Open Access Article. Published on 14 May 2024. Downloaded on 1/30/2026 1:54:46 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Green Chemistry

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ M) Check for updates ‘

Cite this: Green Chem., 2024, 26,
6822

Received 26th September 2023,
Accepted 15th April 2024

DOI: 10.1039/d3gc03637e

rsc.li/greenchem

1. Introduction

Exploring the potential of regenerated loncell fiber
composites: a sustainable alternative for high-
strength applications
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Cellulose-based fiber-reinforced composites are gaining attention for their eco-friendly attributes and
cost-effectiveness. However, their application in high-strength domains remains limited due to the domi-
nance of synthetic and inorganic fibers. This study explores the potential of composites utilizing “loncell
fiber”, a unique cellulose fiber, in comparison to carbon, cellulosic, and glass fiber composites. Our
findings reveal that loncell fiber composites exhibit earlier thermal degradation compared to carbon fiber
composites according to thermogravimetric analysis (TGA). Analysis via scanning electron microscopy
(SEM) highlights exceptional interaction between loncell fiber and bio-based epoxy, surpassing other
fibers. Additionally, assessment of composite hydrophilicity or hydrophobicity through contact angle
measurements reveals distinctive surface characteristics, with loncell exhibiting a contact angle of 80°,
comparable to carbon fiber's contact angle of 75°, while glass transition results demonstrate loncell fiber's
transformation closely resembling that of carbon fiber composites. Although loncell fiber exhibits lower
strength (approximately 50 cN per tex) compared to carbon fiber (222 cN per tex), loncell composites
demonstrate promising strength levels nearly half that of carbon fiber composites (approximately 230
MPa for loncell fiber composite compared to 500 MPa for carbon fiber composite). These results under-
score the potential of loncell composites as sustainable alternatives to petroleum-based and synthetic
fiber composites, thus contributing to a more environmentally sustainable future.

polymer-matrix composites (PMCs). This interest stems from
their abundant availability, cost-effectiveness, and biodegrad-

In response to the imperative to mitigate carbon emissions,
industries are increasingly adopting biodegradable composites
for various applications.”” This trend has led to a surge in
demand for composites, characterized by the use of natural
cellulose fibers as reinforcement and bio-based polymers as
matrices over the past several years.® According to the reports,
the worth of composites reinforced with natural fibers was
anticipated to be US$6.4 billion in 2022 and is expected to
increase to US$14 billion by 2030. Another survey result
depicted that the demand for natural fiber composite products
will reach US$424 million in 2028 with a 5.3% growth rate.’
However, natural fibers have substantial benefits compared to
synthetic fibers and are gradually becoming popular in compo-
site applications. Lignocellulosic fibers extracted from plants
are currently gaining attention as potential reinforcements for
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ability.” Natural fibers have attracted significant attention due
to their environmentally friendly characteristics, contributing
to sustainable practices.® The application of natural fiber com-
posites has experienced substantial growth, particularly in
industries such as construction, automotive, sports, bioengi-
neering, aerospace, electrical and electronics, food packaging,
and energy storage.” * These fibers offer versatile and

biodegradable solutions, known for their exceptional
strength, lightweight nature, endurance, and environmental
sensitivity.'*"

Within the context of natural fibers, there is an increasing
awareness of environmental safety and the utilization of
natural products in daily life. This trend is driven not only by
considerations of low cost and raw material availability but
also by a collective commitment to the well-being of both
people and the planet.

As the demand for sustainable materials continues to rise,
scientists are exploring synthetic alternatives with comparable
qualities to natural fibers. The use of natural fiber-reinforced
composites is gaining popularity, driven by their environmen-
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tally friendly and biodegradable characteristics.'® However,
there is also a noteworthy shift in certain applications where
synthetic fibers are replacing natural counterparts like jute,
hemp, and flax. This transition is motivated by factors such as
the lower cost, lightweight nature, reusability, and decomposa-
bility of synthetic fibers."”'® The increasing preference for
natural fibers over synthetic ones aligns with their role as sus-
tainable and biodegradable resources, making them ideal for
the production of environmentally friendly composites. This
transition towards biobased products, including biodegradable
resources, bioenergy/biofuels, and environmentally friendly
chemicals, represents a contemporary paradigm aimed at sub-
stituting petroleum-based materials. This shift is considered a
crucial step towards a lower carbon economy, addressing
global challenges related to renewable resource depletion and
environmental concerns."’

