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Abstract

Biodegradable and renewable biocomposites have gained interest as solutions to reduce the environmental impact of com-
posites. In this work, pulp fibres/thermoplastic starch biocomposites were fabricated with a single-step water-assisted reac-
tive extrusion and characterised by thermomechanical analysis. This specific manufacturing process led to a reinforcement
mechanism that, through both the upper-bonding theory and traditional simulation methods, cannot be properly captured.
We investigated the relevance of the interface in such phenomena through micromechanical simulations performed via
full-field representative elementary volume finite elements. The deviation between the experimental and simulated results
led to a deepening of the investigation of the reinforcement mechanism at the matrix/fibres interface, where the modelling
hypotheses failed to describe the system. This work pioneers a joint effort between modelling and experimentation in the
overarching need for theoretical descriptions of outstanding reinforced short fibre polymer composites when the interactions
between polymer matrix and reinforcement exceed the ‘perfect’ adhesion of the classical micromechanics.
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Packaging residues include different materials such as met-
als, glass, paper, and plastics and represent most of the land-
fill waste [1]. In the EU, almost 80 million tonnes of pack-
aging waste were generated only in 2020, contributing to
environmental impact awareness, which results in a strength-
ening of European regulations in reducing waste generation.
Plastics represent 19% of such packaging wastes, mainly
composed of oil-based polymers that are non-biodegradable
and challenging to recycle or reuse [2].

Aiming to limit plastic waste, many efforts have been
recently made to develop bio-sourced and biodegradable
plastics for potentially replacing oil-based thermoplastics
commonly employed in packaging and other applications
[3, 4]. Bioplastics used in this framework represent 48%
(almost 1.1 million tonnes) of the total bioplastics produc-
tion in 2022, in which more than half are biodegradable [5].
Biodegradable plastic packaging is typically obtained from
abundant and cheap renewable raw materials such as starch
and cellulose, and they offer alternative end-of-life man-
agement by composting or anaerobic digestion, leading to a
reduction of landfilling [6].
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Starch is the prevalent raw natural material to pro-
duce biodegradable plastics because of its renewability
and availability. It is, in fact, an abundant polysaccharide
that is obtained from a large variety of crops at relatively
low cost [7]. To use starch as a thermoplastic matrix and
processed by conventional melt processing techniques as
other oil-based polymers, starch needs to undergo gelati-
nisation, i.e. destructured in the presence of plasticisers at
relatively high temperature and under shear [8]. However,
its poor mechanical properties and hydrophilicity, which
lead to a low water barrier, limit the employment of the
so-obtained thermoplastic starch (TPS) [9]. Thus, different
strategies have been applied to improve TPS performances
[10]. Among them, the addition of natural fibres, such as
wood pulp fibres, to reinforce TPS is an efficient approach,
due to their hydrophilic character affinity with the matrix,
besides their relatively low weight, high specific strength,
low-cost availability, renewability, and biodegradability [11,
12]. However, the fabrication of efficient wood fibre biocom-
posites is challenging due to their high polarity, which leads
to poor interactions with non-polar polymeric matrices, and
the strong interactions between fibres due to the formation
of hydrogen bonding, which hinders their effective disper-
sion [13]. Moreover, pulp fibres undergo hornification upon
drying, making irreversible fibre—fibre agglomerations. The
composite performance depends on the interface and inter-
facial bonding between the fibres and the polymer matrix,
which must guarantee a good stress transfer to achieve good
mechanical properties [14]. To address these challenges,
different approaches have been employed, primarily involv-
ing the physical and chemical modification of fibre surfaces
[15, 16]. This involves physical treatments such as plasma,
laser, and corona treatments [17-20] as well as the chemi-
cal modification incorporating additives like surfactants and
compatibilisation agents [21-23], or performing chemical
reactions such as acetylation, etherification, esterification,
and oxidation [24-28]. Employing these techniques helps
surmount the hurdle posed by the weak interface between
fibres and the matrix, which arises from the chemical polar-
ity of fibre surfaces stemming from the abundance of polar
hydroxyl groups.

Enabling an easier industrial uptake, reactive extrusion
(REx) approaches for the development of fully bio-sourced
and biodegradable natural fibre biocomposites are an effec-
tive strategy for achieving renewable materials and pro-
cessing engineering sustainability for direct replacement of
non-renewable/oil-based materials [29]. Compared with the
other strategies mentioned above, reactive extrusion can be
designed as a single-step processing during the manufactur-
ing of the wood fibre biocomposites to functionalise in situ
the fibre surface and to obtain an improved dispersion [30,
31].

@ Springer

Hence, through the REZX, it is possible to attain both the
ultimate processing of biocomposites and the surface modi-
fication of cellulosic fibres. This dual approach results in an
enhanced dispersion of cellulosic fibres within the polymeric
matrix and a significant enhancement in the mechanical
properties of the resulting biocomposite. Furthermore, when
compared to alternative techniques, REx stands out for its
sustainability. It enables simultaneous fibre modification and
biocomposite processing in a single step, offering economic
advantages and environmental friendliness by eliminating
the need for solvents.

