
RSC
Sustainability

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 7
/1

9/
20

25
 8

:0
4:

09
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Introduction of t
aFraunhofer Institute for Manufacturing Te

Wiener Strasse12, 28359 Bremen, Germany
bBitrez Group Ltd, Bradley Halll Trading Es

0XQ, UK. E-mail: wendy.howarth@bitrez.co

† Electronic supplementary informa
https://doi.org/10.1039/d4su00192c

Cite this: RSC Sustainability, 2024, 2,
2959

Received 22nd April 2024
Accepted 9th August 2024

DOI: 10.1039/d4su00192c

rsc.li/rscsus

© 2024 The Author(s). Published by
he first commercial biobased
benzoxazines for the manufacturing of fibre
reinforced polymers†

Gideon Abels, a Katharina Koschek, a Paul Jones b and Wendy Howarth *b

Benzoxazines are a promising material class due to their flexible molecular design, high thermomechanical

properties, and inherent flame retardancy. Especially the latter makes them interesting for all kinds of

applications, for example lightweight constructions in the transportation sector. The first commercial

benzoxazines were based on bisphenol and aniline, petrochemical resources produced from crude oil.

However, due to the growing demand for more sustainable materials the use of biobased resources for

benzoxazine synthesis has been thoroughly investigated in the past years. In this work, we present the

first commercial benzoxazines that consist of biobased compounds. After analysing the curing behaviour

of these new resins using thermal analysis, polymers are manufactured and characterised from them.

Finally, the resins were used for manufacturing fibre-reinforced polymers (FRP) for flame-retardant

lightweight applications. Thermomechanical and combustion analysis showed that the polymers achieve

high flexural moduli up to 2.8 MPa and glass transition temperatures of 100 °C and 141 °C. In addition,

the biobased benzoxazines have promising flame-retardancy due to intumescence, resulting in high LOI

values of 31.4 ± 0.2 and 33.3 ± 0.1%
Sustainability spotlight

Polybenzoxazines offer many advantageous properties, for example their inherent ame-retardant properties and exible molecular design and will be used in
a broad range of applications in the upcoming years. Especially polybenzoxazine-based ame-retardant FRPs could boost the development of various electric
vehicles, greatly increasing the use of renewable energies in the transportation sector. Consequently, large amounts of benzoxazine must be produced to meet
the industrial needs. Because of this the use of waste materials and renewable biobased materials for benzoxazine syntheses instead of petrochemical resources
on an industrial level is of utmost importance. Our work emphasizes the importance of the following UN sustainable development goals: affordable and clean
energy (SDG 7), industry, innovation, and infrastructure (SDG 9), climate action (SDG 13).
1 Introduction

Fibre-reinforced polymers (FRP) are widely applied lightweight
materials offering a number of advantages compared to metals,
including high mechanical properties, low weight and excellent
corrosion resistance.1,2 However, the organic polymer matrix of
FRPs is oen combustible, so these materials have a low re
safety which has to be improved for many applications.3,4 One
possibility is the use of new polymers. Benzoxazines are a class
of thermosetting polymers that have an inherent ame retard-
ancy5 as well as high glass transition temperatures,6 near zero
shrinkage7 and high mechanical properties.8 Therefore, ben-
zoxazine matrices allow the manufacturing of FRPs with high
chnology and Advanced Materials IFAM,

tate, Bradley Lane, Standish, Wigan WN6

.uk

tion (ESI) available. See DOI:

the Royal Society of Chemistry
re safety.9,10 This is not only interesting for existing elds of
application but could also open new possibilities for FRPs in
applications with high ame-retardancy requirements, for
example in the railway4 and the shipbuilding industry.11

Traditionally, benzoxazines are synthesised by reactions of
(i) a phenolic compound, for example bisphenol F and A,8 (ii)
formaldehyde or paraformaldehyde as aldehyde compound,8,12

and (iii) a primary amine like aniline that contains one or
multiple primary amine groups.13 Aer many years of research,
the rst commercial benzoxazines have been introduced to the
market, for example the MT35500 and MT35700 resins from
Huntsman. However, these resins consist solely of petrochem-
ical compounds like bisphenols and aniline.10,14 Due to the
limited availability of crude oil for petrochemical production
and the growing demand for sustainable materials, numerous
partial and fully biobased benzoxazines have been developed in
recent years, synthesised with phenols, amines and aldehydes
from renewable resources.15,16 For example, guaiacol,17 ses-
amol,18 cardanol19 and vanillin20 have been used as phenolic
RSC Sustainability, 2024, 2, 2959–2967 | 2959
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compounds and furfurylamine,21 ethylamine,22 diaminohex-
ane23 and stearyl amine17 as amine compounds. In terms of
aldehydes, formaldehyde has been successfully substituted by
benzaldehyde,24 pentanal25 and furfural.26