While natural fibers offer advantages over synthetic and
regenerated cellulose fibers, it is essential to acknowledge
their drawbacks. One notable disadvantage is that natural
fibers tend to be more hydrophilic and prone to moisture
absorption, resulting in fiber swelling. This phenomenon can
impact the interaction between the fiber and matrix, thereby
influencing the strength properties of the composite.”>*! The
irregularity properties of regenerated cellulose fiber are insig-
nificant compared to natural fiber. The other properties, for
instance, fiber length, diameter, linear density, and strength,
can be adjusted during the manufacturing process.”>** The
main advantages of regenerated cellulose fiber as reinforcement
material in the composite are its excellent uniformity, high
tensile strength, good adhesion properties, and less defect.>*?>

The use of regenerated cellulose fibers and textiles as
strengthening elements has been the subject of numerous
investigations in composites,”®?” but until now, the required
research has not been conducted on regenerated cellulose
fabric produced by Ioncell technology. However, one research
has been conducted using the Ioncell-F filament form in uni-
directional composites. The author assessed how the pro-
portion of volume and the characteristics of the fiber affect the
mechanical properties of the composite,”®*® whereas this
study evaluates the potential of woven fabric structures and
compared the properties of composite with high-strength
carbon and glass fiber as well as commercial high-strength
viscose fiber. Composites made from carbon fiber are not
capable of breaking down naturally. The manufacturing
process of carbon fiber discharges harmful pollutants into the
atmosphere, potentially causing detrimental effects on the
environment and human health. Furthermore, since carbon
fiber does not decompose naturally, it is likely to accumulate
in waste disposal sites after its usage.**"

The primary objective of this investigation is to develop and
assess a biodegradable cellulose composite with the potential
to serve as a substitute for carbon fiber composites. The meth-
odology employed involves the creation of a fabric utilizing
Ioncell fiber, ensuring its structural equivalence to carbon
fiber. Subsequently, a composite is developed using a bio-
based epoxy through the vacuum infusion technique. The
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ensuing step involves a comprehensive comparison of mechan-
ical, thermal, and morphological properties. This study further
endeavors to comprehend the mechanisms facilitating
enhanced fiber-matrix interaction for optimal mechanical pro-
perties, juxtaposing the Ioncell fiber composite with pet-
roleum-based carbon and glass fibers, as well as other regener-
ated fibers (e.g., viscose fiber). The manufacturing process
route of composite is demonstrated in Fig. 1.

The execution of this study involved the utilization of
Ioncell and viscose filaments for fabric weaving (plain weave)
on a table loom. Various layers of Ioncell fabric composite,
along with carbon fiber, glass fiber, and viscose/cotton fabric
composites, were produced and subjected to a comparative
analysis against commercial carbon, viscose, and glass fabric
composites. Furthermore, diverse properties were rigorously
assessed through a myriad of characterizations and tests,
including tensile testing, thermogravimetric analysis (TGA),
differential scanning calorimetry (DSC), scanning electron
microscopy (SEM), and contact angle measurements.

2. Materials and methods
2.1 Materials

The Ioncell filament, derived from wood pulp, was generously
provided by the Ioncell team at Aalto University.*>*® Viscose
filaments were sourced from CORDENKA GmbH & Co. KG,
based in Obernburg, Germany. The carbon fiber textile, com-
posed of polyacrylonitrile precursors (T700), was acquired
from Easy Composites in the UK, while the glass fiber textile,
consisting of alumino-borosilicate glass with less than 1% w/w
alkali oxides, was supplied by OC 2400tex, Owens Corning,
USA. Utilizing Ioncell and viscose filaments, fabrics were meti-
culously crafted on a weaving loom at the Bioproduct and
Biosystem Department at Aalto University. For an in-depth ana-
lysis of fiber diameters, a scanning electron microscope was
employed. Prior to the SEM examination, the fibers underwent
coating with an 80 Au/20 Pd sputter coater to mitigate charge
accumulation. Measurements were conducted across five
different sections, and subsequent calculations yielded the
average diameter.

Fiber analysis encompassing linear density, strength, and
elongation was conducted using the Textechno Herbert Stein
Favigraph instrument. This comprehensive study involved the
utilization of five distinct types of fibers, each contributing to
the fabrication of the woven fabric with an identical structure.

The bio-based epoxy resin utilized in this study (AMPRO™
BIO) was procured from Gurit, featuring a 40-60% bio-based
system. Additionally, the corresponding slow curing agent was
acquired from the same supplier. For the vacuum infusion
process, a resin-to-hardener ratio of 3:1 was applied by
volume, and the system exhibited the capability of curing at
room temperature. Technical details regarding the epoxy
resin and hardener, including essential specifications, are pre-
sented in Table 1 and sourced directly from the product
manufacturer.

