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Abstract

The use of carbon fibre (CF)-based composites is of growing global importance due to their application in high-end sec-
tors such as aerospace, automotive, construction, sports and leisure amongst others. However, their current high production
cost, high carbon footprint and reduced production capability limit their use to high-performance and luxury applications.
Approximately 50% of the total cost of CF production is due to the thermal conversion of polyacrylonitrile (PAN) precursor
fibre (PF) to CF as it involves the use of high energy consumption and low heating efficiency in large furnaces. Looking at
this scenario, this study proposes in the present study to use microwave (MW) heating to convert PF to CF. This is scientifi-
cally and technologically challenging since PF does not absorb microwave energy. While MW plasma has been utilised to
carbonise fibres, it is the high temperature from the plasma that does the carbonisation and not the MW absorption of the
fibres. Therefore, for the first time, this research shows how carbonisation temperatures of >1000 °C can be reached in a
matter of seconds through the use of a novel microwave (MW) susceptor nanocoating methodology developed via a layer-
by-layer assembly of multiwall carbon nanotubes (MWCNTs) on the PF surface. Remarkably, these CFs can be produced
in an inexpensive domestic microwave and exhibit mechanical performance equivalent to CF produced using conventional
heating. Additionally, this study provides a life cycle and environmental impact analysis which shows that MW heating
reduces the energy demand and environmental impact of lignin-based CF production by up to 66.8% and 69.5%, respectively.
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1 Introduction

Carbon fibre—reinforced polymers (CFRP) are considered
strategic materials for important sectors of our society (aer-
onautical, automotive and renewable energy) due to their
advantageous properties such as high mechanical strength,
lightweight and excellent chemical resistance [1-4]. However,
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their high cost, in terms of energy usage (about 14 times as
energy intensive as producing steel) and carbon emissions,
during production restricts their use to high-end applications
where these production costs can be absorbed in the price of
the final product. Therefore, the CF and composite indus-
try is in urgent need of a destructive scientific solution that
improves production efficiency and lowers the cost of CF.
This has gained further importance due to impending leg-
islation and the worldwide green energy transition in which
composite materials are crucial for the future development
of wind turbine blades and lightweight electric vehicles [5,
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6]. The high cost of CF is mainly attributed to the massive
energy consumption during their production in particular
during the conversion from PF to CF [7]. During CF produc-
tion polyacrylonitrile (PAN) is wet spun into micrometre-
size fibres that are thermally stabilised via crosslinking of
PAN, and this allows shape retention during carbonisation
where high temperatures of >1000 °C are required to con-
vert PAN into carbon. A similar process of stabilisation and
carbonisation, although on a different scale, is employed
for the synthesis of carbon nanofibres in order to maintain
their shape [8, 9].

The composite industry has been searching for decades
to overcome this cost problem. Currently, the most com-
mon approach is to replace PAN (representing the other
50% of the total cost) with cheaper biobased polymers such
as lignin [8—10]. However, the mechanical performance of
the CF obtained from these alternative precursors is much
lower compared to the current PAN carbon fibres rendering
them inadequate for many advanced applications including
electromagnetic composites [11]. Therefore, this research
presents a breakthrough sustainable manufacturing route that
the composite industry requires to lower costs whilst main-
taining exceptional mechanical performance. This disruptive
new technology converts PF (PAN and lignin-based) utilis-
ing MW heating to CF. While microwave-assisted synthesis
has previously been employed in the production of doped
nanoparticles and graphene, its application in the creation of
carbon fibres for the composite industry represents a ground-
breaking innovation [12, 13]. This is particularly challenging
since PAN and lignin PF do not absorb microwave energy.
Therefore, this study has developed a methodology based on
layer-by-layer coatings of colloidal suspensions of carbon-
based MW susceptors.

The ability of a material to be heated in the presence
of a MW field is defined by its dielectric loss tangent,
tand =¢"/e' [14]. Thus, MWCNTs are ideal as MW sus-
ceptors due to their high MW absorption and large aspect
ratio for homogenous distribution on the PF surface at the
nanoscale. For optimum MW heating, a moderate value of
¢’ (real permittivity) should be combined with high values
of ¢” (imaginary permittivity), to convert MW energy into
thermal energy. MW heating offers a number of advantages
over conventional heating such as (i) non-contact heating,
(ii) energy transfer instead of heat transfer, (iii) rapid heat-
ing, (iv) selective heating, (v) volumetric heating, (vi) no
inertia—of the MW power—(vii) heating from the PF sur-
face and (viii) higher automation [15].

This manuscript presents a methodology for microwave
heating to carbonise PF for the first time. This research
provides a detailed study of showing how PAN and lignin
precursor fibres can be converted to CF for high-end appli-
cations using a simple domestic MW oven. Moreover, this
study provides a complete understanding of the process
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involved during carbon fibre production utilising MW heat-
ing. The parameters used in the experiment were also veri-
fied with a MATLAB model of the MW heating process for
PF in order to ensure consistency of results. The proper-
ties of the obtained CF are evaluated and compared with
conventional CF using structural, mechanical and thermal
characterisation. Finally, a full life cycle assessment is car-
ried out to quantify the environmental and cost benefits of
MW heating in CF production.