Although many bio-based components have been described
in the literature so far, no resulting bio-based benzoxazine has
achieved commercial acceptance and scalability until now.
There are two main reasons for this. The rst problem is the
difficulty of nding suitable combinations of biobased phenols,
aldehydes and amines that give a benzoxazine good process-
ability like a low viscosity and sufficient processing times, as
well as good thermomechanical properties of the resulting
polybenzoxazine at the same time. The second problem is that
the feedstocks for these biobased compounds must be large
enough for commercial production.27 Until now, no fully or
partially bio-based benzoxazine has fullled both conditions
and achieved market availability.

However, in this work the rst commercial, partially bio-
based benzoxazines BDP4740 and FB601 are introduced that
utilise the renewable compounds furfural and cardanol.
Furfural is derived from the dehydration of sugars, and occurs
in a variety of agricultural by-products, including corncobs,
oats, and wheat bran.28 Cardanol is a biobased phenol
compound that is produced from cashew nut shells.27 Both are
inexpensive and renewable raw materials from naturally
occurring feedstocks and thus perfectly suitable for benzox-
azine syntheses. These new benzoxazines mark the rst step
towards bio-based benzoxazines industrialisation achieving
a higher sustainability. The goal of this work was the charac-
terisation of these new resins and the resulting polymers, as
well as an evaluation of their potential use for re resistant FRPs
using a purely petrochemically based benzoxazine as reference.
All benzoxazine monomers and polymers in this study were
analysed by DSC, TGA, rheological tests and DMA to obtain
processing parameters and their thermomechanical properties.
With this information, FRPs were manufactured using
a prepreg approach, their bre mass content determined, and
their mechanical properties analysed via ILSS. Furthermore, the
combustion behaviour of all polymers and FRPs was charac-
terised using MCC measurements, LOI and UL-94 tests. All
results were compared with those of a petrochemical benzox-
azine based on bisphenol F, formaldehyde and aniline.

2 Experimental section
2.1 Materials

Bisphenol-F and aniline based benzoxazine (BF-a) Araldite
MT35700 from by Huntsman Advanced Materials GmbH (Basel,
Switzerland) and two biobased benzoxazines FUROX BDP4740
and FUROX FB601 with bio contents of 59% and 45% from
Bitrez Ltd (Standish, United Kingdom) were used. For FRP
manufacturing, two kinds of glass bres from Saertex (Saer-
beck, Germany) were used as received. The rst is an E-Glass
bidirectional 0/90° non-crimp fabric 600 tex with an aerial
weight of 625 g m−2, and the second is an E-Glass bidirectional
±45° non-crimp fabric 300 tex xed with threads of 0/90° made
as well of E-Glass with 68 tex and an aerial weight of 610 g m−2.
2960 | RSC Sustainability, 2024, 2, 2959–2967
2.2 Methods

2.2.1 Polymer manufacturing. The MT35700 resin was
molten at 140 °C in a vacuum oven (VT 6025, Thermo Fisher
Scientic, Waltham, Massachusetts, United States) and
degassed for 10 minutes, then poured into silicone or metal
moulds preheated to 140 °C in the same oven and degassed for
another 5 minutes. Aerwards, the samples were cured in
a convection oven (Vötsch VTL 100/150 from Vötsch Industri-
etechnik GmbH, Reiskirchen, Germany) with the following
process: curing process that consisted of the following steps:
heating to 170 °C in 15 minutes, maintaining at 170 °C for 3 h,
increasing the temperature to 180 °C in 15 minutes, maintain-
ing at 180 °C for 2 h, increasing the temperature to 200 °C in 15
minutes, and maintaining at 200 °C for 4 h before cooling to
room temperature.

FUROX BDP4740 and FUROX FB601 were processed in the
same ovens in a similar way but at different temperatures. The
resins were heated to 120 °C, degassed for 10 minutes, poured in
a preheated silicone or metal mould and degassed for another 5
minutes. The curing steps were performed at 15 bar in an auto-
clave (Scholz Maschinenbau, Coesfeld, Germany) as follows:
heating to 180 °C in 15 minutes, maintaining at 180 °C for 2 h,
increasing the temperature to 200 °C in 15 minutes, maintaining
at 200 °C for 4 h.