Green Chem., 2024, 26, 6822-6835 | 6823
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Fig. 1 Manufacturing process route of loncell fiber composites.

Table 1 Key properties of the bio-based epoxy resin system

Properties Value
Tensile strength (MPa) 32.0
Mix ratio by volume 3:1
Density (g cm ™) at 21 °C 1.1

2.2 Manufacturing of fabrics

The weaving process was executed on a Leena table loom
obtained from Toika Oy, Finland. The filaments were meticu-
lously threaded through the heddle eyes of the loom’s har-
nesses. To guarantee a uniform fabric width, 10 cm intervals
were marked on the reed for the strategic insertion of the warp
filament. Ensuring the warp filaments’ correct tension and
averting yarn breakage, the filaments were securely fastened at
both ends of the loom. Once the warp yarn was prepared, the
weft yarn was loaded into the shuttle for seamless insertion
through the warp yarn. Following the weft yarn insertion, the
beating-up process was carried out carefully, compacting the
weft yarn with the warp yarn to establish the desired fabric
structure. The fabrics were woven in a plain weave pattern with
a 1 x 1 structural design, as illustrated in Fig. 2.

6824 | Green Chem., 2024, 26, 6822-6835

2.3 Manufacturing of composites

The production of biodegradable Ioncell fiber and other fiber
composites was achieved through the application of the
vacuum infusion method, a state-of-the-art and environmen-
tally conscious approach in composite manufacturing. This
technique enables the homogeneous infusion of the matrix
throughout the reinforcing fabric, fostering superior interfacial
bonding between the matrix and fiber when compared to
alternative composite production methods. The fabrication
process involves the placement of the fabric onto a glass mold,
followed by the arrangement of a peel ply, breather ply, and
vacuum bag atop the fabric.

The glass mold is equipped with two tubes, one designated
for resin supply and the other serving as an outlet for the
resin-to-resin trap. A vacuum pump is connected to the resin
trap, and the setup is secured with multiple clamps. The inlet
clamp precisely governs the controlled supply of resin to the
material. The operational configuration during composite pro-
duction is visually represented in Fig. 3. Following the com-
pletion of the setup, the motor is activated, ensuring a secure
vacuum with no leaks. The prepared matrix is then connected
to the inlet pipe, and the clamp is opened, initiating the resin
infusion through the reinforced fabric. The infusion process

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Fabric weaving process: (a) weaving loom and (b) 1 x 1 plain weave structure. (c) loncell fabric manufactured in this study.

spans approximately 5-7 minutes for each composite, culminat-
ing in the thorough impregnation of resin. Subsequently, the
composite undergoes a curing period at room temperature for a
minimum of 6 hours, ensuring the realization of optimal
material properties. The sample codes of the prepared compo-
sites are CFRC for carbon fiber reinforced composite, GFRC for
glass fiber reinforced composite, IFRC Ioncell fiber reinforced
composite, VCFRC for viscose/cotton fiber-reinforced compo-
site, and VFRC for viscose fiber reinforced composite.

2.4 Single fiber tensile properties of the samples

The tensile strength of individual filaments of Ioncell, carbon,
glass, and viscose fibers was determined employing the vibro-
scopic method (Instrument-Textechno Herbert Stein GmbH &
Co. KG), adhering to the principle of a constant rate of exten-
sion. The testing procedure followed the international standard

This journal is © The Royal Society of Chemistry 2024

method EN ISO 5079, with EN ISO 139 utilized for conditioning.
Prior to testing, the fibers underwent conditioning in a stan-
dard atmosphere (65% RH) and temperature (20 °C) for
24 hours, in accordance with the standard method. A single fila-
ment was meticulously isolated from the multifilament using
tweezers and a black/white board. This isolated filament was
then securely clamped with a preselected tension weight and
positioned within the testing device. A gauge length of 20 mm
was established, employing a twenty cN load cell. A pretension
weight of 100 mg, based on the linear density of the fiber, was

applied. The testing speed was set at 1 mm min™".

2.5 Scanning electron microscopy

Microstructure analysis of the fibers is carried out using a
scanning electron microscope (Sigma VP; Zeiss, Oberkochen,
Germany) operating at an acceleration voltage of 5 kV.

Green Chem., 2024, 26, 6822-6835 | 6825
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Fig. 3 Schematic diagram of the vacuum infusion process used in this study for composite fabrication.