2 Experimental
2.1 Materials

Wet spun PAN fibres were obtained from Dralon GmbH,
Germany. A blend of Alcell organosolv hardwood lignin
(lignin) with a M,,=3950 g/mol, PDI=4.7 (supplied by
Tecnaro, Ilsfeld, Germany) and thermoplastic polyure-
thane (TPU; Pearlthane ECO 12T95, obtained from Vel-
tox, France, manufactured by Lubrizol) was developed at
UL and prepared via melt-spinning into precursor fibre in
a ratio of 50:50. Elicarb™ Multi-Walled Carbon Nanotubes
(MWCNTs) with an average diameter of 10—12 nm were
obtained from Thomas Swan and Co. Ltd. The following
were purchased from Sigma-Aldrich (St. Louis, MI, USA):
Poly(diallyldimethylammonium chloride) (PDADMAC), with
a molecular weight of 100,000-200,000 g/mol, sodium deox-
ycholate (SDOC) (C,,H;yNaO,), tolylene-2,4-diisocyanate
(TDI) and n-hexane.

2.2 Sample preparation

Prior to coating, the precursor fibre was corona-treated using
an ETP BD-20AC Laboratory Corona Treater (Electro-Technic
Products) to improve wettability. Precursor fibres were then
coated with a microwave susceptor coating containing multi-
walled carbon nanotubes (MWCNTSs) [16]. The coating process
involved preparing a cationic solution of 0.5 wt% PDADMAC
in DI water and an anionic suspension of 0.05 wt% MWCNTs
manually ground and dispersed in a 2 wt% SDOC aqueous
solution. Fibres were immersed into a cationic solution for 5
min, followed by rinsing and drying using a gentle stream of
compressed air, and then dipped into an anionic suspension
for another 5 min. This process results in one deposition cycle
of a susceptor coating, as illustrated in Fig. 1A. Immersion
in PDADMAC solution deposits a layer of positively charged
polymer on the precursor fibre surface. This is followed by
immersion of the fibre in MWCNT aqueous suspension in
SDOC. Electrostatic interaction between negatively charged
SDOC and positively charged polymer leads to the deposition
of MWCNTs. By repeating this procedure, a MWCNT-based
thin film is grown incrementally with each cycle. After the
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Fig. 1 A layer-by-layer cycle of susceptor coating deposition and B schematic representation of the microwave heating setup used in this study
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initial cycle, all subsequent cycles were completed with 2 min
dip times. This was repeated to deposit the desired number
of susceptor layer cycles. Subsequent samples are referred to
as Xc, where X signifies the number of cycles. Fibre samples
with deposited multilayer films were air-dried overnight and
then stored in a desiccator prior to further processing and
characterisation. Two routes of sample preparation were
investigated: (i) susceptor coatings before stabilisation and
(ii) susceptor coatings after stabilisation.

2.3 Stabilisation

PAN samples were stabilised by heating in air at a ramp
of 1 °C min~! until 250 °C, followed by 1 h isothermal at
250 °C. Lignin/TPU blend samples were dipped for 5 min
in a cross-linker solution of 10 wt% of tolylene-2,4-diisocy-
anate (2,4-TDI) in n-hexane following stabilisation in air at
aramp of 1 °C min~! until 250 °C, with 2 h isothermals at
100, 150, 170, 200 and 250 °C.

2.4 Conventional carbonisation

Stabilised PAN and lignin/TPU fibres were placed on a
stainless-steel holder inside a quartz tube reactor of an elec-
trical LENTON tube furnace. The furnace was then closed
and vented with N, for 30 min. After that, samples were
carbonised by heating to 1000 °C at 10 °C min~! with a
30 min isothermal at 1000 °C.

2.5 MW heating

Fibres were wrapped around a quartz microscope slide and
placed in a flask inside a microwave oven, as illustrated in
Fig. 1B. N, gas was allowed to flow through the flask for
30 min after insertion of the sample and during the heating.
Microwave heating was performed in a modified domestic
microwave with a maximum output power of 700 W. The
microwave was operated in two modes: (a) full power and
(b) progressive power levels. In mode (b), the voltage was
increased incrementally from 160165 V to provide five pro-
gressive levels of MW power, with the final one at 230 V
(700 W). The power was unchanged until the sample tem-
perature was stable, which resulted in differences in carboni-
sation times of progressive carbonisation runs. Total heating
time was up to 20 min for mode (a) and 30—40 min for mode
(b). MW carbonisation heating profiles were recorded using
an IR pyrometer Calex PyroUSB PUAS with a temperature
range of 0—1000 °C or Optris CT 3 M with a temperature
range of 250-1800 °C. Following experimental estimation
which was in agreement with values found in the literature
[17, 18], the emissivity was assumed to be constant at 0.9.
After heating, the fibre was allowed to cool down to 250 °C
in an N, atmosphere prior to storage and characterisation.
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Periodic signal noise/vibration was present in some of the
recorded heating profiles, which is due to the periodical
change of the electromagnetic field of the microwave [19].
These profiles were smoothed for clarity in Origin software.