2.2.2 Vacuum infusion for FRP manufacturing. For all
matrices, fabrics were laid in a [0/90/90/0/±45/±45]s congu-
ration on an aluminium plate, and sealed in a double vacuum
bag setup tomanufacture FRPs with a thickness of 4mm. For all
processing steps, the same ovens were used as for the neat
polymers.

The MT35700 resin was molten at 140 °C in a vacuum oven
and degassed for 10 minutes. Vacuum infusion was performed
in a convection oven at a temperature of 140 °C. Aer complete
wetting of the bres, the temperature was immediately
increased in order to start the curing process. The latter was the
same as for the neat monomer was used.

For the biobased resins, a similar procedure was used.
However, the resin was heated up to and degassed at 120 °C in
a vacuum oven for 10 minutes and infusion took place at 100 °C
in a convection oven. The curing process consisted of the same
steps as for the neat biobased resins.

Samples of all FRP materials for further analysis were cut out
using a water-cooled circular saw.
2.3 Material characterization

Differential scanning analysis (DSC) was performed using
a Discovery DSC (TA Instruments, Hüllhorst, Germany) from
20 °C to 270 °C with a heating rate of 10 K min−1. Thermogra-
vimetric analysis (TGA) was conducted on a TGA Q5000 (TA
Instruments, Hüllhorst, Germany) from 30 °C to 800 °C in
a nitrogen atmosphere. The heating rate was 10 K min−1.

Rheological analyses were performed on an ARES rheometer
(TA Instruments, Hüllhorst, Germany). The temperature-
dependent viscosity was determined in oscillatory mode with
a heating rate of 2 K min−1 and an oscillation frequency of 1 Hz
in the temperature range from 50 to 220 °C. Isothermal
© 2024 The Author(s). Published by the Royal Society of Chemistry
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measurements with a plate-to-plate geometry at chosen
temperatures were used to determine the pot-life and were
carried out in continuous mode at 140 °C for MT35700 and at
100 °C for both BDP4740 and FB601.

Dynamical mechanical analysis (DMA) was performed using
a DMA Q800 (TA Instruments, Hüllhorst, Germany) from 20 °C
to 250 °C with a heating rate of 2 K min−1 and a frequency of
1 Hz. Tests were carried out in twofold determination for each
material.

UL94 tests were performed according to DIN EN 60695-11-10
in vertical alignment and the determination of the Limiting
Oxygen Index (LOI) was conducted according to DIN EN ISO 4589
using an LOI device by Fire Testing Technology. Samples for both
tests had a thickness of 3 mm. Micro calorimetric (MCC)
measurements were performed according to ASTM D7309 on
a FAA Micro Calorimeter (Fire Testing Technologies, East Grin-
stead, United Kingdom) between 80 °C and 950 °C in threefold
determination and the data was tted with the MCC Curve Fit
Soware from the same manufacturer. For all obtained param-
eters, averages and standard deviation were calculated.29

Fibre volume content (FVC) of the FRPs was determined in
a loss on ignition process according to DIN ISO 1172.
Measurements of the interlaminar shear strength (ILSS) of the
FRPs were conducted according to DIN EN ISO 14130 using a 10
kN Zwick machine at a speed of 1 mm min−1. Six FRP samples
with a size of 40 × 20 mm and a thickness of 3 mm were tested
for each matrix polymer.
3 Results and discussion

Fig. 1 shows the structures of BDP4740 and FB601. Both
monomers utilize furfural as aldehyde component. In addition,
in the BDP4740 25% of the phenol units are substituted by
cardanol. The resulting bio content is 45% for FB601 and 59%
for BDP4740.
Fig. 1 Idealised structures of FUROX BDP4740 (above) and FUROX
FB601 structure (below).