Likewise, SEM is employed to inspect the fracture surfaces of
the composites after undergoing tensile tests with an accelera-
tion voltage of 3 kV. Before the examination, all specimens are
coated with a 5 nm layer of gold using the high vacuum depo-
sition technique (EM SCD500, Leica, Germany).

2.6 Wettability of fabricated composites

The analysis of composite wettability was carried out utilizing
the “Theta Flex optical tensiometer”, which measured the
contact angle of the composite surface. The Theta Flex system
integrates a video camera, an automatic XYZ sample stage, a
dual dispenser unit, and an LED light source. The
OneAttension software facilitated the smooth operation of the
experimental process, providing flexibility in manipulating
parameters. For this investigation, the sessile drop method,
selected for its convenience in analyzing the surface properties
of solid materials, was employed.

The experimental procedure commenced with an initial
calibration to ensure accuracy before sample analysis.
Following successful calibration, the water bottle was posi-
tioned on the surface of the automatic XYZ stage, with adjust-
ments made to the stage and dispenser height to ensure
precise water droplet placement. Subsequently, the sample was
placed on the stage, and the program was initiated, causing
water droplets to descend onto the composite surface. A USB3
camera captured a high-resolution image, enabling a detailed
examination of the wettability characteristics.

2.7 Thermal analysis of the composites

The thermal characteristics of the composite were systemati-
cally analyzed employing thermogravimetric analysis (TGA)

6826 | Green Chem., 2024, 26, 6822-6835

and differential scanning calorimetry (DSC). The Netzsch STA
449 F3 Jupiter & QMS 403 Aéolos Quadro instrument was uti-
lized for TGA assessments. Initially, specimens were encapsu-
lated in 85 pL Al,O; crucibles (Netzsch) and subjected to a con-
trolled temperature ramp from 40 to 800 °C at a heating rate of
10 °C under a gas flow of 70 mL min™", composed of 15 vol%
oxygen and a blend of 50 mL min™" air and 20 mL min™"
nitrogen.

The DSC (TA Instruments Discovery DSC) facilitated the
determination of the glass transition temperature of the com-
posite. Additionally, the melting temperature and crystallinity
degree of thermoplastic composites were evaluated within a
temperature range spanning —50 °C to 250 °C. The heating/
cooling rate was set at 10 °C min~". Sample masses, ranging
between 5-14 mg, underwent meticulous preparation, includ-
ing slicing, weighing using a precision balance, and place-
ment in dedicated aluminum pans. Subsequent to covering
the sample with a top pan and ensuring secure sealing, a
reference sample was concurrently analyzed for comparative
purposes.

2.8 Tensile test of composites

The tensile properties of the produced composites, including
tensile strength, Young’s modulus, and elongation at break,
are analyzed using a Universal Testing Machine (Instron, MTS
4204, United States). This analysis aimed to investigate the per-
formance of composites reinforced with different fibers. Six
dog-bone specimens for each kind of composite are cut by a
waterjet cutting machine (JJ-I, Shanghai Jinjian, China) based
on ISO 527-4(1A). The average dimension of each specimen is
approximately 150 mm X 20 mm x 4 mm. The tensile test is

This journal is © The Royal Society of Chemistry 2024
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conducted at room temperature and 50% relative humidity
using a testing speed of 1 mm min~". A load cell of 5 kN is
employed to determine the tensile strength and Young’s
modulus of all the prepared samples. Additionally, the strain
at breaks is measured using an extensometer attached to one
side of the sample, with a gauge length of 50 mm.

3. Results and discussion

3.1 Morphology of fibers

Fig. 4 illustrates the surface characteristics of Ioncell, viscose,
glass, and carbon fibers, providing valuable insights into their
morphological attributes. SEM imaging reveals distinctive fea-

D=15.9 um

Fig. 4 SEM images of (a) loncell, (b) viscose, (c) glass, and (d) carbon fiber.

