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PL1- EPOXY BASED VITRIMER MATERIALS AND COMPOSITES
F.G. Tournilhac
Molecular, Macromolecular Chemistry, and Materials, ESPCI Paris, PSL University, CNRS, France
Keywords: epoxy, composites, polyesters, rheology, processing, soft robotics

Abstract: Vitrimers, invented in 2011 by our group, are networks comprising exchangeable links. This
characteristic makes it possible to modify the topology of the network while preserving its integrity at
all times. This results in remarkable properties: vitrimers are both insoluble and processable; they flow
like glass at high temperatures. This makes them recognized on a fundamental level, as a third and new
class of polymeric materials, alongside thermoplastics and thermosets, and on a practical level as a
new means of controlling and solving problems of implementation, chemical resistance and thermal
resistance of materials and composites.

The chemistry of epoxies, already used in the pioneering work on vitrimers, is relevant in several fields
where vitrimers could bring a technical advantage while preserving the possibility of recycling. This will
be illustrated by several examples: i) formulation of epoxy-vitrimer matrices with high Tg,! ii)
manufacture of composite parts with a vitrimer matrix and their assembly by autogeneous welding,?
iii) crosslinking of an engineering thermoplastic polyester to improve thermal performance,®iv) the
implementation of self-repairing biobased elastomers with rapid springback for soft robotics.*

1000

z trimer 1% DGEBA
3
o]
5500 Pristine PBT
2
T=160°C
0 AL (mm)
0 10 2

FIGURE 1. Examples of epoxy-vitrimer enbodiements as neat glassy material, as matrix for carbon-fiber
reinforced composites, as engineering thermoplastics, as fast actuating elastomer.
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K1- FULLY BIO-BASED VERSUS CARBON/GLASS EPOXY COMPOSITES: SCOPE
AND LIMITATIONS IN FIRE AND PHYSICO-MECHANICAL PERFORMANCES

B.K. Kandola?, W. Pornwannachai*®
9 IMRI, School of Engineering, University of Bolton, Deane Road, Bolton, BL3 5AB, UK.

B.Kandola@bolton.ac.uk
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Main message: Fire and mechanical performances of a fully bio-based flax/furan resin composite have
been evaluated and compared with those of conventional carbon/glass fibre - reinforced structural
composites. Fire retardant (FR) variants of flax/furan were obtained by adding FRs to the resin with or
without FR treated flax fabrics. It was observed that to obtain optimized fire and mechanical
properties, the use of a FR in the furan resin matrix is sufficient.

Keywords: Bio-based composites; flax fibre; furan; cone calorimetry; mechanical properties

Introduction

Owing to emerging environmental issues and new regulations on the recyclability of composites, in
last two decades there has been a big surge in development of materials from renewable sources.
Natural fibres, in particular cellulosic fibres, while theoretically having high elastic modulii, defects in
their morphology and variation in crop to crop result in low strength compared to other commonly
used reinforcements. In pursuit of bio based thermoset resins, a number of polyester and epoxy resins
derived from plant oils such as soybean and castor oils have been developed. These resins however still
need synthetic chemical crosslinking agents (i.e. isocyanates, amines), and hence are in fact only partially
bio-based materials. Alternatively, to achieve fully bio based composites, poly(furfuryl alcohol) (PFA,
derived from sugarcane bagasse) based resins, also known as furan resins, are of interest. This work
reports the development and performances of flax/furan composites and their fire retardant variants and
compares them with conventional composites used in structural applications.

Experimental

Prepregs of the control and fire retardant flax/furan were produced from untreated or FR treated flax
woven fabrics and the control or FR containing furan resin. FR treatment of flax fabric (Composites
Evolution, UK) involved pad-dry treatment with an aqueous solution of guanylurea
methylphosphonate (Thor Chemicals, UK) to obtain 1.5% phosphorus on the fabric. FRs added to the
furan resin (TransFurans Chemicals BVBA) included ammonium polyphosphate and melamine
polyphosphate (Budenheim) at 10 and 20 wt% levels. Composites were prepared by stacking six layers
of the prepregs between two PTFE sheets, pressing the whole assembly between two aluminium plates
at 140°C under 20 kg/cm? pressure for 40 min using a hydraulic upstroking press (Moore Itd.), and then
cooling down to ambient temperature under pressure.

Results and Discussion

The fire performance of flax/furan composite in terms of cone calorimetric results was comparable to
those of other high performance composites (see Table 1), time-to-ignition (TT) being higher and peak
heat release (PHRR) lower than even carbon/epoxy composites. The flammability though was higher
than that of glass/furan composites, which can be due to the flammability of flax fibres. The
mechanical, in particular tensile performance of flax/furan was though lower than those of other
synthetic fibre composites (see Table 1).

TABLE 1. Fire and mechanical properties of flax/furan versus glass/carbon fibre composites
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Fibre/resi
. n Thickne Cone calorimetric results at 50 Mechanical
Composites -, 2
compositi  ss kW/m performance
on
o ;
%tﬁ/Wt (mm) TTI PHRR ) -(rl\lle/m TSR Flexural mod. ::;j'”e
() (w/m?) 57 () (GPa) (@Pa]
Flax/Furan  50/50 98 364 . 53 173 o4 63
Carbon/EP-H™  67/33 30 64 224 3 1404 43.2 G 851
Glass/EP-H 2 55/45 2.0 42 385 22 908 21.0 24.8
Glass/EP-L 50/50 2.8 44 456 38 1508 15.4 15.8
Glass/UP 40/60 3.0 33 440 42 1568 12.7 16.9
Glass/Phenolic® 40/60 4.5 164 110 25 336 10.4 13.5
Glass/Furan  42/58 40 191 174 - 17 2 %0 77
Flax/EP-L ) 45/55 4.4 35 616 96 3038 10.0 8.8

Note: EP-H and EP-L represent high (tri- and tetra-) and low (bi-) functional epoxies
respectively

In order to compensate for the flammability of flax fibres, composites prepared from resins with FRs
with and without FR treated flax fabrics (Table 2) were tested and selected cone and tensile/flexural
results are presented in Figure 1. While composites with FRs on both components provided excellent
results, FR treatment of flax affected the mechanical properties of the composites. These results and
other important aspects such as environmental impact and life cycle analysis of flax/furan versus other
composites will be discussed more fully at FRPM 2023.
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FIGURE 1. Fire: (a) HRR vesus time in cone calorimetry at 50 kW/m?; and mechanical: (b) tensile and
(c) flexural performances of composites
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0O1- Increasing Sustainability and Performance Requirements — what is the
future for Phosphorus-based Flame Retardants?

Adrian Beard

Clariant Plastics & Coatings Deutschland GmbH, Industriestr. 149, D-50354 Hiirth,
adrian.beard@claraint.com

Main message: On the one hand, the regulatory environment for chemicals in general and flame
retardants in particular is becoming more and more challenging with political programs like the
European Chemicals’ Strategy for Sustainability. On the other hand, material performance
requirements from new applications like electro-mobility or miniaturization in electronics make it
more difficult to achieve both flammability and other material requirements. This paper will elaborate
how industry is addressing these challenges and why the future for phosphorus-based flame retardants
(PFRs) looks bright.

Keywords: sustainability, flame retardants, phosphorus, CSS, environment

Introduction

Flame retardants have gained the attention of environmental researchers and regulatory agencies over
the last decades because of wide-spread findings in the environment and biota. This mainly concerned
brominated flame retardants, some of which have been restricted and phased out by now. However,
phosphate ester-based FRs have also been found in the environment and indoors. Europe has been
leading in regulating chemicals including flame retardants through laws like REACH, RoHS, WEEE and
EcoDesign Regulations. In 2020, the European Commission announced the Chemicals’ Strategy for
Sustainability as part of the European Green Deal [1]. This policy program will revise existing regulation
e.g. REACH and introduce new concepts like Generic Risk Assessments or Essential Use exemptions.
The aim is to further restrict and reduce problematic chemicals whilst also promoting safer and more
benign products. For flame retardants this means challenges on top of increasing technical
performance requirements like those seen e.g. in electro-mobility where in addition to low
flammability also excellent mechanical and electrical properties are necessary.

Results and Discussion

The flame retardants’ industry has reacted to these regulatory initiatives and constraints by own
programs to demonstrate the safety of flame retardants (and other products). For example, already in
2012 Clariant launched the Portfolio Value Program (PVP, updated in 2022) which is a screening tool
to anticipate regulation, customer needs and stakeholder expectations in key sustainability areas and
across the product life cycle [2]. It uses 39 criteria spanning water consumption, climate impact, bio-
economy, circularity, safety, social value creation, product performance as well as zero waste and
pollution.

In addition to these in-house assessments, independent third-party evaluations were carried out with
GreenScreen™, the TCO Accepted Substances List and the ChemForward SAFER program. Clariant also
participated in research large collaborative projects which assessed the environmental impact of flame
retardants and potential alternatives to problematic substances. All these studies concluded that
products like ammonium polyphosphate or dialkylphosphinates have excellent environmental and
health profiles.

Since 2022, Clariant participates in a case study of the Joint Research Centre of the European
Commission (JRC) on testing the criteria for “safe and sustainable-by-design” chemicals [3] (see Fig. 1).
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First results show that the suggested methodology from JRC is very comprehensive and may need some
simplifications to make it workable as a screening tool for new products in the development phase.

Safety Social Value

Flame
Retardants

Economic Value

FIGURE 1. The Elements of Safe and Sustainable-by-Design for Flame Retardants.

Currently, a lot of focus is put on the carbon footprint of chemicals and materials. Phosphorus-based
FRs have the inherent disadvantage that the extraction of phosphorus from phosphate rock is very
energy intensive. Here, only a shift to renewable energy for this early production step can help. Using
renewable carbon sources for the carbon content in PFRs (which is often >50%) can also reduce the
carbon footprint. Clariant offers phosphinates with renewable carbon based on a certified mass
balance approach.

In addition to all these sustainability aspects and demands, flame retardants need to perform. The
materials they protect need to achieve not only stringent flammability tests but also other material
requirements like mechanical and electrical properties or resistance against chemicals. Flammability
performance is a necessary, but not a sufficient criterion for commercial success: ever thinner parts
pose challenges as well as electric properties like comparative tracking index in E-mobility. Phosphorus
chemistry offers great versatility so that PFRs can be tailored to fit the target polymer or textile. Both
additive and polymeric / polymer-bound flame retardants are possible based on phosphorus and the
range of PFRs with good environmental and health profiles suggests that they will have a great future.
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PL2- DEVELOPMENT OF BIOBASED AND NANOSCALE FLAME RETARDANTS

Hao Wang
Centre for Future Materials, University of Southern Queensland, Brisbane, Qld 4300, Australia

Abstract

Polymers and polymer composites are widely and increasingly used in various industries and our
everyday life. Many of these polymer materials are, however, highly flammable, which pose increased
fire risk to people’s lives and our society. The flammability of polymers and polymer composites is a
serious issue and severely limits their applications. Adding flame retardants (FR) has been approved as
an effective strategy to address the fire issues associated with these flammable polymers and
composites. There are several very efficient FRs being developed, including halogen-based,
phosphorus-containing, intumescent, and inorganic FRs. The new environmental and regulation
requirements push us go to the approaches of biobased and nanoscale to make FRs greener and more
efficient.

For the biobased FRs, we have worked on phytic acid based FRs, lignin based FRs and cellulose based
FRs. Those biobased FRs have shown good flame retardancy but need further improvement in
efficiency. They can be combined with traditional FRs in applications. For nanoscale FRs, we have
worked on carbon nanotube, graphene and MXene FRs. Nanoscale FRs can significantly reduce heat
release rate, and even smoke and toxic gases release. Once they are combined with traditional FRs,
they can significantly reduce the amount of FR required and achieve the good LOI value and UL-94
rating. Some of our work has been presented in our paper “flame retardant polymeric nanocomposites
through the combination of nanomaterials and conventional flame retardants”, published in Progress
in Materials Science 114 (2020) 100687.
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K2- ALIPHATIC SILICA-EPOXY SYSTEMS CONTAINING DOPO-BASED FLAME
RETARDANTS, BIO-WASTES, AND OTHER SYNERGISTS

A. Bifulco?, C. Imparato?, S. Gaan®, G. Malucelli¢, A. Aronne?®
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Main message: Most industrial applications require polymer-based materials showing excellent fire
performances to satisfy stringent requirements. No-dripping and self-extinguishing hybrid silica-epoxy
composites can be prepared by combining tailored sol-gel synthesis strategies with DOPO-based flame
retardants, bio-wastes, and other synergists. This approach allows for achieving V-0 rating in UL-94
vertical flame spread tests, even using a sustainable route, aliphatic amine as hardener, and low P
loadings.

Keywords: epoxy-silica nanocomposites, phosphorus flame retardant, in-situ sol-gel silica, aliphatic
hardener, fire behavior.

Introduction

The industry demand, the rising pollution, and the depletion of phosphorus are moving the scientific
community towards the development of flame retardant (FR) aliphatic epoxy composites characterized
by low P contents and more sustainable additives [1]. The in-situ generation of inorganic phases has
been explored in combination with DOPO-based FRs, bio-wastes, and other synergists to prepare no-
dripping and self-extinguishing aliphatic epoxy composites, even keeping P at very low loadings (1, 2
wt.%) [2].

Experimental

High-Resolution Transmission Electron Microscopy analysis was performed by using a TEM/STEM JEOL
JEM 2200 fs microscope working at 200 kV. Cone calorimetry (CC) tests were carried out by means of
Noselab ATS Instr. (Monza, Italy) operating with an irradiative heat flux of 35 kW/m? (ISO 5660
standard) on 100 x 100 x 3 mm?3. Finally, the flammability of all epoxy-based composites was evaluated
by UL-94 vertical burning tests according to IEC 60695-11-10 on 13 x 125 x 3 mm? samples.

Results and Discussion

The reaction between DGEBA (Bisphenol A diglycidyl ether)-based resin and APTES (3-
aminopropyltriethoxysilane) allows for producing hybrid organic-inorganic epoxy moieties (silanized
epoxy). The hybrid moieties can condensate with TEOS (tetraethyl orthosilicate), a silica precursor, to
form an in-situ SiO, phase through sol-gel reactions (Figure 1). Microscopy analysis revealed that the
SiO; phase was composed of nanoparticles showing a well-ordered multi-lamellar shape, intimately
embedded in a hybrid co-continuous network [2, 3]. The application of this methodology for the
preparation of silica-epoxy nanocomposites provides fully condensed aliphatic nanocomposites
exhibiting high transparency, no-dripping phenomena during the UL-94 vertical flame spread tests, and
a strong decrease (~50%) in the peak of the heat release rate (pkHRR) in CC tests with only 2 wt.% of
silica loading [3]. By replacing TEOS with magnesium ethoxide, it is possible to generate in-situ Mg(OH)2
nanoparticles in a hybrid epoxy network. These nanoparticles can act as flame retardant (FR) to obtain
epoxy nanocomposites with improved fire behavior, even with low (i.e., 5 wt.%) filler loadings [4].
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Flammability and CC tests performed on epoxy systems containing in-situ Mg(OH), nanoparticles
allowed for preventing dripping phenomena and a significant decrease (~37%) in pkHRR.
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FIGURE 1. Synthesis route of no-dripping self-extinguishing aliphatic epoxy composites.

9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) is one of the most used reactive FRs
for epoxy systems, though its use negatively affects the glass transition temperature of the final
products. Therefore, the scientific community has developed several DOPO derivatives (e.g. 6H-
dibenz[c,e][1,2]oxaphosphorin,6-[(1-oxido-2,6,7-trioxa-1-phosphabicyclo[2.2.2]oct-4-yl)methoxy]-,6-
oxide (DP) and with 3-(6-oxidodibenzolc,e][1,2]oxaphosphinin-6-yl)propenamide (DA)) to overcome
this limitation. Bifulco et al. incorporated DA/DP into silica-epoxy nanocomposites together with
melamine (Figure 1). Despite the use of an aliphatic hardener (isophorone diamine) and low contents
(2 wt.%) of P, the silica-epoxy nanocomposites exhibited UL-94 V-0 rating without any dripping and a
strong decrease (up to 80%) in the pkHRR, with respect to the pristine resin [2]. A more waste-to-
wealth approach concerns the use of bio-waste humic acids as FR, which can be well dispersed into an
APTES-modified epoxy matrix (Figure 1). The addition of humic acids, ammonium polyphosphate (APP)
and urea in this hybrid epoxy matrix guaranteed no-dripping self-extinguishing capability, lower (up to
23%) total smoke release, and a remarkable decrease in pkHRR (up to 52%) compared to pristine epoxy,
even with only 1 wt.% of P loading [5].
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02- Next Generation of Radical Generators
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Main message: In this presentation we introduce the next generation of multifunctional radical
generators based on phosphorous substituted sulfenamides. The prepared multifunctional flame
retardants exhibited very high FR efficacy alone, i.e. they provided a UL-94 V2 rating in PP by
themselves. Moreover, radical generators based on different silylamines and siloxyamines are
introduced which together with a conventional phosphorous flame retardant, AFLAMMIT® PCO 900,
give a UL-94 VO rating in PP, LLPE and epoxy resins.

Keywords: Radical generator, Multifunctional flame retardant, Sulfenamide, Silylamine, Siloxyamine
Introduction

Today the concept of circular economy plays a vital role for industrial production of all goods. It must
be underlined that plastic additives are intentionally added into the polymer and therefore we need
to rethink and thoroughly assess what type of additives can be introduced without an ecological risk.
To this aim, conscientious producers of FR products have made major efforts to find alternative FR
solutions with better overall environmental profiles and higher efficacies at already low loadings of <
5%.

Experimental

A series of innovative flame retardants containing phosphorous substituted sulfenamides (P-SN),
silylamine (N-Si) and siloxyamine (N-O-Si) have been synthesized, as shown in Figure 1. The flame
retardant efficacy in various polymeric materials were evaluated according to UL-94 V fire standard.

Results and Discussion

To the best of our knowledge the multifunctional sulfenamides are the first halogen free radical
generators that can provide a UL94-V2 rating as standalone flame retardant at 4 wt% loading in PP, as
shown in Table 1.

In contrast, the synthesized silylamine and siloxyamine flame retardants did not pass any UL-94V rating
by themselves. However, a strong synergistic effect was observed when the phosphorous flame
retardant was combined with either N-Si or N-O-Si containing compounds, since none of the flame
retardants could independently provide a V-0 rating in the UL94-V test in PP, LLDPE and epoxy resins
even at similar loadings.
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FIGURE 1. Chemical structures of synthesized radical generators.

TABLE 1. Selected properties of flame retarded polymeric samples

Sample Polymer Radical Aflammit UL 94v
Generator PCO 900 rating
[wt%] [wt%]
1 PP P-NS2 [4wt%)] - V-2 rating
2 PP P-NS3 [4wt%] - V-2 rating
3 PP NSi1[2 wt%] [10 wt%] V-0 rating
4 PP NOSi2 [2 wt%] [10 wt%] V-0 rating
5 LLDPE NSil [2 wt%] [15 wt%] V-0 rating
6 Epoxy NS1 [2 wt%] [2.5 wt%] V-0 rating
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O3- NOVEL PHOSPHORUS-CONTAINING FLAME RETARDANTS BASED ON
CELLULOSE AND SUGAR ALCOHOLS
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Main message: Novel biobased flame retardants were synthesized from cellulose and phosphorus
derivatives of sugar alcohols by a sustainable and efficient procedure: Cellulose was esterified using a
mixture containing acrylic anhydride to give cellulose acrylate followed by Phospha-Michael-Addition
[1]. For this purpose, phosphorylated anhydroerythrite (PAHE) was found to be particularly suitable.
The flame retardants are white solids which were successfully tested in polypropylene (PP) and
biobased polyamide.

Keywords: biobased flame retardant, cellulose, sugar alcohol, polypropylene, polyamide

Introduction

Forward-looking development of flame-retardant additives is targeted on the use of renewable
sources, sustainable fabrication and innocuousness. However, low thermal stability and other serious
shortcomings still limit the application of biobased flame retardants. To overcome these
disadvantages, a class of thermal stable and efficient biobased flame-retardants was designed by
exploitation the unique structure of cellulose. A derivative of erythrite was chosen as phosphorus-
containing unit.

Experimental

The cellulose used in this work was purchased as 100 % bio-cotton from a drugstore (DM, ebelin) as
well as the erythrite Xucker®; Ultramid® Flex F29 was provided from BASF SE, PP with melt flow index
(230°C) of 35 g/10 min (PP 519A) and 12 g/10 min (PPH 7069) were provided from Sabic and Total; and
PP Copolymer (Moplen RP 320M) with melt flow index (230 °C) of 8,5 g/10 min from Lyondell Basell.
Nuclear magnetic resonance spectroscopy (NMR) measurements were performed on a BRUKER Avance
300 MHz. Thermal analysis was performed with a TG analysis from Mettler Toledo.

The flame retardants were incorporated into PP and Ultramid® Flex F29 using a twin-screw lab extruder
Three Tec 12 mm at 180 and 220°C, respectively. UL 94 test bars (1.6 mm) were manufactured by
injection molding using a Haake Minijet Pro. UL 94-V test and B2 test were carried out according to DIN
EN 60695-11-10 and DIN 4102, respectively.

Results and Discussion

Synthesis_of novel flame retardants: An efficient and sustainable sequence to synthesize novel
phosphorus-containing cellulose esters [1] have been developed (see scheme 1).

The first one of the two-step procedure includes the esterification to give acrylate-functionalized
cellulose. Cellulose esters bearing acrylate groups are already reported in the literature but known
methods to synthesize them required the use of toxic reagents and solvents and very laborious product
isolation was necessary [2]. That is why, they could not be adapted for synthesis in large scale so far.
The novel esterification approach does not need the use of toxic and/or chlorine-containing reagents
and substances to dispose are not formed. It is performed using a reaction mixture consisting of acrylic
anhydride, acrylic acid as well as propionic anhydride and/or butyric anhydride. That means the
esterification is conducted in a quite similar manner like the industrial production of cellulose
triacetate. The cellulose esters obtained this way bear acrylate groups as well as a moderate part of
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propionic and/or butyric groups (17-30 % of ester groups). The latter are necessary to improve the
solubility.
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SCHEME 1. Two-step synthesis of a biobased flame retardant based on cellulose and erythrite.

The second step of the synthesis sequence — Phospha-Michael-Addition — includes the reaction of P-
containing sugar alcohol derivates with the acrylate groups of the cellulose esters, whereby carbon-
phosphorus-bonds are formed. Tetrahydrofuro[3,4-d][1,3,2]dioxaphosphole 2-oxide (phosphorylated
anhydroerythrite; PAHE) was successfully applied for this purpose. It is a literature-reported compound
easily accessible from erythrite [3]. Erythrite is becoming a low-priced substance produced in large
quantities from biobased sources (sugars). Novel flame retardants (PAHE-functionalized cellulose
esters) were obtained in high yield (with different amount of PAHE groups). These macromolecular
substances could be isolated as white powders. Investigations by NMR spectroscopy confirmed high
purity of these novel flame-retardants. Ongoing work aim at suchlike substances based on wood or
straw cellulose and optimization of their structural patterns including trials to synthesize phosphorus-
containing derivatives from other sugar alcohols (e. g. xylite).

Thermal and flame-retardant properties: Fortunately, investigations of thermal stability by TGA
revealed high onset temperature of decomposition (2% mass loss) of about 290°C.

The novel flame retardants were incorporated into PP and the biobased polyamide Ultramid® Flex F29
—alone and in combination with synergists. The PP-test bars and foils were transparent and colorless.
Investigations of the burning behavior of these specimens yielded promising results [4]. The foils
passed the B2 test according to DIN 4102 already at low loading; UL 94 VO rating was achieved at a
loading of 18 wt-% in Ultramid® Flex F29 (thickness of samples: 1.6 mm).
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Main message: Sustainability, or in other words, exploiting environmental conservation for the
economic welfare and prosperity for all, would revolutionise the plastics industry were it to become
predominant practice as a linear, fossil-fuel-based economy is switched to a carbon circular economy.
Food for though is given by dint of a critical overview of the current trends in sustainable flame-
retardant polymeric materials.
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Introduction

Transforming the plastics industry into a carbon circular economy over the next 30 years requires an
immediate revolution entailing the development of cutting-edge materials and the planning of future
industrial production plants. Hence, the innovative field of flame-retardant polymeric materials should
lend its strength to drive this challenge. Visionary solutions are proposed to inspire us, while the
implementation of economically feasible concepts can take us forward into the future.

Experimental

The synthesis, processing, polymer analysis, thermal analysis, and investigation of fire behaviour from
our own research are performed according to the state of the art, mostly in accordance with the
pertinent I1SO standards. Indeed, some of our equipment is part of the accredited lab; for the other
methods we fulfil equivalent quality standards in terms of maintenance, calibration, participation in
round robins, etc. Work steps such as the synthesis or preparation of new materials are usually
outsourced or done with partners that have the relevant core competence. The talk also presents
examples from other groups whose experimental is described in the corresponding scientific papers.

Results and Discussion

An overview of current trends towards producing sustainable, flame-retardant polymeric materials is
presented, using examples from the literature and by sketching our own projects performed in recent
years. [1-5] The examples are structured along a common theme leading from the use of old and new
natural materials with some intrinsic flame retardancy, via flame-retardant biopolymers and
biocomposites, to using renewable sources for flame retardants with the objective of exploiting natural
sources available as industrial waste streams. Natural flame retardants and adjuvants are highlighted,
although the status of most may be assessed as merely motivating our vision. Nevertheless, there are
natural material streams finding their way into polymer mass production as fillers, adjuvants, polymers,
or renewable educt sources. Natural substances originating from industrial waste streams open the
door to sustainable solutions, because they are often available at low cost and avoid competition for
land with farming or virgin forests. Aside from this main topic, remarks will address the recycling of
flame-retarded polymeric materials; vitrimers are mentioned as a potential material for recyclable
thermosets. At the end of the day, only convincing property profiles will prevail both for exploiting
renewable sources and circular design, including cost effectiveness, sufficient availability, consistent
quality, processibility, mechanical properties, and flame retardancy. However, sustainability must not
be merely tolerated as an additional demand, but should instead be recognized as a solution, because
sustainability aspires to ensure our economic welfare now and in the future.
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Main message:

Fly ash is a waste byproduct issued from thermal power plants which has not been used fully regarding
its potential as a vital resource of engineering materials, in particular as component of flame retardant
systems. So, it has been shown that surface treated fly ash can replace a fraction of phosphorous FRs
in PBS and PBAT, leading to synergistic effects. Investigations about the FR mechanisms involved
highlight the role of new crystalline phases able to retain phosphorus in the residues.

Keywords: Fly ash, waste byproduct, biopolyesters, flame retardancy.

Introduction

Around 750 MT of fly ash are generated each year in the world, leading to serious concerns about their
disposal. Depending on their specifications, fly ash can be used as functional fillers in polymers (1,2).
The present study aims to assess a specific fly ash produced by Holcim company, possibly surface
treated with silanes or titanates (3), to substitute a fraction of P/N based FRs. The objective is to reduce
the environmental impact of flame retardant biopolyesters such as PLA, PBS and PBAT and blends (4).

Experimental

Formulations and specimens were prepared using a twin-screw extruder and injection moulding. Fly
ash was combined with ammonium polyphosphate (APP) and melamine polyphosphate (MPP). The
global loading of components was kept at 25wt%. 3-aminopropyl triethoxysilane, 3-glycidyloxypropyl
trimethoxysilane and isopropyl tri[di(octyl)phosphato] titanate were used as coupling agents. Fire
behavior was assessed using PCFC, TGA, cone calorimeter and UL94V test. The microstructure of the
combustion residues after cone calorimeter tests was investigated using SEM and X-microanalysis. In
order to assess the formation of new compounds resulting from possible interaction between flame
retardants and fly ash, X-ray diffraction of cone calorimeter residues was performed.

Results and Discussion

From TGA and PCFC analyses, strong interactions occur between ammonium polyphosphate and PBS
and PBAT during thermal degradation, whereas the interaction is limited with PLA. Consequently, the
fire behavior of the initial composites as well as the microstructure of residues after degradation of
compositions containing APP (or APP+MPP) and fly ash are different.

Cone calorimeter tests (Table 1) highlight synergistic effects on fire parameters (peak of HRR and
MARHE) for mixed compositions in PBS and PBAT, particularly when fly ash are surface-treated with
titanate.

For PBS and PBAT, the mechanisms of fire retardancy involve the formation of new crystalline
structures (Al(POs)s and Als(NH4)H14(PO4)s:4H,0) identified by X-Rays diffraction and appearing as
windroses on SEM micrographs (Fig.1). The use of X-microanalysis indicates that most part of the initial
phosphorous remains in the residue. Consequently, two fire mechanisms (reaction of polymers with
APP and formation of alumino-phosphates or phosphites) can work together to improve the fire
retardancy of biopolyesters.
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FIGURE 1. SEM pictures of PBAT cone calorimeter residues containing fly ash and APP
((left: upper side (X250), center: upper side (X2500), right: cross section (X250 or X2500)).
TABLE 1. Cone calorimeter and UL94V results of flame retarded PBS samples (irradiation of 50kW/m?)

pHRR MARHE

Formulation uL9gv (KW/m?) THR (MJ/m?) (KW/m?) Residue (%)
PBS nc 698 103 314 8

APP25 V-2 524 92 241 22
APP18.75/P6.25 V-2 483 97 225 21
APP12.5/P12.5 V-2 450 98 281 21
APP16.67/MPP8.33 V-2 419 92 246 20
APP12.5/MP6.25/P6.25 V-0 383 98 225 19
APP12.5/MP6.25/P6.25T V-0 338 98 213 19

P: SuperPozz fly ash, T: titanate-treated
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O5- FLAME RETARDANTS: A CHANGING LANDSCAPE
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Main message:

Due to the growing health concerns regarding the toxicity of flame retardants in polymers around the
world, Polymer Compounders Limited (PCL) investigated ways to develop safer alternatives. The
Notoxicom® family of flame retardant materials have now been developed and we truly believe that
these polymers are the world’s lowest toxicity FR PC/ABS and FR PC/ASA materials that still meet UL94
VO at 0.8 mm and that do not compromise on material properties.