© 2024 The Author(s). Published by the Royal Society of Chemistry
3.1 Thermal analysis of the monomers

The thermal behaviour of the biobased resins was analysed
using DSC and TGA to identify suitable curing temperatures.
For this, BDP4740 and FB601 were kept in vacuum at 120 °C for
15 minutes to remove air from the resins as well as residual
volatile compounds like solvents from the manufacturing
process. Only degassed samples were analysed in the following.
The petrochemical reference MT35700 was also degassed for 15
minutes at 140 °C to remove residual air from the resin.
3.2 DSC measurements

The DSC curve of MT35700 revealed an endothermic peak at
45 °C, as well as a strong exothermic peak at 230 °C (Fig. 2). The
rst peak was assigned to the melting of the material and the
second to the benzoxazine polymerisation. In contrast,
BDP4740 and FB601 showed no endothermic melting peak
since they were already viscous at room temperature. Their
polymerisation peaks were at 242 °C and 267 °C and thus at
higher temperatures than for MT35700 (Table 1), while the
onset temperatures of their polymerisation were at much lower
temperatures of 170 °C and 190 °C, compared to the 212 °C
measured for MT35700. Therefore, the polymerisation signals
of the two biobased resins were much broader and less intense
compared to the MT35700. This indicated that the biobased
resins might require higher curing temperatures or longer
curing times than the MT35700.
3.3 TGA measurements

TGA analysis of the FB601 and BDP4740 showed three mass
losses of 20%, 10% and 50%. The rst was between 100 °C and
200 °C, the second between 200 °C and 280 °C, and the third
between 380 °C and 500 °C. In contrast, MT35700 showed one
mass loss of 10% around 200 °C followed by a slow but
continuous mass loss of 50% till the end of the measurement
(Fig. 3). This revealed that the biobased resins had not only
degraded earlier but also exhibited higher mass losses than the
MT35700. Especially the rst mass loss below 200 °C was of
relevance with regard to the manufacturing. The T5% tempera-
tures of FB601 and BDP4740 were 60 °C to 80 °C below the onset
Fig. 2 DSC curves of BDP4740, FB601 and MT35700.

RSC Sustainability, 2024, 2, 2959–2967 | 2961
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Table 1 Polymerisation onset temperatures Tonset, peak temperature
Tpeak and first mass loss temperature (5% mass loss, T5%) of the ben-
zoxazine monomers

Monomer Tonset [°C] Tpeak [°C] T5% [°C]

BDP4740 170 242 91
FB601 190 267 127
MT35700 212 230 207

Fig. 3 TGA curves of the three benzoxazine monomers in an argon
atmosphere.

Fig. 4 Temperature-dependent viscosity curves of the three
commercial benzoxazines monomers.
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View Article Online
temperature (Table 1), indicating strong pore formation within
the polymer during curing. The reason for this is probably
volatile compounds in the neat resins that have not been fully
removed during the initial degassing step. However, longer
degassing times were not feasible because the viscosity of the
resin increased noticeably aer a total of 30 min in the vacuum
oven for heating and degassing. This made the following FRP
manufacturing extremely difficult. Similar observations were
made for higher degassing temperatures. The TGA results
further showed that although these volatile compounds should
have evaporated around 200 °C, there is still a mass loss, indi-
cating that the monomer itself is thermally not stable and
decomposes partially. So even with longer degassing steps, pore
formation in the polymer during curing was expected. There-
fore, the curing of FB601 and BDP4740 had to take place in an
autoclave to manufacture porous free samples for further
analysis. In contrast, MT35700 samples could be cured porous-
free in the convection oven without additional overpressure.

3.4 Rheological analyses

Having assessed the thermal behaviour of the resins, rheolog-
ical measurements were performed to determine the tempera-
ture and time dependent viscosity of the resins at specic
temperatures.

Temperature-dependent rheological analysis was used to
determine the minimum processing temperature of the three
resins. For FRP manufacturing a resin viscosity below 1 Pa s was
necessary to ensure a sufficient bre impregnation. The results
in Fig. 4 show that the viscosity falls below 1 Pa s at 66 °C for
BDP4740, at 80 °C for FB601 and at 109 °C for MT35700. The
2962 | RSC Sustainability, 2024, 2, 2959–2967
lower viscosities of the biobased resins result from the fact that
these are more aliphatic and have no melting point, compared
to the MT35700 (Table 1). In addition, the lower viscosity of
BDP4740 compared to FB601 is probably caused by the long
aliphatic side chain in the cardanol unit, which increases the
monomer's exibility and decreases its rigid aromatic
character.

Although 66 °C and 80 °C are the lowest processing
temperatures FB601 and BDP4740 can be processed at, for
practical applications it was decided to include a temperature
buffer to consider possible processing steps with insufficient
heating. At the same time, the processing temperatures should
be as low as possible to avoid monomer decomposition.
Therefore, the processing temperature was set to 100 °C for
both FB601 and BDP4704. This temperature marked the begin
of a plateau with the lowest viscosity of both resins. For
MT35700, a processing temperature of 140 °C was used in the
following steps as recommended by the supplier.