Experimentalists are aware of the limitations of model-
ling when it comes to capturing the effect of an improved
interface. Modelling experts use semi-empirical approaches
for simulating experimental results which do not fit tradi-
tional micromechanical models. However, in the literature,
theoretical approaches addressing the interface and high-
lighting its relevance in the reinforcement mechanism are
still an open challenge.

In this work, we dig up the relationships between struc-
ture and material properties in cellulose pulp fibres/starch
composites, quantified and extended from prior literature
studies, by combining an experimental and computational
framework for a deeper understanding of composite rein-
forcement. In particular, the REx of TPS/pulp fibre biocom-
posites in the presence of glycerol and citric acid is pro-
posed as an effective method to efficiently plasticize native
potato starch to obtain TPS and, at the same time, improve
the interfacial interactions between the thermoplastic matrix
and the wood pulp fibres, with the aim to boost the bio-
composites’ mechanical properties. The materials were wet
fed in a corotation twin-screw extruder to prevent hornifi-
cation of the pulp fibres upon drying [26, 32]. Computa-
tional micro-mechanical simulations are conducted to better
understand the reinforcement mechanism of the developed
TPS/pulp fibre biocomposites. Our work aims to deliver a
micromechanical description of composites with outstand-
ing mechanical properties, achieved through reactive extru-
sion, and which cannot be easily described by a classical
micromechanics framework since it would consider rigid
hypotheses about perfect adhesion and no slipping at the
interface. Our experimental/modelling toolbox is, therefore,
able to circumvent the micromechanical limitations through
a dedicated simple, but effective traditional FE simulation
that exploits an artefact in the description of the mechanical
mechanism of composites based on specific experimental
input data, without relying on computationally expensive
molecular dynamics studies.

The proposed combination of the modelling and experi-
mental demonstrates the possibility of formulating theo-
retical descriptions for reinforced short fibre polymer com-
posites when the interactions between polymer matrix and
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reinforcement exceed the ‘perfect’ adhesion of the classical
micromechanics.

2 Materials and methods
2.1 Materials

Normal potato starch with an amylose content of about 21%
was supplied by Lyckeby Stérkelsen, Kristianstad, Sweden.
Glycerol and citric acid (CA) were supplied by Sigma-
Aldrich (Sweden), and they were used as received. Kraft
pulp was provided by Nordic Paper Seffle AB (Sweden) with
72.4 wt% of water content. The pulp was a highly beaten
never-dried bleached softwood mixture of 80% spruce sul-
phite and 20% spruce sulphate pulp; weight fractions of
cellulose, hemicellulose, and lignin were 80 wt%, 17 wt%,
and 1.9 wt%, respectively, according to the carbohydrate
analysis.

2.2 Reactive extrusion of TPS and its biocomposites

Starch, glycerol, deionised water, and citric acid were manu-
ally premixed in batches with a weight ratio of 100:35:60:2,
following preliminary tests and previous literature [33].
Afterwards, they were stored at room temperature for 24 h
to allow a greater diffusion of the plasticisers in the mix-
ture, as well as to guarantee the water absorption into the
starch granule and obtain the complete destructuration of
the crystalline structure. Moreover, following this procedure,
the formation of the hydrated form of citric acid is ensured,
provoking the decrease of its melting temperature from ~155
to ~10 °C [34]. The resulting mixture was processed in a
co-rotating twin-screw extruder (TSE) Werner & Pfleiderer
ZSK 30 M9/2 (Stuttgart, Germany), with a screw diameter
of 30 mm and screw length of 966 mm, equipped with six
heating zones (including the external die). The temperature
profile used in the different zones was 105 °C-115 °C-125
°C-135 °C-120 °C-100 °C, operating at a screw speed of
100 rpm, and a residence time (time from the feeding of the
material until reach the tip of the nozzle and exit from the
die) of about 4 min. A screw design with 7 kneading ele-
ments was chosen to ensure proper mixing. The solubility of
citric acid in water increases with the temperature [35]. At
room temperature, citric acid is in its hydrated form, which
lowers its glass transition (Tg) from 11 to —25 °C, and the
melting temperature to 7 °C [34]. Therefore, we selected a

maximum extrusion temperature of 135 °C to slow the water
evaporation during extrusion, crucial for starch destruc-
turation, and to establish a balance between hydrolysis and
crosslinking reactions provoked by citric acid.

Kraft pulp biocomposites with different amounts of pulp
were processed following the same procedure, changing the
amount of water considering the water content of the Kraft
pulp. The different formulations as well as the names of the
samples are reported in Table 1.

The extruded materials were successfully compression
moulded (Buscher-Guyer hydraulic press KHL 100, Zurich,
Switzerland) at 130 °C, at 40 bar for 3 min and 500 bar for
1 min to obtain films from which we cut the specimens for
further characterisation.