This journal is © The Royal Society of Chemistry 2024
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tures of each fiber type. The Ioncell fiber surface exhibits a
remarkably smooth and rod-like structure, consistent with
observations from prior studies.>* This surface morphology is
indicative of the unique characteristics of Ioncell fibers, show-
casing their refined and uniform composition. In contrast, the
surface analysis of viscose fiber reveals a more irregular and
jagged edge characterized by fine lines that traverse its length.
This distinct surface texture highlights the heterogeneous
nature of viscose fibers, presenting a stark contrast to the
smoother profile of Ioncell fibers. Interestingly, both glass and
carbon fibers exhibit a rod-like structure akin to Ioncell fibers,
showcasing a notable similarity in their morphological fea-
tures. The absence of fine lines along the longitudinal axis of
both glass and carbon fibers aligns with the smooth and con-

D=11.5 pm
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tinuous nature observed in Ioncell fibers. This consistency in
rod-like structure suggests commonalities in the fundamental
morphological aspects of these high-strength fibers. These
detailed surface analyses contribute to a comprehensive under-
standing of the morphological distinctions among Ioncell,
viscose, glass, and carbon fibers. Such insights are crucial for
elucidating the unique characteristics and potential appli-
cations of these fibers in various composites, thereby advan-
cing the knowledge base in the field of fiber-reinforced
composites.

3.2 Single fiber tensile properties

The tensile properties of the fibers were determined by separ-
ating the fiber from the continuous multifilament. A long
filament was cut into small pieces of 30 mm, which is suit-
able to grip between the clamps. Linear density as well as
elongation of cellulosic fiber (Ioncell and viscose) showed a
higher value than the carbon fiber (Table 2). Meanwhile, the
tenacity of carbon fiber is high (nearly 4.4 times that of cell-
ulose fiber) compared to Ioncell and viscose fiber. Carbon
fibers have a high strength-to-volume ratio because they are
made of carbon atoms that are bonded together in crystals
along the fiber axis. The strength of the cellulose structure is
directly proportional to crystallinity and total orientation of
its chains. Lower tensile strength and modulus are typically
combined with a higher elongation at break.’> The tenacity
for carbon fiber was 222.24 cN per tex, but elongation and
linear density were 2.41% and 0.65 dtex (deci-tex: Grams per
10 000 metres of yarn), respectively, which is lower than the
cellulosic fiber.

The fiber’s tenacity depends on several factors. For
instance, degree of polymerization, bonding between adjacent
polymer chains in the molecule, degree of orientation in the
fiber axis as well as crystallinity. On the other hand, the
elongation of fiber will be lower if the crystallinity is high, the
orientation of the chain of polymer is higher as well as the
durable bonding between inter-chains.>®

Table 2 Characteristics of fibers utilized in the study

View Article Online

Green Chemistry

3.3 Volume fraction of composites

All composite samples were composed of two fabric layers,
and the calculated values for fiber volume fraction, matrix
volume fraction, fiber weight fraction, matrix weight fraction,
and composite density are summarized in Table 3. Analysis of
the data reveals that the carbon fiber-reinforced composite
exhibits the highest volume fraction, followed by the viscose
fiber-reinforced composite and the glass fiber-reinforced com-
posite. Conversely, the Ioncell fiber-reinforced composite
shows the lowest fiber volume fraction, with the viscose/cotton
fiber-reinforced composite closely following. Interestingly, the
composite density is lowest for the viscose/cotton fiber-
reinforced composite, succeeded by the Ioncell fiber-
reinforced composite. In contrast, the glass fiber-reinforced
composite exhibits the highest density among the tested
composites.

3.4 Wettability of the composites

The assessment of composite hydrophilicity or hydrophobicity
involves measuring the surface contact angle, which not only
provides insights into the material’s water-attracting or repel-
ling properties but also serves as an indicator of surface
smoothness. Each sample underwent three contact angle
measurements at different locations to ensure robust evalu-
ation. Fig. 5 illustrates the contact angles of various compo-
sites, emphasizing the dependence of the contact angle on the
nature of the reinforcing material. Previous research has
demonstrated that a lower fiber content correlates with
reduced water absorption rates, influencing the contact angle
accordingly. Consequently, decreasing water absorption per-
centages may lead to an increase in the contact angle.’””*®
Notably, the contact angle results for composites offer
insights beyond hydrophilic or hydrophobic characteristics;
they also provide valuable information about surface rough-
ness or smoothness. This distinction is particularly evident in
the case of carbon and glass fiber-reinforced composites. The

Fiber Diameter (um) Linear density (dtex) Tenacity (cN per tex) Young’s modulus (cN per tex) Elongation (%)
Toncell fiber 13.1+0.8 2.35+0.2 50.16 1.4 1676.4 £ 10.2 8.99 £ 0.2
Viscose fiber 11.5+0.5 1.84+0.3 51.53 £ 1.6 1077 £ 13.2 14.01 £ 0.4
Glass fiber 15.9+0.7 0.95+0.09 200.2 +4.1 9443.3 £9.8 2.12+£0.3
Carbon fiber 7.13 £0.7 0.65 0.1 222.25+ 3.2 9221.5 £5.3 2.41+0.2

