.0 1.05 1.1
HS*, % 39.8 344 34.1 339 336
Peak em™! 1682.3 1682.8 1683.3 1683.1 1683.0
Urea- % 32.72 24.52 26.02 27.43 27.09
bonded Alfau] 0.356 0.261 0.240 0.238 0.182
Peak II cm™! 1696.8 1697.3 1698.1 1697.9 1698.3
Urea-free % 372 3.40 3.28 3.54 3.48
Afaw] 0.070 0.064 0.058 0.055 0.043
Peak III cm™! 1708.3 1707.6 1708.1 1708.5 1709.0
Urethane-bonded % 19.33 11.84 13.73 17.02 16.39
Alfau] 0.173 0.129 0.135 0.135 0.108
Peak IV em™! 1729.9 172822 1728.7 1729.3 1729.5
Urethane-free % 44.22 60.23 56.96 52.01 53.03
Alfaul] 0.304 0.388 0.347 0.288 0.241
R 1.416 0.863 0.926 1.087 1.016
DPS 0.586 0.463 0.481 0.521 0.504
DPM 0.414 0.537 0.519 0.479 0.496

HS*—hard segments content
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It was noticed that the addition of cellulose caused a decrease in DPS and the
number of hydrogen bonds in the range of urethane groups because of the interaction
with hydroxyl groups derived from cellulose. In general, the tendency toward phase
separation increases with increasing [NCO]/[OH] molar ratio. Such an increase in
the intramolecular attraction between the hard segments (urethane) with an increas-
ing [NCO]/[OH] molar ratio tends to an increase in stress. These findings were con-
firmed by the results of the tensile test, which are described later.

Dynamic mechanical analysis

The results of a dynamic thermo-mechanical analysis of bio-based polyurethane
composites containing cellulose obtained with different molar ratios of [NCOJ/
[OH], and also the chosen reference sample Ref. 1.0, are presented in Fig. 2. The
main parameters, such as storage modulus (E’), recorded at glass transition tem-
perature, loss modulus (E™’) and glass transition temperature (T,), are presented in
Table 2. Glass transition temperature was determined based on the curves of tand as
a function of temperature. Additionally, the temperature range of efficient damping
behavior and integral area were calculated and are presented in Table 2.

Analyzing Fig. 2 it can be concluded that an increase in the [NCO]/[OH] molar
ratio had a positive effect on the thermo-mechanical properties of the obtained bio-
PU composites containing cellulose over a broad range of temperature. The maxi-
mum value of E” was observed for the bio-PU composites with the [NCO]/[OH]

- 0.6
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= ]
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Fig.2 Storage modulus (E’) and tand as a function of temperature of bio-based polyurethane composites
containing cellulose and reference materials (Ref. 1.0)
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Table 2 Values of glass

-~ Properties Ref. 1.0 0.95 1.0 1.05 1.1

transition temperature and

loss tangent for bio-based Tand [-] 0355 0338 0343 0339 0360

polyurethane composites o

containing the added cellulose T, [°C =257 —-293 —268 —297 —267

and reference material E’ [MPa] 560 610 669 578 679
E’’ [MPa] 263 228 229 292 369
AT [°C] 10.01 7.71 9.30 7.70 11.32
S_s0.35°C 7.81 6.57 7.29 6.30 7.96

molar ratio of 1.1. An increase in the [NCO]/[OH] ratio from 0.95 to 1.1 resulted in
changes in the properties of polyurethanes. The behavior of the material coded as
0.95 can be described as a rubber-toughened plastic. This is the reason why the E”
value of material with a molar ratio of 0.95 started to decrease at a lower tempera-
ture (ca. 50 °C) compared to the rest of the samples.

In general, the glass transition temperature (T,) of hard segments in polyure-
thanes ranges between 50 and 100 °C. However, in the case of bio-based polyure-
thane composites synthesized at the [NCO]/[OH] molar ratio of 0.95, a lower ability
to form physical and chemical cross-links was observed. These particular bio-PUs
composites showed noticeable thermoelastic properties that typically occur in poly-
urethanes with the [NCO]/[OH] molar ratio below 1.0. From the comparison of the
storage modulus of samples 1.0 and Ref. 1.0, it can be stated that cellulose acted as
a reinforcing filler, as indicated by the higher value of E’ at room temperature regis-
tered for sample 1.0.