2.3 Tensile test

Tensile tests were performed on Dumbbell-shaped speci-
mens (25 mm gauge length and 1 mm thickness) cut from
compression-moulded films, after conditioning for at least
3 days at 23 °C and 53% relative humidity. A total of 3
specimens were tested for each material, with a Zwick/Z2.5
tensile tester (Zwick GmbH, Ulm, Germany) equipped with
a load cell of 2 kN and at two different strain rates, which
are 10 and 50 mm/min. The 10 mm/min dataset was used
for benchmarking traditional models, while the 50 mm/min
dataset was employed to validate the synergistic modelling
approach under more dynamic conditions and enable a fair
comparison with the mechanical analysis reported for simi-
lar systems in the literature. The Zwick testXpert software
was used to record force and crosshead travel data. Tests
were performed according to the ISO 527-2 standard. Young
Modulus (Ey,,,,) Was obtained as the slope of the curve in
the elastic region, while tensile strength (S, ;) and elonga-
tion (&) wWere determined at the break point.

Other characterisation methods for thermal analysis via
Differential Scanning Calorimetry (DSC), thermogravimet-
ric analysis (TGA), solubility tests, fibre length and width
distribution, X-ray diffraction measurements (XRD), and
Dynamic Mechanical Analysis (DMTA) are provided in the
Supporting Information.

2.4 Modelling

A modelling approach was pursued to estimate the
mechanical behaviour of the composites under tensile
loads. At first, we used mean-field (MF) and full-field (FE)

Table 1 Compositions of the
starch-based biocomposites

produced

Samples Wet TPS TPS-P1.4 TPS-P2.8 TPS-P7 TPS-P14
Weight fraction of pulp (%) 0 1.14 2.28 5.67 11.27
Volume fraction of pulp (%) 0 1.4 2.8 7.0 13.7
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approaches (both in Digimat software [36]) to obtain the
mechanical response of the fabricated and tested short
fibre biocomposite. The full-field approach, referred to as
computational homogenisation, has been widely used for
short fibre composites (see e.g. [37-40]). In this method-
ology, the analysis of a numerical Representative Volume
Element (RVE) of a short fibre composite is conducted
using numerical techniques, typically the Finite Element
Method. By applying volume averaging, the homogenised
material response is determined. More detailed informa-
tion is available in the Supporting Information (also, in
Figs. S1 and S2).

A further step to model the composite was performed
by employing 3D Finite-Element (FE) models developed
on COMSOL Multiphysics v. 6.2 (COMSOL Inc., Stock-
holm, Sweden) with materials inputs obtained from a pre-
liminary elaboration of experimental data with traditional
analytical models.

In detail, we prepared a total of five RVEs with an
increasing fibre content (V)), namely 2%, 4%, 6%, 11%,
and 14% with Solidworks ™ (Dassault Systemes, Vélizy-
Villacoublay, France) (Fig. 1). Fibres were modelled as
askew cylinders with a maximum diameter of 0.1 mm
and a maximum length equal to 0.7 mm, while the RVE
was designed as a rectangular prism with dimensions of

Fibre — |

0.5

Matrix — ||

0.45x%0.4x 1.2 mm. To avoid any edge effect, displace-
ment loads were applied to additional rigid domains. Fig-
ure 1 shows three representative RVEs developed in this
study.

Aiming at simplifying the FE model and to reduce the
computational cost, perfect adhesion was used to model
the interaction between the fibres and the matrix. There-
fore, we used a linear elastic description of the materials
and, to introduce the engineered functionalisation of the
interface, we used an elaboration of the elastic moduli
based on the V;; using experimental data with the Nielsen
analytical model. This mathematical model aims at modi-
fying the Halpin—Tsai model by considering the aspect
ratio, orientation, and packaging of the filler in the matrix.
The equations of the Nielsen model are the following:

1+AnyV, f—f—l 1-¢,,

E .= Em<1_—v_>”7N = E;"—,ll/ =1+ <¢2—m)vf
WiN Yy T tA max

(1

inwhich E,, E,,, and Ef, are the Young’s moduli of the com-

posite, the matrix, and of the filler, respectively. In addition,

A=8.38 and ¢,,,,=0.52 are the Nielsen coefficients for a

max

3D random distribution of fibres considering an aspect ratio
~15 [41].

Rigid
boundary
domains

Fig. 1 Schematics of the three representative RVEs with increasing fibre content developed in the FE models. a V;=2%, b V,=4%, and ¢ V,;=6%

@ Springer
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Our FE simulation approach did not employ the actual
stiffnesses of the matrix and the fibres, but fictious values
(E;, E}):

E, =Ey f(Vp), E; = Ep - 8(Vy) @)

in which E, ;= 251 MPa and E;, = 40 GPa are the actual
Young’s moduli of the matrix according to experimental our
data and the filler according to literature [42] while f(Vf)
and g(Vf) are two mathematical functions dependent of the
volumetric fraction Vf(Eq. 3):

(V)

We combined Eq. 2, 3 with Eq. 1, and found the best
analytical functions—f(V}), g(V,)—to match the experimen-
tal results of the stiffness of the composite (E,). Eventually,
the fictious stiffness parameters (£, Ejjf) were used in a FE

f(Vy) =a+bVy+cV} =d+eV;+fV} 3)

model that, ultimately, possessed materials with numerical
values that include the mechanics of the engineered
interface.