Aer dening suitable manufacturing temperatures for each
resin, time-dependent rheology measurements were performed
for each resin to determine the available processing time for
FRP manufacturing for each resin, typically known as pot time.
It was dened as the time from the beginning of the measure-
ment until the viscosity exceeded 1 Pa s. The results in Fig. 5
show that BDP4740 and FB601 have pot times of at least 120
minutes. This is not only sufficient even for complex
manufacturing processes but also longer than for MT35700,
which has only a manufacturing window of 90 minutes. These
higher pot times likely result from the 40 °C lower processing
temperature of the biobased resins.

Combining the obtained data from DSC, TGA and rheolog-
ical analysis with the curing parameters of MT35700, a process
for the manufacturing of bulk samples from BDP4740 and
FB601 for thermomechanical analysis and ammability tests
was dened. The respective biobased resin was rst heated up
to 120 °C and then degassed for 10 minutes by applying
a vacuum to remove air le in the molten resin. Aerwards, the
resin was poured in preheated silicone or metal moulds,
degassed again for 5 minutes and cured for 2 h at 180 °C and 4 h
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Time-dependent viscosity curves of BDP4740 and FB01 at
100 °C as well as of MT3700 at 140 °C.
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at 200 °C in an autoclave. This procedure resulted in the
formation of porous-free bulk samples of BDP4740 and FB601
for DMA, UL94 and LOI measurements. For MT35700, the same
processing steps were used, but with a melting and degassing
temperature of 140 °C and the curing program of 3 h at 170 °C,
2 h at 180 °C and 4 h at 200 °C.

DSC analysis of all samples conrmed that they were fully
cured. The obtained polymers were denoted as p(BDP4740),
p(FB601) and p(MT35700).
3.5 DMA measurements

For all polymers, the storage modulus at room temperature as
well as the glass transition temperature (Tg) based on the
maximum of the loss modulus were characterised via DMA. The
data in Table 2 showed that both biobased polymers had
storage a modulus of more than 2 MPa at room temperatures
and glass transitions above 100 °C, whereas p(FB601) displayed
higher values. The lower storage modulus and glass transition
temperature of p(BDP4740) polymer resulted from the aliphatic
side chain of the cardanol unit. It might have thermally
decomposed during the curing, but the side chain probably
reduced the crosslinking density of the curing p(BDP4740),
causing the polymer to be more exible than the FB601
network. Compared to the p(MT3570), the p(FB601) exhibited
a slightly lower storage modulus and Tg while the p(BDP4740)
showed signicantly lower values. Nonetheless, both biobased
benzoxazines still offered good thermomechanical properties,
making them suitable for practical applications.
Table 2 Thermomechanical properties of the polymers after curing in
an autoclave

Polymer
Storage modulus
(20 °C) [MPa] Tg [°C] T5% [°C]

p(BDP4740) 2.1 100 274
p(FB601) 2.8 141 251
p(MT35700) 3.3 162 314

© 2024 The Author(s). Published by the Royal Society of Chemistry
3.6 Thermal analysis of the polymers

The polymers were further analysed by TGA to assess their
thermal stability. With T5% of 251 °C and 274 °C, the biobased
polymers show high thermal stability, although these values are
still lower than for the p(MT35700) which displayed a T5% of
314 °C (Table 2). However, the samples of the biobased resins
also showed a strong intumescence which the p(MT35700) did
not. Especially the p(BDP4740) had such a strong intumescence
that the sample cup was lied from the holder, causing the TGA
measurement to stop around 460 °C. This phenomenon took
place with different TGA devices and sample cups, so the TGA
curve of p(BDP4740) in Fig. 6 is incomplete. Compared to
p(MT35700), the biobased polymers have a higher aliphatic
content, especially the p(BDP4740) due to the side chain of the
cardanol unit. It is likely that during the decomposition of these
aliphatic groups, large amounts of volatile compounds are
formed which ultimately bloat the charred benzoxazine layers
formed by the aromatic groups. In contrast, the p(MT35700) has
almost no aliphatic groups so it can only form charr and shows
no noticeable intumescence.
3.7 Burning tests of the polymers

In addition to the thermal stability, the ame-retardant prop-
erties of the benzoxazine polymers were evaluated using MCC,
LOI analysis and UL-94 tests under standardised procedures.
The three methods comprise various parameters and properties
and give a good overview of the material's combustion behav-
iour. Specimen for all tests were prepared according to the
respective standards.