Keywords: Self Extinguishing Polymer, halogen-free flame retardant, Low Toxicity Flame Retardant,

Introduction

The benefits of moving to halogen free flame retardants have long been recognised but now the most
widely used non-halogen flame retardants and their synergists are coming under increasing scrutiny
from bodies such as the ECHA due to their toxicity. By utilizing the excellent halogen free performance
of polyphosphonate-co-carbonates it was found that an excellent balance of material properties and
flame retardancy could be achieved.

Experimental
UL94 flammability testing on moulded test bars is commonly used to measure burning rate and
characteristics. A V-0 rating carries the following requirements:

1. None of the five samples can have flaming combustion for more than 10 seconds after each of

two 10 second flame applications.

2. The total flaming combustion time for the ten 10 second flame applications (5 samples, 2
applications each) of more than 50 seconds.

3. None of the five samples may burn with flaming or glowing combustion up to the holding
clamp.

4. None of the five samples may drip flaming particles which ignite dry absorbent cotton located
305mm below the sample.

5. None of the five samples may have glowing combustion which persists for more than 30
seconds after the second removal of the flame.

UL94 20mm Vertical Burning testing of Notoxicom® PC/ASA grade S6000 at 0.8 mm thickness.

A bag of polymer granules was sent from Polymer Compounders to Intertek for injection moulding into
UL94 test specimens.

The moulded test specimens were conditioned for at least 48 hours under standard laboratory
conditions of 23 + 2°C, 50 + 10% relative humidity prior to testing.

One set of specimens were tested after ambient conditioning and another set was aged for 168 hours
at 70 £ 2°Cin accordance with UL94 (May 2018) at Intertek Pittsfield.

UL94 20mm Vertical Burning testing of Notoxicom® PC/ABS grade B6000 at 1.6mm and 0.8 mm
thickness.
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Further UL94 testing was also conducted on the Notoxicom® PC/ABS grade B6000.

Results and Discussion

UL94 20mm Vertical Burning testing of Notoxicom® PC/ASA grade S6000 at 0.8 mm thickness.

Flammability Report Page 1 of 1

Testing Test For Flammability Of Plastic Materials For Parts In Devices And Appliances

Test Method UL94 (May 2018) 20mm Vertical Burning Test

Project Number P20194756

Customer Intertek - Wilton Purchase Order # : UK001-224685

Attention Julie Mason

Analyst D. Loehr

Date December 16, 2019 laecnroimn)
TESTING LABORATORY

Material PCASACOM S6000 Grey RAL 7035

Thickness (Average) 0.834mm

Sample Preparation Molded by an approved outside service.

Conditioning 48+ hours at 23°C £ 2°C / 50% RH * 10% RH

Significance UL 94 specifies the use of a timing device accurate to 0.1 second

Sample Number 1 2 3 4 5

Duration Of Flaming After First Application (T1) (sec) 0 0 0 0 1

Duration Of Flaming After Second Application (T2) (sec) 4 5 3 3 5

Total Afterflame (T1+T2) (sec) 21

Afterglow after second flame application (T3) (sec) 0 0 0 0 0

Duration of flaming/glowing after second application (T2+T3) (sec) 4 5 3 3 5

Did the sample flame or glow to the holding clamp? No No No No No

Did sample ignite surgical cotton? No No No No No

The samples PASS requirements for UL-94V0 at the conditions outlined above

Flammability Report Page 1 of 1

Thickness (Average)
Sample Preparation
Conditioning
Significance

Testing Test For Flammability Of Plastic Materials For Parts In Devices And Appliances

Test Method UL94 (May 2018) 20mm Vertical Burning Test

Project Number P20194756

Customer Intertek - Wilton Purchase Order # : UK001-224685

Attention Julie Mason

Analyst D. Loehr

Date December 26, 2019 [accrEpivED)
TESTING LABORATORY

Material PCASACOM S6000 Grey RAL 7035

0.831mm

Molded by an approved outside service.

168 Hours at 70°C in air circulating oven, cooled 4+ hours in desiccator
UL 94 specifies the use of a timing device accurate to 0.1 second

Sample Number 1 2 3 4 5
Duration Of Flaming After First Application (T1) (sec) 0 0 0 0 0
Duration Of Flaming After Second Application (T2) (sec) 1 2 2 3 8
Total Afterflame (T1+T2) (sec) 16

Afterglow after second flame application (T3) (sec) 0 0 0 0 0
Duration of flaming/glowing after second application (T2+T3) (sec) 1 2 2 3 8
Did the sample flame or glow to the holding clamp? No No No No No
Did sample ignite surgical cotton? No No No No No

The samples PASS requirements for UL-94V0 at the conditions outlined above
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UL94 20mm Vertical Burning testing of Notoxicom® PC/ABS grade B6000 at 1.6mm and 0.8 mm
thickness.

UL-94 B6000 Black

1 ;;3::22 self- burning | #of |Flaming self- burning # of Flaming
Peter extinguish?| Time(s) | Drips Drip |extinguish?| Time(s) | Drips Drip
sample Th(';:(r:iss 10-second burn 1 10-second burn 2
Yes 1 0 0 Yes 1 0 0
Yes 1 0 0 Yes 1 0 0
Yes 1 0 0 Yes 1 0 0
Yes i 0 0 Yes 1 0 0
fl;gg? Lemm Yes 1 0 0 Yes 1 0 0
9126 Yes 1 0 0 Yes 1 0 0
Yes 1 0 0 Yes 1 0 0
Yes 1 0 0 Yes 1 0 0
Yes o 0 0 Yes 1 0 0
Yes 1 0 0 Yes 1 0 0
Sum 10 0 0 Sum 10 0 0
uLRating | T —
Yes 1 0 0 Yes 6 0 0
B6000 Yes 3 0 0 Yes 5 0 0
Black 0.8mm Yes 2 0 0 Yes 2 0 0
9126 Yes 3 0 0 Yes 3 0 0
Yes 1 0 0 Yes 10 0 0
Sum 10 0 0 Sum 26 0 0
[ utrating [ T —
V-0 @1.6mm |V-0@0.8mm
t max, sec 1 10
t total, sec 10 36
- . total drin/flaming drio| o/o o/o

The results demonstrate that a solid UL94 VO rating can be achieved at thicknesses as low as 0.8mm
for the Notoxicom® blends of polymers. Furthermore, because this flame retardant system comprises
of large polymeric molecules, they are far less likely to migrate out of the host plastic and thus do not
bioaccumulate making them far safer to use.
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06- Flammability of thick but thermally thin materials including bio-based
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Main message: A phenomenological model allows properly calculating the pHRR of various thermally
thin materials, as foams, fabrics, fibers in bulk, fibers panels, biobased concretes but also some woods
in cone calorimeter.

Keywords: Flammability, thermally thin behavior, cone calorimeter, prediction

The fire reaction of various types of flammable insulating materials is investigated using cone
calorimeter. The influences of several parameters as sample density, sample mass, effective heat of
combustion, heat flux or the presence of a grid on the heat release rate are discussed.

The thermally thin behavior of these lightweight materials exhibited during cone calorimeter tests is a
consequence of their low effusivity. Only a thin top layer exposed to the heat flux contributes to the
pHRR occurring just after ignition. The deeper part of samples remains at insufficient temperature to
contribute to pHRR. The thickness of the top layer of the sample contributing to pHRR was estimated
from experimental data conducted on bulk FR and FR-free hemp fibers. This top layer is believed to
absorb directly the heat flux from the radiant cone. Its thickness was also evaluated with a numerical
model.

A phenomenological model is then proposed to calculate the peak of heat release rate (pHRR) of such
thermally thin materials. The model is based on the distinction of the contributions of the exposed top
layer and the deeper layer to the combustion. The model was also applied to some limit cases like
dense woods (for which the more pronounced heat transfer due to a non-negligible thermal
conductivity is prevented by a char development) and as biobased concretes (for which the mineral
fraction must be considered). A database gathering the results of more than 400 tests performed on
fibers, bio-resources panels, bio-based concretes, fabrics and woods is used to validate the proposed
model. Accuracy of the proposed model is discussed (Figure 1).
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FIGURE 1 — Experimental versus calculated pHRR for all materials tested
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Main message:

Poly(lactic acid) (PLA) is a highly flammable aliphatic polyester of biological origin. In order to increase
its fire resistance, phosphorus fragments have been directly incorporated into the PLA skeleton by ring-
opening polymerization. This results in a better thermal stability of PLA. This strategy also prevents
leaching or migration that occurs when additives are mixed.

Keywords: Poly(lactic acid), Phosphorus, Ring-opening polymerization, Fire retardancy

Introduction

Poly(lactic acid) (PLA) can be manufactured either by polycondensation of lactic acid or by the ring-
opening polymerization (ROP) of L-lactide promoted by a metal based catalyst. [1] ROP can be
conducted in bulk i.e. without solvent affording higher molecular weight polymers at low cost and in
safer conditions than polycondensation. [1] It is this latter that be used to synthesize heat resistant
PLA.

Experimental

The phosphorus fire retardant moieties were synthesized and characterized with NMR spectroscopy,
mass spectrometry as well as with thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) analysis. Bulk polymerization were performed with Sn(Oct), as the catalyst in glass
reactors (sealed under inert atmosphere in a glove box) and heated in an oil batch for a given time and
temperature. The obtained PLA were analyzed by TGA, DSC, nuclear magnetic resonance spectroscopy
(NMR) and gel permeation chromatography (GPC).

Results and Discussion

Polymerization of (L)-lactide and the phosphorus compounds were conducted at different
temperatures and various amount of Tin catalyst. The formation PLA was highlighted by *H, *3C and
DOSY NMR analysis Molecular weights up to 20,000 g/mol have been obtained depending on the
polymerization conditions. Moreover, TGA analysis results show an improved thermal stability of the
Phosphorus containing PLA compared to neat PLA. All the results will be fully discussed during the talk.
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S2- Synthetic papers inspired by wasp nest material: Flame-retardancy
mechanism investigations and their potential for sustainable flame retardant
materials
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Main message:

Materials evolved by organisms adapted to fire-prone habitats are promising candidates for new
environmentally friendly flame retardancy solutions. Initial studies of Vespula germanica nests, which
are built of a paper-like composite of wood particles and protein-rich saliva, showed low flammability
and a good structural integrity of the residual material. Therefore, we developed biomimetic papers
based on the same design principle to investigate the flame retardancy mechanisms involved.

Keywords: sustainable flame retardancy, bioinspired, bio-based, proteins

Introduction

Evolution has brought forth a variety of organisms that survive wildfires, and not only plants but also
animals have remarkable fire-adaptive properties [1]. Besides that, biomolecules are in the focus as
flame retardant additives for polymers as well [2]. In these contexts, wasp nests built from chewed
wood and protein-rich saliva are an interesting material. Since fire is a phenomenon in the wasp’s
ecosystem it is probable that they evolved flame retardant properties for their materials.

Experimental

Wasp nests were collected as reference material in the field after the wasps abandoned them.
Biomimetic papers were produced using wood particles and commercial proteins to mimic the main
component of the wasp saliva and optimized for fire resistance. Additionally, polypropylene based
polymer composites were prepared by extrusion using the same constituents to test whether the
results can be transferred to wood plastic composite-like materials.

All samples (biological and synthetic) were flame tested and investigated by thermo gravimetric
analysis (TGA). The evolved gases where analyzed by a coupled Fourier transform infrared (FT-IR)
spectrometer to classify the combustion behavior and find possible synergies. In addition, the samples
and their burnt residues were structurally characterized and analyzed by light-microscopy as well as
scanning electron microscopy.

Results and Discussion

Wasp paper of Vespula germanica nests in comparison with plain commercial multilayer pulp show
some flame-retardant behavior and charring when flame tested. This behavior was confirmed by TGA
measurements (fig. 1a, b), where the decomposition of the wasp nest paper starts earlier, but is
significantly slower than the decomposition of the multilayer pulp. The wasp nest paper is also
releasing more of non-combustive gases like H,O and CO; in the beginning of the decomposition as can
be seen in the FT-IR spectra (fig. 1c). It also produces more residual char than commercial multilayer

pulp (fig 1a).
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FIGURE 1. TGA and FT-IR analysis of wasp paper in comparison to multilayer pulp. (a) normalized TGA
curves, (b) corresponding numerically derived DTG curve, with inserted peak temperatures (c) FT-IR
spectra at 300°C normalized to the weight change Am of the TGA, CO,- and H,0- spectra inserted at
the bottom as references.

The release of non-combustive gases as well as charring are typical mechanisms used for flame
protection of polymeric materials [2] and also for wood plastic composites (WPCs), where developing
halogen-free flame retardants is still a challenge [3]. Therefore, we mimicked the wasp paper using
industrial wood particles and commercial gluten, to systematically investigate the influence of quantity
and distribution of proteins on the flame retardancy properties observed in the biological blueprint.

In conclusion, the wasp nest material inspired new, flame retarded wood-gluten paper-like
composites, that are self-extinguishing in a horizontal flame test. The release of the nonflammable
gases H,0, CO; and NHs and indications for intumescent behavior make gluten a potential biological
flame retardant with possible synergistic effects with wood. Further development might bring forth a
sustainable flame retardant which is also applicable in WPCs.

Acknowledgement: This project is funded within the “FF-HAW Kooperation” program by the Ministry
of Culture and Science NRW, Germany.
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Main message:

lithium-ion batteries (LIBs) represent vital technologies that have enabled the recent advances in
electrically powered portable devices, electric vehicles, and internet of things (l1oT) sensors. The recent
surge in fire accidents and explosions originating LIBs in electric vehicles, mobile phones,etc., has
become a serious issue threatening life and damaging properties. Amonst of all basic components of
LIBs, electrolyte usually is an important but flammable. In this lecture, the latest flame-retardant
progress on the electrolyte and some challenges faced will be summarized.

Keywords: Lithium ion battery; ectrolyte; fire safety; flame retardancy; Challenges

Introduction

The safety risks posed by electrolytes of lithium-ion batteries have drawn large-scale concern recently
due to the increased reports of fires in electric vehicles. Efforts to address the fire safety of electrolytes
have predominantly focused on the incorporation of flame retardant additives. However, some of
these strategies generally lea to poor electrochemical properties when used in large quantities.
Furthermore, how to properly evaluate flammability or flame retardancy of electrolytes are still
challenging due to the lack of reliable characterization technology.

Experimental

i) An in-depth fire hazard and resistance diagnosis approach to liquid electrolytes[1]

A precise and reliable technique for diagnosing the fire resistance efficiency and hazards of flame
retarded liquid electrolytes has been developed based on the cone calorimter. Following the
encouraging results with dimethyl carbonate (DMC), which was selected as a model solvent since it is
a common constituent of the liquid electrolytes, the cone calorimter was used for real-time fire
behavior analysis of a standard carbonate liquid electrolyte sample, 1M LiPF6 in Ethylene carbonate
(EC)/Ethyl methyl carbonate (EMC) (named LE). Similarly, this experiment was carried out at a heat flux
of 0 kW m?, i.e., without supplying any heat from the conical heater. 10 ml of the samples were
transferred into the designed sample holder covered by an aluminum foil and then placed on the
sample stage. The ignition was provided by an external lighter.

2) Development of flame-retardant liquid, gel-polymer and fully solid electrolytes to LIBs[2-5]

By using vairied flame retardant strategies, series of flame-retardant liquied, gel-polymer and fully solid
electrolytes have been developed in the lab. Both of the flame retardancy and electrochemical
performance of the coin cell were investigated. Some new mechanisms of performance were studied.

Results and Discussion

In this study, the sample was ignited instantly, and the gas analysis system continuously measured the
oxygen consumption data. This approach allows for real-time analysis of key fire behavior parameters
of the flame retarded electrolytes such as time to ignition, heat release rate, fire growth rate index,
smoke toxicity index, carbon monoxide, and smoke produced. The main results from cone calorimter
to the LE in were collected in Figure.1.

36



FRPM?23, 26. - 29. June 2023, Empa Diibendorf, Switzerland

a. 100 —=— Sample 1 b'

—e— Sample 2|
—+— Sample 3|

®
N

I
3
! !

2
8

@
L

IS
L

—=— Sample 1 1
—e— Sample 2
—*— Sample 3| |

Heat release rate, kW/L

Total heat released, MJ/L
~N
)

E

Time, s Time, s

C. d ® 0.0012] |—=— Sample 1
—e— Sample 2
|—*— Sample 3

0.0010 -

5 0.0008 -

0.0006 -

CO Produced, g/s

0.0004 -

0.0002 -

Fire growth rate index, kW.L".s™

0.0000

T T
0 50 100 150
Sample 1 Sample 2 Sample 3 Time, s

FIGURE 1. a.) Heat release profile b.) Total heat released profile c.) Fire growth rate index and d.)
carbon monoxide production profile for 1M LiPF6 in EC/EMC, measured at a heat flux of 0 kW m2 (all
data measured are presented in triplicates). [1]

04

According to Figure 1, it can be observed that all the test parameters measured and computed, such
as pHRR, THR, COP, and fire growth rate index (FIGRA), fire performance index (FPI), are accurate with
high reproducibility. This study indicates that the modified cone calorimetry is a promising technology
for diagnosing flame retarded liquid electrolyte fire resistance and hazard.

Acknowledgement: We acknowledge the financial support of this work by the IMDEA Materials
STRUBAT Project, BIOFIRESAFE Project funded by Ministerio De Ciencia E Innovaciéon (MINECO), Spain
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K4- The Potential of Phosphorus-Containing Flame Retardants for Current
Application

M. D6ring
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Main message: Nowadays, phosphorus-containing compounds are important flame retardants that
can exert their flame-retardant effect either in the gas phase (flame inhibition) or in the condensed
phase (charring catalyst), depending on the chemical environment of the phosphorus. A number of
molecular, salt and polymer flame retardants established on the market. By formulating gas-phase and
condensed-phase active flame retardants or synergistic blends, optimized results can be achieved in
terms of flame retardancy, material and processing parameters, and price.

Keywords: Phosphorus-containing flame retardants, synthesis efficiency, synergism, technical
application.

Introduction

This presentation describes the potential of phosphorus-containing flame retardants for technical
application based on efficient, green manufacturing processes of the flame retardants and on
optimized material- and application-related flame retardancy. Technical flame retardant solutions,
including those for engineering plastics, are explained and new promising concepts are presented,
taking into account modern material developments, e.g., in sustainable electrification.

Results and Discussion

The combination of differently acting phosphorus-containing flame retardants in one polymer is able
to produce excellent flame retardant efficacy. This was demonstrated by the example of these
applications in glass fiber reinforced engineering plastics [1]. New potential flame retardant candidates
and formulations and their advantages in terms of processing and material properties are now
presented here. Flame retardants have become established which, in addition to their outstanding
flame retardant properties, can also be produced advantageously by synthesis chemistry.

Other synergistic formulations in which phosphorus-containing compounds can be used as primary
flame retardants or as synergist are summarized in Table 1. Selected current examples with technical
significance or potential, such as the synergistic effect of radical generators in phosphorus-containing
flame retardant mixtures [2] and ceramifiable flame retardant formulations [3,4] will be discussed.
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TABLE 1. Selected Examples of Flame-retardant Synergistic Formulation

Type of flame | Examples Synergists Usual FR

retardants loading [%]

Inorganics Mg(OH),, AI(OH), Nanoclays, exp. graphite, | >60 (PP)
P-C- and P-H-compounds

Silicon/Silica Ceramifiable formulation Phosphate 25 (EP)

Expandable graphite Phosphorus compounds, | 13 (EP)
polyols, APP/metal oxide

Halogenated Brominated compounds Sb,0,, borates, radical | 25-35 (PP)
generators, P compounds

Phosphoric Phosphate (polyphosphate, | Polyols, metal salts, | 20-30 (PP)

compounds (P-0O) phosphoric ester) triazine derivatives, P-C-
compounds

Phosphine oxide, | DOPO, DEPAL, | Phosphate, phosphonate, | 20-22 (PA)

Phosphinate, = Pho- | methylphosphonate, Al- | radical generator

sphonate (P-C, P-H) hypophosphite

Radical Generators Disulfide, sulfenimide, NOR, | Halogenenated and | 1-15 (PP)

oxyimide
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O7- COFFEE BIOWASTES AS SUSTAINABLE FLAME RETARDANTS FOR
POLYMERS
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Main message: This work provides answer to the question “is it possible to use coffee biowastes (spent
ground coffee) as biowastes to make polymers flame retardants?”, which is “YES”. We proved that
with some modifications and assistance of conventional non-toxic flame retardants, it is possible to
convert coffee biowastes into promising flame retardants for protection of highly flammable polymers.

Keywords: Biowaste; Flame retardant; Phytic acid; Flame retardancy; Sustainability

Introduction

Development of biobased and cost-effective flame retardants has attracted the attention of
researchers to develop safe and sustainable materials [1]. Various types of biowastes such as oyster
shell powder and eggshell have already been incorporated into polymers to control their flammability.
Coffee wastes are among biowaste fillers, as of by-products of industry, as well as end-of-use wastes
or spent ground coffee, which are recently known to be served for development of flame-retardant
polymer biocomposites [2, 3]. It has been used as-collected/received in development of
biocomposites, also with some modifications became promising precursors, e.g. extracted to yield
porous activated carbon precursors [3] or hybridized with other biowastes like eggshell [4] for energy
storage and waste treatment or adsorption. In a previous work, we used spent ground coffee and also
reinforced it with non-biobased phosphorus to develop a sustainable biofiller for epoxy. We achieved
acceptable flame retardancy as studied by UL-94 and micro calorimeter of combustion [5].

Experimental

In this work, the coffee biowaste was chemically modified with phytic acid and dimethyl phosphite
molecules and then incorporated into epoxy and polylactic acid (PLA). PLA and epoxy composites
containing different loading percentage of unmodified/modified coffee biowaste were investigated
using thermogravimetric analysis (TGA), cone calorimetry, pyrolysis combustion flow calorimeter
analysis (PCFC) and UL94 tests. Chemical structure of phytic acid-modified coffee and thermal
decomposition behavior of biocomposites are investigated by Fourier-transform infrared (FTIR)
spectroscopy and thermogravimetric analysis (TGA), respectively.

Results and Discussion

The chemical modification led to a significant increase in the char content up to 60% as detected by
TGA. The results clearly showed the effectiveness of the modified coffee biowaste as flame retardant
additive, as signaled by the decrease in peak of heat release rate pHRR in cone calorimetry
microcalorimeter of combustion in epoxy and also in PLA.
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FIGURE 1. Scheme of chemical modification of coffee waste using phytic acid (a), thermogravimetric
analysis (TGA) curves for coffee waste and modified coffee waste with different ratios of phytic acid

(b).
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S3- Introduction of an Organic Flame Retardant with High Phosphorous
Content in Unsaturated Polyester Resins

Arvindh Sekar, and Sabyasachi Gaan
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Main message: The quest for an ideal, low cost halogen-free flame retardant (FR) for Unsaturated
Polyester Resins (UPRs) has been an interesting topic of research since the past decade. It is quite
challenging to find an FR which does not impact the mechanical and optical properties of the UPRs. In
this study, an organo-phosphorous tri-alcohol (P-3-0/) compound with a high phosphorous weight
percentage is chosen as an ideal template for investigation and the various chemical techniques to
incorporate them in UPR thermosets are discussed, either as additives or intrinsically in the resins with
chemical modifications. A brief outlook on the final flame-retardant behavior and other physico-
mechanical properties are then elaborated.

Keywords: UPR, phosphorous FRs, thermosets, additives, intrinsic flame retardants

Introduction

UPRs have found extensive use in industrial and commercial moulding processes, with a significant
interest in their use as the polymer matrix in composites with a plethora of applications ranging from
furnitures to automobiles.! Incorporation of an appropriate FR in UPRs has been an ongoing research
topic, as the advantages like transparency and tensile strengths of the cured thermosets is influenced
by additive FRs. Besides, the flame retardance in such thermosets is also quite low due to the large
amount of flammable organic material present. In this work, P-3-o/ (Figure 1) and its derivatives are
used to enhance the flame retardance in UPRs, and an overall strategy to reduce flammability is
investigated.

HO
(0]
W OH 1 o
p—/ 0=S—0
® 1
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/ ®
Ho |
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Figure 1: Reaction Scheme of obtaining P- FRs used in UPRs.

Experimental

All reagent grade chemicals were sourced from Sigma-Aldrich and TCI, Europe. The UPR (Gremopal
170.10) was provided by Gremolith AG (Bazenheid, Switzerland). ICP-OES, *H, *C and 3P NMR were
employed to characterize the organic compounds. A pyrolysis combustion flow calorimeter (PCFC, Fire
Testing Technology Instrument, London, UK) was employed to determine pHRR, THR, and heat release
capacity (HRC, J™1.g-K), following the ASTM D7309 standard. Forced combustion tests (with a cone
calorimeter, in accordance with the ISO 5660 standard) and flammability tests were used to analyse
the fire behavior.

Results and Discussion

The results show that the use of P-3-ol and its derivatives do indeed reduce the flammability of the
final cured thermosets. The extent of flame reduction, and other thermos-pyro analyses will be
discussed in detail during the presentation.
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S4- POLYMERIZABLE SULFENAMIDE AS AN EFFECTIVE FLAM RETARDANT FOR
POLYSTYRENE
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Main message: Herein, we report the successful copolymerization of a new sulfenamide monomer
with styrene via suspension polymerization to give polystyrene with enhanced fire retardation. The
prepared poly(styrene-co-sulfenamide) copolymer passed the DIN4102-B2 fire tests even at a low
content of sulfenamide comonomer of ca. 2 wt%.

Keywords: Sulfenamide monomer, polystyrene, suspension polymerization, polymerizable flame
retardant

Introduction

Despite a great deal of publicity in recent years regarding the concerns on the effects of halogenated
flame retardants and leaching of different plastic additives to the environment, no viable commercial
solution for flame retarded foamed polystyrene exists that would fully address these issues. This work
aims to tackle this challenge via copolymerization of sulfenamide flame retardant with styrene.

Experimental

A series of styrene suspension copolymerizations were conducted in the presence of sulfenamide
monomer as shown in Figure 1. Flame retardant efficacy was evaluated by the DIN4102-B2 fire test
and the content of comonomer was determined by 1H NMR.

Results and Discussion

The results collected in Table 1 show that sulfenamide monomer can be successfully copolymerized
with styrene to give polystyrene with enhanced flame retardancy. The obtained polystyrene beads
containing FR-014 had a spherical shape and both the molecular weight and its distribution were
similar to the reference polystyrene. Thus, the sulfenamide monomer did not have notable negative

impact on the process of breakage and coalescence of monomer/polymer droplets nor on the kinetics
of the suspension polymerization.

FIGURE 1. Chemical structure of polymerizable sulfenamide FR-014.

TABLE 1. Results of DIN 4201 fire test of polystyrene films and molecular weight information.
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Sample Polymer Flame Retardant Mw/Mn Fire Test DIN4102-B2
[wt%] [g/mol] [Fail/Pass]

1 PS - 83 000/42 000 Fail, burns completely

2 PS 1.5 wt% of FR-014 86 000/41 000 Pass

3 PS 2 wt% of FR-014 88 000/36 000  Pass

4 PS 2.5 wt% of FR-014 82 000/39000 Pass

Acknowledgement: The authors would like to thank Doctoral Education Network in Materials Research
(DNMR) for the financial support of this research.
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Main message: In 2020, the European Commission published the ‘Chemicals Strategy for Sustainability:
Towards a Toxic-free Environment’ as part of the European Green Deal. The main objectives of the
Chemicals Strategy are to ensure better protection of human health and the environment from
hazardous chemicals, to boost innovation for safe and sustainable chemicals and to enable the
transition to chemicals that are safe and sustainable by design.

The chemicals strategy fully recognises the fundamental role of chemicals for human well-being and
for the green and digital transition of European economy and society. At the same time, it
acknowledges the need to address the health and environmental challenges caused by the most
harmful chemicals. This includes for instance prohibiting the use of the most harmful chemicals in
consumer products and ensuring that all chemicals are used more safely and sustainably. The strategy
will also boost the investment and innovative capacity for production and use of chemicals that are
safe and sustainable by design, and throughout their life cycle. By doing so the EU industry will remain
a global frontrunner in the production and use of safe and sustainable chemicals.

The Chemicals Strategy aims to prioritise regulatory action on substances with specific hazardous
properties. To facilitate this action, the Commission has prepared a roadmap to prioritise substances
for (group) restrictions under REACH. The Roadmap identified the need for further regulatory
management measures for flame-retardants as a group. The European Chemicals Agency prepared an
overall strategy to regulate these substances.

During the presentation, the most important elements in the Chemicals Strategy and the flame
retardant strategy will be presented.

Keywords: EU policy, REACH, restriction, group approach, substitution
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PL4- PROGRAMMABLE DESIGN ON DEMAND: QUANTITATIVE CONTRIBUTION
OF MOLECULAR MOTIFS IN FLAME-RETARDANT THERMOPLASTIC POLYMERS
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Main message: Adding flame retardants and/or copolymerizing specific flame-retardant groups into
polymers are the main methods to achieve flame retardancy of polymers. However, due to the complex
pyrolysis/combustion process of polymers, different flame-retardant structures exhibit different
pyrolysis/combustion behaviors in different polymer materials and make different contributions to the
flame-retardant properties. Here, based on an accurate understanding of the pyrolysis/combustion
behavior of polymers from our homemade real-time and online polymer burning/combustion analysis
apparatus (PBCA), we clarify the contribution of specific group structures to flame retardant
performance and combustion behavior from the molecular level, further quantitatively analyze the
flame retardancy contribution of different primitive structures and propose a predictive model for
flame retardancy of thermoplastic polymers using the combining strategy of artificial intelligence and
experimental big data. Thus, we illustrate the scientific principle of polymer materials to achieve flame
retardant function, establish the structure and property gene library of flame retardant groups and
materials, and give a new insight into the high-throughput development of high-performance flame-
retardant functional polymer materials.

Keywords: flame retardance, quantitative contribution, real burning processes, thermoplastic polymer

Introduction

Thermoplastic polymers are an extremely important class of synthetic polymer materials. Because of
their excellent comprehensive properties, they are widely used in many fields such as electronics,
construction, transportation, aerospace, and textiles. However, most thermoplastic polymers are
flammable materials, which will generate a lot of heat and toxic fumes when burned, which leads to
their great fire safety hazards in practical applications, and also limits their use in some application
fields where the fire safety is required.