The final computational model employed tetrahedral ele-
ments with a maximum size equal to 0.025 mm and a mini-
mum size equal to 2.5 x 10~ mm. These element dimensions
are the result of a sensitivity analysis on the obtained results.
The size gradient was used to better capture the interaction
between matrix and filler, with the smaller elements located
at the interface.

The numerical study required a different number of ele-
ments, based on each model, according to the variation in
volume fraction (V). As a reference, considering the model
with Vf equal to 14%, the model consisted of 3,338,427
domain elements, 205,878 boundary elements, and 6353
edge elements. Tensile tests on the RVEs in the elastic range
were performed to estimate the mechanical behaviour of the
composite, and the Cauchy stress tensor, referred to the cur-
rent deformed configuration, was used as the stress measure.

wet TPS

TPS-P1 4

UNIVERSITY OF TECHNOLOGY URIVERSITY OF TRCHROLORY

1cm

TPS-P2.8

CHALMERS CHALMERS

UNIVERSITY OF TECHNOLOGY

3 Results and discussion

It is well known that the crystalline structure of starch gran-
ules needs to be totally destructured to obtain homogeneous
thermoplastic materials [8, 43, 44]. The crystalline struc-
ture of the native potato starch and the wet fed melt pro-
cessed TPS in the twin screw extruder was investigated by
XRD (Fig. S3) to verify if the destructuration occurred at
the processing condition chosen for the preparation of the
thermoplastic starch. X-ray pattern of native potato starch
displays all the characteristic peaks of the B-type structure
(2g: 5.52°,11.18°, 15°,17.04°,22.93°, 26.35°, 30.90°, and
33.39°) [45—47]. The X-ray pattern of wet TPS shows that
the structure of native starch granules disappeared after
the melt processing, confirming that the complete gran-
ules destructuration was reached at the selected processing
parameters. Representative photographs (Fig. 2) show the
visual aspect of the wet TPS and pulp-based biocomposite
films prepared by compression moulding the TSE extrudate
pellets. Transparent films were successfully obtained by the
above-described procedure, even if increasing the pulp fibres
content led to a darker colour.

To study the thermal transitions and the main thermo-
mechanical relaxation of our systems, Dynamic Mechanical
Thermal Analysis (DMTA) in tension mode (Figs. S4 and
S5 and relative analysis reported in Supporting Information)
was performed since the main thermal properties were not
detectable by Differential Scanning Calorimetry (DSC) (Fig.
S10). Our samples were characterised by multiple thermal
transitions ascribed to a glycerol-rich phase, a water-plas-
ticised starch-rich phase, and an unplasticised starch-rich
phase. More detailed information is available in the Sup-
porting Information.

For a fair comparison with the literature, the tensile
properties of wet starch and its biocomposites were inves-
tigated at room temperature at 2 different strain rates:

TPS-P7 TPS-P14

CHALM ERS CHALMERS
R or csecuser L suveners o8 ecemctony

Fig.2 Visual aspect of all the samples after melt compounding in a TSE and compression moulding. From the left to the right TPS, TPS-P1.4,

TPS-P2.8, TPS-P7, and TPS-P14

@ Springer
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10 mm/min (Fig. 3) and 50 mm/min, summarised in
Table 2. The representative stress—strain curves obtained
at 50 mm/min of strain rate, here not reported for the sake
of brevity, showed a similar trend to the ones detected at
lower strain rates.

Wet TPS showed the lowest Young’s modulus and ten-
sile strength, but the highest elongation compared to the
biocomposites. Increasing the amount of pulp fibres, the
modulus and the tensile strength increase progressively,
reaching maximum values of around 750 MPa and 20 MPa,
respectively, for TPS-P14, 3 times higher than the values of
wet TPS. Furthermore, the elongation at break decreased by
more than 85% for TPS-P14 compared with that of wet TPS.
As expected for viscoelastic polymers, the tests performed
at higher strain rates led to higher stiffness and strength as
the TPS and its biocomposites react in a more elastic way
by increasing the deformation rate, lowering the systems’
relaxation time in their rubbery state.

The fibre diameter, length, and their distributions of
TPS-P7 and TPS-P14 biocomposites were analysed by the
Kajaani fibre analyser on fibres recovered as the insoluble
fraction after Soxhlet extraction in Dimethyl Sulfoxide
(DMSO) (see method description and Fig. S8 in Support-
ing Information). The average values of the fibre lengths
decrease more than three and five times, compared to the
neat pulp fibres (Table 3). The fines, referring to the fibres
shorter than 0.02 mm, increase around 900% while the fibre
diameter increases by about 50% compared with neat fibres.
For the modelling, it was decided to use the weight average
values (Table 3).