Table 3 Fiber volume fraction (FVF), matrix volume fraction (MVF), weight fraction of fiber (WFF), weight fraction of matrix (WFM), and composite

density (CD)

Sample FVF (%) MVF (%) WEFF (%) WFM (%) CD (gem™)
GFRC 54.66 + 1.3 45.34+1.1 73.18 +1.3 26.82 £ 1.5 1.86 + 0.05
VCFRC 45.40 £ 0.5 54.60 £ 0.7 53.46 +1.2 46.54 +1.2 1.29 £ 0.03
VFRC 56.12 +1.5 43.88 +1.2 63.87 +1.3 36.13 £ 0.8 1.34 + 0.04
IFRC 51.33 +1.6 48.67 £ 1.1 59.31+1.6 40.69 +1.4 1.32 + 0.04
CFRC 60.38 +1.2 39.62 £ 0.9 70.92 +1.2 29.08 £ 0.9 1.50 + 0.05

6828 | Green Chem., 2024, 26, 6822-6835
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Fig. 5 Dynamic contact angle of (a) loncell fiber reinforced composite, (b) viscose fiber reinforced composite, (c) glass fiber reinforced composite,
(d) carbon fiber reinforced composite, (e) viscose/cotton fiber reinforced composite, and (f) cured resin.

contact angle measurements for these materials contribute to
a nuanced understanding of their surface characteristics, shed-
ding light on aspects beyond the water interaction and advan-
cing our comprehension of the intricate interplay between
composition and surface properties in the composites.

The measured contact angles reveal distinctive surface
characteristics, with the lowest contact angle observed in the
carbon fiber-reinforced composite at 76.07°, closely followed
by the Ioncell fiber-reinforced composite at 77.69° (Table 4).
This proximity in contact angles between carbon and Ioncell
fiber-reinforced composites suggests a comparable nature in
the surface smoothness of these materials. In contrast, the
contact angle for the viscose fiber-reinforced composite was
found to be 92.31°, while the viscose/cotton blended fiber-
reinforced composite exhibited a contact angle of 103.85°.
Notably, the contact angles of natural fiber-reinforced compo-
sites, specifically those reinforced with hemp and flax fibers,

This journal is © The Royal Society of Chemistry 2024

Table 4 The dynamic contact angle (CA) of composites and neat epoxy
resin

Sample CA left CA right Average CA
CFRC 76.07 75.81 75.94
IFRC 81.58 79.93 80.75
GFRC 92.79 91.62 92.20
VFRC 90.60 94.03 92.31
VCFRC 103.85 102.94 103.39
Resin 83.76 84.85 84.30

fell within the range of 58-70°.>° Additionally, an exploration
of the contact angle of composites with rough surfaces demon-
strated higher contact angles in areas with surface rough-
ness.*® Consequently, the carbon and Ioncell fiber-reinforced
composites exhibit smooth surfaces, as evidenced by their rela-
tively lower contact angles, while the viscose fiber-reinforced

Green Chem., 2024, 26, 6822-6835 | 6829
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composite approaches 90° and the viscose/cotton fiber compo-
site surpasses the 90° threshold. These results indicate that
the latter two materials possess rougher surfaces compared to
the smoother profiles of the carbon and Ioncell fiber-
reinforced composites.

3.5 Thermogravimetric analysis (TGA)

Fig. 6a represents the TGA curves of carbon, glass, Ioncell,
viscose/cotton, viscose fiber reinforced composite as well as
the neat Ioncell and epoxy resin. Furthermore, the detailed
results of the derivative thermogravimetric (DTG) peak, onset
temperature as well as residual mass percentage are presented
in Table 5. The weight loss percentage was observed to be the
lowest for glass fiber composite, which was 29.11%, whereas
carbon fiber was 37.39%. On the other hand, all cellulosic
fiber weight loss percentage was observed to be almost similar
(IFRC-82.47%, VCFRC-84.11% as well as VFRC 81.8%). In con-
trast, the neat Ioncell and neat epoxy resin showed higher
mass loss than the composite. It can be concluded that the
mass loss percentage is less for the composite than the neat
material with the same temperature. The maximum mass loss
was observed between temperatures 300-400 °C for all the
composites as well as neat material.