Adding flame retardants and/or copolymerizing specific flame-retardant groups into thermoplastic
polymers can endow materials with excellent flame-retardant properties. Flame retardants/flame
retardant structural units mainly achieve flame retardancy through two modes of "gas phase flame
retardation" and/or "condensed phase (solid phase) flame retardation" in thermoplastic polymers.
However, due to the different structures of thermoplastic polymers, their pyrolysis/combustion
behaviors show great differences, which makes the flame retardant effect of flame retardant groups
in different materials uncertain. It is urgent to characterize the quantitative flame retardant
contribution of flame retardant structures to achieve a more accurate and effective design and
preparation of flame retardant materials.

There are two main problems to be solved. On the one hand, there is no apparatus focusing on the
real-time online analysis of the burning process, and the past research on flame-retardant mechanism
was carried out under the unreal fire circumstance, so the previous work cannot effectively guide the
design of the flame-retardant functionalization, even if it is completely ineffective. On the other hand,
although previous studies have constructed a data set of polymer flame-retardant structure and flame-
retardant properties, and built a model to predict the flame-retardant properties of materials, due to
the lack of key parameters in the combustion chemistry and pyrolysis process. As a result, the flame
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retardant performance prediction model based on these descriptors is not accurate enough, and when
the material system undergoes migration changes, the prediction is almost invalid.

Experimental

We first construct real-time and online polymer burning/combustion analysis apparatus (PBCA) to
simultaneously analyze the flame retardant properties of polymers (heat release, smoke release, etc.)
and the chemical structure of pyrolysis/combustion products; further based on these large amounts of
data, analyze the contribution of polymer pyrolysis/combustion products to flame retardant
properties. Then, based on collected flame retardance materials datasets, we construct the structure
and flame retardance model by the machine learning algorithm.

Results and Discussion

Real-time and online polymer burning/combustion analysis apparatus (PBCA) can simultaneously
obtain the heat release, smoke release, and fine chemical structure information of the combustion
products of the material in real-time, and obtain the real combustion behavior and flame retardant
performance data of the polymer. More information will be shown in the presentation. In the structure
and flame retardance model aspect, the abstract exhibit parts results of our research. As shown in
Figure 1, the Van Krevelan formula always gets the inaccurate LOI value in the novel thermoplastic
polymers. We explore a multiple linear regression formula, which exhibits a more precise LOI value,
and give the flame retardance contribution of different elements such as the N, P, S, or some motifs
like the C=0, benzene, halogen, etc.
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FIGURE 1. a) The Van Krevelan formula. b) The experimental and the predicted LOI value based on the
Van Krevelan formula. ¢) the multiple linear regression formula and the predicted LOI value of
polymers.
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FLAME RETARDANTS IN GLASS FIBER-REINFORCED POLYAMIDE 66

F. Schénberger?, R. Pfaendner?, C. Fasel®, J. Klitsch?

@ Fraunhofer Institute for Structural Durability and System Reliability LBF, Germany, D-64289
Darmstadt, Schlossgartenstrafie 6; e-mail: frank.schoenberger@Ibf.fraunhofer.de.
b Department of Material Science, Technical University Darmstadt, Germany, D-64287 Darmstadit.

Main message: The zinc salt of 10-hydroxy-9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide
(Zn-DOPOx), melamine polyphosphate (MPP) and mixtures were studied in glass-fiber reinforced
polyamide 66 towards flame retardancy. Strong interaction between Zn-DOPOx and MPP results in a
more open char structure. Fuel dilution, less exothermic decomposition, and increased gas phase
activity are responsible for improved flame retardancy in Zn-DOPOx/MPP (1/1).

Keywords: PA 66, phosphorus-containing flame retardant, metal phosphorus salt

Introduction

The flame retardant mode of action for metal salts of organophosphorus compounds (like aluminum
diethylphosphinate) in glass fiber reinforced polyamide 66 is described very well. [1, 2] Unlike, other
metal phosphinates and phosphonates, e.g. from DOPO or DOPOx, are mentioned in the patent
literature, [3] but their mode of action is not well understood. In this study, this gap is bridged for the
zinc salt of DOPOx, both alone and in synergistic mixtures with MPP.

Experimental

Zn-DOPOx (DOPO Zink Polymer S20) and MPP (Budit® 342) were purchased from Metadynea Austria
and from Chemische Fabrik Budenheim, respectively. PA 66 (Ultramid® A3K) was provided by BASF,
glass fibres (CS7928) by Lanxess, and calcium stearate (Ceasit AV) from Baerlocher. Compounds were
made with a 27 mm twin screw extruder (Leistritz ZSE 27), specimens for fire testing were injection-
molded (Arburg 320A). The flammability was evaluated using UL 94 V and cone calorimetry (both Dr.
Ing. Georg Wazau Mess- und Priifsysteme GmbH). Influence on char formation was analyzed by SEM
(SM300, Topcon Corporation) and SEM EDX (JSM-7600F, Jeol, with the sensor X Max-80 mm2, Oxford
Instruments) regarding the elements C, N, O, P and Zn. Thermal decomposition of Zn-DOPOx and MPP
was studied by TGA and ATR-FTIR (Nexus 670, Thermo Fisher Scientific) with an ATR Golden Gate
module. The release of gaseous decomposition products was investigated using TGA-DTA-FTIR.

Results and Discussion

Zn-DOPOx, MPP and mixture as flame retardants in PA 66GF were investigated towards the mode of
action. Very short after-flame times and V-0 classification (0.8 mm) with total loading of 22 % were
observed for Zn-DOPOx/MPP (1/1) in the UL-94 V test (PA-3, see Table 1). The synergistic effect for Zn-
DOPOx/MPP (1/1) becomes obvious when comparing the higher afterflame times and burning melt
dripping behaviour (0.8 mm) for MPP (PA-2) and the very poor fire extinguishing effect for Zn-DOPOXx
(PA-1). The latter was traced back to (i) an excessive thermal stability of Zn-DOPOx that prevents to act
efficiently as flame retardant in PA66, (ii) an overall release of high amounts of combustible C-H
fragments and (iii) the lack of a heat sink in the condensed phase. Nevertheless, a char promoting
effect for Zn-DOPOXx (PA-1) could be seen using SEM. For MPP (PA-2), the literature-known mode of
action through fuel dilution and barrier formation could be confirmed. When the overall loading of
flame retardants is 22%, the best flame retarding effect is observed for equal parts of weight in Zn-
DOPOx/MPP (1/1) compared to mixtures with different ratios between Zn-DOPOx and MPP (2/1 in PA-
4 or 1/2 in PA-5). TGA and ATR-FTIR analyses revealed a strong interaction between the
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components through a significant change in thermal stability and in the absorption patterns of TGA
residues for Zn-DOPOx/MPP (1/1). A major change in decomposition was also observed for Zn-
DOPOx/MPP (PA-3) compared to the sole use of Zn-DOPOx (PA-1) and MPP (PA-2) in PA66 GF using
DTA-FTIR analysis. The intrinsic contribution to the thermal feedback through exothermic
decomposition was reduced significantly in PA-3. Less C-H fragments were detected compared to PA-
1 and PA-2. A high fraction of inert gases are released from PA-3 upon thermal decomposition diluting
the fuel in the gas phase. At the same time, the pronounced endothermic process at about 370 —400°C
acts as a heat sink in the condensed phase. The latter can be attributed to the use of MPP as seen in
PA-2. By using cone calorimetry, it was shown that in spite of the open char structure of PA-3, low heat
release rates (HRR) are achieved similar to PA-2. In combination with the significantly higher CO release
and smoke production of PA-3, it was concluded that radical quenching species are released through
the interaction of the components in Zn-DOPOx/MPP (1/1). This is supported by the lowest phosphorus
content in burnt UL-94 V specimen measured with SEM-EDX. Overall, this release of phosphorus
species and the beneficial changes in thermal decomposition regarding less exothermic behavior and
release of less C-H fragments with high portion of inert gases leads to the improvement in flame
retardancy of the mixture Zn-DOPOx/MPP (1/1). An interesting topic for further studies would be the
improvement of the char stability and morphology while using the observed improved gas phase
activity for the combination of Zn DOPOx/MPP (1/1).

TABLE 1. Results of UL-94 V testing of formulations using Zn-DOPOx and MPP in PA66 GF.

Sample Flame retardant UL-94 V (0.8 mm) UL-94 V (0.8 mm)

Zn-DOPOx  MPP Total Classification Total Classification
[wt. %] [wt. %] Afterflame [s] Afterflame [s]

PA GF - - > 300 n.c. > 300 n.c.

PA-1 22 - 80.6 n.c. 182.3 n.c.

PA-2 - 22 15.6 V-2 52.7 V-1

PA-3 11 11 10.4 V-0 4.7 V-0

PA-4 14.7 7.3 38.6 V-2 5.5 V-0

PA-5 7.3 14.7 56.8 n.c. 7.9 V-0

Acknowledgement: The authors want to thank L. Briiggemann GmbH and Co. KG (Heilbronn, Germany)
for the financial support for this research.

References:

1. Jahromi S, Gabriélse W, Braam A. Effect of melamine polyphosphate on thermal degradation of
polyamides: a combined X-ray diffraction and solid-state NMR study. Polymer 2003;44(1):25- 37.

2. Rabe S, Chuenban Y, Schartel B. Exploring the Modes of Action of Phosphorus-Based Flame
Retardants in Polymeric Systems. Materials 2017;10(5):455.

3. W. Wehner. Method for Producing Metal-2-Hydroxydiphenyl-2’-(Thio) Phosphinates and Metal-
Diphenylene-(Thio) Phosphonates, Compositions Containing Same and Use Thereof as Flame-
Proofing Agents; 2012.

50



FRPM?23, 26. - 29. June 2023, Empa Diibendorf, Switzerland
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Main message:

The investigation of the flame retardant mechanism is extremely important. However, due to the lack
of effective characterizations, many mysteries to the mechanism still remain. Particularly, “free radical
inhibition”, one of the most crucial flame-retardant mechanism in the gas phase, it is undeniable that
the understanding of this process is still superficial due to the lack of effective ways to monitor the
transient intermediate products (qualitatively or quantitatively) during combustion. Recently, we
design and fabricate a special burner, and proposed an in-situ, nonintrusive intermediates monitoring
method based on the chemiluminescence fingerprint of intermediates. Several typical combustion
tests, including pure polymer and polymers containing flame retardants, have been made to prove the
feasibility of this method. Particularly, by qualitative or semiquantitative monitoring of key radicals
(OH, CH, C;, H,0, CO,, and X, where X represents those important radicals that significantly affect
combustion chain reactions, such as, Br,, Cl,, PO, PHO, etc.) in the combustion zone, this method can
provide key evidence for the investigation of polymer combustion/flame retardant mechanisms.
Keywords:

Polymer combustion, Flame-retardant mechanism, Radical chain reaction.

Introduction

Synthetic polymers have changed our daily life deeply since the birth. But most polymers, always
flammable, need to compound with flame retardants to meet the use criteria[1]. With the increasing
drastic demands for safety, highly efficient flame retardants are urgently required. However, lacking
the in-depth understanding of mechanisms makes the development of new flame retardants more like
an experience-led guesswork followed by complex synthesis and characterization tests, which waste a
lot of time and resources. Therefore, the investigation of flame retardant mechanisms, especially the
gas phase flame retardant mechanisms still surrounded by tons of mysteries, is pivotal and urgent.
Generally, polymer combustion is a multi-phased, highly coupled process[2]. Extensive researches
focus on those reactions in the condensed phase (gasification/pyrolysis). Pity that the corresponding
results are often unreasonable since neglecting the open-flame-involved burning process.
Particularly, numerous literatures point out that “free radical inhibition” is one of the most crucial
flame retardant mechanism in the gas phase[3]. Key radicals -X are released during the pyrolysis of
flame retardants. In this case, hydrogen and hydroxy radicals, the most important species for
combustion chain, are replaced by these radicals (-X) or are rendered less active by radical
recombination in the gas phase. Branching and chain reaction of the oxidation of hydrocarbons are
therefore interrupted, leading to the slow-down or even stop of combustion. Although the above
theory has been widely accepted, due to the lack of effective ways to monitor the transient
intermediates, it is undeniable that the understanding of this process is still superficial.

Here, an in-situ, nonintrusive intermediates monitoring method based on the chemiluminescence
fingerprint of intermediates is proposed and a special burner is designed and fabricated. By e
monitoring of key radicals (OH, CH, C,, Br,, Cl,, PHO, PO etc.) in the combustion zone, this method can
provide direct evidence for the investigation of polymer combustion/flame retardant mechanisms.
Experimental
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General purpose polypropylene, and Tetrabromobisphenol A are selected as substrate and additive.
10 wt% TBBA is melt compounded with PP using a torque rheometer at 100 rpm under 180 °C to obtain
PP/TBBA composites. The pristine plastic and composites are cooled by liquid nitrogen, crushed in a
pulverizer, and screened out uniform particles for subsequent tests. To minimize the effect of moisture
content, all samples are dried at 50 °C for 12 h and stored in electrothermal driers before use.

Results and Discussion

Polypropylene (PP), one of the most commonly-used general plastics, is chosen for combustion tests.
Figure 1a shows the digital images of flames at different sample temperatures. At the beginning of
heating (the sample temperature < 300 °C), flame length and shape remain nearly constant. When
heating to around 350 °C, the flame becomes oscillating, and the length rapidly increases, which is
principally because large numbers of pyrolysis products are into the combustion zone, leading to a
transition from laminar to turbulent flame. At the same time, characteristic emission bands for OH (308
nm, A23+-x2M), CH (431 nm, A2A-x2M; 390 nm, B23-x2MN), C2 (473 nm, 516 nm, 558-563 nm, A3Mg-
x3Mu) and H20 (930 nm, Vibration-Rotation Bands)[4] are observed in the combustion zone (Figure
1b), which are generated from the hydrocarbon oxidation.

For PP/TBBA blends (TBBA represents tetrabromobisphenol A), as shown in Figure 1c, it shows two
distinct flames during the combustion process. When heating to around 250 °C, the flame becomes
oscillating, and the strong orange-red emission bands attributed to Br, (5500-10000 A, A3M-x15, Figure
1d) occur in the combustion zone. This is ascribed to the combustion of bromine compounds from the
pyrolysis of TBBA. As temperatures rises (above 400 °C), the flame length and the turbulence intension
significantly increase, and the intensity of orange-red emission decreases, while the characteristic
bands for OH, CH, C; and H,0, and thermal radiation of soot particles are clearly observed.

In conclusion, an in-situ, non-contact intermediates monitoring method based on the
chemiluminescence fingerprint of the free radicals is proposed, and a special burne is designed and
fabricated for polymer combustion. Several typical combustion tests, including pure polymer and
polymer composites, have been made to prove the feasibility of this method. Particularly, by
qualitative or semiquantitative monitoring of key radicals (OH, CH, C,, H,0O, CO,, and X) in the
combustion zone, this method can provide key evidence for the investigation of polymer
combustion/flame retardant mechanisms.
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FIGURE 1. a) Digital images of PP combustion. b) Emission spectra of flames in PP combustion. c) Digital
images of PP/TBBA combustion. d) Emission spectra of flames in PP/TBBA combustion.
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010- NITROGEN and PHOSPHORUS CONTAINING SILANES as VERSTAIL FLAME
RETRADANTS: NOT ONLY FOR TEXTILES
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Main message: In the last years novel flame retardants on the basis of commercially available amino-
silanes where developed by us. The aminosilanes were modified with different phosphor groups and
N- and P-conataing silanes (N-P-silanes) were obtained. These silanes are highly effective FRs for
textiles, whereby a low add-on with a washing durability is obtained. The effectivity can also be
transferred to composites materials, wood surfaces and extrusion applications.

Keywords: textile finishing, composite materials, N-P-silanes, FR mechanism, smoke suppression

Introduction

N-P silanes can be synthesised on the basis of industrial available educts, whereby, one-to-two
reaction-steps are needed and a yield between 80-95 % are obtained. On this basis, a wide library of
versatile N-P-silane-based FRs are developed. Based on these FR library, cotton, polyamide, polyester
and their blends were applied and their thermal behavior and durability were assessed. A combination
of nitrogen and phosphorous-based flame retardants with boron-based silanes exhibit smoke
suppressant properties also offer a green alternative to halogenated flame retardants for composite
materials.

Results and Discussion

In this presentation an overview will be given about the currently flame retardants developed in our
group and the main trends seen with respect to fire protection of materials, including fabrics,
composites, wood and polymers. In Figure 1 an overview of the different FR is given. Finished textiles
passes different standardized test, e.g. for personal protective clothing (DIN EN 15025) or building
materials with a rating (DIN 4102-B2) and show a high washing resistance. In Figure 1 (below) a
comparison of a FR-finished and native nylon-cotton (NYCO) fabric is given. In cooperation with abcr
GmbH we could commercialize different N-P-silanes for textile finishing, for WPC applications or for
the modification of glass fibers for polyamide in E&E applications.

The FRs in Figure 1 (top) can have different functionalities for intumescence applications. A typical
intumescence mixture consists of three components, an acid source, a gas source and a carbon donor.
All these functionalities can be included into the silane. But these can be designed easily as acid and
gas source. Different FR have been tested for wood coatings in intumescent mixtures, all of the FR
acted with the desired function in the mixture.
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FIGURE 1. top: different N-P-silane based FR and organo-boron based silanes; below left: NYCO native
and finished with a N-P-silane FR, the native fabric burns totally down, then FR-finished is self-
extinguished after removal of flame source; below right: washing resistance of the fabric finished with
FR using dicyandiamide (DCD) or through thermal fixation of cotton fabrics.
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S5- THERMAL STABILITY AND FIRE SAFETY BLACK PHOSPHORUS-BORON
HYBRID NANOCOMPOSITES: MECHANISM OF PHOSPHORUS FIXATION
EFFECTS AND CHARRING INSPIRED BY CELL WALL
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Main message: This research develops the nanocomposite of polycarbonate/black phosphorus—boron,
PC/BP-B1.0 achieves better thermal stability and fire safety with a 57.16 °C increase in T.1% and a
70.50% decrease in the heat release rate. The pyrolysis products of polycarbonate-based polymers
(CO,) and black phosphorus-based hybrids (cations of [P4]*, [P3]*, and [P,]*) in the gas phase are also
analyzed. The work paves a general path for the nanocomposites with properties of thermal stability
and fire safety.

Keywords: fire safety; phosphorus fixation effects; BP-B nanohybrid; thermal stability

Introduction

Flame retardancy of the condensed phase is a promising trend that meets human safety. Currently,
the major challenge is to achieve the capture of flammable product fragments in fire and retain them
in the condensed phase with a more stable form by PFRs. In this research, we propose and exemplify
a novel strategy inspired by the structure of cell walls in plants. PFRs are self-assembled into a structure
inspired by cell wall driven by the heat to capture combustible fragments into char.

Experimental
Through programmed ball milling, boron nanoflakes (B) are used as an agent to simultaneously
exfoliate and hybrid the black phosphorous (BP) to obtain the BP-B nanohybrid (Figure 1b).

Results and Discussion

The emerging two-dimensional BP and B posse numerous attractive physicochemical properties, which
are expected to simultaneously endow their composites with diverse functionality. Interestingly, by
introducing BP-B into polycarbonate (PC), the HRR shows a progressive decrease as BP-B increased.
Notably, only the introduction of 0.3 wt% BP-B achieves a PHRR reduction of 45.20% which is close to
the loadings of 1.0 wt% BP and B alone. Meanwhile, PC/BP-B1.0 dramatically decreases the PHRR by
70.50%. Moreover, time to PHRR is delayed by 49.66%, from 145 s to 217 s. To evaluate the combined
effects of reducing and delaying the HRR, the fire growth index (FGI, defined as the PHRR divided by
time to the PHRR) is calculated. It declines sharply and is significantly lower than that of BP and B alone,
which indicates that the hybridization of B on BP inhibits combustion and acceleration significantly. As
a result, THRs of PC/BP-B0.5 and PC/BP-B1.0 are separately decreased by 29.46% and 36.03%. The
introduction of 1 wt% B nanoflakes reduces the PHRR by 44.52%. These results strongly reveal that the
hybridization strategy of B on BP can dramatically reduce thermal hazards on the basis of two
components alone.

Smoke and toxic gases are key indicators to evaluate the effectiveness of this strategy. Interestingly,
BP-B overcomes the shortcomings of BP, exhibiting a trend of a significant decrease in peak smoke
release and peak CO release as the loadings increased. For 1.0 wt% BP-B loading, the peak smoke
production (PSP), TSR, peak CO production (PCOP) and TCOP are separately reduced by 58.19%,
15.97%, 58.19% and 36.52%, accompanied by a significantly delayed time to PSP and PCOP of 28.22%
and 45.07%, respectively. Moreover, the law of dramatic decrease for CO, change synchronizes with
the HRR, which provides a natural inspiration for reducing the carbon emissions of fire. To reveal
whether the hybridization of B to BP forms a structure inspired by the cell wall to capture and convert
combustible fragments into char, Fig. 3e shows the real-time monitoring of the sample weight for
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nanocomposites. The final char increases progressively as BP-B loadings increased. For example,
PC/BP-B0.5 achieves a char yield close to PC/BP1.0 (38.42 wt% vs. 39.35 wt%), in addition to PC/BP-
B1.0 which increased the char yield by 79.39% to 45.69 wt%. These results demonstrate that the
hybridization of B to BP significantly reverses the increasing tendency of BP (B) for non-thermal hazards
via synergistic heat reduction. It also postpones and reduces the smoke and CO which is vital to allow
trapped people to escape from fire, which may be caused by the outstanding effects of enhanced
charring. To further observe the practical application of PC/BP-B, both LOI and UL-94 show
progressively improved performance with increasing loadings. The BP-B loadings of 0.5 wt% and 1.0
wt% achieve a high LOI of 31.0% and 33.0%, and the corresponding UL-94 passes the V-0 rating. This is
better than the 1.0 wt% loading of BP (30.5%, V-0 rating) and B (28.5%, V-1 rating) alone. This work
further highlights the significant advantages of the application of B to modify PFRs.

Cell wall

' 3 l///‘l\///ﬁ
Boron Nanoflakes (B) 4

i, S

mmw\

a BP-B Hybrid
Black Phosphorus (BP)

FIGURE 1. a) Schematic diagram of the self-assembled structure of cell wall for plants. b) Fabrication
process of BP-B nanohybrid for bionic cell wall precursor.

This example attained a record performance in thermal stability and fire safety, which is attributed to
the self-assembly of BP-B into a structure with BPO, serving as the node inspired by cell wall driven by
the high-temperature oxidizing environment of combustion. The network is densely distributed with
Lewis acid-base sites to capture organic free radicals or polymer fragments with low ionization
potential generated by the pyrolysis of the matrix and fix them into char. In this process, we reveal the
identifiable molecules of pyrolysis for PC (CO;) and BP-based hybrid ([P4]* et al.) and its mechanism for
the first time, which inspires the design of PFRs. Specifically, we firstly use this strategy to design and
demonstrate the regulation and fixation of phosphorus in the condensed phase, reducing phosphorus
compounds released in a fire that leads to health and ecological risks. In total, this work systematically
elucidates the mechanism of biomimetic-inspired nanocomposites to improve the thermal stability and
fire safety of composites.
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Main message: Flame retardants (FRs) mitigate the threat of fire from inherently flammable materials
responsible for sustaining a high standard of living. Although bulk FRs have proven effective for many
years, there is now increased interest in the use of surface treatments to localize flame retardant
chemistry at the exterior of a material, where combustion occurs. Here we demonstrate very effective,
environmentally-benign, water-based coatings that preserve desirable bulk properties and minimize
the amount of FR needed. These coatings can be easily applied to wood, foam, and textiles via spray
or dip coating.

Keywords: polyelectrolytes, renewable, self-extinguishing, nanocoatings, clays

Introduction

Our work in the fields of layer-by-layer (LbL) assembly and polyelectrolyte complexation has provided
new water-based coating technologies for imparting effective flame retardancy to polymeric materials
without using environmentally harmful chemistries [1-5]. These water-based coatings are very thin
(typically < 500 nm thick) and conformal. The ability to place flame retardant chemistry exclusively at
the surface prevents loss of beneficial bulk properties and reduces the amount of flame retardant
required to achieve self-extinguishing behaviour.

Experimental

All water-based polyelectrolyte complex (PEC) and layer-by-layer assembled coatings are deposited by
exposing a given substrate to the appropriate aqueous solutions containing the stated flame retardant
ingredients. In general, a given foam or fabric is immersed in a given solution. Both procedures are very
simple. Once dried in ambient conditions or in an oven, the samples are tested. The references provide
more detail about these deposition and testing procedures [3-5].

Results and Discussion

A layer-by-layer (LbL) assembled 15 quadlayer (QL) coating, consisting of chitosan (CH), phytic acid
(PA), and tannic acid (TA), was applied to a nylon-cotton (NYCO) blended textile [3]. Individually pairing
TA or PA with CH is not self-extinguishing, but they work synergistically in the QL system to create an
effective intumescent coating. This completely bio-sourced, water-based coating self-extinguishes in a
vertical flame test (ASTM D6413) (Fig. 1(a)), with only 16.6% weight added to NYCO, yielding 91% post-
burn residue and a 51% decrease in peak heat release rate.

Existing methods of depositing polyelectrolyte treatments on wood are extremely time consuming and
difficult to scale. Here, a polyelectrolyte complex is formed by the photopolymerization of an anionic
phosphate-containing methacrylate in solution with cationic polyethylenimine (Fig. 1(b)) [4]. The
resulting polyelectrolyte complex is the first such photopolymerized flame retardant coating to be
reported in the literature. This coating imparts greater mechanical strength to the plywood at high
temperatures with just 1.6 wt% added. Additionally, the coating reduces the plywood’s peak heat
release rate in cone calorimetry testing and significantly decreases total smoke release. This scalable
solution could enable more widespread adoption of polyelectrolyte-based technology and could make
wood structures safer.
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Intumescent LbL

PEI/PSP Crosslinked

FIGURE 1. a) Images of NYCO, after vertical flame testing, without (left) and with a 15 QL coating of
PA/CH/TA/CH [3]. b) Scheme showing polycation (PEI) and anionic monomer (HMP) utilized for UV-
coating wood in this study [4]. A complex is formed when HMP is polymerized in the presence of UV
light and a photoinitiator. c) Images before and after vertical flame testing of paper coated with a
PEI/PSP coacervate [5]. Colored boxes in the photographs show where SEM images were taken.

Cellulosic paper (from wood fibers) is a highly flammable material that is used in corrugated carboard,
packaging, printing, and construction. While there is significant work focused on depositing a flame
retardant coating onto the individual wood pulp fibers, there are very few studies that apply flame
retardant coatings to already-cast paper. In an effort to improve the flame retardant properties of
paper, a polymer-dense coacervate composed of polyethylenimine (PEl) and poly(sodium phosphate)
(PSP) was deposited in a single step and subsequently crosslinked with glutaraldehyde [5]. In a vertical
flame test, the crosslinked PEI/PSP coacervate-coated paper achieves self-extinguishing behavior (Fig.
1(c)), and an average char length of 3.4 in, with only a 35% weight gain. Additionally, the crosslinked
coating retains its flame retardant properties after water immersion and conditioning tests. This
coacervate system is the first polymeric coating to be successfully deposited onto commercially
available cellulosic paper for the purpose of flame retardancy.
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Main message: lonic liquids used as synergists are likely to improve the flame retardancy of different
engineering polymers through various mechanisms in the gas and condensed phase.

Keywords: Flame retardancy, ionic liquid, polyamide 11, thermoplastic acrylic resin

Introduction

lonic liquids (ILs) have aroused the interest of the polymer community because they exhibit very
specific features such as chemical stability, low volatility, thermal resistance and non-flammability.
They can be used as solvent, plasticizer, lubricants or compatibilizer. In recent years, they have also
retained attention for flame retardant (FR) applications due to the fact that, in addition to the before-
mentioned properties, they can also bear heteroatoms with fireproofing activity, e.g. phosphorus,
chlorine, nitrogen or sulphur.

ILs can be used as synergist of conventional FRs such as APP, melamine or nanoparticles [1,2], but also
as unique FR additive [3]. Epoxy resins have been a prominent polymer for fireproofing applications,
because ILs were initially used as crosslinkers in these thermosetting matrices [4]. Applications can also
be found in thermoplastics such as polypropylene or polylactic acid which are particularly difficult to
protect against fire [5]. This study aims at investigating the interest of ILs as flame retardant synergists
into two engineering polymers, polyamide 11 and Elium thermoplastic resin.

Experimental

Polyamide 11 Rilsan®X1003 and Acrylic resin Elium® 188 O from Arkema were used as polymer
matrices. Exolit® EP 150, OP1311 from Clariant, Melapur® MC25 from BASF and Luvogard® HF P70 from
Lehvoss were used as conventional flame retardants. Different ammonium, imidazolium and
phosphonium based ionic liquids were supplied by loLiTec-lonic Liquids Technologies GmbH and
Solvionic. In the case of polyamide 11, matrix and additives were blended using an internal mixer at
250°C/60 rpm. Afterwards, specimens were obtained by injection molding. In the case of Elium, resin
accelerator and additives were mixed in a beaker and then poured in a mould. After demoulding
specimens were post-cured for 4h at 80°C. DSC, PCFC, cone calorimeter and UL94 tests were carried
out to characterize the prepared samples.