Micro combustion calorimeter (MCC) was used to investigate
the temperature-dependent heat release of the materials. With
this method, the peak heat release (PHRR) and its corre-
sponding temperature (TPHRR) as well as the total heat release
(THR) of the benzoxazine samples were recorded. Furthermore,
the charr yield was determined by weighing the sample masses
before and aer the MCC measurement. The results in Table 3
showed that the PHRR of the two biobased benzoxazine poly-
mers were about three times higher and the TPHRR was 40 °C
lower than for p(MT35700). In addition, THR values were 50%
Fig. 6 TGA results of fossil and biobased benzoxazines under N2.

RSC Sustainability, 2024, 2, 2959–2967 | 2963

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4su00192c


Table 3 MCC results, LOI values and UL-94 classifications for all polymer samples

Polymer PHRR [W g−1] TPHRR [°C] THR [kJ g−1] Charr yield [%] LOI [%] UL-94 classication

p(BDP4740) 257.6 � 7.8 459 � 3 24.6 � 0.5 19 � 1 31.4 � 0.2 n.c.
p(FB601) 220.6 � 4.3 453 � 1 24.3 � 0.2 18 � 1 33.3 � 0.1 n.c.
p(MT35700) 80.4 � 6.2 498 � 3 16.6 � 0.7 45 � 2 26.8 � 0.4 V-1

Table 4 FMG and interlaminar shear strength of the three examined
FRP materials

FRP material Fibre mass content [%]
Apparent interlaminar
shear strength [MPa]

BDP4740-FRP 76.5 � 0.4 10.18 � 1.1
FB601-FRP 78.2 � 0.4 5.6 � 0.5
MT35700-FRP 72.2 � 0.5 41.1 � 1.4
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higher and the charr yields less than half for the biobased
polymers. These results indicated that p(BDP4740) and
p(FB601) burned hotter at slightly lower temperatures andmore
complete than p(MT35700). This can be explained by the higher
degree of aliphatic moieties in the p(FB601) and especially the
p(BDP4740) compared to the almost entirely aromatic
p(MT35700).

Since MCC measurements cover only the chemical decom-
position and combustion behaviour of materials due to the
small sample size, LOI and UL-94 tests were performed next.
With these methods, the inuence of physical phenomena on
the combustion behaviour can be investigated as well, for
example a barrier formation due to intumescence. The results
are summarised in Table 3. Both p(BDP4740) and p(FB601)
showed high LOI values of more than 30%. These values were
not only much higher than the average oxygen content in the
air, classifying the polymers as hardly or even non-ammable,
they were also 4.6% and 6.5% higher than for p(MT35700)
making the biobased resins less ammable than their fossil
analogue. This increase was probably caused by the strong
intumescence of the biobased polymers (see also Fig. S1, ESI†).
The tested LOI specimens clearly showed the formation of
a foam-like structure at the burned surface.

Surprisingly, the LOI value of p(BDP4740) was lower than for
p(FB601) although the former had shown a stronger intumes-
cence in the TGA. It is possible that due to the stronger
decomposition, the foam was less compact and subsequently
less insulating than for p(FB601).

Despite their intumescence both p(BDP4740) and p(FB601)
showed only a low self-extinguishment capability in normal air
during the UL-94 test and were not classiable according to DIN
EN 60695-11-10 (n.c., Table 3). This seemingly contradicts the
LOI values but can be explained by the different burning
condition situations in both tests. While the sample gets ignited
from above during the LOI test until it burns, it is not only
ignited from below during the UL-94 test but also kept in the
ame for 10 seconds. Thus, the specimens are much stronger
exposed to the ame during the UL-94 test. Under these
circumstances, the insulating effect of the intumescent layer
might not be strong enough or the aromatic content of the
polymer might be too low to induce self-extinguishment. In
addition, it is also possible that decomposed species have been
entrapped in the polymer structure during the curing at 15 bar.
These are then released and combust during the UL-94 test,
prolonging the material's aerburning time. The p(MT35700)
on the other hand showed good self-extinguishing properties
due to its high aromatic content and was classied as V-1. The
2964 | RSC Sustainability, 2024, 2, 2959–2967
fact that p(MT35700) also did not achieve V-0 classication
indicated that there were also volatile components le in the
polymer. It was probably residual monomer that could not
polymerise even at high temperatures due to the high rigidity of
the already formed polymer.