2.6 Characterisation

SEM was performed utilising a Hitachi TM 1000 at 15 kV
for general imaging of the produced CF and a Hitachi
SU70 microscope at 10 kV for higher magnification imag-
ing. RAMAN spectra were recorded by utilising a Horiba
LabRAM 1A spectrometer in a backscattering configura-
tion, equipped with a 514.5 nm laser source, calibrated with
the spectra of a silicon sample before each session. Fits of
the spectra were obtained using a Pseudo-Voigt function in
Origin software. The graphite particle size (L,) was calcu-
lated using a Tuinstra and Koenig proportionality improved
by Cangado et al. for any laser in the visible range [20, 21].
Thermo-gravimetric analysis (TGA) was performed using
a Setaram Labsys DSC-TGA in N, atmosphere at a rate of
10-20°/min to 1000 °C and then held for a 5 min isother-
mal. Tensile testing of fibre samples was performed on the
FAVIMAT single-fibre tester, using a clamping length of
12 mm and a speed of 0.5 and 1 mm/min for PAN and lignin/
TPU samples, respectively. Measurements were carried out
at DITF in Denkendorf, Germany. The results were analysed
using one-way analysis of variance (ANOVA) and Tukey’s
test in order to determine their statistical significance. The
p-value of < 0.05 was considered statistically significant. A
detailed description of the characterization procedure can be
found in the Supporting Information.

2.7 Coupled electromagnetic-heat transfer model

MW heating of PF using susceptor technology was mod-
elled in MATLAB. In order to model the transient tem-
perature distribution on the precursor cross-section, it was
necessary to couple the electromagnetic and heat transfer
domains. MW heating was assumed to proceed mainly
through conduction loss. For a more detailed description
of assumptions and equations, the reader is referred to the
Supporting Information.

2.8 LCA methodology

The life cycle analysis modelling was performed in Open-
LCA, using CML2001, ecoinvent 3.3 [22] and ELCD (Euro-
pean Platform on Life Cycle Assessment) methodologies
and databases. Data collected within the LIBRE project
(Grant agreement ID: 720707) was used for lignin/TPU CF.
For a more detailed description of assumptions, the reader
is referred to the Supporting Information.
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3 Results and discussion

MW carbonisation was applied for PAN PF, currently the
most common precursor material for CF production. In order
to find the optimum carbonisation methodology, PAN fibres
were carbonise via MW heating utilising the full power
mode and controlling the MW power in several steps.

PAN precursor fibres were coated with 1-5 ¢ (cycles)
of the susceptor, and the layer was applied before or after
stabilisation. The coatings show a good degree of homo-
geneity, and the susceptors were well distributed along the
precursor fibres (Fig. S9). SEM images, mechanical prop-
erties and carbonisation profiles of CFs produced via full-
power MW carbonisation from PAN precursor are shown in
Fig. 2. Cross-sections of CFs show characteristics of brittle
fracture (Fig. 2A). In this case, oval pores/defects of up to
about 1.5 pm in the longest (radial) direction are observed in
all samples. Pores are found along the circumference of the
fibre’s cross-section and sometimes elongated radially. Simi-
lar features were reported previously by Barnet and Norr in
a structural model of high-modulus PAN-based CF [23, 24].
It was proposed that a radial structure of disordered crystal-
line webs and large voids is surrounded by highly ordered
crystalline skin/sheath. Formation of such a structure was
attributed to radial stresses and differential shrinkage dur-
ing carbonisation and cooling of the fibre. These defects/
voids visible in fibres are most likely caused by the high
heating rates observed during MW carbonisation. Develop-
ment of a skin-core structure could lead to stress between the
two zones during shrinkage. It was previously reported that
incomplete stabilisation could result in different orientations
of the inner and outer zones of the cross-section [25]. Also,
fast carbonisation leads to the evolution of large amounts of
decomposition products over short periods of time instead of
the slow diffusion of volatiles to the outer surface. This pro-
motes the creation of relatively large voids. In general, voids
in cross-sections are slightly smaller in CFs coated before
stabilisation, due to lower T, temperatures. Pores observed
in CF produced via conventional carbonisation are much
smaller and scarce, which suggests that the rates of heating
or cooling have a predominant effect on their formation.