It is noteworthy that the tand values were similar for all samples of polyurethane
composites. In Fig. 2 (tand as a function of temperature), well-formed peaks can be
observed, which indicates a homogeneous structure of the matrix. The glass transi-
tion temperature was defined as a temperature at which the maximum value of tand
occurred. It was found that both cellulose powder and [NCO]/[OH] molar ratio did
not significantly influence glass transition temperature and tand. The T, values for
the obtained bio-PU composites containing cellulose powder ranged from —26.7 to
—29.7 °C, which corresponds to the temperature range of phase transition of soft
segments. With increasing [NCO]/[OH] molar ratio, glass transition temperature
decreased. It was observed that cellulose caused a slight decrease in glass tempera-
ture in comparison to the material without cellulose, which was —25.7 °C (Ref. 1.0).
Generally, the rubbery plateau modulus of polyurethane composites increased with
increasing [NCO]/[OH] molar ratio, which corresponds to the increased share of
hard segments. These findings suggest that the formation of hard domains is charac-
terized by better continuity increase. Moreover, based on the obtained DMA data, it
was observed that an increasing [NCO]/[OH] molar ratio causes the value of storage
modulus and the tand to increase. Similar findings were described in the literature
(Xu et al. 2008).

It was observed that all obtained materials exhibit a loss factor higher than 0.3
indicating efficient damping properties. Based on the obtained results, the tempera-
ture range of efficient damping behavior of bio-PU composites was determined and
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is presented in Table 2 as AT. The integral area from — 50 to 35 °C in tand tempera-
ture curves was also calculated (coded as S —50 —35 °C). Analyzing these results, it
was observed that efficient energy dissipation is higher in the case of bio-PU com-
posites synthesized at a lower [NCO]/[OH] molar ratio. These findings are related to
the increase in the polymer-based matrix chain mobility and were also confirmed by
other measurements.

Thermogravimetric analysis

Thermal stability of bio-based polyurethane composites was determined by ther-
mogravimetric analysis, and the results are presented as temperature-dependent
on weight and derivative weight (Fig. 3). Based on the obtained data, the effect of
[NCOJ/[OH] molar ratio and powdered cellulose content on the thermal decomposi-
tion of the materials was described (Table 3).

In general, the thermal decomposition of the obtained materials took place in two
main steps, which is typical for polyurethanes materials. What is more, the peaks
of these steps are well separated indicating good phase separation regardless of cel-
lulose addition. Because of the small content of powdered cellulose, which was dis-
persed in the matrix, their degradation peaks were not visible on the thermograms.
Based on the literature, cellulose degraded with the maximum speed at a tempera-
ture of approx. 360 °C (Gtowiriska et al. 2017).
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Fig. 3 Mass changes and DTG as a function of temperature of bio-based polyurethane composites con-
taining cellulose and the reference material chosen (Ref. 1.0)
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Table 3 Thermal properties of bio-based polyurethane composites containing powdered cellulose

Properties Ref. 1.0 0.95 1.0 1.05 1.1

Tsq, [°C] 307.5 310.0 315.0 315.0 310.1
Tgq [°Cl 3225 330.0 3325 330.0 3275
Tsyq [°C] 390.0 395.0 397.5 396.5 3925
DTG, [%/°C] -6.32 -7.10 —-6.62 —-6.24 -6.74
DTGy, [%/°C] -14.78 —11.74 -12.22 —12.62 —15.83
Ash residue at 600 °C [%] 1.26 2.19 1.83 1.82 1.86

At the first stage of the thermal decomposition, the urethane groups undergo the
dissociation. In higher temperature ranges, the decomposition of polyol residue was
assigned. Based on the analysis of Fig. 3, it was noticed that the TG curve of Ref.
1 sample is shifted to the lower temperature in comparison to bio-PU composites.
These findings suggest that cellulose caused the improvement of thermal stability.

The beginning of the decomposition, determined as 5% of mass loss for each
sample, was in the temperature range from approx. 308 to 315 °C and increased
in the case of bio-PU materials containing powdered cellulose (Table 3). Analyz-
ing the rate of decomposition, it was observed that the addition of cellulose had a
slight influence on this parameter. The degradation in the second step occurred with
a slightly lower rate. The influence of the changes of [NCO]/[OH] molar ratio on
the decomposition rate was not observed. The ash residue at 600 °C in the case of
bio-PU composites is higher and increased with increasing [NCO]/[OH] molar ratio.