Fig. 6b shows the DTG curve, indicating the point of most
significant mass loss. It was observed that cellulosic fiber and
composite have small peaks before 100 °C which is related to
the water evaporation.*’ The neat Ioncell-F was noted to have
the most significant mass loss at a temperature of 338.6 °C
and at a rate of 24% min~", which is nearly identical to the
temperatures recorded for the GFRC was observed at 338.7 °C;
however, the rate was 3.13% min~" and carbon fiber composite
rate was 4.1% min~". On the other hand, two peaks were
observed for the CFRC, VFRC, neat epoxy resin, and VCFRC
which indicates that the mass loss process happened in two
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Table 5 Thermal analysis data of different composites

DTG peak  DSConset  Residual

Sample (°C) (°C) mass (%)  WFF (%)
CFRC 333.7 336.3 62.61 70.92 £ 1.2
IFRC 309.8 284.7 17.53 59.31+1.6
GFRC 338.7 324.5 70.89 73.18 £ 1.3
VFRC 310.2 300.2 18.20 63.87 £ 1.3
VCFRC 304.7 286.1 15.89 53.46 £ 1.2
Neat resin 314.9 311.5 6.13 —

Neat Ioncell-F 338.6 314.1 10.22 —

stages. The first stage of mass loss was 333.7 °C, 310.2 °C,
314.9 °C, 304.7 °C consecutively. In contrast, the second stage
of mass loss was slightly lower than the first stage, which was
observed at 342.1 °C, 316.0 °C, 317.2 °C, and 328.3 °C. It can
be deduced that all neat Ioncell-F, IFRC, and GFRC mass loss
happened in one stage, whereas the CFRC, VFRC, neat epoxy
resin, and VCFRC mass loss happened in two stages. From the
curve temperature of neat fiber and neat epoxy resin, it can be
concluded that resin was degraded at the first stage and fiber
was degraded at the second stage. The rapid mass loss of
Toncell can be attributed to its monomeric nature, whereas the
slower thermal degradation of cellulose or resin is linked to
their polymer structures. Complex polymer molecules typically
necessitate more time to ignite and burn.

3.6 Differential scanning calorimetry (DSC)

The DSC thermograph of carbon, Ioncell, glass, and viscose
fiber composite and resin, ranging from —50 °C to 250 °C, is
depicted in Fig. 7. The lower plot in the DSC graph indicates
the endothermic phase, where heat is absorbed, while the rise
signifies the exothermic phase, where heat is discharged.*? It
was noted that the glass transition temperatures for compo-
sites reinforced with cellulosic fibers, specifically 39.93 °C for
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and neat resin.
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IFRC and 37.91 °C for VFRC, are quite similar due to crystalli-
nity and crystal structure of the regenerated cellulose.
However, the T, for composites reinforced with inorganic
fibers is marginally higher than that of the cellulose fiber com-
posite. The reported T, for carbon and glass fiber composites
are 42.46 °C and 51.75 °C, respectively. Interestingly, T, for the
neat resin was found to be slightly higher than that of the cell-
ulose fiber composite. Several factors, such as the moisture
content and the internal stress induced in the material, can
influence thermal behavior during the process. This could be
due to weak interface compatibility between the fiber and
matrix, which allows for greater mobility of the epoxy mole-
cular chain along the interface region, potentially resulting in
a lower T,.*>** Therefore, it can be deduced that the reduced
mobility of the epoxy molecular chain in the interface region
for carbon and glass fiber composite results in an elevated
glass transition temperature. The glass transition temperature
(Tg) of the resin decreases in all composites, with minimal
impact observed in the case of glass fibers. However, cellulose
fibers exhibit the most significant effect on the reduction of
T,. This effect is likely attributed to the high hydrophilicity of
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cellulose, resulting in higher moisture content within the com-
posites, as discussed by the authors.

3.7 Tensile testing of the composites

In the assessment of strength properties, this study explores
the efficacy of various cellulosic fibers, including Ioncell,
viscose, and cotton, as reinforcement within composites along-
side inorganic fibers like carbon and glass. Five distinct com-
posites were meticulously fabricated using a vacuum infusion
The resulting

process with a bio-based epoxy matrix.
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maximum tensile stress-strain curve, as depicted in Fig. 8,
highlights the superior tensile strength of the carbon fiber-
reinforced composite, albeit with a relatively lower strain com-
pared to other composites. The investigation into the under-
lying factors influencing this disparity in strength and strain
characteristics has been explored in prior research.*®

The remarkable tensile strength of carbon fibers is attribu-
ted to their inherent rigidity and robustness. Fibers character-
ized by high strength typically exhibit an exceptionally elevated
tensile strength coupled with a notable failure strain. In this