The values summarised in Table 3 highlight that,
although the aspect ratio decreases as increasing the fibres
amount in the biocomposites, the fines resulted from the
fibrillation process generated during the reactive extrusion
of the materials increase the interphase contact between
fibres and matrix, leading to the enhancement of the tensile

Fig.3 Representative stress— 20
strain curves of wet TPS and
its biocomposites obtained at — WetTPS
10 mm/min of strain rate testing — TPS-P1.4
a total of three specimens for ’
each material TPS-P2.8
15 — TPS-P7
TPS-P14
_—
O
o
3
) 10 1
w
@
—
.
7y
//—\
5
0 l n 1 1 1 L I
0 20 40 60 80 100 120 140
Strain (%)
Table 2 Tensile properties of all Strain rate 10 mm/min 50 mm/min
the samples at 10 and 50 mm/
min strain rates Sample Evoung MP2)  Gyreq (MP2) £ (%) Eyoung (MP2)  Gpeac (MP2) €0y (%)
Wet TPS 185+7 6+1 129+6 251+2 7+3 76+5
TPS-P1.4 197+4 7+1 7243 284 +5 8+3 68+9
TPS-P2.8 243+1 43+13 360+ 10 10+2 3745
TPS-P7 364+15 12+2 18+5 521+14 15+4 14+2
TPS-P14 614+4 18+1 8+3 748 +12 20+3 9+3
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Table3 Mean average values of fibre length, diameter, and fines
(i.e. fibres smaller than 0.02 mm) derived from experimental data
obtained by the Kajaani fibre analyser. The average values of pro-
cessed fibres were applied for the modelling

Sample Fibre Fibre Fines (%) Aspect
length diameter ratio
(mm) (um) (L/D)
Pristine pulp 2.77 30.4 35 91
TPS-P7 0.85 46.0 30.4 19
TPS-P14 0.53 47.9 355 11
Mean average values 0.69 46.9 329 15

of processed fibres

properties. This result demonstrates that the REx process is
essential for the mechanism of reinforcement of the pulp-
fibre biocomposites. Likewise, it is important to notice that
at the processing temperature, the fibre crystallinity should
not be affected [21]. A decrease in the fibres crystallinity
would result in a lower reinforcement effect, which is denied
by the excellent mechanical reinforcement obtained by our
experimental results. Hence, the enhancement of the tensile
properties of the biocomposites prepared could be explained
by the good adhesion between the pulp fibres and the poly-
meric matrix.

TPS

TPS-P14

Therefore, scanning electron microscopy has been car-
ried out for the TPS-P14 in comparison with the unfilled
TPS (Fig. 4) to investigate their bulk morphology.

TPS cryo-fractured surface appears smooth with spo-
radic presence of phase-separated glycerol. In the biocom-
posites, the pulp fibres are well distributed and dispersed
in the bulk, well embedded into the TPS matrix, and no
presence of debonding or pull-outs was observed. Evi-
dence of the fracture propagation within the fibre structure
can be seen in the higher magnified micrograph (Fig. 4b”),
confirming a cohesive fracture propagation typical of a
system with strong interaction at the fibre-matrix inter-
phase, consistent with the reinforcement registered in the
TPS tensile properties’ improvement of the biocomposites.

The experimental values of the tensile properties were
compared with the values obtained with the different com-
putational models. The traditional micromechanical mean-
field (MF)/full-field (FE) modelling approaches gave lower
tensile properties than those found experimentally, except
for the Young’s modulus calculated by MF 2D modelling
at the lower fibres content (up to 7 vol.%). These results
indicate that the modelling can efficiently describe or pre-
dict the Young’s modulus and the tensile strength of the
system only at low fibres content (Fig. 5).

Fig.4 SEM micrographs of wet TPS (a, a’) and TPS-P14 (b, b’) cryo-fractured surfaces. Size bars of 10 um are reported for the low magnified
micrographs (a, b), and 2 pm for the high magnified micrographs (a’ and b”)
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Fig.5 Young’s moduli (a) and tensile strength (b) as a function of
fibres content for the experimental results compared with the model-
ling values at 10 mm/min. (¢) Young’s moduli (black-filled symbols,
y-axis on the left) and tensile strength (hollow symbols, y-axis on the

TPS-P1.4

Experimental

— FE modelling

Stress (MPa)

1 i i i i
40 50 60 70
Strain (%)

0 10 20 30 80

Fibre content (vol%)

right) and (d) strain at break as a function of fibres content for the
experimental results of this work compared with literature values [48]
at 50 mm/min

b) TPS-P14
20 . . . v . !
Experimental
— FE modelling
15
@
o
<
» 10
7]
2
Z -
5
0 R N
0 2 4 6 8 10 12
Strain (%)

Fig.6 Comparison of stress—strain curves at 10 mm/min obtained experimentally and by modelling for TPS-P1.4 (a) and TPS-P14 (b)

@ Springer



Advanced Composites and Hybrid Materials (2025) 8:365

Page9of 15 365

The tensile curves given by the modelling (FE) have a
similar shape to the ones obtained with the real tensile tests
(see Fig. 6 and Figs. S6, and S7).