Results and Discussion

In order to improve the fire behavior of polyamide 11, different phosphorous ionic liquids were
associated with melamine cyanurate or OP1311 keeping a constant global FR content of 20 wt%. A first
screening of fire performance was performed using PCFC. For all materials, a decrease of pHRR was
observed at low IL content. Moreover, a decrease of the thermal stability was noted with increasing IL
content, except for the phosphonium based IL where the thermal stability was almost unchanged. The
most interesting formulations were submitted to the UL94 vertical flame test. Combination of
melamine cyanurate with IL did not allowed to improve the fire rating of polyamide 11 compared to
pure melamine cyanurate due to the presence of flaming droplets. On the opposite, the reaction to
fire was enhanced when associating OP1311 with 1-ethyl-3-methylimidazolium dimethyl phosphate IL
with the observation of non-flaming droplets that did not ignite cotton. In this latter case, it assumed
that the presence of the phosphorous IL may induce two effects : a flame inhibition mechanism and a
rheological change that favors the polymer flow.
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FIGURE 1. PCFC curves of polyamide 11 containing OP1311 and ILs

As regards the Elium acrylic resin, in a first stage, the influence of a phosphonium based IL was
investigated as single additive. It was highlighted that the presence of IL affects both the glass
transition and the burning behavior of Elium. In a second stage, different ILs were combined with Exolit
EP 150 with the aim to obtain synergistic effects. Contrary to polyamide 11, it was evidenced by PCFC
that the presence of IL tends to shift the main degradation step of Elium towards high temperature.
Concerning the UL94 flame test, the best result was obtained once again with 1-ethyl-3-
methylimidazolium dimethyl phosphate IL. The improvement of the fire behavior was mainly assigned
to a gas phase mechanism.
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Main message: Fire-retardant wood coatings are often colored paints as high amounts of non-
transparent fire-retardant agents are needed. To achieve transparency of the wood coatings and to
obtain a high level of fire-retardancy, phosphorous polyols were chemically bonded to the
polyurethane binder during the polymerization process. The resulting wood coatings passed the single-
flame source test. Reaction-to-fire and other tests are currently under investigation and will be
presented.

Keywords: wood coatings, phosphorous polyols, transparency, fire-retardancy

Introduction

Wood as building material is of high interest due to its sustainable origin. In addition, it provides a
warm and homelike atmosphere if the natural appearance of wood is visible and not hidden by paints
or plasters. However, fire-retardant agents often confer opacity or even non-transparency to the
coating film. In addition, some salt-like agents are at risk to migrate to the surface and to wash or rub
out over time [1]. In this study, phosphorous polyols were chemically bonded to the polyurethane
binder to result in non-leachable, transparent, fire-retardant wood coatings.

Experimental

Polyurethane dispersions were prepared by a two-step process. At first, a polyester polyol based on
phthalic anhydride, adipic acid, isosorbide and hexane diol was prepared by polycondensation,
followed by a polyaddition reaction of the polyester polyol, a phosphorous polyol (Exolit® OP 550,
provided by Clariant), dimethyl propionic acid and isophorone diisocyanate to obtain a polyurethane,
which was dispersed in water and chain- extended by ethylene diamine. The amount of phosphorous
polyol was varied between 5 wt-% and 15 wt-%.

The liquid dispersions were characterized to determine the influence of phosphorous polyol on
viscosity, particle size and pH value. Coalescent agents were added to guarantee film formation at
room temperature. Free-standing coating films were casted and mechanical properties were
investigated via dynamic mechanical analysis. Transparency was measured by UV-vis spectroscopy.
Thermo-analytical investigations included differential scanning calorimetry and thermo gravimetric
analysis. The coatings were applied on spruce wood panels. To determine reaction-to-fire properties,
the single-flame source test according to DIN EN 11 925-2 and cone calorimeter tests were performed.

Results and Discussion

Four polyurethane dispersions with solid content of 35 wt-% were obtained. With increasing amount
of phosphorous polyol, the viscosity increased and dispersions became more opaque. Casted coating
binders formed colorless, transparent films. Table 1 shows the glass transition temperatures of binders
measured by differential scanning calorimetry. The phosphorous polyol caused a softening effect and
lowered the glass transition temperature from 17.8 °C to 8.8 °C.
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TABLE 1. Glass transition temperatures of PU-based coatings measured by differential scanning
calorimetry.

Sample Glass transition temperature
[°C]

reference 17.8

5 wt-% Exolit® OP 550 14.0

10 wt-% Exolit® OP 550 10.2

15 wt-% Exolit® OP 550 8.8

Figure 1 shows the results of the single-flame source test before and after flame treatment of coated
spruce specimens. All samples passed the test with 15s flame treatment and self-extinguished when
the flame was removed. When the flame treatment was extended to 30s, the reference coating
without phosphorous polyol did not self-extinguish. Specimens with 5 wt-% phosphorous polyol self-
extinguished, but just before the permitted time period of 30s expired. Specimens with 10 wt-%
phosphorous polyol passed the test.

before flame treatment 30s flame treatment

FIGURE 1. Specimens with different amounts of phosphorous polyol before and after the single-flame
source test (left: before, right: after 30s flame treatment).

Puyadena et al. investigated polyurethane/acrylate hybrid dispersions containing phosphorous
monomers [2]. They were able to include 7.4% phosphorous polyol to the hybrid polymer system which
resulted in transparent coating films. Using the cone calorimeter, they did not find a noticeable action
of phosphorous as fire-retardant as the phosphorous content was too low and could not be increased
using that synthesis strategy due to gelation. Compared to our study, the phosphorous content was
similar to the specimens with 5 wt-% phosphorous polyol which just passed single flame test. The next
step in our investigations will be to subject the transparent, fire-retarded wood coatings to cone
calorimeter tests. Results will be presented at the conference.
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Main message: Transparent woods with promising flame retardance behavior and high transmittance
were easily fabricated. Their micro-structures, fire safety properties, and optical properties were
thoroughly characterized, which support their potential applications in fire-safety building as energy
saving materials.
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Introduction

Transparent wood (TW) is a wood-based material that can display high optical transmittance and
clarity. It is made by selectively removing much of the lignin (i.e.; delignification, up to an ideal limiting
concentration), then substituting it with a suitable, refractive index-matched polymer [1]. Recent
studies indicate that TW has great potential to achieve energy-efficient buildings, replacing currently
established materials, due to its high transmittance, excellent thermal insulation, low density and low
cost [2,3]. We expect to incorporate TW into fire-safe building structures via flame retardant
modification.

Experimental

Herein, we report on the formation of polycrystalline ZnO-coated TW. TW was fabricated by
delignification, followed by infiltration of epoxy resin together with flame retardant thiol-ene polymer.
Subsequently, a continuous, solid, pure-phase polycrystalline ZnO coating was obtained, via a silver-
mediated seeding process using a sonochemical deposition method. This sonochemically coated
transparent wood (CTW) was characterized in optical transmittance, mechanical property, and thermal
insulation as well as high flame retardancy, to evaluate its potential application in fire-safe building
structures.

Results and Discussion

This study investigated the coating of a transparent wood substrate. A natural balsa wood substrate
(NW) was delignified (DW), then impregnated with an epoxy and thiol-ene polymer to form the
transparent wood substrate (TW).

In Figure 1, highly aligned microchannels with the size of ~20-50 mm can be observed from the cross-
sectional and top views of the original balsa NW. After delignification, the highly alighed microchannels
are well preserved in the DW, while the cell walls become much thinner due to removal of lignin. For
TW, the microchannels were fully filled with the epoxy resin and thiol-ene polymer without any gaps
between epoxy and cell walls. Strong hydrogen bonding between the wood cellulose and epoxy / thiol-
ene polymer is believed to stabilize the composite interfaces. Subsequently, a polycrystalline ZnO
coating was applied to the TW, to fabricate the CTW.

The fire-retardant property of CTW was also characterized with vertical burning test and cone
calorimeter test according to standard requirement, which support their potential applications in fire-
safe building structures.
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Figure 1. SEM images of NW, DW and TW from the top view and side view.
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Main message: This work reports the construction of a graphene oxide (GO) based nanocoating on the
surface of a functionalized fibrous aramid veil. On exposure to heat/fire, the GO reduces to graphene
and becomes electrically conductive, triggering an alarm, for fire detection.
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Introduction

A novel method for the accurate and prompt detection of a fire hazard is the use of graphene oxide
(GO)-based fire sensors in polymers [1]. When a polymer containing GO is exposed to heat or fire, the
decomposition of oxygen-containing functional groups such as carboxyl groups, epoxy groups, and
hydroxyl groups of the polymers acts as a reducing agent for GO, transforming it into reduced graphene
oxide (rGO). The electrical conductivity of GO is typically low, but rGO has a high electrical conductivity.
By integrating electrodes within the polymer substrate (e.g., a textile structure), the change in electrical
conductivity can be monitored for pre-ignition warning and in the case of fire, can trigger an alarm.
Most of the previous work in this area has been on textiles, where GO, dispersed in a resin binder has
been applied as a surface coating on the fabric. Because commonly used resin binders for textiles are
flammable, emphasis has been on using additional flame retardants in the coating or using inherently
flame retardant resins [2,3]. The majority of GO-based fire sensors have restricted detection ranges (a
few cm). Khan (one of the authors of this abstract) et al. recently designed a large-scale sensor (>33
cm) by depositing GO, hexagonal boron nitride and poly(dimethylaminoethyl methacrylate) onto
cotton woven fabric together with conductive ink that was parallel-patterned [4]. The designed sensor
showed a short alarm time of <3 s in response to abnormal high temperature. The sensor coating being
highly wash durable and self-extinguishing, has the potential to continue warning both during and after
a fire. The pupose of this work is to build on this knowledge and develop systems which can be used in
large strutures for pre-ignition warning. For this, an aramid fibrous veil has been chosen as a carrier for
GO. Due to aramid's high thermal stability, this sensor system would not require additional flame
retardant and the sensing feature is expected to be operational over an extended time.

Experimental

Preparation of fibrous GO- based composite fibrous veil:

GO was prepared from graphite powder by a modified Hummer’s method [5].The prepared GO was
dispersed in water through bath sonication for 60 min at 1 mg/mL concentration. Non-woven aramid
fiber veil was immersed in the dispersion, soaked for 30 min, removed and then dried overnight. The
process was repeated three times in order to increase GO adsorption. During the drying process, the
water was evaporated and a tangled network of GO sheets was left behind on the substrate and was
followed by UV treatment to partly reduce the GO on the surface in order to improve sensor sensitivity
(Figure 1).

Preparation of aramid nano-fiber/GO composite film:

Aramid fiber (Kevlar 69) and KOH are dispersed in a solution of dimethyl sulfoxide (DMSO), which was
magnetically stirred for 1 week at room temperature forming a dark red dispersion of aramid
nanofibers. Another dispersion was prepared using GO and DMSO. The prepared aramid nanofiber
dispersion was then added to the GO/DMSO dispersion, and it was stirred for 20 minutes. To
protonate the aramid nanofibers, deionized water was gradually added to the mixture while stirring.
At the end, suction filtration was used to form the film.
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Figure 1. Schematic illustration of the fabrication procedure of GO-coated aramid veil.

Results and Discussion

Work is in progress in which prepared coating and film are being characterised by various analytical
methods such as Fourier transform infrared spectrometry (FTIR), X-ray powder diffraction (XRD), and
X-ray photoelectron spectroscopy (XPS). Thermal stability will be tested by thermogravimetric analysis
(TGA), micro combustion calorimetry (MCC), LOI, VFT and other burning tests. In order to characterise
the sensing, the electrical conductivity of the composites will be measured before and after exposure
to different heat fluxes for varying periods of time. A fire alarm system will also be developed using a
simple electrical circuit as demonstrated in Figure 2. The ultimate aim of this work is to use these
structures as surface layers on other polymeric substrates for early fire detection.

Heat flux

Abnormal high temperature

Abnormal high temperature

Ty

Early fire warning

Electrical
source

(a) (b)

Figure 2. Construction of early fire warning sensors using GO-coated fabric aramid veil, (a) at normal
temperature, (b) at high temperature
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Main message: Design of fire barrier for extreme condition including battery fire, hydrogen fire and
fire in microgravity — Fire scenarios in extreme conditions at reduced scale.
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Introduction

There is not a commonly accepted definition of the concept of ‘extreme fire’. According to its common
use the expression ‘extreme fire’ is a complex entity as it involves different realities and ways of
looking. It contains at least three concepts [1]: (i) an idea of extension in the sense that ‘extreme fire
behavior’ is very commonly associated to very large fires or fires that extend in large areas during
extended periods of time; (ii) an idea of intensity in the sense that some properties of fire spread,
namely its rate of spread or its rate of energy release acquire very large values; (iii) a third idea that is
associated to ‘extreme fire behavior’ is related to rapid change in fire behavior conditions that is also
linked to some degree of uncertainty in its prediction and danger. In this paper, we consider high heat
flux fires (in 1G) and fire in microgravity (in 0G) as an extreme condition for fire-retarded material.
Those fires fulfill well with the above definition of extreme fire. It is obvious for high heat flux fires but
microgravity is still unconventional. In microgravity, radiation (net loss from the surface and gas phase)
becomes comparatively more important than normal gravity, not because the radiative flux increases,
but rather because of the absence of natural convection. It leads to unexpected behavior of the fire
spread [2].

The paper aims at discussing the fire scenarios involving extreme fire and how to mimic them at the
reduced scale with the appropriate online instrumentation. It considers: (i) fire of lithium-ion battery
packs, (ii) hydrogen fire and (iii) fire behavior in microgravity. Fire protection to be developed are also
investigated and commented.

Battery on fire

High energy density batteries, such as lithium-ion, provide an advantage in less mass and volume. Their
high energy density provides a makeup of constituents with highly exothermic decay properties, and
as a result fire and explosions can occur when they are abused or made with defects. In a package or
in a closed container, the sudden battery failure (usually termed “runaway”) can rapidly produce a high
release of energy, temperature and pressure in a container. This results in the entire battery pack being
consumed in a fire or even exploding.

The prevention of thermal runaway (TR) in lithium-ion batteries is vital as the technology is pushed to
its limit of power and energy delivery in applications such as electric vehicles, aircraft, grid-scale energy
storage and aerial surveillance technology. The recommended SAE and ISO fire safety tests for lithium-
ion batteries is simulated fuel fire. This scenario is considered in this paper using the description
defined in GB T 31467.3 (1000° for 70s and then 1000°C or 800°C for 60s) with an instrumented bench-
scale equipment.

Hydrogen fire

Hydrogen energy applications may require that systems be used at the large scale outside and even
inside rooms or enclosures. The ignition of accidentally released hydrogen may result in a jet-fire.
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Hydrogen release has shown to produce significantly more severe fire events than natural gas releases
of the same mass flowrate. The higher exit velocities increase both the convective heat transfer and
the erosive forces. Pure hydrogen releases give high convective heat fluxes, but the flame is less
radiant. The erosive forces may be higher at short stand-off distances but will decrease more rapidly
than in gaseous jet fires. To date, there is insufficient evidence to conclude whether passive fire
protection (PFP) materials will respond differently, however there are numerous reasons for caution.
Reduced scale bench equipped with IR instrumentation was developed to mimic hydrogen jet fire (heat
fluxes as high as 500 kW/m? are involved). Different types of protection will be evaluated and
presented in the talk. The associated mechanism will be also commented.

Fire in microgravity

Fire safety is a concern in space travel, particularly with the current plans of increasing the length of
the manned space missions. The effect of microgravity on the fire behavior of polymers is a condition
far away from that found on earth which is not very well understood. Flame spread is very much
affected by external environmental conditions which may be very different in a spacecraft from on
Earth, e.g. microgravity (absence of floatability forces), low-velocity flow, variable oxygen
concentrations, and reduced pressures.

The motivation of this paper is to examine the fire retardancy of low density polyethylene (LDPE) using
the concept of intumescence. The intumescent LDPE containing different systems were evaluated as
thin cylindrical samples. All experiments at normal and micro-gravity were conducted on the Detection
of Ignition And Mitigation Onboard for Non-Damaged Spacecrafts (DIAMONDS) rig [3]. Figure 1 shows
that an intumescent behavior is observed in all conditions (1G and 0G). The shape and the expansion
of the intumescent coating does not seem to be influenced by the gravity but the flame spread rate is
higher in microgravity. This particular behavior will be fully commented in the talk.

A) LDPE Pure(0g)

B) LDPE Pure(1g) C) LDPE APP10%(0g) (D) LDPE APP10%(1g) (E) LDPE EG10%

Velocity: 150 mm.s™' Velocity: 150 mm.s™' Velocity: 150 mm.s™' Velocity: 150 mm.s™' Velocity: 150 mm.s™' Velocity: 150 mm.s™

Oxygen : 21 %
Pressure: 1013 hPa

Oxygen : 21%
Pressure: 1013 hPa

Oxygen : 21 % Oxygen : 21%
Pressure: 1013 hPa Pressure: 1013 hPa

Oxygen : 21% Oxygen : 21%
Pressure: 1013 hPa Pressure: 1013 hPa

FIGURE 1. Intumescent LDPE burning in the conditions of DIAMONS rig at normal and microgravity
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K7- THERMAL ANALYSIS AND FLAMMABILITY
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ABSTRACT

Flammability is the continuum level response of combustible solids to the thermal insult of fires or
flames. Each molecule in a burning solid (test specimen) experiences a temperature history that can
be simulated using a milligram sample in a thermal analyzer to study the rate and products of pyrolysis
in the absence of heat and mass transfer limitations. The rate of pyrolysis is temperature-dependent
via the Arrhenius form of the rate constant, k = Aexp[-E/RT], where A is the frequency of molecular
collisions resulting in volatile fuel species, and E is the energy barrier to that fuel generation process at
temperature T, while R is the gas
constant. These molecular-level
kinetic parameters E and A are
measured using thermal analysis,
but depend as much on the test 0;in
method as on the composition of
the combustible solid.  This

- . CO,, H,0,
ambiguity makes computational _0"2 e
fluid dynamics (CFD) simulations of l
fire growth that rely on E and A
uncertain.
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From a flammability perspective,
the products of thermal

decomposition  (pyrolysis)
are important because the volatile
species determine the amount of
heat released by combustion and
any solid residue is a barrier to heat
and mass transfer at the burning
surface. In this talk we discuss how
thermal analysis in general, and
pyrolysis-combustion flow
calorimetry in particular, can be =

used to understand and predict the
fire behavior of combustible solids
(see figure).
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013- Effect of oxygen concentration on the fire behavior of Cross-Laminated
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Main message: The effect of oxygen on the fire behavior of Cross-Laminated Timber (CLT) has never
been studied and there is a lack of data on the gaseous emissions and the aerosols production of CLT
in vitiated conditions. The reaction to fire of CLT is studied under several oxygen concentration (21, 18,
15 and 10% 0O) using a Controlled-Atmosphere Cone Calorimeter (CACC) at different heat fluxes. In
addition to common Cone Calorimeter data, gas and aerosols production were investigated using a
Fourier Transformed Infrared (FTIR) spectroscopy and an Electrical Low Pressure Impactor (ELPI).
Decrease of oxygen concentration leads to incomplete or non-combustion which affects the gas and
aerosols production that were fully analyzed.

Keywords: Cross-Laminated Timber, Controlled-Atmosphere Cone Calorimeter, oxygen concentration,
gases, aerosols.

Introduction

Due to climate change, sustainable development is a major concern in all sectors of activity. Thus,
recently, the construction industry has turned to the use of renewable and/or recycled building
materials in order to develop energy-efficient buildings with a low carbon footprint. So, Cross-
Laminated Timber (CLT) is widely used because of its structural properties, low weight and fast
construction times. Like most organic materials, CLT can react under fire and lose its properties. In
addition to the loss of structural properties, gases and aerosols emitted from fire reduce visibility and
cause vision impairment, respiratory problems or death. In addition, under ventilated atmosphere
increases the production of dangerous gases. Therefore, in order to ensure safety, CLT behavior under
different fire scenario must be evaluated and understood.

The widely used standard cone calorimeter assesses the reaction to fire of materials under well-
ventilated conditions but it does not enable to create reduced oxygen atmospheres. In the purpose of
gases and aerosols evaluation under vitiated environment, a CACC was designed where a Fourier
transformed Infrared Spectroscopy (FTIR) and an Electrical Low Pressure Impactor (ELPI) are coupled.

Experimental

The material used in this study is a commercial Cross-Laminated Timber (CLT) made from spruce. It is
composed of two panels glued perpendicular to each other. The glue used is polyurethane based and
it does not release formaldehyde. The sample dimensions are 100 x 100 x 40 mm?. The specimens are
conditioned at 2312 °C and at a relative humidity of 5015 % until the mass is constant, in order to reach
a moisture of wood close to 11% as described in the standard EN 13238 [1].

Results and Discussion

The effect of the oxygen concentration (21, 18, 15 and 10 vol-% 0O3) on the CLT was studied at two
different heat fluxes, 50 and 20 kW/m?, to simulate respectively well-ventilated fire and smoldering.
The combustion is considered incomplete when the CO/CO; ratio is superior to 0.05 [3].

At 50kW/m?, when the O, concentration is lower than 15 vol-% the sample does not ignite (Figure 1)
and the decomposition rate is lowered. The peak of mass loss rate and times to ignition are not affected

70



FRPM?23, 26. - 29. June 2023, Empa Diibendorf, Switzerland

by oxygen depletion in flaming combustion. Moreover, the oxygen concentration does not affect the

peaks of heat release rate values of flaming samples whereas it influences their steady state (Figure 1).
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FIGURE 1. A) Effect of oxygen concentration on the HRR at 50kW/m?, B) Sliced CLT after 32 min of test
at 50 kW/m? ata. 21% O,, b. 18% 0O, c. 15% O, and d. 10% O,

Before ignition, the main compounds released are formaldehyde, methanol, formic acid, acetic acid
and phenol compounds and after ignition, CO, and CO are mainly observed. For the non-flaming
sample, additional gases such as acetaldehyde (C;H,0) and ethene (C;H4) are detected with a high
production of CO and methane.

Regarding the aerosols, the flaming and non-flaming samples behave differently. At ignition, for the
burning samples (21, 18 and 15 vol-% 0,), the distribution size is bimodal and centered on the modes
0.267 um and 0.109 um (Figure 2 (A)). This distribution changes during fire to a monomodal one
centered on the mode 0.03 um corresponding to a nucleation mode (Figure 2(B)). For the non-flaming
specimen (10 vol-% 0,) the distribution is monomodal centered on the mode 0.03 um all along the
experiment.
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FIGURE 2. Distribution size of aerosols at 50 kW/m? at ignition (A) and at 1484s (B)

This approach is appropriate to examine the effect of the oxygen and the heat flux on the solid/gas
phase phenomena occurring during thermal degradation of CLT. During the presentation, all the results
obtained at 20 and 50 kw/m? under different oxygen concentration will be presented and fully
discussed.
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014- An analysis of the functional dependence of the rate of buoyancy-driven
flame spread on a solid material to pyrolysis and combustion properties
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Main message: In this work, an extensive literature review is conducted to enable a numerical study
that quantifies (a) the sensitivity of model-predicted fire growth rate to uncertainties in material
thermophysical properties and (b) the functional dependence of fire growth rate in a full-scale, room
corner fire scenario to these properties within their respective measured ranges. This work allows for
the identification of the material properties that require future improvements in measurement and/or
calibration accuracy and can help enable material development and product design by identifying some
of the material properties that have the strongest impact on predicted fire growth rate.

Keywords: Flame Spread, Fire Modeling, Material Properties, Pyrolysis, Sensitivity Analysis

Introduction

In the early stages of a fire, upward, buoyancy-driven flame spread over combustible solids is
frequently the dominant contributor to fire growth. Thus, an ability to accurately predict fire
development is strongly linked to the accuracy of flame spread modeling, which requires knowledge
of a wide range of material properties that serve as model inputs. In this study, the sensitivity of flame
spread dynamics to variations in these properties was examined to determine which properties carry
measurement uncertainties that translate into the largest errors in predicted flame spread behavior
and to calculate the functional dependence of flame spread rate on these properties.

Experimental/Modeling

An extensive literature review was conducted to determine representative material properties of a
well-balanced set of 26 materials including: ten non-charring synthetic polymers, ten charring synthetic
polymers, and six wood-based products. This group represents the combustible polymeric solids most
widely used in industrial, transportation, and construction applications [1,2]. Upward flame spread
over this representative combustible solid was simulated in a vertical corner configuration (full-scale
burning, 2.45 m tall samples) using two widely used computational tools — ThermaKin2Ds [3,4] and the
Fire Dynamics Simulator (FDS) [5] — and predicted sensitivity of fire growth dynamics to variations in
material properties was assessed. Simulations were repeated using increased and decreased material
property values, which were varied, one at a time, both (a) to the upper and lower boundaries of the
uncertainty quantification of each specific measurement and (b) across the full range of measured
values (of 26 different materials) for each model input of interest.

Results and Discussion

Figure 1 shows time-resolved plots of heat release rate (HRR) calculated in ThermaKin2Ds and FDS
simulations when material properties are each varied to within their respective uncertainty bounds. In
this figure, the base case (i.e., all material properties defined as their average value) is plotted in black
and select HRR profiles are highlighted to identify the cases showing the greatest sensitivity to
variations in a given parameter value within its respective uncertainties. These parameters include (in
order of highest sensitivity): reaction kinetics, E./In(A) [red and magenta profiles]; virgin heat capacity,
Cvirgin, [blue and green profiles]; and heat of combustion, Hcef [light blue and orange profiles].
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FIGURE 1. Time-resolved predictions of heat release rate in (a) ThermakKin2Ds and (b) FDS.

To deconvolute how much of the calculated change in model-predicted flame spread rate is attributed
to the inherent sensitivity of model predictions to a given parameter (i.e., its functional dependence)
versus the magnitude of variations in a property of interest, the following analysis was conducted. First,
a condition number was calculated for each parameter to define the relative change in predicted fire
growth rate given a relative change in a material property of interest (assessed around each material
property’s measured uncertainty). Next, relative changes in model-predicted flame spread rate were
calculated across the full range of measured values for each model input of interest (defined based on
the measured ranges for all 26 materials considered in this work). Flame spread rate was assumed to
be dependent on each property as per the equation below.

— ni
% g Alpropertyp \ ™
Nproperties prOPeTtYi|avg

thavg
Here ‘7Paug is the flame spread calculated when all material properties are defined as their average

values, property;|q,4, and n; is the functional dependence of 7, on each material property, i, of interest.
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K8- FROM FLAME RETARDANT POLYSTYRENE FOAMS TO INTRINSICALLY
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Main message:

A combination of organo-phosphorus flame retardants and organic disulfides proved to provide an
efficient, completely halogen-free flame retardant solution for polystyrene foams [1] and impact-
modified polystyrene (HIPS) [2]. Elucidation of the underlying flame retardant mechanisms enabled
the design and synthesis of a novel set of intrinsically flame retardant styrenic copolymers without
halogens in a flexible building-block approach using elemental sulfur and phosphorous (meth)acrylates
as comonomers.

Keywords: Polystyrene foams, styrenic copolymers, halogen-free flame retardants, organo-
phosphorus.

Introduction

Styrenic polymers are highly flammable materials with a strong demand for compatible, highly
efficient, and preferably gas-phase active flame retardants. Recently, halogen-free flame retardant
solutions on the basis of organic phosphates and phosphonates in combination with organic disulfides
[1], sulfenamides [3], and oxyimides [4] have been described for use in polystyrene foams. Inspired by
these findings, a series of phosphorus comonomers were synthesized for mass polymerization with
styrene and sulfur, yielding styrenic terpolymers with good flame retardant properties.

Experimental

Synthesis of the comonomers was performed using standard techniques, while polymerization was
undertaken in mass and in an inert gas atmosphere, without any solvents added.

All (co)polymers were either extruded and injection molded on a lab-scale, or foamed from polystyrene
foils containing residual blowing agent using hot water vapor. The resulting test specimens (UL-94 V
and DIN 4102 (B2)) were used to assess ignitibility and flame resistance. TGA as well as GPC, TGA-MS
and EDX analyses were performed to elucidate the involved flame retardant mechanisms.

Results and Discussion

The flame retardant mechanism derived for a combination of organic phosphates and oligomeric
organic disulfides in polystyrene foams, namely flame poisoning by thiyl or sulfur radicals in the gas
phase, increased melt dripping, and barrier formation caused by phosphate formation on the surface
of the foams, formed the basis for the synthesis of co-reactive (meth)acrylate phosphates and
phosphonates, which were successfully copolymerized with styrene and elemental sulfur to form a
novel set of color- and odorless, intrinsically flame retardant terpolymers with 1-5 wt.% P-comonomer
and 0.5-1 wt.% S. Polymer properties like molecular weights, polydispersities, glass transition
temperatures and decomposition temperatures (Tq) at 5% mass loss of selected products are given in
Table 1.

The synthesized terpolymers were successfully processed with lab-scale extrusion and injection

molding techniques, yielding a solid V-2 classification with short overall afterburning times and
occasional burning melt dripping in the performed UL-94 flame tests (see Figure 1).
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TABLE 1. Selected properties of the flame retardant styrenic terpolymers

Sample My My b Tg T4 (5%)
[kDa] [kDa] [°C] [°C]
CP-1 14.7 47.8 3.3 101.9 358
CP-2 32.0 62.0 1.9 90.3 405
CP-3 13.7 64.5 4.7 96.8 334
CP-4 12.1 51.0 4.2 93.5 325

Noticable are the high polydispersities combined with rather high thermal stabilities at acceptable Tgs.

m 1st Afterburn time  m2nd Afterbum time
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Polymer Reference PS CP-1 CP-2

FIGURE 1. UL-94 V (1.6 mm) test results of copolymers CP-1 and CP-2 in comparison with non-flame
retardant reference polystyrene.

The pleasingly short burning times give reason to hope for further optimization in terms of burning
dripping. Furthermore, the clarification of the polymer-intrinsic flame retardant mechanism remains
an exciting task.
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Main message:

Long-chain polyamides bridge the gap between conventional polyolefins and short-chain
polycondensates, but exhibit high flammability. In this work, we designed a novel reactive flame-
retardant monomer PR, which brings high flame retardancy to typical long-chain polyamide PA 1010
without destroying its great mechanical property.

Keywords: Flame retardancy, Mechanical property, Long-Chain aliphatic polyamide

Introduction

Long-chain aliphatic polyamides are easily obtained from bio-based raw materials like plant oils, thus
show potential in developing bio-based polymeric materials [1-3]. However, these polyamides are
highly flammable, which severely restricted their applications. In this work, we designed and
synthesized a novel nitrogen-based flame-retardant monomer PR, and copolymerized it into the
molecular chain of typical long-chain aliphatic polyamide PA 1010. The obtained copolymer PA 1010-
co-PR successfully passed the UL-94 V-0 rating, and achieved a high LOI value of 32.6%. At the same
time, the mechanical property of PA 1010-co-PR was largely maintained. This work provided a novel
strategy for improving the overall performance of long-chain aliphatic polyamide.