Fig. 9 SEM images of fractured surface after tensile test for (a, b) carbon fiber, (c, d) glass fiber, (e, f) loncell fiber, and (g, h) viscose fiber reinforced

composites.
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context, the Ioncell fiber composite demonstrated a tensile
strength of 230.3 MPa, nearly half of that observed in carbon
and glass fiber composites, yet 1.09 times higher than com-
mercially available high-strength viscose fiber composites. The
stress—strain curve analysis reveals an approximately linear be-
havior for carbon, glass, and Ioncell fiber-reinforced compo-
sites up to a yield stress of 90 MPa, indicating that the initial
stress response of Ioncell fiber closely mirrors that of carbon
fiber. The observed strength of the composite is intricately
linked to the properties of both the reinforcement and matrix
materials, emphasizing the pivotal role played by the inter-
action between these components.*®*” This holistic investi-
gation provides valuable insights into the nuanced interplay of
materials within composite structures, contributing to a com-
prehensive understanding of their mechanical performance
and facilitating informed material selection for diverse
applications.

3.8 Fractography

All tested samples underwent longitudinal fracture during the
tensile test, revealing distinct fracture behaviors and highlight-
ing the intricate interaction between the matrix and fibers.
SEM images captured at various magnifications offer detailed
insights into the fractured surfaces. The inorganic fiber-
reinforced composites, specifically carbon and glass compo-
sites, exhibited uneven fracture surfaces. In Fig. 9a and b,
representing the fractured surface of the carbon fiber compo-
site, ruptured fibers were observed, but the interaction
between the fiber and matrix was not deemed poor. Some
fibers fractured at the edge of the fracture area, while others
broke in the middle, a phenomenon attributed to the inherent
brittleness of the fibers. Matrix debris surrounding carbon
fibers indicated matrix delamination from the fiber surface.
Notably, no debonding or fiber pull-out was observed, indicat-
ing the absence of crack propagation. Fig. 9c and d reveals the
fractured surface of the glass fiber-reinforced composite
(GFRC), displaying adhesive and cohesive failures. The non-
planar, rough failure surface indicates poor matrix and fiber
interaction. Matrix debonding was evident, although no fiber
pull-out was observed.

In contrast, the fractured surface of the Ioncell fiber-
reinforced composite, as depicted in Fig. 9e and f, showcased
excellent fiber-matrix interaction. The fibers exhibited
uniform breakage without evidence of debonding or pull-out,
and no instances of adhesion or cohesion failure were
observed. This finding aligns with a similar observation
reported in prior studies,*® underscoring the robust compat-
ibility between the matrix and Ioncell fibers, a critical factor
influencing mechanical properties. Comparatively, the fracture
surface of the viscose fiber composite (VFRC) is presented in
Fig. 9g and h, where the cross-sectional shape of viscose fibers
deviates from the circular profiles of Ioncell, carbon, and glass
fibers. The compatibility between viscose fibers and the matrix
material was deemed insufficient, resulting in poor adhesion.
Although no cohesion failure was identified in the fractured

This journal is © The Royal Society of Chemistry 2024
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area, gaps between the matrix and fibers suggested suboptimal
interaction between the fiber and matrix materials.

4. Conclusions

In conclusion, this study aimed to assess the potential of
Ioncell fiber as a substitute for carbon and other synthetic and
cellulosic fibers, investigating its interaction with bio-based
epoxy resin. Utilizing Ioncell fiber provided by the Aalto
Ioncell team, plain-woven fabrics were produced and subjected
to comprehensive evaluations, including assessments of the
mechanical strength, and various tests such as thermal, hydro-
phobicity, and fractography for the fabricated composites. The
Ioncell composite exhibited mechanical strength approxi-
mately half that of carbon and glass fibers but surpassed other
cellulose fibers. However, thermal degradation in the Ioncell
fiber composite occurred earlier than in the carbon fiber com-
posite. SEM images unveiled an exceptional interaction
between Ioncell fiber and bio-based epoxy, surpassing other
fibers, while contact angle results indicated Ioncell’s surface
more hydrophobic comparable to that of carbon fiber. Glass
transition results demonstrated Ioncell fiber’s transformation
closely resembling that of the carbon fiber composite since the
overall glass transition is controlled by resin which is the
major component in our composites. Overall, while some
aspects of Ioncell fiber composite may be inferior to carbon,
the majority of parameters are comparable, suggesting its
potential as a viable, biodegradable alternative in specific
applications, emphasizing its environmentally friendly attributes.
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