Mechanical properties of CFs produced via high-power
MW carbonisation from PAN precursor are shown in
Fig. 2B, C. Average tensile strength (TS), Young’s mod-
uli (YM) and strain of samples coated before stabilisation
are in the range of 0.84-0.93 GPa, 75.5-160.7 GPa and
0.6-1.25%, respectively. Average TS, YM and strain of sam-
ples coated after stabilisation are in the range of 0.41-0.83
GPa, 76.5-131.75 GPa and 0.64-0.84%, respectively. The
properties were benchmarked off the control sample, carbon-
ised in a conventional tube furnace (Conv). Measured TS of
1.42 GPa, YM of 114.8 GPa and strain of 1.24% are close

to values previously reported for PAN carbonised with no
tension control [26]. TS is generally slightly lower compared
to the control, which can be attributed to premature fracture
due to pores observed through SEM. Defects formed by ther-
mal decomposition products are known to have a detrimental
effect on mechanical properties during carbonisation at high
heating rates [24]. However, overlapping of the error bars
indicates that it was possible to produce CF with properties
comparable to control CF (Conv). These promising results
are supported by YM values which match those of the con-
trol. Microwaved fibres generally ruptured at strain values
lower than that of the control, but an overlap of the error
bars is also visible in this case. Coating before stabilisa-
tion produced CFs with higher TS, YM and strain. This can
be explained by milder processing conditions (lower 7,,,,)
during carbonisation. Also, highest values of TS and YM
in both groups correspond to median values of T,,,,, which
indicates improvement of mechanical properties when over-
heating, and therefore, porosity is limited.

Heating profiles for full-power MW carbonisation of
PAN precursor are shown in Fig. 2D, E. For clarity pur-
poses, only the first 10 min of heating is presented. The
samples experience extremely fast heating to temperatures
above 800 °C in the first 30 s. Recorded maximum tempera-
tures (T,,,,) are in the range of 847-956 °C for fibres coated
before stabilisation and 911-1076 °C for fibres coated after
stabilisation. In general, the T}, increases with the increas-
ing number of coating cycles and is higher for fibres coated
after stabilisation. Coatings applied before stabilisation
undergo degradation/melting during the stabilisation step
(Fig. S8), which results in a decrease of the MW heating
response. On the contrary, coatings applied after stabili-
sation respond efficiently to electromagnetic waves, most
likely through increased electrical conductivity. It is also
more fragile, more readily peeled off by the volatile matter,
i.e. crosslinking condensation, dehydrogenation and deni-
trogenation reactions [24, 27], during carbonisation which
presumably is the cause of the abrupt changes of recorded
temperatures during MW heating, see Fig. S2. [28], Alter-
natively, some of the most abrupt peaks could be attributed
to plasma formation [29].

Carbonisation conditions and properties of CFs produced
via full-power MW carbonisation from PAN precursor are
summarised in Table S2 and compared to conventional
carbonisation at 1000 °C. Conversion rates are calculated
from TGA curves and are in the range of 86-91% for CFs
coated before stabilisation and 95-98% for CF coated after
stabilisation (Fig. S3). This is in agreement with higher T,
temperatures recorded for samples coated after stabilisation,
which results in fuller conversion to CF. The calculated gra-
phitic crystallite size (L,) is in the range of 6.42-9.23 nm
for CFs coated before stabilisation, 5.12—11.43 nm for CFs
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«Fig.2 A SEM images of CFs produced via full-power MW carboni-
sation from PAN precursors, B, C mechanical properties of CFs and
carbonisation temperature profiles of CFs coated D before and E after
stabilisation

coated after stabilisation and 9.61 nm for sample carbonised
conventionally (Conv). Crystallite size is generally larger
at higher T,,.. CFs that reached temperatures close to or
exceeding 1000 °C display crystallite sizes comparable with
conventional carbonisation at 1000 °C. This is attributed to
increased crystallite growth as the temperature or the dura-
tion of heat treatment is increased [30]. Generally, heat treat-
ment at higher temperatures increases L, and this improves
mechanical properties. Results show that the carbon phase
of MW-heated CF is within range to produce mechanically
viable CF; however, there is a disagreement between L, and
mechanical data (especially TS) for the MW-heated CF, and
this strongly suggests that the elimination of defects is the
main factor to optimise the performance of CFs produced
by this new MW method.

For the case of the MW heating under progressive power
levels, an equivalent batch of samples was prepared with the
objective of preventing defects and improving the mechani-
cal properties of the CFs produced via MW carbonisation.
Heating profiles of an equivalent set of PAN samples car-
bonised at progressive power levels are shown in Figs. 3A,
B and S4. Noticeably lower heating rates are observed dur-
ing the initial stage at the lowest power, with temperatures
not exceeding 600 °C in the first minutes of carbonisation.
Increasing the MW power increases the rate of heating
significantly and heats the samples to temperatures above
600 °C. The final stage at full power (230 V, 700 W) results
in the highest heating rates and T,,,, temperatures in the
range of 690-827 °C for fibres coated before stabilisation
and 695-974 °C for fibres coated after stabilisation.