All in all, the results of the combustion behaviour analysis
indicated that the biobased benzoxazines combust more
intense than p(MT35700). This is a typical phenomenon for
biobased materials due to their higher content of aliphatic
groups.30 Despite this, the strong intumescence observed for
p(BDP4740) and p(FB601) is very promising to obtain a good re
safety for these materials. For further improvement, the use of
ame-retardant additives will be investigated in the future.5
3.8 ILSS determination

In the next step, FB601 and BDP4740 were used to manufacture
FRPs with glass bre fabrics via vacuum infusion. The curing
programs were the same as for the neat polymers. The resulting
FRPs showed high bre mass contents of 76.5% for BDP4740-
FRP and 78.2% for FB601-FRP (Table 4). These values were
slightly higher than for the MT35700-FRP, probably because the
latter was not manufactured in an autoclave and did not ther-
mally degrade as much as the biobased benzoxazines.

The mechanical properties of the FRPs were evaluated by
interlaminar shear strength tests. Here, the BDP4740-FRP and
FB601-FRP showed apparent interlaminar shear strengths of
10.2 MPa and 5.6 MPa. These were only 25% and 13% of the
petrochemical reference indicating only weak bre–matrix
interactions in the biobased FRPs (Table 4). Since the same
bres were used for all FRPs, this difference was caused by the
different benzoxazine chemistries. It is likely that during the
curing process gaseous products from the biobased monomer's
thermal decomposition gathered between polymer and bre
and the resulting vacancies lead to a barrier effect impeding the
formation of strong bre–matrix interactions. Therefore, cross-
sectional analysis of the samples under a light microscope with
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 5 MCC results, LOI values and UL-94 classifications for all FRP samples

FRP material PHRR [W g−1] TPHRR [°C] THR [kJ g−1] Charr yield [%] LOI [%] UL-94 classication

BDP4740-FRP 44.8 � 3.3 468 � 3 5.8 � 0.3 80 � 1 51.2 � 0.1 n.c.
FB601-FRP 45.4 � 6.0 476 � 1 6.0 � 1.3 80 � 3 46.5 � 0.5 n.c.
MT35700-FRP 21.5 � 1.1 434 � 3 3.9 � 0.3 84.3 53.9 � 0.3 V-1
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50×magnication was performed to investigate this hypothesis
(Tables S7–S9, ESI†).

However, no vacancies along the bres were found, though it
is possible that they were too small for observation with the
chosen device. Instead, the microscope pictures revealed iso-
lated pores embedded in local resin accumulations between the
bres bundles which probably also had a negative impact the
interlaminar shear strength of the FRPs. A potential solution for
low bre–matrix interactions is the use of higher pressure for
curing. A promising possibility is the compression moulding
process which allows the application of both high temperatures
and very high pressures. For this study, the available autoclave
could not apply more than 15 bar so this hypothesis remains to
be tested.

In addition, the BDP4740-FRP showed higher apparent
interlaminar shear strengths than the FB601-FRP. Due to the
stronger formation of volatile thermal decomposition products
of BDP4740 lower shear strengths would have been expected.
This indicates that there was a second counteracting mecha-
nism to the gas barrier. The most likely explanation for this is
that the phenolic unit of the BDP4740 was more reactive due to
its decomposing side chain and could form covalent bonds
between matrix and bres more easily.
3.9 Burning tests of the FRPs

The results of the FRP burning tests are summarised in Table 5.
The PHRR of BDP4740-FRP and FB601-FRP were about two
times higher and their THR values 50% higher than for
MT35700-FRP. At the same time, the biobased FRPs achieved
LOI values of 46.5% and 51.2% which were slightly lower than
for the reference material.

Compared to the neat resins, the PHRR and THR values were
much lower and the LOI values signicantly higher (Table 3).
This resulted from the high FMGs of the FRPs since glass bres
are not combustible. However, in contrast to the neat polymers
the LOI values of the biobased FRPs were not higher anymore
compared to the samples with MT35700 but instead slightly
lower. This indicated that the effect of the biobased polymer's
protective intumescence was strongly reduced in the FRPs. It is
likely that due to the high FMC no intumescent layer could
form. This was supported by the observation that none of the
LOI samples showed any signs of intumescence or delamina-
tion aer the tests. Without an intumescent protective layer, the
more aliphatic biobased benzoxazine combusted more intense
than the highly aromatic MT35700 resulting in the lower LOI
values of the FRPs. However, the absent delamination was also
© 2024 The Author(s). Published by the Royal Society of Chemistry
a benecial effect since the composite did not lose its integrity
while burning.