Experimental

PA 1010-co-PR was synthesized through conventional melt polymerization using sebacic acid,
decamethylene diamine, and PR. The mixture was first heated at 240 °C with stirring at 120 rpm for 3
h, then the pressure of the mixture was gradually reduced by a vacuum pump, and the micromolecules
and water generated during polymerization were removed. After 3 h reaction under high vacuum, the
final product PA 1010-co-PR was obtained. The UL-94 vertical burning behavior and the limiting oxygen
index (LOI) values of the samples were carried out according to the ASTM D3801-20a and ASTM D2863-
19 standards.

Results and Discussion

The flame retardancy of PA 1010-co-PR was evaluated by the UL-94 vertical burning test and the
limiting oxygen index (LOI) test. As shown in Figure 1, pure PA 1010 is easily ignited during the UL-94
test, and burned continuously while generating large amounts of melt drips, thus failed to pass the
test. With the incorporation of PR, the burning time of PA 1010-co-PR significantly shorten, and the
melt dripping phenomenon was inhibited. At a PR content of 6 mol%, PA 1010-co-PRg self-extinguished
immediately after both ignitions, and successfully achieved a UL-94 V-0 rating. Pure PA 1010 possessed
a low LOI of merely 21.0%, indicating its high ignitability and poor self-extinguishing performance. With
the incorporation of PR, the LOI value of PA 1010-co-PR gradually increased with the increase of PR
content. At a PR content of 2 mol%, PA 1010-co-PR; showed a largely increased LOI value of 25.0%,
which further increased to 28.0% by increasing the PR content to 4 mol%. Surprisingly, PA 1010-co-PRe
exhibited high LOI value of 32.6%, which was much higher than most reported literatures. The TG-IR
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and Py-GC/MS results revealed that PR mainly played free-radical-capturing effect, representing a
typical gas-phase flame-retardant mechanism.

As proved by the DSC results, the rigid PR structure largely increased the glass transition temperature
(Tg) of PA 1010-co-PR, while at the same time the melt-crystallization performance was largely
maintained. Furthermore, PA 1010-co-PR exhibited high mechanical property, for which the tensile
strength was basically unchanged with PR content of 2 and 4 mol%.
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FIGURE 1. (a) Combustion process during UL-94 vertical burning test, (b) 1 cooling curves obtained
from DSC test, (c) stress-strain curves, and (d) tensile strength and modulus of pure PA 1010 and PA
1010-co-PR.
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S7- CARBON NANOHORNS AS A NOVEL SYNERGIST TO ACHIEVE EFFICIENT
FLAME RETARDANT COTTON FABRIC — A CASE STUDY

Jie Xu?, Manman Xue?, Jianjun Wu?, De-Yi Wang®

9 School of Chemical Engineering and Technology, China University of Mining and Technology, Xuzhou
221116, China; Email . TB20040006B4@cumt.edu.cn
b IMDEA Materials Institute, C/Eric Kandel, 2, Getafe, 28906 Madrid, Spain

Main message: In this work, a novel fire-resistant cotton fabric by combining SWCNHs and ammonium
polyphosphate was proposed. The effects of different concentrations of SWCNHs on the flame
retardancy of fabric were investigated, and the mechanism of flame retardancy for SWCNHs was also
discussed in detail. The unique combination of SWCNHs and ammonium polyphosphate endowed
cotton fabric with prominent fire resistance. As we know, this novel, halogen-free carbon nano-
synergist was proposed for the first time.

Keywords: SWCNHSs, Synergistic effect, Flame retardancy, Fire behaviors Cotton fabric.

Introduction

The development of environmentally friendly flame retardants that can achieve high efficiency for
textiles at low addition levels is of great significance to human life. Halogen flame retardants have long
dominated in flame retardant applications. However, there are increasing calls to ban its use because
of the threat they pose to human health and the environment. Herein, this work investigated the
potential of a novel SWCNHs-based nanocoating for the flame retardancy of cotton fabrics.

Experimental

First, the cotton fabrics were mercerized with 10 wt% NaOH, then washed several times with distilled
water, and finally placed in an oven at 80 ‘C for 2 h before use. In order to obtain 1 wt% of APP solution,
1 g of APP was added to 100 mL of deionized water and stirred evenly. After stirring, the pH value of
the APP solution was adjusted to 10 with NaOH solution. Then SWCNHs (typical ‘dahlia-like’ CNHs with
a diameter range of 30-80 nm) was added to the APP solution with 0.05 wt%, 0.1 wt%, 0.15 wt%, 0.2
wt% and 0.25 wt% concentration, respectively and sonicated for 15 min. 4 mL of the solution was
sprayed on the cotton fabric, then the fabric was dried at 80 “C for 20 min.

Results and Discussion

The cone calorimeter (CONE) and TG technique were used to study the effect of CNHs on the
combustion heat release, combustion properties of cotton fabric, and to understand the synergistic
mechanism of CNHs during thermal degradation. The study showed that the addition of 0.15wt% CNHs
further reduced the heat release rate (HRR) and total smoke production (TSP) (Figure 1(a, b)); To
analyze the flame retardancy of Cotton, Cotton-APP, Cotton-SWCNHs, and Cotton-APP/SWCNHs
(0.15), the vertical flammability and LOI tests were conducted. As presented in Figure 1(c, d), Cotton
suggested high flammability with a LOI of 17.5 £ 0.5%, and the after-flame time and after-grow time of
cotton fabric were 14 s and 17 s, respectively. Additionally, there was almost no residue observed after
burning. In contrast, the flame retardancy of Cotton-APP and Cotton-APP/SWCNHs (0.15) were
distinctly improved with both of them reaching UL94 V-0 level and self-extinguishing. Besides, their
damage length dropped to 84 mm for Cotton-APP and 65 mm for Cotton-APP/SWCNHs (0.15) from 300
mm for Cotton, maintaining their original form except for partial carbonization. Moreover, the LOI
values of Cotton-APP and Cotton-APP/SWCNHSs (0.15) increased to 25 + 0.7% and 27.5 + 0.2%,
respectively, increment by 1.6 times. The results demonstrated that the addition of CNHs could
enhance the flame retardancy of cotton fabric.
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FIGURE 1. HRR (a) and TG (b) curves of Cotton, Cotton-APP, Cotton-SWCNHs, and Cotton-APP/SWCNHs
(0.1-0.2); Flammability behavior and durability of Cotton, Cotton-APP, Cotton-SWCNHs, and Cotton-
APP/SWCNHs (0.15). LOI values and damage length in the vertical burning test (c); Data of vertical
burning test (d).
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K9- Synthesis and Application of Flame Retardant Organophosphine
Compounds

Yuan Hu, Fukai Chu, Weizhao Hu, Lei Song
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Main message: The flame retardant efficiency of flame retardants in polymers was influenced by
exchanging the P-O bonds with P-C bonds. In our research, different organophosphine flame retardant
oligomers were synthesized for unsaturated polyester (UPR), epoxy (EP), polyurethane (PU) and other
polymer materials, effectively improving the flame retardancy of the polymer. Compared with the
flame retardant with higher phosphorus oxidation state, the difference of flame retardancy and
mechanism was analyzed.

Keywords: Flame retardant, Organophosphine compounds, Polymers, Properties, Mechanism.

Introduction

Because of their flammability, polymer materials are very easy to cause fire accidents, resulting in loss
of life and property [1]. At the same time, as polymer materials appear in more application scenarios,
higher requirements are put forward for flame retardants [2,3], such as efficiency, environmental
friendliness, etc. Compared with phosphorus flame retardants with higher oxidation state such as
phosphates, organophosphine compounds have higher phosphorus contents and higher activity in
vapor phase [4,5].

Experimental

The linear and hyperbranched oligomer flame retardants were synthesized based on phosphorus
containing monomers with different oxidation states. The effects of the structural differences of flame
retardants on the flame retardancy and mechanism of UPR, EP and PU were systematically analyzed.

Results and Discussion

Dozens of oligomeric flame retardants were synthesized for flame retardant modification of UPR
(FIGURE 1). Compared with flame retardants with highest +5 oxidation state (PO-S, POEG),
organophosphine flame retardants (PCHs-S, PB-S, PBEG) have higher flame retardant efficiency, and 15
wt% of PCHs-S or PBEG make UPR reach UL-94 V-0. In contrast, although the composites with 20 wt%
of PO-S or POEG had higher phosphorus contents, their UL-94 levels were still lower than the former.
Therefore, compared with the highest oxidation state of phosphorus structures, the organophosphine
oligomers were more suitable for improving the flame retardancy of UPR. The analysis of flame
retardant mechanism showed that the flame retardancy of organophosphine oligomers was mainly in
gaseous phase, supplemented by condensed mechanism.

0 959
& P-0
HO_~on HOH {)-OH HO-()—5—")-0H ol
O HO ' _OH
o PCH;-A PCH5-S PCH;PG
Cc1-pP-Cl o o o o0
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| o OHOon | eho O30 | 078
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FIGURE 1. Monomer selection and flame retardant structure of flame retardant oligomers for UPR
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Three poly(DOPO substituted phenyl dimethanol pentaerythritol diphosphonates) organophosphine
compounds (PFR1, PFR2 and PDPDP) were prepared from the polycondensation of DOPO-based
derivatives with pentaerythritol diphosphonate dichloride (SPDPC), which were applied for EP. Among
them, PFR2 showed the highest thermal stability and flame retardant efficiency (TABLE 1). The Tsy of
EP composites with 10 wt% of PFR2 was up to 311 °C. The LOI values increased from 21.5% for pure EP
to 36.0 % and UL-94 V-0 materials were obtained with the 15 wt% of PFR2. In addition, the peak heat
release rate (PHRR) was obviously reduced by 60.04%.

TABLE 1. Flame retardant structure of flame retardant oligomers for EP and their properties

Sample Tox UL-94 LOI PHRR
291 30.2

EP/PFR1 ; ]
OV (10 wise) (10 wt%)

won oy 311 V) 33 PHRR | 60.04%

EP/PFR2 o O X ’
e (10 wt%)  (15wt%) (10 wt%) 15 wt%

£p/PDPDP O 305 V) 31.5 PHRR | 54.60%
0% OCH (10wt%) (15 wt%) (10 wt%) (15 wt%)

Additionally, hyperbranched organophosphine oligomers were used for the highly efficient flame
retardant modification of PU. A novel organophosphine oligomer (POCHP) was synthesized from the
polycondensation of phthalic anhydride and trihydroxymethylphosphine oxide (THPO) followed by the
ring-opening reaction of the polycondensate and 1,2-epoxypropane. Then POCHP and/or expandable
graphite (EG) were incorporated into rigid polyurethane foam (RPUF). A 12.8% improvement of
compressive strength and slightly decreased density and thermal conductivity are achieved. And it
reaches a LOI of 30.0% and UL-94 V-0 rating. The PHRR, THR and TSP of ERPUF50 are reduced by 71.1%,
52.2% and 71.1% via bi-phase flame retardant mechanisms.
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Main message: Past research has shown that heat release rates and yields of toxic products of
combustion (including, but not limited to carbon monoxide, acid gases, solid particulate matter) are
affected by the ventilation conditions of a fire. These conditions can be characterized by the global
equivalence ratio, ¢, defined as the ratio of the actual fuel/air ratio during combustion to the fuel/air
ratio for a stoichiometric mixture. Real fires in enclosures typically transition from well-ventilated (¢p<1)
during early stages to underventilated (¢>1) at later stages and post-flashover. Bench scale tests for
toxic yields, such as the Steady State Tube Furnace allow for the control of the equivalence ratio,
enabling the measurement of toxic product yields for various ventilation conditions, but provide no
flammability data. On the other hand, common flammability bench scale tests such as the cone
calorimeter provide key flammability data, but only under well-ventilated conditions. An existing bench
scale test with the potential to provide both flammability and toxicity data, including the possibility of
controlled ventilation, is the Fire Propagation Apparatus (FPA). This work presents significant
modifications to the FPA in order to simultaneously measure flammability parameters (heat release
rate, total heat release, time to ignition) as well as time-resolved and integral yields of key toxic species
(solid particulate, CO, CO,, HCN, HCI, HBr, among others) at a prescribed value of ¢.

Keywords: Flammability, Toxicity, Calorimetry, Diagnostics

Introduction

Full-scale and large-scale fire tests have shown that toxic product yields are highly dependent upon the
combustion conditions. Fire stages and types can be characterized in terms of the global equivalence
ratio, ¢, where ¢<1 represents well-ventilated conditions, while ¢>1 represents underventilated
conditions [1]. A representative enclosure fire will typically start with well-ventilated conditions and
eventually transition to under-ventilated conditions. Heat flux to the solid fuels in the enclosure is also
expected to vary as a function of time due to fire growth. Due to these complexities, most bench scale
tests can only address one part of the problem, at a reduced set of conditions. Cone calorimetry [2],
for example, can provide key flammability parameters (heat release rate, total heat release, time to
ignition), at a constant incident radiant heat flux (which can be varied from one test to another, but
not as a function of time) and only under well-ventilated conditions. Cone calorimeters can only
provide limited fire toxicity data (CO yields, indirect solid particulate measurements via laser extinction
methods). A Steady State Tube Furnace, on the other hand, can be run over a wide range of ventilation
conditions (including underventilated and well-ventilated), but is also typically run at a set furnace
temperature, and can only provide yields of toxic species with no flammability data [3].

The Fire Propagation Apparatus (FPA) [4] is an alternative method to cone calorimetry, with the
advantage of providing user-defined ventilation conditions as well as incident heat flux. Both
ventilation and heat flux can be set over wide ranges and can even be time-dependent. Past research
[5] has shown that FPA data correlates well with large scale tests, at least for yields of CO. Despite
these advantages, a standard FPA is not instrumented adequately for measuring additional toxic
species such as acid gases (HCN, HCI, HBr) and solid particulate is measured via laser extinction, which
is known to be challenging due to significant signal noise, and translating this data to actual yields can
lead to large uncertainties. This works aims at augmenting the capabilities of the FPA by introducing
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time resolved measurement of toxic acid gas species (HCN, HCI, HBr) via electrochemical sensors, and
replacing solid particulate laser extinction measurements by time-resolved light scattering
measurements coupled with gravimetric measurements, thus providing a more direct method for
obtaining vyields of solid particulate. This modified FPA is designed to provide simultaneous
flammability and fire toxicity data over a wide range of ventilation and incident heat flux conditions,
including user-defined, time-varying conditions.

Experimental
The standard FPA design has been modified by introducing a second gas sampling line dedicated to
acid gas and solid particulate measurements. The gas is sampled from the FPA duct and split into 3
parallel lines transported over a short (< 1 m) line, each one connected directly to the corresponding
sensor. One line is dedicated to HCN measurements (Drager Polytron 7000), another line is dedicated
to other acid gases (Drager Polytron 7000, user selects between HBr, HCl or other species by replacing
the sensor as needed), and the third line is directed to a laser scattering dust characterization device
(TSI DustTrak II), recalibrated with simultaneous gravimetric measurements to provide time-resolved
solid particulate mass concentrations. A schematic of this augmented gas sampling and sensing line is
shown in Figure 1-a). Data from these sensors, along with standard O,, CO, CO, measurements from a
separate gas analyzer (California Analytical Instruments ZPA) as well as an unburned hydrocarbon
sensor (Edinburg Sensors Gascard), in conjunction with a flowrate sensor in the duct (Armstrong
International Veris Verabar) and gas temperatures in the duct measured with K-type thermocouples
(Omega), can be used to reconstruct the mass concentration of each species of interest in the duct as
a function of time, thus providing the time-resolved mass rate of production of species and
consumption of O,. These data, in turn, can be used to:

1. Obtain heat release measurements via Oxygen Consumption or Carbon Dioxide Generation

calorimetry.

Calculate the instantaneous and total CO/CO2 ratio.

Integrate all other species mass rates of production to determine the total yields for each
species (normalized by either initial sample mass or volatilized mass).

The combination of standard and augmented sampling lines can thus produce simultaneous
flammability and toxicity measurements from a single sample, and the ventilation and incident heat
flux can be chosen from a wide range, including time-dependent values for both ventilation and heat
flux.

Results and Discussion

Preliminary tests on poly(methyl methacrylate) (PMMA) samples have shown that the system
produces heat release rate measurements (Figure 1-b) consistent in accuracy with those reported in
the literature, while the solid particulate analyzer provides nearly noise free, time-resolved
measurements of soot concentration, even for low sooting fuels such as PMMA (Figure 1-c). Additional
tests are underway to finalize the calibration of the solid particulate measurements in order to provide
accurate quantitative mass concentration data for the solid products. Once this calibration is finalized,
the apparatus will be used to test materials with/without flame retardants in order to obtain
measurements of acid gas species in addition to the aforementioned standard measurements.
Additionally, tests will be performed with time-resolved control of the mass flow of oxidizer in order
to keep a constant ratio with respect to the mass flow of fuel, thus achieving conditions where the
entire combustion of the sample occurs under a constant, controlled equivalence ratio, ¢.

Acknowledgement: The authors would like to thank FM Global (Dr. Yi Wang, Dr. Dong Zeng, Dr. Gaurav

Agarwal) for providing the seed funding and technical support for construction of the standard FPA.
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FIGURE 1. Modified FPA sampling line diagram (a). Heat release rate (b), and solid particulate yield (c)
measured in the modified FPA.

References:

1. Stec AA, Hull TR, Purser JA, Purser DA, Comparison of toxic product yields from bench-scale to ISO
room. Fire Safety Journal 2009; 44(1):62-70.

2. ASTM E1354-223, Standard Test Method for Heat and Visible Smoke Release Rates for Materials and
Products Using an Oxygen Consumption Calorimeter, ASTM International, West Conshohocken, PA,
2022.

3 ISO/TS 19700:2016, Controlled equivalence ratio method for the determination of hazardous
components of fire effluents — Steady-state tube furnace, International Organization for
Standardization, Geneva, Switzerland, 2016.

4. ASTM E2058-19, Standard Test Methods for Measurement of Material Flammability Using a Fire
Propagation Apparatus (FPA), ASTM International, West Conshohocken, PA, 2019.

5. Stec AA, Hull TR, Purser JA, Purser DA, Fire Toxicity Assessment: Comparison of Asphyxiant Yields
from Laboratory and Large Scale Flaming Fires. Fire Safety Science 2014; 11: 404-418.

84



FRPM?23, 26. - 29. June 2023, Empa Diibendorf, Switzerland
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Halogen Free Flame Retardants (HFFR) PP Formulations
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Conclusions
In the development of halogen free flame retarded (HFFR) formulations several factors have been
found to influence the flammability of polymer materials. Main factors identified are thermal stability
of materials and the ability of the materials to form char; surface or ignition temperature of the
materials during burning; total amounts of volatiles formed and their chemical composition due to
their flammability and finally the extent of radical quenching in the gas phase.
We have been working for several years to evaluate and develop analytical tools to quantify these
parameters. In this presentation, | shall present our novel analytical toolkit aimed to determine
guantitatively the following parameters for several of our model HFFR formulations:
1. Surface ignition temperature (Tign) and kinetic degradation parameters such as Arrhenius
activation energy (Ea) and frequency factor (A) using Thermo Gravimetric Analysis (TGA)/SDTA.
2. Total volatiles formed due to burning of materials using Thermal Desorption (TD)/ Gas
Chromatography (GC)/ Mass Spectrometry (MS).
3. Chemical composition of the volatiles using GC/MS.
Distribution of P in the gas and the condensed phase using ICP-SFMS.

We compared these experimental values to UL94V results and found a very good correlation between
our results and UL94V tests.

Main implication of our new toolkit is that it allows us to estimate several of the quantitative
parameters that control the fire resistance behavior of materials and allows us to understand the
underlying principles for improved fire-resistance properties for different formulations. This also
provides us with quantitative data to characterize and develop new HFFR formulations instead of using
single UL94V test, which is relatively empirical.

Keywords: analytical toolkit, HFFR, TGA, TD/GC/MS, ICP-MS

Introduction

Polymer materials are made fire resistant basically by controlling either the bulk properties of polymers
i.e., the condensed phase or by controlling the gas phase chemistry i.e., the volatiles that are formed
due to polymer degradation under burning conditions or by controlling both.

This suggests that if materials could be designed with low specific mass loss rates under fire conditions,
the amounts of volatiles formed would be substantially reduced resulting into less combustion and
thereby less heat generation. The latter would result into less increase of surface or ignition
temperature of the materials resulting into less thermal degradation of materials. This suggests that
important parameters that control the condensed phase properties of polymers to make them fire
resistant are surface or ignition temperature and the kinetic degradation parameters of the materials.

Another parameter that has a great influence on the fire properties is the gas phase chemistry, which
in turn, is controlled by the volatiles formed during the burning process. The volatiles formed differs
both with respect to flammability and generation of heat of combustion. This suggests that both the
total amount of volatiles and the chemical composition of the volatiles formed because of burning are
important to improve fire resistance properties of the materials. Therefore, preferred volatile
compositions are also presumed to be effectively improve the fire properties of the materials.

Furthermore, in phosphorus (P) and Phosphorus-Nitrogen (P-N) based (PFR) halogen free flame-
retardant systems, it has been suggested that formation of P and PO radicals in the gas phase are
important to obtain good fire-resistant properties because they both function as effective radical
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qguenchers and char formers resulting into less heat generation. For radical quenching presence of
phosphorus in the form of P and PO radicals in the gas phase are important. This suggests that
distribution of phosphorus both in the condensed and in the gas phase should play an important role
in controlling the fire properties. This proposes that selection of suitable PFR compounds that renders
a preferred P distribution in the gas and in the condensed phase is important to obtain good fire
resistance properties.
Unfortunately, quantitative estimations of the above-mentioned parameters are lacking in the
literature. In this presentation, we shall present a toolkit to experimentally measure these parameters
for different HFFR PP model compounds and their correlations to the UL94V results. The study shows
that we obtain a good agreement between these quantitative parameters and UL94V tests. This
suggests that our toolbox could be very helpful and effective tool both to characterize and develop new
and effective HFFR formulations instead of using single point UL94V tests that are being commonly
used today.
Experimental
Analytical techniques that we have developed and used are summarized below:

1. Surface and ignition temperatures and kinetic parameters were determined using

Thermogravimetric Analysis (TGA)/SDTA. These parameters were determined from non-
isothermal TGA runs on model compounds using Mettler TGA 851 under nitrogen between
30-800°C at a heating rate of 30°C/min. Specific mass loss rate and maximum surface
temperature for maximum mass loss rate during burning was determined.

2. For the analysis of volatiles, gas samples were collected on Tenax TA adsorbent tubes after
thermally decomposing the samples in TGA in air under isothermal conditions at 800°C for 10
minutes. The gas samples collected on Tenax were then analysed by using thermal
desorption (TD) using Unity 2 from Mark International Ltd. The adsorbent tubes were
desorbed for different times preferably 10-15 mins at 270°C. The cold trap temperature used
was -10°C with a suitable split ratio. Desorbed gases were then analyzed using Gas
Chromatography (GC) and Mass Spectroscopy (MS). We used both Finnigan Polaris Q, an ion
trap type MS and Finnigan Trace, a quadrupole type of MS for the analysis of volatiles. We
used GC column, Rtx-5 Amine, 60m long and ID and OD of 0.25 mm and 0.39mm and 5m EZ
guard for separation of volatiles. All analyses were running for 55 minutes ramping at
5°C/min. The initial start temperature for the analyses were 38°C.

3. Phosphorus distribution in the condensed and the gas phase were determined by analyzing
the original compounds and the ashes from the compounds after pyrolyzing them in a muffle
oven at 900°C. Phosphorus (P) contents were determined using Inductively coupled Plasma,
ICP-SFMS according to SS EN ISO 17294-1, 2 (mod) and EPA-method 200.8 (mod) standards.
Double focusing (electric and magnetic) ICP-MS, also called Sector Field (ICP- SFMS), was used
due to its high sensitivity and low background.

Results and Discussion
1. Ignition temperature and kinetic parameters

We investigated the use of a single point measurement by TGA/SDTA presented by Lyon [1,2] to
determine the surface ignition temperature and kinetic parameters for several model formulations
with known UL94V results. A good correlation with UL94V tests will allow us to predict the fire
properties of HFFR formulations in a more quantitative way as compared to subjective UL94V tests.
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To determine these parameters, we analyzed our model compounds with TGA and determined the
maximum specific mass loss rate and the maximum temperature for this maximum degradation rate.
Critical degradation temperature (Tcr) that represents Tign was estimated using equation 1 below [3]
and for sustained ignition [4]:

Ter = (Ea/R) / In (A/ (Mcr/ (1 - p)) equation 1

Where:

Ea = Arrhenius activation energy

A = Arrhenius frequency factor

R = universal gas constant and is 8.3145 J/mol
K = inert/ char mass fraction

Mcr = specific mass loss rate [(mg/s)/mg]

Ea, A, 1 and Mcr were determined using equations 2-4 below:

Ea = [x'max/(1-p)]. [e.R. Tp?]/ B] equation 2
A=e.[x'max/ (1-p)]. e E/RTP equation 3
Mcr = m"cr / (pk/ h) equation 4

where,

x’max = maximum fractional mass loss rate

e =2.71818 (constant)

p = material density (kg/m?3)

k = thermal conductivity (W/m.K)

h = coefficient of heat transfer from the TA furnace to the sample volume V(m?3) and surface area S(m?)
m”“cr = critical mass flux determined from CC measurements for sustained ignition (3.2 + 1.2 g/m?Z.s)

Results on Tign and kinetic parameters such as Ea and A for a few of our model formulations and UL94V
results are summarized in Table 1 below:

Table 1: Tign and kinetic results on a few of our model compounds

Model samples Tign (°C) Activation Frequency factor,UL94V results
energy, EgA(s?)
(kJ/ mol)
PPHD120MO: PP 561,8318,77 260,5 3,29¢*16 flammable
BG582: PP + 28% 615,3+14,07 183,8 9,88e*10 \Y{4]
PFR 1
BG586: PP + 24% 590,9+10,7 228,75 1,044 \Y{4]
PFR 1 + 2% Pax
BG1001-1: PP + 15%578+9.4 251.8 4.6ett> \Y{4]
PFR1+2.8%
Pax
BG443: PP + 37% 580.49+9.86 242.3 1.11e*® V1/ V2
PFR 2
BG455: PP + 25% 590.14+11,04 [221.3 3.78e*13 \Y{4]
PFR 2 + 2% Pax

Note: Tign values are expressed in +. Here + does not represent standard deviation but instead the

limiting values where we used both the lower and the higher value for mcr”proposed by Lyon [4]. The
main Tign value is the average of these two values.
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The results in table 1 shows that all formulations that passes VO test exhibit relatively high Tign values
compared to PP without FR additive. Formulations showing VO also renders comparatively high
activation energy, Ea. This suggests that these parameters can successfully be used to predict the fire
resistance properties of the materials.

2. Analysis of gas phase

To investigate the influence of gas phase we analysed the volatiles formed on pyrolyzing the model
compounds and determined the total amount of volatile organic compounds (TVOC) formed and their
chemical compositions. Results are summarized in Table 2 below. The results show that formulations
that passes VO forms comparatively lower amounts of TVOC compared to virgin PP. Moreover,
composition of the volatiles formed differed for formulations that passed VO compared to virgin PP
and formulations that did not pass V0. TVOC values for a few of our model PP compounds and UL94V
tests are summarized in the Table 2 below:

Table 2: TVOC values for a few model compounds

TVOC
(ng tol.eqv./mg sample)

Sample Name UL94V Results

PPHD120MO: virgin PP

17905; 17849; 18481

No rating, Burns

BG582: PP + 28% PFR 1 14086; 11092 VO
BG586: PP +24%PFR 1+ 15016; 12775; 14295 VO

2% Pax

BG840: PP +31% PFR 3 8113; 8487 VO
BG1056: PP+ 15% PFR3  [16762; 15542 No rating

3. Distrubution of phosphorus (P) in the condensed and in the gas phase

To determine distribution of P in the gas and in the condensed phase, we measured P contents in the
model compounds containing PFR, in PFR used in the formulations and in the ash from the model
compounds and calculated P concentration. Results on P distribution are summarized in Table 3 below:

Table 3: Distribution of P in the gas and in the condensed phase after pyrolysis

Name %P remaining in the ash %P disappeared |UL94V results
in the gas phase

BG440: PP+ 4% PFR4  [56.8 43.2 VO -V2

BGA457: PP+16.5 PFR 30 20.0 VO -V1

4+2% Pax

BG443: PP+37% PFR2 35.8 64.2 V1-V2

BG455: PP+25% PFR 66.2 33.8 \Y{o]

2+2% Pax

The results show that estimations of P concentration render important information if the used PFR
functions as a char former or due to gas phase activity. It is interesting to note here that presence of
Paxymer enhances the P-concentration in the condensed phase both for PFR 4 and PFR 2 resulting into
more char formation. This explains why addition of Paxymer not only shows improved fire properties
at lower dosage levels of PFR but also prevents dripping during burning eliminating risk pool fire.
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Main message:

A sustainable flame retarded UL94-VO PP formulation has been found avoiding time consuming
experiments by using a predictive model for the dripping behavior and UL94 results. The optimal
formulation does not contain any critical raw material since it is both halogen- and phosphorus-free.
Moreover, the final filler content is extremely lower than that required by the only current counterpart
solution, based on metal hydroxides.

Keywords: Flame retardants, melamine, N-alkoxy hindered amine, polypropylene, predictive models.

Introduction

Nowadays flame retarded PP (FR-PP) is obtained mainly by the use of halogen and/or phosphorus
compounds. Very recently, there is a growing interest in developing alternative halogen- and
phosphorous-free FR polymeric systems, since the phosphate rocks, i.e. the phosphorus FRs
precursors, have been recently recognized as a critical raw material within the European Union [1].
Therefore, the main aim of this work is to develop UL94-V0 PP without any critical raw materials.

Experimental

Flame retarded PPs samples were developed by combining flame retardants (FRs) with different
mechanisms of action in order to reach UL94-VO0 rating with a thickness of 3.2 mm. To this end, we
used melamine (MEL) and a phosphate ester (SolDP) to achieve “non-dripping” (ND) behavior. To
obtain a “non-flaming dripping” (NFD) UL94-VO PP, we employed also a radical generator compound,
i.e. an N-alkoxy hindered amine (NOR). A statistical approach, based on design of experiment (i.e.
extreme vertices design) and multiple regression, has been applied to develop predictive models,
afterward used to assist the development of optimized formulations in terms of cost, total amount of
fillers or phosphorus content.