Both FE and MF analysis gave results quite different from
the tensile tests, especially for the tensile strength. The ran-
dom dispersion assumed for the modelling can be one of
the reasons for the underestimation of the simulated stiff-
ness and strength compared to the experimental results. It
is worth noting that Digimat-MF simulations with all the
fibres in the direction of the load were also conducted, and
even in this case, the stresses reached were lower than the
ones reached experimentally. The discrepancy between the
experimental and modelling results increases with the fibres’
amount. FE modelling led to lower tensile properties than
MF modelling, which resulted in better describing the tensile
behaviour of our system for low fibres’ content. The predic-
tion of MF can suffer from the design of the RVE that does
not capture the properties of the processed materials, which
are not merely a combination of the properties of the starting
materials, but the result of an alteration induced by the reac-
tive process. It was also observed that when the fibres have
a planar distribution (2D modelling), the tensile properties
are higher than for the 3D random distribution. In fact, in the
case of the 2D random distribution, the loading is assumed
to be applied in the plane of the fibres, meaning that they
provide a higher contribution to the stiffness and strength of
the biocomposite.

It is worth noting that for the modelling in the simula-
tions, a single average fibre length was assumed, and fibre
agglomerations were neglected. Mentges et al. [49] devel-
oped micromechanical modelling approaches for short fibre
composites considering fibre length distributions. The study
shows that assuming an average fibre length will result in
reasonably accurate predictions when compared with the
results that take into account an actual fibre length distribu-
tion. Hence, a single fibre length should be considered as
a rather suitable assumption for the modelling process. A
more accurate material characterisation would be needed
to assess and quantify fibre agglomerations and consider
these phenomena in the micromechanical modelling pro-
cess, resulting beyond the scope of the current study. There-
fore, we chose as aspect ratio the weight average value of
the experimental values assessed for TPS-P7 and TPS-P14
(Table 3) and neglected the fines. These assumptions can
contribute to the underestimation of the tensile properties.

The tensile properties experimentally observed were also
compared with values collected from the literature for TPS
materials with a similar amount of plasticiser and citric acid
(CA) for wet TPS and pulp fibres for the biocomposites
(Fig. 5¢, d). A higher elastic modulus, tensile strength, and
elongation at break were observed experimentally compared
with the values reported by De Carvalho et al. for wood
pulp-based biocomposites obtained without citric acid [48].

A similar trend, with three and six times lower tensile mod-
uli and strength, respectively, was obtained for corn starch
TPS reinforced with hemp fibres, displaying a continuous
increase in both tensile modulus and ultimate strength, pro-
portional to the amount of reinforcement [50]. Our values
are more than three times higher than those of other potato
starch-based composites reinforced with natural fillers [51].

Aiming at providing another perspective, we proposed a
Finite-Element approach (FEA) that does not consider the
microstructural features obtained by the fabrication process
but, aiming at devising a simple and effective model able to
catch the order of magnitude of the phenomena, employs a
perfect adhesion at the interface between fibres and matrix,
whose stiffnesses are recalculated based on the elaboration
of experimental data with the Nielsen analytical model.
Increasing the speed rate of the test the tensile properties
of the composites result in higher Young’s moduli and ten-
sile strengths (Fig. 5a, b vs. ¢), as expected for viscoelastic
systems. Therefore, we tested our approach on the Young’s
moduli obtained at a strain rate equal to 50 mm/min (Fig. 7),
a case even more challenging to describe than that of 10 mm/
min, for which the traditional approach failed to estimate the
mechanical behaviour of the composite. As for the inter-
polation of the experimental data, we chose as analytical
functions-f(V;), g(V; )-two polynomial functions since this
approximation led to R? greater than 0.99. In particular, we
obtained the following coefficients for Eq. 3:

a= 83 = 1236
f(Ve): 9b= 302 g(Vy) 1 {e=-5602 (4
¢ =-153.1 = 7097

Figure 7 reports the results of the simulations, where it is
possible to appreciate how the synergies of FE modelling,
experimental data, and analytical model led to a good esti-
mation of the mechanical properties of the composite with
a little computational cost with an average error of 10%. On
the other hand, the main limitation of such method consists
in a preliminary elaboration of the experimental data that
might be expensive.