SEM images of CFs produced via progressive MW car-
bonisation from PAN precursor are shown in Fig. 3C. Cross-
sections show characteristics of brittle fracture. There were
a very limited number of oval pores/defects in the fibres uti-
lising this carbonisation protocol. In addition, the morphol-
ogy of the pores found was shorter, narrower and sometimes
needle-shaped. This can be explained by lower heating rates
during the initial stages of heating and also lower T}, com-
pared to counterparts carbonised at full power only, which
limits radial residual stress in the fibre and the development
of cavities. Furthermore, milder carbonisation conditions
lead to slower evolution of volatiles during MW heating
and restrict the damage to the produced CF. Generally, it is
possible to find similar amounts of defect-free cross-sections
within both sample groups.

Mechanical properties of CFs produced via progres-
sive MW carbonisation from PAN precursor are shown in
Fig. 3D. Average TS, YM and strain of samples coated before

stabilisation are in the range of 0.42-0.88 GPa, 60.73—82 GPa
and 0.56-1.26%, respectively. Average TS, YM and strain of
samples coated after stabilisation are in the range of 0.23-1.18
GPa, 43-100 GPa and 0.34-1.31%, respectively. The results
indicate that for this heating protocol, the optimum samples
were achieved for the fibres coated with 5 cycles and carbon-
ised after stabilisation which reached values very close to the
control sample carbonised utilising conventional heating.

Carbonisation conditions and properties of CFs produced
via progressive MW carbonisation from PAN precursor are
summarised in Table S3 and compared to conventional
carbonisation at 1000 °C. Conversion rate evaluated from
TGA is in the range of 80.9-86.6% for fibres coated before
stabilisation and 81-91.1% for fibres coated after stabilisa-
tion (Fig. S5). Conversion rate is lower compared to fibres
carbonised at full power only. Incomplete carbonisation is
in agreement with lower T, temperatures observed during
progressive heating. The calculated graphitic crystallite size
(L,) is in the range of 4.65-6.75 nm for CFs coated before
stabilisation and 4.25-7.78 nm for CFs coated after stabi-
lisation. The values are lower than L, of their counterparts,
which is in agreement with lower T}, and results in a lower
degree of orientation in CFs. Figs. S10 and S11 Raman spec-
tra show clearly the D and G bands indicating the presence
of a carbon phase in the MW-heated precursors.

A blend of lignin and polyurethane (50:50, lignin/TPU)
was recently developed and identified as a promising precur-
sor for CF production [31]. Melt-spun lignin/TPU precursor
fibres were coated with MW susceptor to enable achieve-
ment of carbonisation temperatures during MW heating and
conversion of sustainable lignin/TPU precursor into CF.

Firstly, full-power MW carbonisation was used to convert
lignin-based fibres coated after stabilisation. Heating pro-
files of full-power MW carbonisation of lignin-based precur-
sor are shown in Fig. 4A. Most of the samples experienced
extremely fast heating to temperatures close to their T, ,,, in
the first 15 s of MW heating. This was followed by a sud-
den drop to 300-500 °C and a subsequent rise to a stable
temperature between 400 and 950 °C. Minor signal disrup-
tions are observed (especially at higher temperatures), which
are attributed to carbonisation reactions and the evolution of
volatiles. Recorded T,,,, are in the range of 500-1044 °C.
Rates and maximum temperatures are observed to be more
dependent on the number of susceptor coating cycles com-
pared to MW heating of PAN. This can be attributed to the
larger diameter of lignin-based fibres (~100 vs.~ 10 pm). This
leads to a smaller surface area covered by MW susceptor coat-
ing and a smaller number of individual fibres mounted for
MW carbonisation. Consequently, there is less MW susceptor
present during the heating of lignin/TPU compared to PAN
carbonisation, which results in the enhancement of differences
between cycles of susceptor coating and should enable easier
optimisation of the MW heating.
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«Fig. 3 Heating profiles of CFs produced via progressive MW carbon-
isation from PAN precursor @ 175 V A before and B after stabilisa-
tion, C their SEM images and D mechanical properties

SEM images of CFs produced via full-power MW car-
bonisation from the lignin-based precursor are shown in
Fig. 4B. Cross-sections show a brittle fracture of the fibres
with highly porous structures observed for samples with 2 or
more layers of susceptor coating. Porous cross-sections pre-
sent a structure of interconnected pores (mostly oval pores
with a diameter of up to about 20 pm in the longer dimen-
sion and some long cavities and cracks with lengths of up to
about 50 pm) surrounded by a sheath/skin with a thickness
of up to 3 pm. The skin-core structure could be predefined
during stabilisation [32, 33], and this is enhanced for fibres
with larger diameters due to incomplete stabilisation [34].
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Smooth and homogeneous cross-sections of samples 1c
and Conv (conventional carbonisation at 1000 °C) suggest
the following: (i) the porosity is induced at temperatures
above T, (1c)=500 °C and (ii) it is most likely caused by
extremely fast heating (up to 200 °C s~! vs. 10 °C min~! for
Conv). Most likely, the formation of these pores in lignin-
based CFs can be attributed to the release of volatiles during
carbonisation [35, 36], gasification of oxygen [37]. High
heating rate leads to a fast release of volatiles and highly
porous morphology. In fact, the evolution of volatile sol-
vents from the fibre can be used to prepare porous fibres via
electrospinning [38]. Open pores and waviness of the outer
surface are also observed for samples with two or more lay-
ers of susceptor coating. This is due to the porosity induced
during carbonisation, which manifests itself in the form of
open pores and distorted shapes of produced CFs. This is
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«Fig.5 Heating profiles of CFs produced via progressive MW car-
bonisation from lignin/TPU precursor @ 230 V A before and B after
stabilisation, C their SEM images and D mechanical properties