Results and Discussion

For the most common ND behavior, we can state that UL94-VO rating can be achieved when the
dripping time tq is large enough, i.e. it takes place after the complete sample extinguishment. Based
on our results, in mathematical terms this can be expressed as [1]:

>t +21 [s] (1)

where tqyand t; can be predicted as follow:
t; =0.3802 MEL + 2.946 SolDP —0.1276 MEL*SolDP (2)
ty=0.6923 MEL — 0.698 SolDP + 0.04675 MEL*SolDP (3)

being MEL and SolDP the % filler content. Very interestingly, both t, and t4 models show that the use
of MEL or SolDP alone are not effective for achieving VO rating since they both tend to increase the
second afterflame time t, (their coefficients are positive) while SolDP also decreases the time of
dripping tq (its coefficient is negative). Moreover, both models show that there is a beneficial
interaction between MEL and SolDP that is responsible for the enhancement of UL94-rating since it
decreases afterflame time and increases dripping time.

In presence of NOR there is a cooling effect that can be used to suppress burning droplets [2], thus
leading to UL94-V0 “non-flaming dripping” behavior. This means that the previous models, developed
for ND behavior, can’t be applied since the dripping time loses importance. A new model based on VO
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probability (i.e. the fraction of specimens out of 10 samples which can be rated as VO) has been
developed. The final PP rating is VO if the VO probability is at least 0.9. The VO probability can be
predicted as follow:

VO Probability = 0.00569 MEL — 0.1089 SolDP + 0.00554 MEL*SolDP + 0.004668 MEL*NOR (4)

The model shows that MEL has a beneficial effect in improving the VO probability (positive fitting
coefficient) while SolDP has a negative effect, probably because, promoting dripping, it facilitates the
formation of flaming drops. Still more interestingly, the linear term related to NOR has been revealed
to be statistically not significant. This means that NOR alone is not useful for increasing VO probability,
in agreement with what reported before on the use of NOR in thick sections, as our samples [3]. The
model also shows that only two interaction terms are statistically significant: the combination between
MEL and SolDP, in agreement with what reported before, and between MEL and NOR. Finally, the
experimental results obtained have shown that this last model is able to predict in a reliable way also
the behavior of ND FR-PP, although the use models based on a specific “physical constraint” (like
condition on dripping time) is better.

To prove interactions between FRs in the solid phase, thermogravimetric analysis (Figure 1) have been
obtained: it is evident that the thermal stability of MEL-SolDP and MEL-NOR mixtures is absolutely
different from what can be anticipated by considering the weighted TGA curves of the neat
components. This means that a reaction between the two additives takes place in the solid phase.
Analysing the regression equations (egns. 2 and 3 for ND, eq. 4 for NFD), it can be seen that only thanks
to these synergies that VO rating can be achieved for both ND and NFD formulations, since the neat
additives alone, whatever they are (MEL, SolDP or NOR), are not enough to reach this very good fire
reaction.
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Figure 1 TGA curves in air for neat melamine, SoIDP and a mixture of MEL and SolDP (on the left); TGA curves in air for neat
melamine, NOR and a mixture of MEL and NOR (on the right).

The optimized formulations, developed through the use of the models, showed that filler contents
around 40% are required to get VO rating for FR-PP. Although this content is higher than that required
by intumescent phosphorus-based system (27-30%), nevertheless, it is extremely lower than that
required by using metal hydroxides (60-70%) which is the only current solution to obtain phosphorus-
free UL94-VO PP formulation. The phosphorus-free VO-PP formulation discovered in this work contains
40% of melamine and 3% of NOR.
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S8- EFFECTS OF FLAME RETARDANTS IN CARBON FIBRE REINFORCED
COMPOSITES ON THE THERMO-OXIDATIVE PROPERTIES OF CARBON FIBRES
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Main message:

This work aims to assess the structural damage and electrical hazards of carbon fibres from heat/fire
exposed carbon fibre reinforced composites (CFRCs) and the effects of different flame retardants and
nanoparticles in mitigating identified hazards.

Keywords: Carbon fibre, CFRCs, composites, flame retardants, electrical conductivity

Introduction

When exposed to high temperatures, the resin within CFRCs decomposes and starts burning, exposing
carbon fibres to the surroundings. Above 550°C the carbon fibres begin to oxidise, releasing fibrils [1].
The carbon being electrically conductive, exposed fibres and released fibrils can interfere with
surrounding electronics [2]. Most often the resin matrix is modified with flame retardants and
nanoparticles in order to reduce the flammability of CFRCs. While the effect of flame retardants and
nanoparticles on the resinous matrix is well studied, there is absence of literature on their effect on
carbon fibre. Since phosphorus-based flame retardants promote char formation, it is possible that a
highly cross-linked char may encapsulate the carbon fibres and reduce the potential hazard. This work
explores these aspects.

Experimental

PAN-based TR30S 3K 2x2 twill weave carbon fibre (Mitsubishi) and epoxy resin (Epilok 60-822 and
Curamine 32-790) were used to make CFRCs. 15wt% of flame retardants 9,10-dihydro-9-oxa-10-
phosphaphenanthrene-10-oxide (DOPO), resorcinol bis(diphenyl phosphate) (RDP), and ammonium
polyphosphate (APP)), as well as 5wt% nano-particles, octadecyl ammonium ion-modified
montmorillonite clay (nano clay) and layered double hydroxides (LDH), were added to the epoxy resin.
An epoxy control sample was also made. CFRCs were made by hand lay-up or resin infusion, and were
8/10 plies thick. Using a cone calorimeter they were exposed to a heat flux of 75kWm for 600s. Fibres
were retrieved from different plies through the thickness of the fire damaged CFRCs and examined
with a scanning electron microscope (SEM) for structural damage and fibre diameter reduction. The
electrical conductivity of composites and individual fibres, before and after fire exposure was
determined by measuring an applied potential across them.

Results and Discussion

The cone’s radiant heat flux of 75kWm™ for 600s was high enough to cause oxidation to the carbon
fibres in the CFRCs. The reduction in carbon fibre diameter was used as an indication and measurement
of oxidation. Fibres were retrieved from plies P1 (top surface), P4/P5 (middle) and P8/P10 (unexposed
surface) of the tested CFRCs. The SEM images of the as-received fibre, along with fibres from different
plies of samples CC and CC_APP are shown in Figure 1. Twenty-five fibres were examined from each of
these plies in all six CFRCs in order to obtain a mean diameter measurement for each ply. These results
are given in Table 1 along with the mean fibre electrical resistivity (from 6 single fibre measurements).
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FIGURE 1. SEM images of (a) as-received fibre, and fibres removed from P1 and P8 of (b) CC and (c) CC_APP after 75kWm™

exposure

TABLE 1. Fibre diameters and electrical conductivity values of fibres from CC after 75kWm2 exposure
Sample Mean fibre diameter/um Resistivity/Qm 10°

P1 P4 P8/P10 P1 P4 P8/P10

CC 5.89+0.11 | 6.69+0.09 | 6.65+0.22 2.20+0.05 | 1.94+0.04 2.27 £0.07
CC_APP 6.85+0.06 | 6.91+0.06 | 7.15+0.11 1.43+0.23 | 1.54 +0.07 1.78+0.26
CC_DOPO 6.15+0.22 | 6.44+0.21 | 6.73+0.17 1.60+0.15 | 2.20+0.15 1.75+0.13
CC_RDP 6.22+0.11 | 6.42+0.23 | 6.63+0.11 1.70+0.07 | 1.45+0.09 1.97+0.04
CC_LDH 7.01+0.10 | 7.17+0.10 | 6.99+0.12 1.97 +0.15 2.07 £0.03
CC_NC 6.72+0.13 | 7.09+0.10 | 6.81+0.13 2.56+0.41 2.20+0.08

The reduction in fibre diameter was greatest for ply P1 in all CFRCs except CC_LDH. For the CFRCs with
flame retardants, reduction was least for ply P8, indicating that in these CFRCs the upper plies provided
a protective barrier in the form of physical shielding and impeded the flow of oxygen to the plies
underneath. Residual fibres removed from CC_DOPO and CC_RDP underwent similar surface oxidation
to fibres from CC, with only a small amount of char attached to underneath plies. However, there was
a noticeable reduction in surface oxidation of carbon fibres recovered from CC_APP, with fibre
diameter reduction less than CC. This was attributed to the large amount of char adhering to the
removed fibres. Many of these fibres were encapsulated in char and bound together. This increased
their mass, making them less likely to be transported by wind to interfere with their surroundings.
Based on the char forming ability of APP [3], only this flame retardant resulted in the desired char
formation and fibre retention effect. While CC_LDH had the least diameter reduction, pitting was
observed on P5/P10 fibres indicating a potential reaction between the oxide residues formed during
LDH’s decomposition and the carbon fibre.

Even though incorporating flame retardants into the resin matrix reduced the electrical conductivity
of the CFRCs, this did not translate into increasing the electrical resistivity of the exposed carbon fibres
after heat testing. The phosphorus containing species remaining within the char attached to the fibres
caused this small increase in their electrical conductivity. However, for CC_NC, the resistivity increased
slightly, on P1 due to the presence of SiO; in the nanoparticles which migrated to the surface during
testing.
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S9- CORK EXTRACTS (QUERCUS SUBER L.): CHARACTERIZATION AND
INTEGRATION IN FIRE-RETARDANT INTUMESCENT FORMULATIONS.
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Main message: This study aims to provide insights on the integration of natural extracts from cork oak
as additives in intumescent formulations. Chemical analysis of samples obtained from “green”
extraction of plant material indicated high concentrations of polyphenols which show good capabilities
as carbon source in such formulations. Samples thermal stability and behavior were evaluated using
bench-scale data from thermogravimetric analyzer and physical properties of char layers formed under
cone heater.

Keywords: extracts, cork oak, thermogravimetric analysis, intumescence, analytical chemistry

Introduction

Virgin cork (Quercus suber) represents a vast volume of unvalorized biomass in cork-productive areas
and is known to be rich in polyphenolic compounds that can be used in value-added products. Some
studies have shown their ability to be integrated as carbon source in intumescent ternary formulations
due to their high hydroxyls content [1]. Virgin cork can thereby be used as benchmark material to
evaluate correlation between polyphenol concentration and efficiency in this type of flame-retardant.

Experimental

Plant material was grounded and sifted before being extracted with ethanol, water and mixtures of
both using pressure-assisted extraction. Optimal parameters (temperature, static time) were
determined by TPC (Total Phenolic Content) and ORAC (Oxygen Radical Absorbance Capacity)
spectrophotometric measurements. Thermal stability was evaluated on pure extracts and their
intumescent mixtures with ammonium polyphosphate. Two non-natural carbon sources were also
studied: standard gallic acid (GA) as major phenolic compound in our material and pentaerythritol as
literature control [2]. FTIR-coupled thermogravimetric analysis were performed on 5 mg samples at a
heating rate of 20°C.min from 80°C to 900°C under nitrogen flow.

Selected formulations were shaped into pellets of identical dimensions and weight (d x h; 13 mm x 10
mm, 2 grams) and tested under cone-calorimeter for 15 minutes at 50 kW.m™ irradiance with 60 mm
separation from heater. Experimental setup included camera tracking and mass monitoring (before
and after exposition) to evaluate their physical properties including expansion coefficient and mass
loss over time. Char layers obtained were hermetically stored and analyzed using FTIR spectrometer
to confirm the formation of aromatic phosphocarbonaceous structures.

Results and Discussion

Early chemical characterization of extracts obtained by pressure-assisted method highlighted high
concentrations of phenolic compounds in our samples. TPC and ORAC measurements showed that
solvent mixtures with 50% H,O or more were the most efficient to obtain the richest extract in target
metabolites with up to 0.51 mMg(ea equivalent)-MB(extract) - iN total phenolic content assay. These results are
indicating the presence of hydroxyls and phenols functions which are the key sites for polymerization
with acid precursor in intumescent reaction [2]. Thermogravimetric analysis of plain extracts confirmed
the emergence of different thermal behaviors possibly correlated to their chemical compositions.
Residual masses at 600°C and ORAC measurements of extracts showed high linear dependency with a
correlation coefficient r = 0.991.
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Extracts were selected as potential carbon source candidates following TGA and TPC/ORAC
measurements. The comparison to control carbon sources was performed using the same apparatus
and methodology. The figure 1 below shows the thermogravimetric analysis of mixtures containing
extract obtained with 100% H,0 (Extract A) compared to pentaerythritol. Both plots indicate that the
cork-based formulation has greater thermal stability with higher residual mass at any temperature and
lower mass loss rate peaks on the derivative curve.
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FIGURE 1. Thermogravimetric analysis of cork-based and control carbon sources mixed with APP (1:3
ratio)

Cone-calorimeter assays on pellets allowed to observe intumescence at a greater scale and confirmed
the ability of cork extracts to initiate these types of reactions. These experiments showed a char
thickness two times lower after 15 minutes exposure for our best performing extract compared to
control with respectively 4.5 (+1) cm and 7.7 (+0.3) cm. However, time to initiate the reaction and mass
loss after experiment were in the same range for both formulations giving encouraging results at
macroscopic scale. Solid FTIR spectroscopy of char layers highlighted the formation of aromatic
phosphocarbonaceous structure with similar bands and transmittance at 1610 cm™ (C-Ca)), 1105cm’™
(P-O-C) and 960 cm™ (PO, and POs) [3].

These results are encouraging for the integration of natural extracts with high polyphenols
concentration as carbon source additives in intumescent formulations but also as a way to valorize
waste and by-products from agriculture.

Acknowledgement: This scientific research and parts of equipment were funded by regional funds
(CDC). PhD scholarship of corresponding author was funded by Collectivité de Corse (CDC).

References:

1. Silveira MR da, Peres RS, Moritz VF, Ferreira CA. Intumescent Coatings Based on Tannins for Fire
Protection. Mat. Res. 2019; 22(2):n.d.

2. Le Bras M, Bourbigot S, Camino G, Delobel R, editors. Fire retardancy of polymers: the use of
intumescence, Vol. 224. Elsevier, 1998. p.48-75.

3. Duquesne S, Magnet S, Jama C, Delobel R. Intumescent paints: fire protective coatings for metallic
substrates. Surface and Coatings Technology 1996; 180:302-307.

95



FRPM?23, 26. - 29. June 2023, Empa Diibendorf, Switzerland

K10- Recyclable Flame-Retardant Materials
Hai-Bo Zhao, Fu-Rong Zeng, Yu-Zhong Wang"

Collaborative Innovation Center for Eco-Friendly and Fire-Safety Polymeric Materials
(MoE), State Key Laboratory of Polymer Materials Engineering, National Engineering
Laboratory for Eco-Friendly Polymer Materials (Sichuan), College of
Chemistry, Sichuan University, Chengdu 610064, P.R. China.

Main message: Recyclability is the key to the sustainable development of flame-retardant materials,
which largely depends on precise structural design and advanced strategies. Our group are focused on
developing a range of new methods to render flame-retardant materials recyclable. Here, we briefly
outline our recent advances in recyclable flame-retardant materials by employing surface treatment,
bulk-additive, and bulk-copolymerization approaches.
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Introduction

Flame retardants largely mitigate the threat of fire from highly flammable polymeric materials [1].
However, traditional flame-retardant methods have serious problems, such as difficulty in flame-
retardant wastes and environmental toxicity debt. In this presentation, we will show our typical studies
for fabricating recyclable flame-retardant materials based on supramolecular assembly, intrinsic self-
catalytic reaction, transesterification, etc., which endow the materials with high flame retardancy and
dissociate them to monomers/precursors or small molecules for recycling.

Results and Discussion

Recyclable flame-retardant Coating. We show a durable flame-retardant coating that can be fully
separated and recycled by regulating the interfacial interactions [2]. By exploiting -7 stacking and
volatilization-induced self-assembly, a P-doped aromatic siloxane multifunctional coating was
fabricated in an orderly manner on the surface of PET fabrics. At only 7.3 wt% coating loading, the
limiting oxygen index (LOI) value of the fabric was significantly increased to 34.5%. The coated fabric
after 50 machine wash cycles showed similar self-extinguishing properties with no droplet
phenomenon. Notably, the coating of the fabric can be quickly removed by reversible
assembly/disassembly in soaking in concomitant ethanol. The coating can be closed-loop recycled
(~100%) over five recycling cycles, and the recycled coating imparted the same flame retardancy to the
fabric. This study provides a new method for the sustainable development of recyclable flame-
retardant coatings.

Recyclable bulk-additive flame-retardant materials. Flame-retardants incorporated in polymeric
matrices make end-of-life flame-retardant materials difficult to handle. The dynamic reversible feature
of supramolecular interaction upon facile stimulus provides us with inspiration. Driven by multiple
directional intermolecular interactions, a phosphorus-doped nanosphere (PPNs) that exploits stimuli-
responsive reversible assembly can be rapidly fabricated upon cooling assembly. By matching
disassembly conditions, PPNs can be circularly dissociated into precursors, removed from application
systems, reassembled, and reused sustainably. For instance, PPNs can be recycled and used in
polyurethane foam. The corresponding polyurethane foam with only 3.5% PPNs manifested excellent
self-extinguishing features and met the requirements of Cal TB 117. This closed-loop nanoscale
recycling strategy based on reversible assembly paves the way for tackling the pressing issue of high-
value flame-retardant nanomaterial sustainability.

Recyclable bulk-copolymerization flame-retardant materials. Recycling of copolymerized flame-
retardant materials into monomers can effectively solve their waste problem. A novel strategy for the
rapid recycling of flame-retardant PET was demonstrated by integrating flame retardancy and self-
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catalytic depolymerization activity into one reactive monomer that was chemically linked into the
backbones of PET later. The resultant flame-retardant PET-copolymer possessed extremely low fire
hazards with a UL-94 V-0 rating without dripping, a high limiting oxygen index of 33%, and largely
decreased PHRR (-44%) and TSP (-67%). Taking advantage of the special self-catalytic phenomenon,
the designed flame-retardant PET-copolymer can be depolymerized into BHET with a high recycling
rate of 90% without adding other catalytic agents. The innovative strategy for the recycling of flame-
retardant PET-copolymer represents a promising way to address the fossil fuel crisis.

Recyclable flame-retardant vitrimers. The reprocessability of flame-retardant thermoset materials is
the bottleneck limiting their recycling. We reported an intrinsically flame-retardant epoxy vitrimer with
rapid recyclability by introducing dynamic ester linkages with catalytic transesterification activity into
the crosslinking networks [3-4]. Excellent flame retardancy with a UL-94 V-0 rating, a high LOI of 34%,
and a reduction in the PHRR (-63%) and total heat release (-32%) of the designed epoxy vitrimer were
achieved. By exploiting the dynamic feature of the transesterification network at selected
temperatures, the epoxy vitrimer showed high malleability that could be reprocessed in 15 min at
200 °C without sacrificing its flame retardancy. We confirmed the topology rearrangement of a novel
epoxy vitrimer composed of adaptable phosphate networks, which contributes to their reprocessing
process. The design of flame-retardant epoxy vitrimers provides a new way to foster the cyclic
utilization of flame-retardant thermosetting polymers.

Surface Coating Separated Polymeric Matrices

Supramolecular-
mediated recyclability

Recycled Flame Retardants
Physical Blending

Dynamic chemistry / self-
catalytic depolymerization-
induced recyclability
Bulk-copolymerization Reprocessing / re-copolymerization

FIGURE 1. Schematic illustration of the recyclable flame-retardant materials developed by our group.
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Main message: The increasing amount of fossil-based plastic waste ending up in our environment is
one of the most pressing issues of the oncoming decades. Thus, development of re-usable polymers
with a prolonged useful lifetime heralds the switch for a transition towards a more circular economy.
A novel dynamic phosphonate ester bonds rich thermoset has been designed and synthesized via a
simple one-pot, two-step synthetic pathway, which demonstrated exceptional reparability,
recyclability and flame retardancy. The covalent incorporation of phosphonate moieties in the
thermoset matrix introduced sufficient dynamic P-O ester bonds, and promoted the exchange of
network strands under moderate heating condition, resulting in scratch reparability and recyclability.
Due to the presence of phosphorus in the structure, the thermoset also exhibited excellent flame
retardancy in varied fire tests. Based on its above-mentioned properties, the application of the
thermoset as fire protective coating on wood samples were explored. Fire tests on coated wood
samples confirmed their excellent fire performance via intumescent mechanism. In addition to fire safe
coating application, preliminary investigation of such phosphonate thermosets as matrix for natural
fiber reinforced polymer composites was also performed.

KEYWORDS: flame retardant epoxy thermoset, phosphonate network, repairable and reprocessable
thermoset, fire safe coating, flame retardant mechanism

Introduction

Various recyclable materials have been synthesized via incorporation of wide variety of covalent
exchangeable bond. Some of these materials can "flow" again like thermoplastics through network
topological rearrangement by thermally triggered catalytical bond exchanges. Such network structures
are fixed at product operating temperatures when the exchange reaction kinetics are frozen. Among
the various dynamic covalent bonds, phosphorous ester based transesterification reaction may provide
a multifaceted solution, this functionality not only offers excellent fire protection, but also has
industrial relevance due to ready availability of monomers and straightforward synthesis procedure.
Phosphate triester based thermosets brought new inspirations into multifunctional vitrimer
material.[2, 3] If we could replace the phosphate with phosphonate, the P-C bond will theoretically
bring even better material stability and flame retardancy, as it is a chemically and thermally stable
analog of a P-0O bond.[4]

Results and Discussion

A one-pot and two steps procedure (FIGURE 1a) was developed to synthesize the multi-functional
transparent epoxy thermoset with varied TDPSD contents. The chemical structures were confirmed by
elemental analysis, 13C and 3P solid state NMR, and FTIR. As well studies in the bioorganic community,
the replacement of the bridging oxygen in a phosphate ester with a CH; could introduce stability and
confer inertness to phosphatase cleavage. In addition to the promising reprocessability of thermosets
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with phosphoester linkages (P-O) reported by researchers in the vitrimer field,[3] the phosphonate
linkages could increase hydrolysis stability and reduce its potential leakage during usage and recycling.
In addition, the presence of phosphorus offers inherent flame retardancy.[4] The reactive P-H bond of
TDPSD allows direct covalent linkage to the epoxy, which could result in optimized fire performance at
lower P loadings compared to a non-reactive approach.
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FIGURE 1. (a) The synthesis procedure of the spirocyclic bisphosphonate cured flame retardant EP-
TDPSDs. (b) 3P NMR spectrum the compound in solution, (c) solid state 3!P CP MAS NMR of EP-TDPSD-
4P (* = spinning side bands), and (d) FTIR spectra.

The thermoset with 2.5% P demonstrated exceptional fire-resistance capability via intumescent
charring effect, making them a suitable thin coating candidate for inflammable material protection,
especially in the transportation and building industries.

Last but not least, thermo-mechanical recycling method enabled the vitrimer thermoset reformation
by applying heat and pressure, as TDPSD promoted the reparability and recyclability of the thermoset
EP-TDPSD-6P. The underlying concept is laying down at the sufficient reversible P-O ester bond
exchange reactions by versatile transesterification that rearrange the network topology while keeping
cross-linking and functionality of the covalent links. Flax fiber reinforced composites were fabricated
via compression molding to demonstrate the malleability and reprocessability of the intrinsic flame
retardant vitrimer. Such intrinsic flame retardant, repairable and reprocessable thermoset material is
of great potential for various applications. In future studies, we will investigate in detail the use of
these thermosets in manufacturing fiber (e.g. carbon fiber, glass fiber and natural fibers) reinforced
composites and its full recyclability.
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Main message: Currently, no technologies are available for the large-scale material recycling of fibre-
reinforced polymer composites. For this reason, there is a need to develop innovative polymers and
composites that enable an easy recovery and recycling of polymer matrices, fibres and additives,
including flame retardants, contributing to the creation of a circular economy. This study reviews the
current recycling methods, innovative polymers designed for recycling and their flame retardancy
solutions.

Keywords: carbon fibre-reinforced composite, epoxy resin, vitrimer, flame retardant, chemical
recycling.

Introduction

In many high-performance applications thermoset polymers are primarily used as composite matrices,
forming crosslinked structures with irreversible covalent bonds, so their production, processing, and
recycling require different technologies than thermoplastic systems. Although they are used in smaller
guantities and have a longer lifetime, their recycling has become inevitable due to their increasing
range and volume of use, higher price levels and the rapid growth in demand for carbon fibres.

Results and Discussion

Several recycling solutions exist despite the apparent difficulties, especially for fibre-reinforced
composites [1,2]. These methods can be divided into three groups (Figure 1): mechanical (where the
composite waste is reduced to a smaller size and the material, including the additives, is recycled),
thermal (where thermal energy is used to recover energy or material or both) and chemical (where the
polymer matrix is decomposed by the addition of various compounds and both the matrix and the fibre
reinforcement are recycled). A major barrier to the uptake of these methods is that they can only be
implemented for clean composite waste of known composition, and separating the received
components and additives, and re-synthesising the polymers is technically challenging and expensive.

Recycling methods
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FIGURE 1. Current composite recycling technologies and their technology readiness level
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But there are some promising innovative concepts aiming at recyclable-by-design thermoset polymers
and composites. In 2011, Leibler et al. introduced a new family of thermoset materials, vitrimers, which
behave like crosslinked systems below the glass transition temperature but can be reshaped or
recycled similarly to thermoplastics above their vitrimer transition temperature. This thermally
triggered reversible crosslinking is achieved via the dynamic rearrangement of covalent bonds in an
associative manner. Vitrimers containing dynamic covalent diketoenamine bonds could be
depolymerised at low temperatures and short reaction times, enabling the chemical separation of the
monomer and the additives (e.g. solid flame retardants) as well [3]. Polyimine-based vitrimers could
be the first commercial vitrimers to replace epoxy resins in structural composites, thanks to their high
glass transition temperature [4]. Another approach is applying amine-type curing agents specially
designed for recycling that enable the hydrolysis of the crosslinked epoxy network under mildly acidic
conditions. After the hydrolysis fibre reinforcement is recoverable in its original state, the dissolved
matrix can be precipitated by alkaline neutralisation in the form of a thermoplastic epoxy. Other
possible alternatives are the g-caprolactam based thermoplastic polyamide 6 systems, produced by in
situ polymerisation, where a low viscosity monomer is impregnated into the reinforcing fabrics, and
polymerisation occurs in the mould. Besides enabling short cycle times, these polyamide 6 based
systems offer the possibility to produce self-reinforced composites, where both the matrix and the
reinforcing materials are made from the same polymer resulting in simple recycling.

The application of these polymers designed for recycling in high-tech long-fibre reinforced composites
requires an effective increase in thermal stability and reduction of flammability [5]. Flame retardants
are typically added to the polymer matrix; thus, they can affect the viscosity of the matrix and,
consequently, the available processing techniques. In the case of reactive polymer processing, such as
the in situ polymerisation of e-caprolactam, they may even interfere with the polymerisation
mechanism. In addition, in composites prepared by liquid moulding techniques, the filtration and
inhomogeneous distribution of solid flame retardants can be an issue, and fibre reinforcement can
prevent the formation of a continuous protective layer as well. These issues are often avoided by using
liquid flame retardants and/or flame-retardant coatings. A particular challenge of this field is to provide
solutions where the flame retardant can be easily separated from or recycled with the matrix at the
end of its life, in line with the principles of design for recycling.

Acknowledgement: This research was supported by the National Research, Development and
Innovation Office (OTKA K142517 and 2018-1.3.1-VKE-2018-00011).
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021- CHALLENGES AND OPPERTUNITIES USING INNOVATIVE TECHNOLOGIES
FOR RECYCLING PLASTICS CONTAINING FLAME RETARDANTS
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Flame retardants serve an important role in plastics by preventing fires and as such contributing to
lower CO2 emissions. Today being part of a circular economy, the most preferred option is material
recycling as it has the lowest carbon footprint. Due to REACH and other legislation already more than
200 substances of very high concern (SVHC's) are present in these plastics and restrict the typically
used re-melting recycling process. An overview of the different plastics with FRs will be presented
including the potential of recyclability for these polymers.

New solvent based purification processes are developed but also chemical recycling is gaining more
chances to get a place in the market

The CreaSolv® Process has been developed as a solution for plastics containing restricted substances,
e.g., PS foam containing HBCD, which has been used in large quantities over decades. The process can
also be used to remove all additives including brominated flame retardants in WEEE plastics mainly
styrenics. The polystyrene value chain has built a demo plant (3300 mtons/y) in 2021 for recycling of
waste PS containing HBCD including bromine recovery. We want to share the learnings of this startup
plus using this experience for WEEE plastics for future demo plants to prove the technical and
economic feasibility. Learnings in the presence of contaminants in the waste stream plus the analytical
challenges for POPs will be shared.

An update will be given to this Demo plant for the different ongoing recycling projects using the
dissolution purification technology compared with chemical recycling with focus on ABS, EPS and HIPS
recycling containing BFRs and ATO

Keywords: Solvent based purification process, bromine recovery, circular economy, HBCD, POP PBDE’s
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Main message: By irradiating plastic waste under UV-visible light, which has shown to be effective in
degrading brominated flame retardants, this project aims to develop and optimize a process for
decontaminating brominated plastic waste. The treated polymers can be used to produce non-harmful
products without compromising their value.

Keywords: Recycling, halogenated plastics, WEEE, UV treatment.

Introduction

The use of brominated flame retardants, such as polybrominated diphenyl ethers (PBDEs), gradually
became object of restrictions within the European Union and other countries due to their toxicity,
persistence and bioaccumulation. However, these toxic molecules are still found in large quantities in
the residues of obsolete electrical and electronic equipment. Therefore, plastic waste with brominated
flame retardants cannot be recovered without prior treatment to ensure the elimination of the
restricted additives. There is also a possibility that those compounds can be converted into more
harmful substances, such as polybrominated dibenzo-p-dioxin (PBDD) and dibenzofurans (PBDF), when
they are exposed to solar radiation.

Experimental

Different polymers have been filled with brominated flame retardants and submitted to artificial UV
radiation. The radiative effect was followed mainly by means of infrared spectroscopy (FTIR) and gas
chromatography coupled with mass spectrometry (GC-MS) to evaluate the effect of different
parameters on additives photodegradation.