4 Insight on the mechanical reinforcement

As reported in the Modelling section in the Supporting
Information (Sect. 7), different assumptions such as random
2D and 3D distribution of fibres, equal fibre lengths, and the
absence of agglomerates (among others) were made in the
micro-mechanical simulations. One of the most important
assumptions in the simulations with traditional modelling
approaches is the constant properties of the matrix material
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Fig. 7 Results of the synergistic
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in the entire RVE. This is probably not true for TPS matrices
in general, due to the gelatinization process aiming to reduce
the crystallinity and large molecular weight of native starch
to improve its melt processability. Overall, the thermal field
towards the material and shear forces generated during the
reactive extrusion affect the degree of dispersion and mis-
cibility between the materials, increasing them and provok-
ing the noticeable difference between the real mechanical
behaviour and the estimated one. The addition of water into
the formulation before the REx acts as a temporary further
plasticiser of the system and reduces shear stress during the
extrusion, which results in milder shortening of the fibres
in comparison with the dry-fed traditional melt compound-
ing [30]. However, the viscosity of the composites increases
with the fibre content, i.e. the materials experience increas-
ing shear stress during compounding at the same processing
parameters. This can cause changes in the structures of the
starch molecules, such as a decrease in molecular weight,
and of the pulp fibres, such as shortening and fibrillation. To
qualitatively validate this hypothesis, the morphology of the
fibres recovered after Soxhlet extraction from DMSO was
investigated (Fig. 8). The fibre shortening was assessed by
using a fibre analyser, which indicated a 79 and 88% length
reduction for the fibres recovered after Soxhlet extraction
from DMSO of TPS-P7 and TPS-P14, respectively, com-
pared to the neat pulp fibres (Table 3). Among the short-
ening evidence, the larger number of fines (fibres shorter
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than 0.02 mm) generated after melt processing detected
from the fibre analyser in TPS-P7 and TPS-P14 (7 and 9
times larger than the ones registered for the pristine pulp)
is already visible at lower magnification for the observed
fibres extracted from TPS-P14 (Fig. 8a, a’). The fibre diam-
eter increases by about 50% after melt processing compared
with neat fibres measured by the fibre analyser, attributed to
fibrillation (Table 3). The morphological analysis confirms
the fibrillation of fibres during melt processing. The fibres
recovered from the TPS-P14 sample show thinner micro and
nanofibrils shredded (Fig. 8b’, ¢’) from the pristine supramo-
lecular organisation shown by the unprocessed pulp fibres
(Fig. 8b, c).

Therefore, the changes in the materials’ structure during
melt processing are responsible for the higher tensile proper-
ties of the composites measured experimentally, compared
to the ones estimated by the modelling, and those reported
for similar composites in the literature. Moreover, reactions
between fibres and matrix are ignored in the modelling
assumptions, which essentially means that any crosslinking
at the interphase is not considered.

Furthermore, the differences between the modelling and
experimental values could also be explained by the effect of
citric acid and free water in the TPS formulation. As previ-
ously reported in the literature, the addition of citric acid
could induce both starch hydrolysis and crosslinking. Reddy
and Yang [52], for the first time, as well as other authors
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Fig.8 SEM micrography of -
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(unprocessed) and recovered
after Soxhlet extraction of the
TPS-P14 sample from DMSO
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later [53-56], showed that CA allows the crosslinking of
starch films, which leads to the improvement of the tensile
properties. The pH of the system and the temperature of
the processing are critical parameters for the crosslinking
reactions. The appearance of the band at 1725-1740 cm™!
by Fourier-transform infrared (FTIR) spectroscopy has been
considered the major evidence of the chemical process of
crosslinking with citric acid [57-59] being ascribed to the
carboxyl and ester carbonyl groups. However, the hydrolysis
of starch when the pH decreases is a concurrent reaction
to crosslinking, provoked by the CA addition. High water
content, temperature, and the CA concentration increase the
hydrolysis rate [55, 60—63].

To confirm the crosslinking reactions of starch catalysed
by the presence of the CA in the formulation, FTIR spec-
troscopy was performed. FTIR spectra of the TPS with and
without the CA, and the TPS-14 presented peaks related
to carbohydrate structures (Fig. 9) [57, 64, 65]. In particu-
lar, the peaks observed were the bands in the region of
3000-3500 cm™" and 2800-3000 cm™" are ascribed to the

O-H stretching and C-H stretching, respectively. Moreover,
the peak observed at 1640 cm™' is attributed to the O—H
bending of bounded water, while the peak at 1460 cm™ is
assigned to the O—H bending of the starch molecule [57, 63,
64]. A small band appeared around 1740 cm™" indicating the
presence of crosslinked starch fraction.