confirmed by previous reports, where prolonged heating at
higher temperatures leads to the destruction of walls between
pores and their appearance on the surface [39]. Samples 1c
and Conv remain straight after the heat treatment. CFs pre-
sented here are too brittle for testing of mechanical proper-
ties due to the porosity observed through SEM.
Carbonisation conditions and properties of CFs produced
via full-power MW carbonisation from the lignin-based pre-
cursor are summarised in Table S4 and compared to conven-
tional carbonisation at 1000 °C. Conversion rate evaluated
from TGA is in the range of 84.7-87% for samples 2—5c¢
(Fig. 4C). The low yield of sample 1c (55%) can be attrib-
uted to the lowest T, reached by the fibre during MW heat-
ing (500 °C), which was not sufficient for carbonisation of
the fibre. The lack of porosity on SEM images of this sample
confirms that it was not exposed to conditions, experienced
by the rest of the group. This also suggests that the pores
observed in other samples were mostly formed at tempera-
tures above 500 °C. The calculated graphitic crystallite size
(L,) for samples 2—5c¢ is in the range of 5.32-6.24 nm com-
pared to 6.71 nm for sample Conv (conventional at 1000 °C).
This is in consensus with T, ,, temperatures and analogous
to findings reported for PAN, where most of the samples
have smaller L, compared to Conv, due to 7,,,,, <1000 °C.
Although it is possible to calculate the L, value (6.58 nm)
for sample 1c, it is only theoretical. The sample is not fully
carbonised, as suggested by TGA and the low intensity of
the Raman spectrum. Furthermore, the method used here for
L, calculation applies only to crystallite size >2 nm. Raman
spectra for lignin precursors are shown in Fig. S12 [21, 30].
Progressive MW carbonisation was used to convert a set
of lignin-based fibres coated with the MW susceptor before
and after stabilisation, in order to find optimum conditions
and improve the mechanical performance of CFs produced
from this precursor. Heating profiles of lignin-based pre-
cursor samples carbonised at progressive power levels
are shown in Figs. 5SA, B and S6. Noticeably lower heat-
ing rates are observed during the initial stage at the lowest
power. After S min of heating, most of the samples reach
a temperature between 300 and 450 °C, which is usually
higher for samples coated after stabilisation. This correlates
with improved MW absorption observed previously for the
susceptor layer prepared via this sequence. Increasing the
MW power increases the rate of heating significantly. It is
observed that at a certain point during the initial and inter-
mediate stages of heating, sample temperature suddenly
increases from about 400 °C to about 600-800 °C at which
it tends to stabilise again. This sudden rise is recorded earlier
in the process for samples with thicker susceptor coating.

Reduction of the heating rate before this transition is prob-
ably the key to process optimisation, as suggested by similar
practice for conventional carbonisation of other hardwood
lignin fibres [33]. After this, a relatively stable reading of
temperature (sometimes preceded by a sharp peak instead
of a round shoulder) is recorded and the temperature scales
with MW power until the final stage at 230 V, 700 W.
Recorded T,,,, are in the range of 1020-1259 °C for fibres
coated before stabilisation and 1000-1346 °C for fibres
coated after stabilisation. Highest temperatures are recorded
for samples after 4 cycles of susceptor coating (4c). Wider
range and higher T, ,. are observed for samples coated after
stabilisation, which could be explained by improved MW
absorption of these samples. It is important to note that the
heating was not effective in samples without the susceptor
coating since the PF fibres (PAN and lignin) were transpar-
ent to MW radiation (Fig. S14).

SEM images and mechanical properties of CFs pro-
duced via progressive MW carbonisation from the lignin-
based precursor are shown in Fig. 5C. Cross-sections of
CFs present evidence of brittle fracture. Most samples are
defect-free with a smooth and homogeneous morphology,
which is almost identical to the control (Conv) and very
similar to the one reported previously for the same precur-
sor [31] or other lignin-based precursors [40]. This is a
clear improvement over the high-power MW carbonisation
of lignin-based fibre and over the progressive MW carbon-
isation of PAN fibre. The main reason for this remarkable
result is undoubtedly the reduction of heating rates dur-
ing the initial carbonisation stage, especially in the range
of 400-800 °C which allows more time for carbonisation
reactions, and slower evolution of volatile products, and
this improves morphology of the carbon phase. This is
achieved more easily in MW carbonisation of lignin-based
precursor, most likely due to larger diameter (almost an
order of magnitude compared to PAN) and the resulting
lower MW susceptor to fibre volume ratio which allows
fibres retain their overall shape.