Results and Discussion

The aim of our work is to develop and optimize a process for the decontamination of plastic waste by
irradiation under UV-visible light, an economical technique that has proved to be effective for the
degradation of brominated flame retardants, to obtain non harmful products without compromising
the chemical and physical properties of the polymers which allows their revalorization.

The radiative effect on different pollutant/polymer systems was followed according to the exposure
time to artificial radiation mainly by means of infrared spectroscopy (FTIR) and gas chromatography
coupled with mass spectrometry (GC-MS). A number of parameters influencing the photodegradation,
in particular the duration of exposure and light intensity, were optimized in order to maximize the
efficiency of the debromination process. Moreover, the mechanical and thermal properties of the
decontaminated polymers appear to be maintained, which is advantageous for recycling purposes.
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Main message: We aimed to study the impact of surface modification of basalt fiber (BF) on the
mechanical properties of basalt fiber-based epoxy composites. Four different types of pretreatment
approaches to BF were used; then a silane coupling agent (KH550) was applied to further modify the
pretreated BF, prior to the preparation of epoxy resin (EP)/BF composites. The combination of acetone
(pretreatment) and KH550 (formal surface treatment) for basalt fiber (BT-AT) imparted the EP/BF
composite with the best performance in both tensile and impact strengths. Subsequently, such
modified BF was introduced into the flame-retardant epoxy composites (EP/AP750) to prepare basalt
fiber reinforced flame-retardant epoxy composite (EP/AP750/BF-AT). The fire behaviors of the
composites were evaluated by vertical burning test (UL-94), limiting oxygen index (LOI) test and cone
calorimetry. In comparison to the flame-retardant properties of EP/AP750, the incorporation of BF-AT
slightly reduced LOI value from 26.3 % to 25.1 %, maintained the good performance in vertical burning
test, but increased the peak of the heat release rate.

Keywords: epoxy resin, basalt fiber, flame retardancy, composites

Introduction

Epoxy resins possess intrinsic brittleness and high flammability which largely limits their application.
Exolit AP750 (AP750) as a high efficiency intumescent flame retardant because of its machining
stability, smoke suppressibility and non-toxic. Therefore, using AP750 as flame retardant, embedding
reinforced fiber into the epoxy is great significance to both prepare flame retardant and mechanically
reinforced epoxy.

Basalt fibers (BFs) are inorganic materials with high modulus, good strength and superb stability. They
are easy to process, non-toxic, natural based, and cost-effective. However, due to the poor adhesive
property of BF with EP, the application of basalt fiber-epoxy composite is very limited. The introduction
of modified basalt fiber has been considered as one of the most effective methods to improve the
performance of EP composites. Nevertheless, in comparison to the wide studies in the state of the art
related to the GF, CF and/or natural fibers [1], the investigation on BF and its based epoxy composites
is still very limited in both of fundamental and applied aspects. In this context, the main objective of
this paper is to investigate the relationship between the surface modifications of BF and properties of
BF reinforced epoxy composites.

Experimental

Firstly, four different pretreatment approaches were used for basalt fibers, such as acetone solution
method (BF-AT), glacial acetic acid method (BF-AAT), NaOH method (BF-SHT) and high temperature
method (BF-MFT). After that, the pretreated basalt fiber was modified formally by silane. Finally, EP,
AP750, BF were mixed according to the formulations.

Results and Discussion

In FIGURE 1(a) and (b), EP/BF showed lower strength in both of tensile and impact tests due to a poor
interaction between the epoxy resin and basalt fiber. EP/BF-AT showed the best properties in both
tensile and impact tests, which meant using acetone as pretreatment agent was a good option aiming
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at developing high performance basalt fiber. This pretreatment may efficiently assist the purification
of the surface of basalt fiber without damaging its intrinsic properties; it would provide a good
condition on the surface of fiber for further modification by silane. In FIGURE 1(c), the tensile and
impact properties of the EP/AP750 decreased as compared to EP, due to the introduction of AP750. It
may be related to the poor compatibility between the AP750 and epoxy resin. Compared with sample
EP, the addition of BF-AT into EP/AP750 obviously improved both of the tensile and impact strengths
by 15.2 % and 27.8 %, respectively. [2] It meant two steps surface modification, pretreatment by
acetone and further modification by KH550, to basalt fiber was an efficient approach to improve the
interaction between the basalt fiber and resin.

In TABLE 1, the data of the LOI, UL-94, and cone calorimeter test are summarized. The LOI value of the
EP/AP750 was 26.3 % and there reached V-0 rating and without dripping in the UL-94. However, as
incorporating the BF-AT, the EP/AP750/BF-AT exhibited a slight reduction in the LOI value of 25.1 %,
while the sample kept the similar phenomenon in the UL-94 test as EP/AP750. PHRR and THR values
of EP were 950 kW/m? and 83 MJ/m?, respectively. While the EP/AP750 sample was reduced sharply
to 273 kW/m? and 48 MJ/m?, registering a decrease of 71.3 % and 42.2 % in comparison to EP. In
comparison, the introduction of BF-AT into EP/AP750, the value of PHRR and THR increased to 458
kW/m? and 51 MJ/m?. [2] As expected, char layer formed during the combustion of EP/AP750 as
physical barrier ensured the improvement of flame retardancy. The intumescent behaviors of
EP/AP750/BF-AT during the combustion test was greatly suppressed due to the barrier effect of basalt
fiber in the carbonaceous. This should be the main reason that led to the worse performance after
introduction of BF-AT into EP/AP750 in the flame retardant test.
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FIGURE 1. (a) Tensile strength, (b) unnotched impact strength behavior of epoxy-based composites; (c)
Tensile and impact result of EP, EP/AP750, and EP/AP750/BF-AT [2]

TABLE 1. Parameters of EP and EP composites obtained from LOI, UL-94 and cone calorimeter test [2]

Sample Lol UL-94  Dripping PHRR THR Char Yield
[%] [unit] [kW/m?]  [MJ/m?] [wt.%]
Pure EP 23.2+0.2 NR Yes 950421 83+3 8.210.6
EP/AP750 26.210.2 V-0 No 27312 4815 32.840.3
EP/AP750/BF-AT 25.1+0.2 V-0 No 458+15 51+4 29.5+0.2
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Main message: In this work, based on the typical dynamic covalent networks (CANs) of
transesterification, firstly, we reported a facile way to prepare intrinsically flame-retardant epoxy
vitrimers (EVs) combining rapid recycling and multiple shape memory effects by introducing dynamic
ester-linkages with catalytic transesterification activity into the crosslinked networks of epoxy resins.
Unfortunately, triaza-type catalysts usually show high cost, toxicity and low solubility in organic
compounds. Therefore, it is of great importance and particularly urgent to develop a catalyst-free
transesterification system. By adding the free phosphorus-containing diol, acting as both the flame-
retardant moiety and the transesterification modifier with abundant primary hydroxyls and much
higher reactivity than the 8-hydroxyls, this work further proposed a new strategy to "kill two birds with
one stone", in which the intrinsically flame-retardant carbon fiber composites with reprocessable
matric resins and recyclable reinforced fibers were achieved. Afterwards, we utilized two kinds of the
phosphorus-containing diols, with “trinity” structures containing phosphonate esters, primary
hydroxyls and tertiary amine was applied in an epoxy-acid curing system to achieve the catalyst-free
mixed transesterification within the adaptable carboxylate/phosphonate networks. Owing to the self-
catalytic tertiary amine and highly reactive primary hydroxyls, the mixed transesterification within the
adaptable carboxylate/phosphonate networks was accelerated, endowing facile reprocessibility and
malleability of the vitrimers, which were further degraded into low-mass molecules by simple
alcoholysis to achieve carbon fibers with nearly 100 % recyclability. This work provided a promising
and feasible way to make sustainable and flame-retardant carbon fiber reinforced composites.

Keywords: Epoxy vitrimer; fire safety; transesterification; recycling; carbon fiber composites

Introduction

Fire risk and waste disposal are two major challenges for carbon fiber reinforced composites (CFRCs)
due to the flammability and difficulty in recycling of either thermosetting matrix resins (typically epoxy
resins, which possess the largest market share among the thermosetting polymers) or the carbon
fibers. Moreover, many application fields of CFRCs usually require high flame retardancy, which is
bound to require flame-retardant treatment of the composites. However, physically incorporating
additive-type flame retardants or chemically introducing flame-retardant structures will further
deteriorate the recyclability of the composites (Figure 1).

Covalent adaptable networks (CANs) provide new thought for the waste disposal problem of CFRCs,
which makes the thermosetting matrix malleable or even degradable. Thanks to the CANS, these
thermosets can change their topology by thermally triggered bond-exchange reactions [1]: at elevated
temperatures they can flow like viscoelastic liquids and behave as reprocessable thermoplastics; while
at low temperatures they behave like conventional thermosets, where the bond-exchanges are
immeasurably frozen. Combining the advantages, these kinds of polymers containing associative CANs
are named as vitrimers. Among them, ester bond in transesterification is relatively stable with a simple
way to be incorporated by curing epoxy with acid or anhydride to construct epoxy vitrimers (EVs).
Regrettably, the application of catalyst-free transesterification-based EVs in CFRCs has rarely been
reported, and the flammability problem of CFRCs is still of great difficulty to be solved at the same

107



FRPM?23, 26. - 29. June 2023, Empa Diibendorf, Switzerland

time. Herein, we reported a kind of flame-retardant EVs for CFRCs to solve the fire risk and recycling
issues of CFRCs in a feasible and facile way.

Experimental

Flame retardancy of the vitrimers and their composites were evaluated by LOI, UL-94 V, cone
calorimetry and smoke density test. Stress relaxation was performed on a dynamic rotational
rheometer.

Results and Discussion

This work included four vitrimers and three relevant composites [2-4]. These vitrimer showed the
expected fire safety with an LOI values higher than 30 and UL-94 VO rating, as well as suppressed heat
release and smoke generation during the burning test. More importantly, such flame retardancy can
be greatly retained after reprocessing, and the resin matrix can be dissolved as the small-molecule diol
participate in bond exchange reactions to achieve carbon fibers with nearly 100 % recyclability.

aircraft
flame-retardant

CFRP composites

automobile .
CFRP composites

FIGURE 1. Conventional physical and chemical recycling route of waste composites and the dilemma
of flame-retardant composites
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Main message: Water-based polyelectrolyte solutions composed of chitosan (CH) and pectin (P) as
carbon-rich biomacromolecules, and low molecular weight mono ammonium phosphate (MAP) were
deposited on enzyme/corona discharge treated PES via layer-by-layer (LbL). With the deposition of 4
BL 0.5% CHs/(1% P-30% MAP)4,, the fabric became self-extinguishable on a vertical flame test and
exhibited a 42.6% lower peak heat release rate and nearly 40% reduction in the fire growth capacity
compared to uncoated PES.

Keywords: chitosan, pectin, layer-by-layer assembly, multilayer nanocoating, monnoamonim
phosphate.

Introduction

Despite its good mechanical properties, and low cost, PES is highly flammable [1]. While burning, it
melts and produces ignited drops that can spread the fire. Many chemistries are employed to impart
flame retardancy to PES, but many of them are toxic and environmentally persistent [2]. In our previous
work, an intumescent system composed of chitosan, pectin, and monoammonium phosphate is
applied to PES via the LbL assembly. Four bilayers (BL) of this system make PES self-extinguishing.

Experimental

100% polyester woven fabric (186 g/m?) was used as a substrate for the LbL deposition. Esterase
TEXAZYM PES was purchased from INOTEX Ltd. (Dvur Kralove, Czech Republic). Chitosan (CH) with Mw=
190,000-310,000 g/mol was supplied from Carbosynth Limited (Compton, Berkshire, UK). GRINSTED
pectin LC 810 (P) was supplied from P.I.C. Co. DOOEL (Skopje, North Macedonia). Hydrochloric acid
37% (HCI), sodium hydroxide-pellets (NaOH), and monoammonium phosphate (MAP) were supplied
from Sigma-Aldrich (Milwaukee, WI). 1 wt% CH was dissolved in DI water with pH 1.7 (the pH was
adjusted using 37% HCI) and stirred until homogenous solutions were obtained [1]. Afterward, the pH
of the solutions was adjusted with 1 M NaOH to pH 3. 1 wt% P was dissolved in DI water, and then the
pH was adjusted to pH 4.2 (using 1M NaOH). The polyelectrolyte solution 1% P-30% MAP was prepared
by dissolving 30 wt% MAP, respectively, in the already prepared 1 wt% P solution and then adjusted to
pH 4.2. The pH value of every solution is given by the subscript number. Three samples for each LbL
recipe were vertical flame tested following the ASTM D 6413 standard. The combustion behavior was
tested with a micro cone calorimeter (MCC) according to ASTM D 7309, using an MCC-2 instrument
(Govmark, Farmingdale, NY).

Results and Discussion

Images of the uncoated, coated with 20 BL 1% CH3/1% P4, and 4 BL PES 1% CH3/(1% P-30% MAP)..,
presented in Fig. 1 show self-extinguishing behavior on VFT on the PES coated with 4BL MAP-containing
recipe.
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Recipe Uncoated 1% CH3/1% P4, 1% CH3/(1% P-30% MAP)4
BL 20 4

Picture after VFT

Weight gain / 8.49% 42.1%
Burning rate 10.7 mm/s 13.71 mm/s /
Residual weight No residue 38.65% 94.4%
Self-extinguishing NO NO YES

FIGURE 1. Pictures from VFT of uncoated and LBL-coated PES with 20 BL 1% CH3/1% P4, and 4 BL PES
1% CH3/(1% P-30% MAP)4 ..

The results obtained from MCC are presented in Table 1. Polyester coated with 4 BL 1% CHs/(1% P-
30% MAP)s, has a 42.6% lower peak heat release rate and 39.2% lower fire growth capacity than
uncoated polyester fabric.

Table 1. MCC results for uncoated and LbL coated polyester.
TpkHRR ATpkHRR pkHRR ApkHRR THR ATHR FGC AFGC

Recipe BL

(°C) (%) (W/g) (%) (ki/g) (%) (/g-K) (%)
Uncoated PES - 467.8 434.0 16.0 320.6
1% CH3/1%Ps, 20 4637 -0.9 309.8  -28.6 13.8  -13.8 2482 -22.6

1% CH3/(1% P-

4 407. -12. 249.1 -42. 124  -22. 195. -39.2
30% MAP)s» 07.3 9 9 6 5 95.6 39
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Main message: Ni-rich lithium batteries and lithium-sulfur batteries have attracted extensive attention
owing to their high energy density. However, their further developments are still restricted by the
unsatisfactory electrochemical performance and the potential fire hazard. This presentation
introduces our recent efforts on improving the fire safety and electrochemical performance of
polymeric materials for batteries in the last 5 years. Multifunctional micro-nano flame retardant
phosphazene microspheres are delicately designed and constructed for simultaneously improving the
electrochemical properties and flame retardancy of batteries.

Keywords: Flame retardant, Phosphazene microspheres, Ni-rich cathode, Lithium polysulfide, Lithium-
sulfur batteries

Introduction

The rapid market growth of electric vehicles puts forward high demand for a new generation of high-
energy-density and high-safety lithium batteries. However, the limited energy density and
unsatisfactory safety character of current liquid lithium-ion batteries (LIBs) cannot meet the
requirments. Hexachlorocyclotriphosphazene cross-linked tannic acid microsphere (HT) is applied to
gel electrolytes or separators to improve the fire safety and the performance for Ni-rich batteries and
lithium-sulfur batteries (LSBs).

Experimental

HT was synthesized by a simple one-step precipitation polymerization [1]. The feed ratio was controlled
with P-Cl to Ph-OH at a ratio of 1:3 or 3:1 (mol). The gel electrolyte with HT applied in Ni-rich batteries
(15 wt% polyethylene glycol diacrylate and 85 wt% LEs (1M LiPFs in EC/DMC (v/v)) with an additional 1
wt% as-prepared HT) was prepared by in-situ polymerization (named as PEGGPE@HT). The separator
applied in LSBs was prepared by a slurry coating method. As-prepared HT, SP, and PVDF were mixed
well for 12 h in NMP in a mass ratio of 4:4:2 and coated on a commercial PP separator (named as H-
CMP@SP separator).

Results and Discussion

As-prepared HT is a typical sphere with a smooth surface, which is attributed to multiple functionalities
in hexachlorocyclotriphosphazene (HCCP) and tannic acid (TA). The diameters of HT are in the micro-
nano scale with an average particle size of 192 nm, and its small size facilitates immersion in separator
and electrodes (FIGURE 1.a) [2]. The flame-retardant properties of electrolytes and separators after
the introduction of HT can be evaluated by ignition test (FIGURE 1.b). The PEGGPE@HT is difficult to
be ignited in the first ignition, and the self-extinguishing time (SET) in the second ignition is only 6.0 s
g. The high flame-retardant efficiency of HT not only attributes to the abundant P-related free radicals
released in wider temperatures but also to the synergistic char-forming reactions between HCCP and
TA. The NCM811//Li battery matched with PEGGPE@HT features a higher initial capacity of 168.4 mA
h g than that of PEGGPE, and 143.6 mA h g is retained after 200 cycles with an improved retention
rate to 85.3% compared to PEGGPE (FIGURE 1.c). Furthermore, as shown in (FIGURE 1.d), the
NCM811//Graphite pouch cell with PEGGPE@HT features excellent safety characters under extreme
mechanical abuse conditions.
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The HT exhibits excellent flame-retardant effect as a separator coating material (FIGURE 1.e). The
combustion flame is indistinct and self-extinguished rapidly with the SET of only 0.32 s mg™.
Furthermore, only a small area of the PP separator is burned in the process. The pouch cell with the
coating is hard to burn and is quickly extinguished after two ignitions by a butane spray. On the
contrary, the pouch cell without a PP separator is prone to violent combustion. The temperature in the
fire is significantly decreased by 317.1°C with the coating, which will prevent the fire from spreading
between the cells. The LSBs with the PP separator deliver only 414.6 mA h g remained after 100 cycles
with a low-capacity retention of only 37.8 % owing to the severe shuttle effect. Conversely, the LSBs
with H-CMP@SP coating exhibit a high capacity of 1183.5 mA h g! at the initial cycle and remain 865.8
mA h g after 100 cycles with an observably improved capacity retention of 73.2 %, which is resulted

from the H-CMP@SP coating that provides stable adsorption and conversion sites for LiPSs [3].
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FIGURE 1. (a) Particle size distribution of HT (inset: the SEM image of HT). (b) Ignition test of
PEGGPE@HT. (c) Cycle performance of NCM811//Li batteries. (d) Mechanical abuse tests of the
NCM811//Graphite pouch cell. (e) Ignition test of H-CMP@SP separator and (f) pouch cells. (g) Cycle
performance of lithium-sulfur batteries.
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Main message:

The research concerned the investigation of a new synthetic route to functionalize P(=0)-heteroatom
derivatives of dibenzooxaphosphacycles, such as 6H-dibenzo[c,e][1,2]oxaphosphinine 6-oxide (DOPO)
and dibenzo[d,f][1,3,2]dioxaphosphepine 6-oxide (BPPO), by formally replacing the P-bonded
hydrogen atom with N- and O-containing fragments to develop a more sustainable preparation of
organophosphorus additives as flame retardants in polymeric matrices, avoiding the use of chlorinating
agents.

Keywords: DOPO-derivatives, BPPO-derivatives, chlorinating agents free, synthetic route, flame
retardants

Introduction

Dibenzooxaphosphacycles derivatives (with P-N or P-O bonds) are two relevant classes of Flame
retardants (FR). To form them is necessary undergo a reaction to activate P-atom, which is based on
the use of CCl4, dangerous towards ecosystem and human health. ! Alternatives to CCl4 have been
identified, 2" but all require the use of chlorinating agents, with environmental and health impact. B!
This research proposes a new approach to P-atom functionalization for P-N or P-O FR compounds.

Experimental

The experimental activity was started trying to find unusual approaches for the functionalization of
DOPO and BPPO. The substrate reacted with different amines and alcohols once a stoichiometric
amount of 12 was added to the reaction mixture as oxidant. The amine plays three roles in the
reactions: its conjugate base forms a new P-N bondwith the phosphorous atom of DOPO and BPPO.
Moreover, the amine neutralizes the HI formed as by-product of 12 reduction and supports the
deprotonation of the nucleophile. The products were easily isolated with high purity and moderate-
good yield.

Results and Discussion

Due to the crescent restrictions to the use of halogen-based flame retardants from European
commission since 2002, Organic Phosphorus Flame Retardants (OPFRs) are rising as one of the most
promising alternatives for plastic fireproofing in a wide range of applications.
6H-dibenzo[c,e][1,2]oxaphosphinine 6-oxide (DOPQO) and its derivatives are considered suitable
alternatives to halogenated FRs for their nontoxic proprieties as well as for their versatile flame
extinguishing behavior in both gas and condensed phase.

On the other side, dibenzo[d,f][1,3,2]dioxaphosphepine 6-oxide (BPPO) is a phosphonate compound
considered as possible candidate as phosphorous flame retardant only recently. His derivatives have
mainly been investigated only in form of P-C compounds through phospha-Michael additions or
Pudovik reactions, to avoid use of chlorinating agents.

The objective of this research has been to develop a one-pot synthetic route, potentially

industrializable, involving the oxidation of dibenzooxaphosphacycles, such as DOPO or BPPO, and the
simultaneous functionalization of the phosphorous atom. This route allows to avoid the use of
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chlorinating agents for the preparation of P-N and P-O derivatives of DOPO and BPPO, that could be
used as flame retardants, as some of them are already know in literature.[4]

The synthetic route has been tested on different substrates, from amines to alcohols, and with
different solvents. The reaction worked with aromatic amines such as aniline, p-toluidine, N-
methylaniline and 4-aminostyrene as well as cyclic and linear aliphatic amines, such as morpholine, N-
acetyl piperazine and butylamine.

The experimental outcomes suggest that DOPO reacts with 12 and the P-H bond is readily broken,
possibly forming an intermediate compounds with a labile P-I bond which is readily undergo
substitution by the nucleophilic group. The qualitative comparison with the same reactions carried out
with DOPO indicated higher reactivity of BPPO, that required lower reaction times.

Decomposition was observed in compounds such as dimethylamine, piperidine or allyl-amine, which
could be ascribed to their difficult deprotonation, that is instead favored by conjugated aromatic
groups or electron- withdrawing fragments in the skeleton. The formal deprotonation of an amine is
related to the electron density on the nitrogen atom, that also affects the basicity of the species. It is
worth noting that the amines that reacted with DOPO and 12 are characterized by relatively low
basicity. For instance, the pKa of piperidine is 11.1, while the values for morpholineand N-acetyl
piperazine are 8.5 and 7.9, respectively.

The formation of the desired products was confirmed by NMR spectroscopy. In all the cases only a
single sharp signal in the range 14.3 - 7.7 ppm was present in the 31P {1H} NMR spectra.

The disappearanceof the P-H resonance was confirmed by 1H NMR and FR-IT spectra. The first showed
the disappearanceof the P-H resonance (6 = 8.05 ppm, 1JPH = 592.5 Hz, CDCI3, 298 K), while in the
second v-PH band (at 2438 cm-1 for DOPO) was absent.

The formation of new P-N bonds was highlighted in the case of aniline, p-toluidine and 4-aminostyrene
by the NH resonance, falling around 8.5 - 8.7 ppm in DMSO-d6 solution, with a 2 JPH coupling constant
of 9.1 Hz. The assignment was confirmed by the lack of HSQC cross-peaks. 13C {1H} NMR spectra
confirmed the formation of the desired products, being the number of CH and C-ipso resonances in
agreement with the proposed formulations.

The NMR characterization of cyclic aril amines, demonstrated the formation of the desired product as
it has been possible to observe diastereotopic signals for morpholine molecule due to the formation
of a chiral center in the phosphorous atom, in both morpholine and acetyl piperazine. In the latter it
has been also observed the lack of rotation of acetyl group, forming a mixture 1:1 of regioisomers at
room temperature, as confirmed by the 13C {1H} NMR spectrum.

I2-mediated functionalization of DOPO was extended to oxygen-containing compounds, alcohols in
particular. In this case a supporting base is required, and triethylamine was used because of its inability
to behave as nucleophile. The alcohols considered were methanol, allyl alcohol, 2-hydroxyethyl
methacrylate and eugenol, the respective products have been synthesized with moderate yields. As
for the previous cases, the proposed formulations were confirmed by the NMR spectra and FT-IR.

In order to fully avoid use chloro-based chemicals in the synthetic route, the functionalization of DOPO
using green solvents has been investigated, selecting 2-methyl-tetrahydrofuran, a volatile cyclic ether
generated by the chemo-catalytic treatment of biomass. The formal replacement of the P-H bond of
DOPO with P-N by reaction with suitable aliphatic and aromatic amines and 12 was successfully carried
out in Me-THF at room temperature between 40% and 72% and high purity.

The comparison with parallel runs carried out in dichloromethane showed that the reactions are
generally slower in Me-THF. Acceptable yields were however obtained keeping the reaction mixtures
overnight under stirring, and it is likely to suppose that further optimizations of the reaction conditions
could improve the syntheses. The results of the synthetic route are promising and have been object
for the drafting of a patent. The technology will be further investigated in a European project (FOREST
project, grant agreement No. 101091790) to enhance flame retardancy of composites for mobility
products.
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The results of the synthetic route are promising and have been object for the drafting of a patent. The
technology will be further investigated in a European project (FOREST project, grant agreement No.
101091790) to enhance flame retardancy of composites for mobility products.
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FIGURE 1. One-pot synthetic route for preparation of P-O and P-N derivatives of
dibenzooxaphosphacycles DOPO and BPPO.
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Main message: Objective: to determine in the case of HIPS what are the challenges linked with the use
of recycled materials in new products that have to present FR properties. Results: (i) the FR
performance obtained using brominated and phosphorus-based FR additives are lower when using
rHIPS and (ii) rHIPS contains pollutants and contaminants coming from various steps of the life cycle of
the products. Conclusion: Challenges appear in the understanding of the role of pollutants in the FR
mechanism of the different formulations and on the development of specific depollution techniques.

Keywords: HIPS, WEEE, recycling, pollutants, GWIT

Introduction

Nowadays, numerous regulatory and voluntary initiatives have brought the subject of plastics
recycling and of their integration into new material as an urgent need. As an example, European
Parliament resolution of 10 February 2021 on the New Circular Economy Action asks the European
Commission to work on binding targets concerning the recycled content of new products with the
objective to increase it. In that frame, the aim of this study is to determine the challenges the
development of flame-retardant materials faced when recycled polymers are used instead of raw
materials. The study focuses on HIPS from WEEE.

Experimental
Recycled materials were supplied by Coolrec and Skytech in the frame of the PEPSI-r project. They
were first fully characterized using various techniques (TGAs performed on a TA Instruments Q600,
in a N2 atmosphere at 10°C/min from 25 to 600°C — DSC performed on a TA Instruments Discovery
in a N2 atmosphere at 10°C/min from -20 to 200°C — SEM images taken using a JEOL JSM 7800F LV at

5 kV- XR Diffraction — -X-ray fluorescence using a spectrometer of the S2 Ranger type from Bruker
— ATR infrared spectra recorded in a range 400 and 4000 cm-! with a spectrometer Nicolet iS50).
The contaminants of the recycled materials were extracted using micro-wave assisted extraction and
then characterized using GC-MS (Shimadzu). Two types of flame retardant additives were used:
brominated FR [1] (BrFR1 and BrFR2 added in the polymer at a 5wt% Br content) and phosphorus-
based FR (PhFR1 [2] and PhFR2 [3], added as recommended by the supplier respectively at 5 and
13wt.-%). Formulations were prepared using extrusion (Extruder Haak Rheomex OS, Thermo
Scientific) and the FR properties were evaluated according to glow-wire flammability index, GWFI
(DS/EN IEC 60695-2-12).

Results and Discussion
The first step of the study has the objective to evaluate if the flame retardant performance achieved
with virgin HIPS can also be reached with the same amount of additives using rHIPS i.e. HIPS
manufactured from post-consumer plastic. rHIPS obtained for various categories of WEEE were
considered including category 1 (large household appliances cold; LHA), 2 (small household
appliances, SHA), 3 (IT Equipment and Telecommunications) as well as multipurpose based-waste
(MP). Results are presented in Table 1 for rHIPS(l) and rHIPS(MP) and for the two types of FR
additives: brominated- based and phosphorus-based flame retardant. Those results show that
whatever the type of FR additive and of rHIPS, the performance are lower when recycled materials
are used. Moreover, it can also be concluded that the decrease in performance depend both on
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the type of FR additive and onthe type of rHIPS. Indeed, in the case of BrFR, the performance are
better using BrFR1 in rHIPS(MP) whereas using BrFR2, better performance are achieved in the case
of rHIPS(l).

TABLE 1. GWFI obtained for FR formulations based on virgin HIPS and rHIPS obtained from category
1 WEEE (rHIPS(I)) and from multipurpose WEEE (rHIPS(MP))

GWFI (°C) HIPS rHIPS(1) rHIPS(MP)
BrFR1 950 650 750
BrFR2 950 850 650
PhFR1 850 650 650
PhFR2 950 750 650

The second step of the study was, as a consequence, dedicated to the characterization of the recycled
materials to better explain why the FR performance of rHIPS are lower. The objective is to identify
if differences between HIPS and rHIPS exist, if they vary depending on the origin of the waste from
both qualitative and quantitative aspects. The strategy followed for that purpose is illustrated in
Figure 1. Moreover, as an example of this part of the work, Figure 1 also presents the SEM images
of HIPS and of rHIPS obtained for rHIPS(I) and rHIPS(MP). HIPS is a two-phase system formed by the
immiscibility of polystyrene and polybutadiene. Polystyrene forms the continuous phase (matrix)
and polybutadiene does the disperse phase (elastomer nodules). From the SEM images, the
distribution and size of the elastomer nodules can be determined. We thus demonstrated that the
size and distribution of the size of the nodules vary depending on the WEEE categories used to
manufacture rHIPS. It could, at least partially, explained the difference in term of FR performance.
Various type of pollutants and additives were also identified in rHIPS including plasticizers, other
type of polymers (mainly PP and PE), stabilizers as well as degradation products of HIPS.