X-ray diffraction (XRD)

X-ray diffraction indicated a degree of ordering in the prepared materials. XRD pat-
terns of micro cellulose fibers with the main diffraction signals at 20 15.2°, 16.0°,
22.1° and 34.4° that correspond to the crystalline form were registered (Fig. 4).
According to the literature, this is a typical crystal lattice of cellulose type I (Liu
et al. 2010; Lin et al. 2013). In the case of bio-PU composites coded as 1.0 and
1.1, peaks assigned to the cellulose additive (MC) were slightly visible because of
their small amount. However, the XRD patterns obtained indicate that all the sam-
ples showed partially crystalline structures. The main diffraction signals observed
at 20.2, 21.8, 23.8° correspond to the crystalline forms derived from hard and soft
segments, which agrees with the literature (Saralegi et al. 2013). There is visible
intensification of diffraction signals at 22.1°, which is assigned to both TPU and cel-
lulose. The increase in the intensity of this peak indicates that the native crystalline
structure of cellulose remained in the obtained composites (Lin et al., 2013).

Scanning electron microscopy (SEM)

The SEM images of bio-based polyurethane composites containing cellulose
are presented in Fig. 5. All pictures show an almost homogeneous distribution of
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Fig.4 X-ray diffractograms of MC and selected bio-based polyurethane composites

cellulose powder particles, visible as similarities in the shapes of white objects.
Based on the SEM analysis, the sample structure seemed to get more regular with
increasing [NCO]/[OH] molar ratio, which can be related to an interaction that
occurred between OH groups from the cellulose powder and NCO groups. A similar
finding was described by Tay et al. (2003). The dark regions in the images consist
of soft segments of bio-PU, whereas lighter regions mark the presence of hard seg-
ments. For all the samples, good interfacial adhesion between matrix and filler was
observed.

Mechanical properties

Mechanical properties were tested by means of tensile tests and compression tests,
and the obtained results are given in Table 4.

Tensile properties

The results of tensile tests point to the strong influence of the [NCO]/[OH] molar
ratio on the tensile strength (TS,) and elongation at break (g,) of the obtained bio-
based polyurethane composites. According to the literature, with increasing molar
ratio, TS, of bio-PU materials increased due to relatively high chemical cross-
linking that can restrict the chain mobility and increase the intermolecular attrac-
tion between hard segments (Huang and Zhang, 2002). Some correlations can be
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Fig.5 SEM images of bio-based polyurethane composites containing cellulose with the [NCO]/[OH]
molar ratio of 0.95, 1.0, 1.05 and 1.1
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Table 4 Values of TS, and g, hysteresis and compression of bio-polyurethane composites containing

cellulose powder

Properties Molar ratio [NCO/OH]
0.95 1.0 1.05 1.1
Tensile strength, TS, (MPa) 5.8+03 8.8+0.7 16.4+2.0 174+1.9
Elongation at break, &, (%) 344+5.0 261.2+15.0 731.5+73.2 776.4+273
Cycle
Hysteresis, H (%) 1 68.2+0.7 63.9+0.5 61.0+0.5 60.2+0.8
2 38.0+0.2 35.1+04 33.1+0.1 33.3+0.7
3 34.1+0.2 31.3+04 29.6+0.2 29.6+0.9
4 324+0.2 29.7+0.4 28.0+0.2 28.1+1.0
5 314+0.2 28.7+0.4 27.1+0.2 272+1.1
Compression (MPa) Cycle 0.95 1.0 1.05 1.1
25% I 7.34+0.21 9.43+0.28 9.20+£0.37 8.42+0.48
\% 3.01+0.8 4.32+0.10 4.50+0.20 4.26+0.32
40% I 10.80+0.29 14.75+0.38 14.60+0.60 13.57+0.70
v 10.12+0.30  14.18+0.31  14.13+0.67 13.25+0.81
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Fig.6 Tensile strength as a function of elongation for bio-based polyurethane composites containing cel-