The acid hydrolysis of starch was also confirmed by the
Thermogravimetric Analysis (TGA) since a decrease in the
onset of degradation was observed for the sample contain-
ing the CA compared with native starch (Table S1), as pre-
viously reported [66]. The thermal degradation of native
starch occurred in a single step at about 305 °C because of
oxidation and subsequent scission of starch chains, leaving
22% of char (Fig. S9 and Table S1), as previously reported.
Likewise, pristine pulp fibre thermal degradation occurred
in one step at 356 °C, showing 24% of the chart left (Fig.
S9 and Table S1). The thermal decomposition of wet TPS
and its biocomposites occurred in three main steps. The
first step, around 145 °C, is due to dehydration, and the sec-
ond step between 210 and 290° C is probably due to the

@ Springer



365 Page 12 of 15

Advanced Composites and Hybrid Materials (2025) 8:365

Fig.9 FTIR spectra of TPS
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decomposition of the glycerol-rich phase. All the samples
showed a peak around 250 °C or slightly lower, unless TPS-
P14 showed a peak about 280 °C. This shift towards higher
temperature is probably due to the higher interaction of
starch with glycerol when not inhibited by free water added
into the formulation, as for the other samples, leading to a
more efficient starch plasticisation for TPS-P14, and consist-
ent with the reduction in the TPS-P14’s T, commented in
DMTA analysis (Sect. 4 in Supporting Information). Finally,
the third step is due to the oxidation of partially decomposed
starch at about 320 °C, while the last shoulder at around 355
°C is due to the pulp fibres thermal degradation, as reported
from other authors [67]. It is worth noticing that even after
the reactive melt processing, the thermal stability of pulp
fibres remained unchanged. On the other hand, other authors
reported that the thermal decomposition observed below
290 °C could be related to the free glycerol-rich phase and
esterified glycerol molecules associated with the more unsta-
ble ether linkages formed between the CA and glycerol [62]
and to the hydrolysed starch chains [52, 53, 64]. Confirming
this hypothesis, the decrease of char percentage observed for
wet TPS compared to that of native starch supports the chain
scission of the starch during the melt processing.

Based on the above reported results presented, we may
conclude that the CA can serve as a co-plasticiser in the
plasticization process of starch, establishing a balance
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between the processability and the tensile properties of
TPS as previously reported [62]. Moreover, the induced
hydrolysis can lead to the shortening of the starch, generat-
ing a higher amount of hydroxyl moieties that can migrate
faster towards the pulp fibres at the interphase region and
form a higher level of hydrogen bonding. These strong
interactions between the polymeric matrix and the pulp
fibres are consistent with the morphological analysis and
the increase in tensile properties as the amount of the pulp
fibres increases. Moreover, the detected improved fibres/
TPS interphase interactions support the more effective
fibres dispersion within the polymer matrix.

Our modelling approach aimed at describing this
intriguing mechanical performance through a simplified
macroscale model based on the experimental results, and
that could be used for further speculations on the effects
of different compositions.

In order to reduce the gap between the experimental and
modelling results, a multiscale approach on the mechano-
chemical mechanisms at the filler-matrix interface would
be required to deeply investigate the effects of the reac-
tive extrusion on the surface chemistry of the interface.
This methodology, however, would require a dedicated in
silico study that, although of high interest, goes beyond
the scope of this paper, which serves as a motivation for
further investigation.
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5 Conclusions

In this study, we successfully designed a single-step reac-
tive extrusion assisted by water to obtain biocomposites
with outstanding mechanical properties and proposed a
combination of experimental and modelling for the under-
standing of the reinforcement mechanism.

Our results support the occurrence of reactive com-
pounding for the starch/pulp fibres biocomposites. Exper-
iments and computational modelling of the plasticized
starch and its biocomposites with the pulp fibres were
investigated and compared. The deviation between the
actual and simulated results has levered the scrutiny of
the reinforcement mechanism, where traditional modelling
hypotheses failed to describe the system, i.e. at the matrix/
fibres interface. Structural and morphological results con-
firmed that the reason for the experiment/traditional mod-
elling discrepancy lies in the improved fibres/TPS inter-
face obtained by the designed reactive extrusion approach,
which overcomes the traditional concept of perfect adhe-
sion and highlights the limit of modelling to estimate the
tensile properties of the biocomposites.

The morphological evidence of improved dispersion
and cohesive fracture propagation within the fibre struc-
ture confirms that the inherent hypotheses of the descrip-
tion of the system fail when the biocomposites are reactive
compounded. The perfect adhesion at the TPS/fibres inter-
phase after the reactive compounding is too restrictive to
efficiently describe the system properties, which instead are
improved due to a change of the pristine TPS and fibre prop-
erties. The reactive extrusion approach leads to an improved
interphase region due to dispersion/fibrillation of the fibres
within the TPS matrix ascribed to an improved stress trans-
fer due to a larger surface contact between the fibres and the
thermoplastic starch. Overall, the experimental/simulation
discrepancy indicates a clear need for a more performant
modelling design in the description of reactively prepared
biocomposites. Because of this, we proposed a different but
effective modelling approach that synergistically considers
the experimental data and analytical model despite requiring
a preliminary elaboration of the materials’ properties. This
novel toolbox enables the description of the phenomena at
the reactive extruded interface via an artefact of a mechani-
cal mechanism in composites using a traditional FE simula-
tion, avoiding computationally expensive molecular dynam-
ics studies, not limited to our specific set of data.

Further investigations on a more efficient modelling
description of the mechanics of the interface are still
required, and this is the research avenue where our effort
is currently focused.
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