Mechanical properties of CFs produced via progressive
MW carbonisation from lignin-based precursor are shown in
Fig. 5D. Properties are compared to conventional carbonisa-
tion (Conv) at 1000, 1400 1600 and 2000 °C. Average TS,
YM and strain of samples coated before stabilisation are in the
range of 0.13-0.31 GPa, 51-81 GPa and 0.23-0.5%, respec-
tively. Average TS, YM and strain of samples coated after
stabilisation are in the range of 0.08-0.33 GPa, 34.67-64.67
GPa and 0.21-0.57%, respectively. TS of fibres carbonised
in MW exceeded the performance of 0.25+0.05 GPa for
conventional carbonisation (Conv) at 1000 °C. Even a sin-
gle layer of susceptor (1c) is sufficient to produce CFs in
MW which are comparable with this result. Furthermore,
most of the values overlap with the result of 0.36 +0.06 GPa
for conventional carbonisation (Conv) at 1400 °C, with the
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closest values reported for 5 cycles of susceptor coating. This
improvement can be attributed to the reduction of heating
rates and temperatures during the initial heating stage and is
in good agreement with the improved morphology revealed
by SEM. Similarly, mechanical properties of CFs produced in
microwave-assisted plasma were improved by the addition of
low-temperature pre-carbonisation step [41]. Values of YM
match those of samples carbonised conventionally (Conv)
at temperatures of 1400 °C or higher, which implies that an
improvement of the YM could be achieved by optimisation
of MW carbonisation through power, time or temperature
variation. Strain at failure averaged at values of conventional
carbonisation at 1400-1600 °C and in some cases was found
superior to sample Conv. carbonised at 2000 °C.

This is an excellent result illustrating that, if proper
conditions are used, susceptor-assisted MW carbonisation
proposed in this work can be successfully applied for rapid
carbonisation of CFs with mechanical performance compa-
rable with conventional carbonisation. Reduction of high
heating rates observed during intermediate stages of MW
carbonisation will eliminate pores from all cross-sections.
This will improve the reliability of the process and increase
the average mechanical properties. Further improvement of
mechanical performance of the presented lignin-based CFs
could be achieved by reduction of fibre diameter [24, 27,
31], as illustrated by reported TS of 1.1 +0.1 GPa for the
same precursor with a final diameter of 25 +3 pm. On the
other hand, this will require closer control of susceptor coat-
ing thickness, MW power and other process conditions in
order to tune MW heating.

Carbonisation conditions and properties of CFs produced
via progressive MW carbonisation from lignin/TPU pre-
cursor are summarised in Table S5 and compared to con-
ventional carbonisation at 1000, 1400, 1600 and 2000 °C.
Conversion rate evaluated from TGA is in the range of
91.9-94.4% for fibres coated before stabilisation and
78.8-98.6% for fibres coated after stabilisation (Fig. S7).
Significant improvement in conversion over full-power
carbonisation can be explained by the smaller diameter of

@ Springer

PF and is in agreement with 7, temperatures >1000 °C
recorded for all samples. Highest conversion rates are
observed for coating after stabilisation, which is in good
agreement with previous findings. The calculated gra-
phitic crystallite size (L,) from the Raman spectra shown
in Fig. S13 is in the range of 5.12-7.12 nm for CFs coated
before stabilisation, 5.02—6.73 nm for CFs coated after sta-
bilisation and 6.71 nm for conventional carbonisation at
1000 °C. This is an improvement over high-power carboni-
sation and is in agreement with the general trends observed
for T, Calculated values are higher than L, size reported
for the same precursor, but this is due to different calculation
methods being employed [31].

Experimental and modelled MW heating profiles are
compared in Fig. 6. Experimental MW heating of PAN sam-
ples 1-5c¢ is compared to modelled MW heating using cor-
responding susceptor thickness. It is observed that modelled
rates are two orders of magnitude higher from experimental
heating rates and that modelled maximum temperatures (7,,,,)
(1020-1320 °C) are similar than those recorded experimen-
tally (910-1060 °C). In addition, the model represents the
trend observed experimentally according to the coating thick-
ness. More coating cycles increase the susceptor coating that
is translated into higher temperature profiles, which is exactly
what is predicted in the model. The differences in the heating
rates are mainly attributed to the assumption that the susceptor
coating is entirely composed of MWCNTs (which is not true
because the MWCNTs have some voids between them and
are covered by the stabilisers) and that no heat transfer occurs
within the coating itself. The peak intensity of the electric field
is expected to act on each fibre in the bundle. None of the reac-
tions taking place during the conversion of PF to CF are taken
into account in the model, and this leads to predicted heating
rates which are higher and the absence of peaks/disruptions,
as seen in the experimental data. The modelled heat loss is a
function of an assumed value for emissivity (g).