Another difference to the neat polymers was the observation
that the BDP4740-FRP had higher LOI value than the FB601-FRP
whereas for the neat polymers it was the other way around.
There are different possible explanations for this. On the one
hand, the presence of the glass bres in combination with the
different intensity of the thermal decomposition product
formation might have inuenced the respective formed poly-
mer networks. On the other hand, it is possible that the
phenolic unit of the BDP4740 induces additional reactions due
to its decomposing side chain as already discussed for the ILSS
results. However, such reactions are not limited to bre–matrix
interactions but could also affect the reactions within the
matrix, resulting in a better cross-linked and a more stable
polymer network than for the FB601.

The presence of the incombustible glass bres not only
improved the LOI values but also signicantly reduced the
burning times of BDP4740-FRP and FB601-FRP in the UL-94 test
compared to the neat polymer (see UL94 data in the appendix).
However, even in the FRP their aerburning times were still too
long for any UL-94 classication.

In contrast, the MT35700-FRP reached a V-1 classication
like the neat resin. The aerburning times were only marginally
shorter by 1–2 seconds in the FRP. Thus, despite the addition of
the incombustible glass bres this material surprisingly did not
achieve a V-0 classication. This result indicated that there was
still some unreacted monomer le, as discussed before for the
neat polymer. It is likely that the presence of the glass bres has
hindered the polymerisation, causing potentially even more
monomer to be le unreacted than for the neat polymer. This
would have cancelled out the positive effect of the glass bres
on the ame-retardancy that was observed for the biobased
systems and explained the V-1 classication for the MMT35700-
FRP.

All in all, the results of the burning tests of the FRPs clearly
showed that the FRPs with biobased benzoxazines combusted
more intense than the MT35700 FRPs. Since all FRPs had
similar FMCs, these results are ascribed to the different matrix
properties, in particular their respective aromaticity and
combustibility. To achieve similar or better ame-retardant
properties as the fossil-aromatic benzoxazine, additional
measures are necessary for the FUROX FB601 and BDP4740, for
example the use of ame-retardant additives. For the MT35700
FRPs, the addition of FeCl3 could prove benecial to fully cure
and further cross-link the polymer, resulting in an improved
thermal stability and potentially a V-0 classication.31
RSC Sustainability, 2024, 2, 2959–2967 | 2965
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4 Conclusions

This study introduced the rst commercial biobased benzox-
azines FUROX BDP4740 and Furox FB601 and characterised
resins, polymers and FRPs thereof. The new benzoxazines uti-
lised furfural and cardanol as biobased compounds, resulting
in bio contents of 45% and 59%.

DSC, TGA and rheological analysis were used to identify
a suitable curing program for the biobased monomers. Due to
their thermal decomposition, all curing steps had to be per-
formed under overpressure in an autoclave. The biobased
benzoxazine resins could be cured in similar temperature
ranges as the reference material.

The obtained biobased polymers were porous-free, had high
exural moduli over more than 2 MPa and glass transition
temperatures of 100 °C and 141 °C. In addition, thermal and
combustion analysis revealed a strong intumescence resulting
from the mixture of aliphatic and aromatic groups in the bio-
based monomers. These intumescent layers formed a protective
barrier leading to higher LOI values compared to a nearly
completely aromatic benzoxazine. At the same time, the higher
aliphatic content also led to stronger combustions in the MCC
and UL-94 tests.

For FRP manufacturing, the more aliphatic biobased resins
required a lower infusion temperature than the aromatic
reference benzoxazine which facilitated the manufacturing.
ILSS measurements revealed only weak interactions between
the biobased polymer matrix and the bres as well as some
pores, however, probably due to the thermal decomposition of
the matrix monomers during the curing process. LOI tests
showed that the FRPs achieved high LOI values around 48%.
MCC analysis revealed that the biobased FRPs combusted
stronger and released more heat than the petrochemical refer-
ence and were not classiable in the UL-94 tests.

All in all, the new biobased benzoxazines FUROX BDP4740
and FUROX FB601 are polymers that show promising thermo-
mechanical and ame-retardant behaviour for different appli-
cations. However, for the manufacturing of re resistant FRPs
more work needs to be done to improve the bre–matrix
interactions and the ame-retardant properties of the FRPs and
to avoid any porosity.
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