lulose and reference material
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found for the obtained tensile strength of the produced materials (see Fig. 6). Based
on the elongation at break results, it can be concluded that the decreasing [NCO]/
[OH] molar ratio favored the thermoelastic behavior of bio-PU because of the low
value of g, (Table 4), which is characteristic for thermoplastics. The highest values
of elongation at break and tensile strength were observed for the polyurethane com-
posites obtained with the [NCO]/[OH] molar ratios of 1.05 and 1.1. These materi-
als exhibited E, values above 100%, which is characteristic for thermoplastic elas-
tomeric materials. The polyurethane composites synthesized at molar ratios lower
than 1.05 displayed the poorest mechanical properties. Lin et al. (2013) reported
similar results for materials with a [NCO]/[OH] molar ratio of 1.0 and containing
5 wt.% cellulose. The authors confirmed that the addition of cellulose improves the
mechanical properties of bio-PU composites. The observed improvement shows that
there is good compatibility between matrix and cellulose, which is most likely due
to the hydrophilic character of both components (Ozgiir Seydibeyoglu and Oksman
2008). The tensile strength and elongation at break for reference material Ref. 1.0
equaled 25.7 4+ 1.9 MPa and 883 +52%, respectively.

Compression properties

The hysteresis loops and values of 25 and 40% deformation moduli obtained from
compression testing are given in Table 4. In the cyclic compression tests, the mate-
rial absorbs energy when compressive loads are applied, and they release energy
when the loads are removed (Datta and Wtoch 2016). The values of E loading and
E unloading were determined using a mathematical program. All composite materi-
als exhibit permanent deformation after the compression processes, which might be
caused by changes in their microstructure due to energy dissipation. It was noted
that bio-PU composites containing cellulose, synthesized at higher [NCO]/[OH]
molar ratios, required the highest amount of energy during the compression pro-
cesses. The bio-PU composites synthesized with a molar ratio of 0.95 had the largest
hysteresis due to the elevated values of energy dissipation regardless of the number
of compression cycles. These findings were also confirmed by DMA results.

The hysteresis decreased with increasing [NCO]/[OH] molar ratio, which resulted
from the increase in structural order, and the subsequent lower energy loss during
the compression processes. After the first cycle, double energy loss was recorded.
The differences between the hysteresis loops in the second and fourth cycles were
not significant (Datta and Kopczyriska 2015).

All analyzed bio-PU materials with the addition of cellulose exhibited a large
hysteresis effect in the first cycle for 40% deformation due to a chain reorganiza-
tion process. (The polyurethane molecular chains undergo a reorganization process,
involving molecular orientation.) In the first loading/unloading cycle, the poly-
ester—urethane—urea materials with the [NCO]/[OH] molar ratios of 0.95, 1, 1.05
and 1.1 exhibited the hysteresis effect of 68.2, 63.9, 61.0 and 60.2, respectively.
After five repeated 40% deformation cycles, the hysteresis values of polyester—ure-
thane—urea materials with the [NCO]/[OH] molar ratios of 0.95, 1, 1.05 and 1.1
reached the values of 31.4, 28.7, 27.1 and 27.2, respectively. The occurrence of large
hysteresis in the fabricated PU materials was also reported by others (Zhang et al.
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2014; Alagi et al. 2016). The polyurethane composites exhibited a permanent defor-
mation after each loading/unloading cycle. The hysteresis values were calculated
according to Eq. (4).

Conclusion

In this work, it was confirmed that the [NCO]/[OH] molar ratio and the addition of
cellulose influenced phase separation of novel bio-PU composites. Based on FTIR
analysis, it was found that powdered cellulose caused a decrease in the DPS index.
DMA results lead to conclude that bio-based polyurethane composites containing
cellulose might be best described as rubber-toughened plastic materials. The rub-
bery plateau modulus of bio-based polyurethane composites increased with increas-
ing [NCO]J/[OH] molar ratio. TGA analysis showed that the amount of powdered
cellulose did not affect degradation of bio-PU, which is an advantage. The XRD
patterns confirmed that all the PU samples have partially crystalline structures. SEM
images showed that materials have rather regular structure with increasing [NCO]/
[OH] molar ratio, which can be related to the interaction that occurred between
OH groups from cellulose powder and NCO groups. The [NCO]J/[OH] molar ratio
affects the mechanical properties of bio-based polyurethane composites.

It was also confirmed that powdered cellulose introduced into 5 wt.% did not
influence polyurethane systems processing, which constitutes a positive prognosis
for further investigations on a technical scale. What is important, the polyurethane
matrix was synthesized with the use of partially bio-based polyisocyanate in the
aliphatic diisocyanate mixture, which is a more environmentally friendly reagent
compared to materials obtained using only petrochemical monomers. The authors
believe that these materials, which exhibit thermoelastic behavior could be used as a
bio-PU-cellulose-based filament for 3D printing.
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