As the carbon phase develops within the fibre, it changes
from MW transparent to MW absorbing. This increases its
contribution to heat generation.
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Fig.7 Modelled cross-section of PF (10 um diameter and 100 nm susceptor coating) showing edge-to-core temperature distribution at 2.5, 10,
20 and 42.5 ms of MW heating, which correspond to fibre temperatures of approximately 100, 400, 700 and 1000 °C, respectively

A T, closest to experimental data is obtained for a mod-
elled susceptor thickness of about 100 nm. This is therefore
used for modelling temperature gradients within the PF
cross-section. The modelled results for a 10 pm diameter
PF cross-section heated via a 100 nm layer of the susceptor
in an electromagnetic field of a microwave are shown in
Fig. 7. Four points in time are chosen to visualise tempera-
ture distributions at 100, 400, 700 and 1000 °C. A maximum
edge-to-core temperature difference of 1.5 °C is observed at
the start of heating, and this decreases over time of 43 ms
to a difference of 0.02 °C at 1000 °C. At this point, fibre
reaches a stable 7,,,,, as shown in Fig. 6B.

Increasing the precursor diameter to 70 pm decreases the
rate of MW heating (Fig. S1). In this case, the edge-to-core

difference at the start of the heating reaches nearly 9.9 °C
and decreases over time of 295 ms to a difference of 0.17 °C
at 1000 °C. This confirms that increases in diameter result
in larger temperature gradients during heating. Interestingly,
a predicted T;,,, close to 1000 °C is observed regardless of
the fibre diameter. The model does not take into account
the absorption of MWs by the precursor material itself, and
therefore, the modelled diameter has little effect once the
temperature reaches the maximum where the equilibrium
between the heat generated in the susceptor and the heat lost
through radiation/convection is achieved.

Life cycle analysis of MW heating was performed to
quantify the environmental and cost benefits achieved via
MW carbonisation (the LCA methodology is described in
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the SI file). The energy demand and environmental impact
for the production of 1 kg of CF from PAN and lignin-based
precursor via conventional and MW heating are compared
in Fig. 8.

Using MW technology for CF production shows great
potential to decrease the cumulative energy demand for
both PAN and lignin-based fibres. It is predicted that the
application of MW heating reduces the energy demand of
PAN-based and lignin blend—based CF production by 70.2%
and 66.8% respectively. Results also show that the climate
impact of the CFs production using a conventional furnace
is significantly higher for PAN-based fibres compared to
lignin-based fibres, despite the lower carbon yield of the
latter material. This is attributed to the lower climate impact
of PF production. Furthermore, lignin’s inherent properties
in theory reduce the energy consumption in the CF pro-
duction step due to the high level of aromaticity [42]. MW
technology also reduces the CO, emission of PAN-based
CF production to 27.6% of its conventional process value.
Application of a lignin blend reduces the climate impact
of PF production by up to 69.5%. This MW technique is a
breakthrough in the field of composite materials and holds
the potential for integration into various other advanced
applications that typically rely on conventional carbonisa-
tion processes [43—49].

4 Conclusions

The results indicate that CFs can be produced from differ-
ent precursors (PAN and lignin) that do not absorb MW
energy (Fig. S14) via susceptor-induced MW heating with
reasonable mechanical properties in comparison with con-
ventional heating. Proposed coupled electromagnetic-heat
transfer model predicts that MW heating rate and T,,,,
increase with increasing thickness of susceptor (MWCNTs)
and MW power. Predicted initial heating rate is inversely
proportional to precursor fibre diameter due to decreased
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susceptor-to-fibre volume ratio. This study concludes that
susceptor-assisted MW carbonisation results in rapid heat-
ing (20—40 min), with the highest recorded T,,, of 1346 °C,
good conversion rates and L, values comparable with the
conventional carbonisation process. Addition of stages with
reduced MW power results in a reduction of initial heating
rates and T,,,, temperatures. Consequently, this results in
significant improvement of morphology and production of
lignin-based CFs with matching or superior properties com-
pared to conventional process in less than 40 min. Reduction
of heating rates during intermediate stages of MW carboni-
sation (600-800 °C) is required to ensure the reliability of
the process. Coating samples before stabilisation results in
lower T, and consequently lower conversion rate and L,
size, compared to samples coated after stabilisation. This is
most likely due to the fusion/melting of the susceptor layer
during stabilisation, which results in reduced efficiency
in MW absorption but produces more consistent results.
Increasing the number of MW susceptor coating cycles gen-
erally improves the absorption of MWs and increases 7T,,,,,.
Life cycle assessment predicts that MW heating reduces the
energy demand and environmental impact of lignin-based
CF production by up to 66.8% and 69.5%, respectively.
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