Characterizations < Distribution of elastomer nodules —— SEM HIPS
of HIPS Molecular mass of HIPS | 1 GPC
Other polymers than HIPS —— FTIR, DSC, X-ray Fluo rHIPS(1)
Organics pollutants/ additives Extraction / GC-MS
Characterizations
of pollutants Fillers and additives ~dJ ATG, DRX, X-ray Fluo,
MEB

- -

FIGURE 1. Strategy followed in the study to fully characterize rHIPS and example of results (SEM
images of HIPS and rHIPS.

Conclusion: We can thus conclude that the pollutants will affect the performance of the FR
formulations. Challenges thus appear in the understanding of the role of pollutants in the FR
mechanism of the different formulations and on the development of specific depollution
techniques.

Acknowledgement: The authors want to thank EcoSystem for its financial support. They also want
to thank all the partners of the project PEPSI-r (Coolrec, Skytech, Haéger, Legrand and Ecosystem)
for helpful discussion and to supply the material.
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027- TOWARDS RECYCLING OF FIRE RETARDED POLYAMIDE 12 FOR LASER
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Main message: One of the main concerns of Laser sintering (LS) is the recyclability of the polymer
powders (mainly polyamides). Indeed, post condensation reactions are prone to increase the molar
mass of PA leading to an increase on part porosity. This increase highly impacts its mechanical
properties as shown by various works on the literature. However, at the best of our knowledge, no
work evaluated the influence of flame retardants on polymer processability and on the fire behavior
of parts made with recycled PA12.

Keywords: Laser sintering, polyamide 12, recycling, fire behavior.

Introduction

Polyamide 12 is the main polymer used for LS, accounting for about 80% of the global market. Various
works on literature evaluated the influence of recycling PA12 in terms of mechanical properties, part
porosity and crystallinity of polymer powder. Furthermore, the influence of oxygen content on build
chamber was also evaluated and thermo-oxidation effects were highlighted [1] but no work evaluated
its influence on fire behavior of parts. Thus, the present work aims to evaluate the influence of two
flame retardants on the recyclability and fire behavior of parts made by LS.

Experimental

Polyamide 12 (PA2200) powder with a median diameter (D50) of 58 um was supplied by EOS. Based
on the results of a previous work, two flame retardants were evaluated: Ammonium Polyphosphate
(Exolit AP 422) and zinc borate (Firebrake ZB from Rio Tinto Minerals) at 30wt% [2]. Test specimens
(sheets of 70x70x4 mm3) were produced with a LS equipment (SnowWhite from Sharebot-Italy). First
build process starts with virgin PA12 or blends of PA with FRs. After each build process the partcake
material was used entirely for further processing cycles without refreshing. The resulting partcake
powder was sieved and mixed (15 min, 60 rpm) after each build process in order to obtain a
homogeneous powder blend.

A cone calorimeter from Fire Testing Technology was used with an irradiance of 35 kW/m? to test SLS
plates. Thermal stability of individual components and FR compositions were investigated using
thermogravimetric analysis (SETSYS Evolution from Setaram) under nitrogen flow (40 mL/min) from 50
to 750 °C at 10 °C/min. The determination of SLS processing windows regarding the incorporation of
the different FR additives was carried out using differential scanning calorimetry (DSC Pyris Diamond
from Perkin-Elmer). A temperature ramp of 10 °C/min was applied to investigate fusion and
crystallization processes defining the SLS processing window. IRFT spectroscopy (Bruker Vertex 70) was
used to investigate modifications of absorption bands through reprocessing of FR compositions.

Results and Discussion

Figure 1 shows cone calorimeter results of neat PA12 and PA12 with 30wt% of APP and ZB with four
recycling cycles and Table 2 regroups results of selected formulations. For neat PA12, a decrease on
TTI and pHRR is observed for the first 3 recycling cycles, compared to virgin PA12 (PA-0). Interestingly,
increasing to four cycles, an increase on pHRR and TTi is observed (PA-4). Moreover, it seems that the
addition of APP does not lead to significant differences on the fire behavior of samples along the
recycling cycles. Significant changes are observed when mixing PA12 and zinc borate. For the first and
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second cycles (ZB30-1 and ZB30-2 respectively) an increase on pHRR is observed. Moreover, increasing
the recycling cycles (ZB-3 and ZB-4) a very different behavior is observed, with a pHRR that appears
later compared to ZB30-0 and the HRR curve profile that changes. Various works on the literature
shows that post condensation reactions take place when polyamides are exposed to heat which leads
to anincrease of the polymer molar mass, which have an impact on porosity and mechanical properties
of LS parts [3,4]. Beyond post condensation reactions, Yang et al. [1] also showed that laser beam may
have an important influence on PA12 degradation. However, the addition of a FR able to absorb part
of the laser irradiation could decrease the rate of polymer degradation, improving the recyclability of
polymer/FR blends.
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FIGURE 1. Cone calorimeter results of flame retarded formulations.

TABLE 1. Selected properties of flame retarded polymeric samples
Sample TTI(s) pHRR (kW/m?) THR(MJ/m?)  Residue (%)

PA-O 154+10 1416+200 13145 -
PA-2 80+5 893498 1201 -
PA-4 193+20 1037+102 1154 -
AP30-0 122+10 35145 9216 31+2
AP30-2 144+1 373£2 8116 27+1
AP30-4 143+2 374+14 8615 27+1
ZB30-0 115+20 125+15 9548 3843
ZB30-2 18945 17561 9816 33+1
ZB30-4 180+20 220422 9545 29+2
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028- Effectiveness of phosphinates and radiation crosslinking on fire-
retardancy of unfilled and wood-filled bio-based polyamides for application in
E&E
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Main message: Fire-retarded compounds with bio-based polyamides (PA) 6.10, 10.10 and 11 were
developed which reach UL94-classification V-0 (1.6 mm) and fulfil requirements of the glow-wire test
and for comparative tracking index (CTI). Three types of phosphinates were evaluated. The
effectiveness of radiation crosslinking was investigated as a potential route to improve fire-retardancy,
thermal stability and mechanical performance of composites for application in electrical and electronic
equipment (E&E).

Keywords: Bio-based polyamides, phosphinates, wood particles, radiation crosslinking, fire testing.

Introduction

The objective of this research project was to develop fire-retarded bio-polyamides with and without
wood particles for application in E&E. There are currently only few fire-retarded compounds available
with a high bio-based content. Phosphinates and particularly diethyl aluminium phosphinate (AlIPi)
have proven their effectiveness in polyamides [1]. The fire retardancy mechanism of AlPi as single FR
and in combination with melamine polyphosphate in glass-fiber reinforced PA 6 has been investigated
in detail by Braun et al. [2]. To confer high temperature stability to the composites, in this project,
radiation crosslinking was performed which represents an innovative strategy to improve functional
properties of bio-composites [3].

Experimental

In total, 20 formulations (compounds) were prepared using a laboratory kneading mixer and mini
injection-molding. Bio-based PA6.10, 10.10 and 11 (Ems-Grivory; Arkema) were combined with
phosphinates (Exolit OP 1312, OP 1400 and OP 1230; Clariant Plastics and Coatings). Depending on the
thermoplastic melting point, wood particles (J. Rettenmaier & S6hne) were also included. Trimethallyl
isocyanurate (TAICROS M; Evonik) was used as cross-linking agent in formulations subjected to electron
beam irradiation (66 kGy in the case of formulations with PA 6.10, and 165 kGy for PA 10.10 and 11).
The following tests were performed: degree of crosslinking (gel content), UL94, glow wire test,
comparative tracking index, cone calorimeter, thermogravimetric analysis, tensile and notched impact
strength tests, dynamic mechanical analysis (DMA).

Results and Discussion

Following optimization, all formulations which contained phosphinates reached V-0 classification in
UL94 tests at 1.6 mm thickness. When TAICROS M was included and materials were irradiated, in some
formulations, classification worsened. This could not be attributed to burning dripping but long burning
times. However, when wood particles were included, no change in classification was determined for
irradiated samples. In the glow wire test, 960°C was reached for most of the non-irradiated
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formulations. Values were slightly lower when TAICROS M was included and samples were irradiated.
Regarding comparative tracking index (Figure 1), 600 V was reached for most of the non-irradiated
formulations (irradiated samples were not tested).

FIGURE 1. Set-up of comparative tracking index measurement (left) and samples after test (right).
Pictures provided by Hager Electro GmbH & Co. KG, Blieskastel, Germany.

Cone calorimetry results are shown in Table 1. Sample size was 100 mm x 100 x 3 mm. Peak heat
release rates and maximum average rates of heat emitted (MARHE) were significantly reduced when

wood particles were included in formulations while time to ignition was reduced.

TABLE 1. Cone calorimeter results for fire-retarded bio-based PA (heat flux: 35 kW/m?).

Sample pHRR MARHE THR TSP TTI Residue
[kw/m?] [kw/m?] [MJ/m?] [m2] [s] [%]
PA6.10* 263 (3) 79 (2) 71(2) 11 (5) 39 (1) 8.5(0.3)
PA10.10! 567 (69) 81 (4) 60 (2) 18 (1) 50 (1) 10.5 (1.8)
PA10.10° 174 (38) 38 (12) 49 (12) 16 (3) 40 (1) 16.6 (2.2)
PA11? 645 (46) 124 (21) 77 (1) 20(2) 56 (1) 9.7 (0.8)
PA112 151 (84) 43 (21) 62 (17) 16 (2) 42 (1) 17.5 (4.2)

! excluding wood particles; % including wood particles; standard deviation in parentheses.

Using DMA, it was determined that the stiffness (storage modulus) of crosslinked, fire-retarded PA was
significantly increased in the high-temperature region compared to non-crosslinked PA. Glass
transition temperature was also increased for crosslinked PA. Temperature stability was highest for
PA6.10 and lowest for PA11. Cross-linking increased tensile strength and MOE but decreased notched
impact bending strength. Further results will be presented at the conference.

Acknowledgement: Funding for this research project (grant number FKZ 22022717) was provided by
the Federal Ministry of Food and Agriculture (BMEL) and their funding agency Fachagentur
Nachwachsende Rohstoffe (FNR) e.V.
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K12- Sustaining the CHNOPS building blocks of life, but Phosphorus-based
flame retardants first!

J. Chris Slootweg
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In addition to the well-known Green Chemistry principles that have revolutionized optimizing and
sustaining linear processes, Circular Chemistry! moves beyond value extension and aims at making
chemical processes and production cycles circular by using waste (or ideally products) as resource.

I will highlight the importance of using waste as resource, as well as stress the need to develop Circular
Technologies, which use chemistry as enabling tool to target the conservation of, in particular the key
biogenic elements CHNOPS, as well as contribute to solving pressing connecting waste problems.? Such
an endeavor will combine molecular design and synthesis with the environmental fate and impact of
current products targeting safe by design (no persistent, bio-accumulative, and toxic compounds;
green chemistry) and design for re-use, recovery and recycling (circular chemistry).

In this lecture, | will focus on phosphorus sustainability in general,® and sustainable strategies to
synthesize phosphorus compounds for flame retardant applications in particular.?
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Main message: Flame retardancy of a vitrimer matrix has been obtained for the first time using an
additive approach. A flame retarded PBT vitrimer matrix containing aluminum phosphinate has been
successfully prepared via reactive extrusion. Aluminum phosphinate has been proven to act as a
catalyst in the vitrimer formation enabling quicker exchange reactions. Similar thermal and flame-
retardant properties as with a PBT matrix were obtained. Ageing of the flame retarded sample was
studied.

Keywords: vitrimer, poly(butylene terephthalate), flame retardant additive, UL-94 test, ageing

Introduction

Addition of fillers and flame retardant in a vitrimer matrix to functionalize it is not a trivial thing. The
properties of these covalent adaptative networks are indeed conditioned by the possibility to make
exchange reactions in their networks.! The occurrence of such reactions in presence of additive has
barely been investigated. Addition of aluminum phosphinate salt in a PBT vitrimer matrix during its
synthesis by reactive extrusion has been investigates as well as their properties and ageing.

Experimental

PBT (Valox 315, Sabic), DGEBA (DER 332, Aldrich), zinc acetylacetonate (Aldrich) and aluminum
phosphinate (DEPAL, Clariant) were used to synthesized the materials. 8 minutes extrusion were
performed at 270°C, 60rpm in a DSM microextruder. Stoichiometric ratios 2:1 [epoxy]/([OH]+[COOH])
and 0.11:1 [catalyst]/([OH]+[COOH]) were used. DEPAL was incorporated at 10, 15 and 20 wt.-% during
the synthesis. Gel ratio were measured after immersion in HFIP. UL-94 tests were performed to
evaluate the fire reaction properties. DSC and TGA were performed on a TA discovery apparatus. Two
types of ageing scenarios have been performed: 7 days at 70°C and an immersion in water at 50°C for
a month.

Results and Discussion

Demongeot et al have described the synthesis by reactive extrusion of PBT vitrimers from PBT epoxy
and a transesterification catalyst.? Based on this work, the formulations detailed in table 1 have been
prepared. Formulations containing PBT, epoxy and DEPAL were consequently prepared with and
without the transesterification catalyst as well as references with only PBT and DEPAL. Crosslinked
networks were obtained for all formulations containing epoxy. The crosslinking without the Zn catalyst
shows that DEPAL is able to act as catalyst of the transesterification reactions. It is indeed able to
partially dissolve in the matrix as highlighted by electron probe microanalyser (EPMA). Al and P
mapping show homogeneous dispersions of the DEPAL without presence of aggregates in the gel part.
In addition, the 2’Al and 3P NMR analyses of the gel part of the materials show the appearance of new
small peaks attributed to changes in the P and Al environments. It is assumed that similarly to what
occurs with the zinc acetylacetonate, Al is able to connect with the matrix. This leads to a partial loss
of coordination between Al and phosphinate. The gel ratio is the same in presence of 10, 15 and 20wt.-
% of DEPAL as the one of the non flame retarded vitrimer. The stress relaxation test results prove that
the networks formed are able to relax quicker in presence of the DEPAL. Thermal analysis confirms
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that the PBT chains between the crosslinks is still able to crystallize but to a lower extent. The thermal
stability of the materials analyzed by TGA are not modify by the partial crosslinking.

The UL94 ratings of the flame retardant vitrimers are identical to the non vitrimer equivalents.
However, the impact of the vitrimer matrix is visible on the behavior and dripping of the materials.
Indeed, the presence of crosslinks prevents the flowing of the matrix as it can be seen on the figure 1
compared to the non-crosslinked materials. The melt flow is decreased. This enable to prevent the
elongation and the flowing of the material during the UL test. It is clearly demonstrated thanks to the
residual weight measurements of the sample after the test. All the vitrimers present lower mass losses
and consequently a reduced dripping compared to the thermoplastic materials.

Accelerated ageing tests have been performed on vitrimers and thermoplastic formulations containing
20% of DEPAL. Two different conditions have been selected: 7 days at 70°C and one month of
immersion in water at 50°C. The gel ratio decreases with the ageing treatments particularly when the
sample is immerged in water. However, in the chosen conditions, it was possible to keep a reduced
dripping of the materials. The UL94 rating was not impacted by the ageing of both the thermoplastic
and the vitrimer samples.

TABLE 1. Details of the formulations, their gel ratios and UL-94 rating

Sample Composition Ageing Gel ratio  UL94
[%] rating
PEZ PBT+ epoxy + Zn(acac),  None 6814 NC
PA 10% PBT + DEPAL None 0 V2
PEA 10% PBT+ epoxy + DEPAL None 65+4 V2
PA 15% PBT + DEPAL None 0 VO
PEA 15% PBT+ epoxy + DEPAL None 66+4 VO
PA 20% PBT+DEPAL None 0 VO
Aged for 7d at 70°C 0 VO
Aged for 30d at 50°Cin water O VO
PEzA 20%  PBT+ epoxy + Zn(acac); None 68 £ 6 VO
+ DEPAL
PEA 20% PBT+ epoxy + DEPAL None 635 VO
Aged for 7d at 70°C 45+ 4 VO

Aged for 30d at 50°Cin water 154 VO
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FIGURE 1. Box plots of the average weight loss of 5 UL94 samples after the test versus the DEPAL
contents on the left and versus the ageing scenarios for samples containing 20% of DEPAL (on the
right).
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Main message: Fire resistance testing of components made of carbon fibre reinforced polymers (CFRP)
composites usually demands intermediate-scale or full-scale testing. In this study, a bench-scale test is
presented as a practicable and efficient method to assess the improvement in structural integrity of
CFRP with different protective layers during fire.

Keywords: Fire stability, Bench-scale fire resistance testing, Carbon fibre reinforced polymer

Introduction

Fire stability is one of the biggest issues of carbon fibre reinforced polymer (CFRP) composites,
particularly when they are using in load bearing applications. As soon as the glass transition
temperature of polymer matrix (100-200°C) is achieved, the composite loses its structural integrity,
what leads to the distortion and failure.[1,2] Generally, the fire stability testing of components in
realistic conditions requires intermediate-scale or full-scale investigations.[2,3] The proposed bench-
scale setup offers the possibility to simulate the key parameters for a proper assessment of fire
resistance of composites during their development.[4,5]

Experimental

The possibilities of bench-scale fire stability testing were presented by investigating new types of
laminate structures, which exhibit promising flame retardancy and fireproof properties. There were
two different approaches to protective concepts of CFRP composites: CFRP laminate systems with
combinations of different internal fireproof layers: metal foil, thermoplastic foil, ceramic plate, rubber
tape Pyrostat, basalt fibres and kenaf fibres and laminate systems with different protective coatings:
paper with a thickness in the range of um consisting of cellulose nanofibre (CNF)/clay nanocomposite,
nonwoven mats with thickness in the range of cm and intumescent coatings with a thickness in
the range of mm.

The principal fire stability test is based on simultaneous application of fire and mechanical load.
Since the carbon fibres can transfer the tensile loads quite well, the compression load is chosen as a
required mechanical load for a test. The fire tests were preceded by a static load test at room
temperature to determine ultimate failure load. The specimen was loaded with a compression force
until the failure load was reached, which was observed as a buckling. The bench-scale setup is
presented at Figure 1a. For the fire tests, 10% of compression failure load and direct flame of a fully
developed fire (heat flux = 180 kW m-2) were applied simultaneously to the specimen, while the time
to failure was measured. Figure 1b presents the fire resistance test of CFRP composite in bench scale.

Results and Discussion

The time to failure of CFRP composite was 17s. All specimens with coatings showed a significant
extension of time to failure. Figure 1c shows the comparison of time to failure of each of the system
for CFRP laminates with intumescent coatings. The other approach of CFRP laminate differs with a
protective concept. Every system consists of two different interlayers, where the one layer constitutes
the fireproof protection, that delays the rise of temperature in the rest of laminate, and the second
layer provides very good structural connection with carbon fiber layers, thus improves the mechanical
integrity of CFRP composite in fire.
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Although bench-scale tests are limited with respect to assessing the performance of components and
structures, they are valuable in the assessment of different materials concepts. Furthermore,
the reduced effort of conducting bench-scale test (lower costs, time, personnel resources) makes it
more practical and effective.

(b) (c)

T T
100 150 200
Time to failure / s

FIGURE 1. (a) The isometric view of the bench-scale compression device; (b) fire resistance test of
CFRP composite in bench scale; (c) the comparison of time to failure of each system of pure CFRP
composite (ref) and laminates with intumescent coatings (coat A-D).
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Main message: The swelling behavior of intumescent materials controls their pyrolysis process. It must
be therefore considered to improve the predictability of pyrolysis models. In this work, a swelling
model was developed in order to predict the behavior of samples of EVA/ATH polymer (ethylene vinyl
acetate containing aluminum trihydroxide). This material is used for electrical cables. The model was
validated against our own experiments, including the swelling rate, and was found to obtain good
results. The originality of this model is its ability to model the pyrolysis process without imposing the
densities of the intermediate and final materials, hence making it more predictive than existing models.

Keywords: Modelling; swelling; deformation; EVA/ATH; cone calorimeter experiments.

Introduction

Electrical cables used in nuclear power plants, and elsewhere, are made with materials that can swell
(or deform/shrink) under heat flux. This is the case of EVA/ATH or PVC cables. However, this
phenomenon is not considered in the existing literature dedicated to the modelling of the pyrolysis of
electrical cables [1,2,3]. Indeed, this phenomenon has an important impact on the pyrolysis process by
modifying the exposure of the combustible surface to the external heat flux. In addition, the transport
of pyrolysis gases is also impacted. Therefore, this phenomenon must be considered to improve the
reliability of pyrolysis models of these materials.

The objective of this work was to develop a model that represents the swelling of EVA/ATH samples.
The model was implemented in Gpyro [4] and compared to our own experiments performed with a
cone calorimeter. The originality of the model lies on the fact that it is more predictable than existing
works. It allows to successfully predict the mass loss, the swelling of the sample as well as density
evolution in function of time. This last parameter, density, has an important influence on the behavior
of the material and is usually imposed as a fitting parameter in the literature.

Experimental and Modelling

The deformation model is an adaptation of the model presented in [5], which was written for an
intumescent coating. The model was modified and adapted to represent the swelling of EVA/ATH. In
addition, the model was further enhanced to account for the action of the porosity on the deformation
process.

FTT (Fire Testing Technology) Mass Loss Calorimeter was used to evaluate samples of EVA/ATH
following the procedure defined in ASTM E 906. The equipment is identical to that used in oxygen
consumption cone calorimetry (ASTM E-1354-90), except that a thermopile in the chimney is used to
obtain heat release rate (HRR) rather than employing the oxygen consumption principle. External heat
flux of 35 kW/m? was applied. This heat flux corresponds to mild fire scenario. The mass loss
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calorimeter permits to determine the mass loss and the heat release rate (HRR). When measured at
35 kW/m2, HRR is reproducible to within 10%.

The sample thicknesses studied were Imm and 4mm. To characterize the swelling, experiments were
carried out to measure the evolution of the sample thickness as a function of time. In addition to the
mass loss, the temperature at the back of the EVA/ATH sample was measured by a thermocouple. The
evolution of the density with time was also measured by measuring the volume of the sample by
tomography, as well as its mass.

Results and Discussion

Figure 1 compares the results obtained by the model with those measured experimentally for the 4
mm sample (similar results were obtained for the 1 mm sample). The evolution of the thickness
predicted by the deformation model is in good agreement with the experiments. The model is also
compared to the classical models used in the literature (based on imposed densities of the
intermediate and final materials), showing a better prediction of the deformation model. The model
presented a good prediction of the evolution of the density as a function of time. Being able to predict
the density is an important result because this parameter is a must for the use of pyrolysis models.
Moreover, it is difficult to measure experimentally and is most often used as a fitting parameter in the
literature. Thus, the deformation model shows an ability to improve the overall predictability of the
pyrolysis model.

Further results will be presented at the conference.
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FIGURE 1. Comparison of the thickness (left) and the density (right) predicted by the deformation
model and the one measured experimentally.
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$13- COMPARISON OF FIRE RETARDANT TIMBER TREATMENTS

lben Hansen-Bruhn®®, T. Richard Hull®

@Plastic and Polymer Engineering, Department of Biological and Chemical Engineering, Aarhus
University, Aabogade 40, 8200 Aarhus N, DK and Fire Retardant Technology, Teknos A/S, Industrivej
19, 6580 Vamdrup, DK, iben.hansenbruhn@teknos.com
b Centre for Fire and Hazard Science, University of Central Lancashire, Preston PR1 2HE, UK.

Main message: Fire retardant impregnated plywood shows low heat release during flaming
combustion and high char yields, but releases a significant amount of carbon monoxide during under-
ventilated flaming. Plywood painted with fire-retardant intumescent coating provide similar fire
protection, but with lower char yields and significantly lower yields of toxic products. Fire risk
assessment should include both flammability and toxicity.

Keywords: Intumescent coatings, smoke toxicity, fire stages, fire effluents

Introduction

Sustainable, combustible materials like timber are having a renaissance in construction. Ensuring
combustible materials can safely replace non-combustible materials requires systematic study to
assess fire-retardant timber treatments (e.g. untreated, vs. painted and impregnated plywood). Fire
behaviour under different fire stages, smoke development and toxic yields are determined in order to
assess fire risk in modern buildings. A scenario with acoustic panelling (figure 1, left) is discussed.

Experimental

Thermal degradation of untreated plywood and Euroclass B-s1, dO fire retardant impregnated and
painted plywood was investigated with thermogravimetry (TGA), combustibility with micro
combustion calorimetry (MCC) and reaction-to-fire tests with cone calorimetry (CC) under well-
ventilated conditions. Replications of different fire stages with the steady state tube furnace (SSTF)
[1,2] allowed quantification of toxic products during flaming combustion as a function of ventilation.
Fire effluent was sampled to quantify specific fire gases with ion chromatography (HPIC) [3].

Results and Discussion

CC experiments demonstrated significant fire protection of timber with reduced total heat release for
both coated (- 21%) and impregnated timber (- 45%) and increased times to ignition (+ 468% vs. +
748%), shown in table 1. In addition, higher char yields of impregnated timber may provide greater
structural stability in the later stages of a fully developed fire.

TABLE 1. Extracted properties from CC, 50 kW m2. TTI: time to ignition, pHRR: peak heat release,
THR: total heat release, char yield: mass after end test to initial sample mass.

TTI pPHRR THR Char yield

[s] [kW m?] [M) m?] [%]
Untreated 25+8 280+ 19 127 +4 312
Impregnated 142 £ 57 186 £ 28 70+11 18+2
Painted 212 £ 58 223+ 20 1004 13+1

Microscale decomposition of impregnated timber showed combustible gases continuously released
above 200°C in air, but under inert atmosphere only a very low contribution to heat release was
observed (THR 4.4 kJ g1). Part of the explanation is reduction of combustible content per kg timber as
tested (the impregnated fire retardant will add to its mass). This is not the case for intumescent coating
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that increases the quantity of combustible material released over a narrow temperature range
(= 100°C). However, the coating builds a char layer that limits gas release to the combustion zone.

Further, mass loss in TGA showed release of other, non-combustible gases (NH3 and H,0 [4]) that dilute
the available oxygen under flaming coinciding with cellulose decomposition. Flaming combustion of
wood is mainly fed by the rapid mass loss upon decomposition of cellulose around 355°C [5]. Thus, fire
protection mechanisms of timber treatments target different regions of flaming combustion.

From both well-ventilated fire tests in CC representing developing fires, and controlled fire conditions
in SSTF a dramatic difference in toxic product yields was evident. In under-ventilated fires, large yields
of carbon monoxide (CO) evolved from impregnated timber (figure 1, right). Hydrogen cyanide,
phosphoric acid and CO were detected for both timber treatments in under-ventilated fires. CO was
the most toxicologically significant species, differentiating clearly between timber treatments.

Fire protection of timber tends to focus on a combination of reduced heat release, reduced ignitability,
and high char yields. However, overall fire risk assessments should also include smoke toxicity.
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FIGURE 1. (Left) Acoustic panels in ribbon mounting. (Right) Carbon monoxide yields obtained from
SSTF runs during flaming combustion with variation in ventilation (measured as equivalence ratio).
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PL7- CARDANOL AS A VERSATILE BUILDING BLOCK FOR FABRICATION OF BIO-
BASED FLAME RETARDANT EPOXY THERMOSETS
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Main message: For fabrication of the cardanol-based epoxy thermosets, the main starting materials
are inexpensive and extensive, and the synthetic technology is simple and easy to operate for scalable
production. This study paves the way for broadening applications of cardanol in the fabrication of high-
performance bio-based thermosetting polymers with excellent comprehensive properties.

Keywords: Cardanol, Bio-Based Epoxy Thermosets, Flame Retardancy, Toughening

Introduction

Presently, flammability and brittleness are two major problems for EP which has restricted its
development and application in industry. Under the global advocacy of green and sustainable
development, developing bio-based flame-retardant and toughening agents that can endow epoxy
resins with high fire resistance and satisfactory mechanical properties is of significant demand for
industrial applications [1, 2].

Experimental

Three kinds of cardanol-derived epoxy monomers, including cardanol-formaldehyde glycidyl ether
(CFGE), epoxidized cardanol-formaldehyde resin (ECF), and epoxidized cardanol-formaldehyde glycidyl
ether (ECFGE) were synthesized according to a previous report (Figure 1) [3]. In addition, a cardanol-
derived phosphate (DPP-CFR) was also synthesized according to a previous report [3].
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FIGURE 1. Synthesis of DPP-CFR and ECFGE epoxy pre-polymer from cardanol

Results and Discussion

Table 1 summarizes the LOI values and UL-94 combustion classification. The LOI of the cured
ECFGE/DDM sample is 26.0%, which is easy to ignite and cannot self-extinguish after ignition. After
flame-retardant modification, the LOl values of the cured ECFGE/DDM-1, ECFGE/DDM-2 and
ECFGE/DDM-3 are increased to 28.0%, 29.0% and 31.0%, respectively, indicating that DPP-CFR has a
good flame-retardant effect on the cured ECFGE/DDM systems. With the addition of 15 wt% DPP-CFR,
the cured ECFGE/DDM-3 can pass the UL-94 V-0 classification, showing excellent flame-retardant and
self-extinguishing effects. In addition, the PHRR and THR values of the cured ECFGE/DDM are 349.4
W/g, and 42.3 kl/g, respectively. After flame-retardant modification by DPP-CFR, the PHRR and THR
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values of the cured ECFGE/DDM/DPP-CFR composites decrease gradually with increasing DPP-CFR
content. This is because the addition of DPP-CFR promotes the early decomposition of the cured
ECFGE/DDM system. As a result of enhanced charring capacity by adding DPP-CFR, the residual yield
increases gradually. The higher char formation yield can play a better role in reducing the heat release
rate during the thermal decomposition process. Furthermore, when the content of DPP-CFR is 15%,
the tensile strength and elongation at break of the cured ECFGE/DDM-3 are 48.20 MPa and 5.19%,
respectively, which are 12.8% and 130.6% higher than those of the cured ECFGE/DDM system. The
main reason is that the introduction of DPP-CFR reduces the cross-linking density of the system, and
the flexible long aliphatic side chain in the structure improves the toughness of the system.

TABLE 1. The LOI, UL-94, and MCC data of the cured ECFGE/DDM and its DPP-CFR composites

Sample PHRR THR Reduction in Residue UL-94 LOI
[W/gl [k)/g] PHRR [%] [%] [%]
Cured ECFGE/DDM 349.4 42.3 / 10.7 NR 26.0
Cured ECFGE/DDM-1  322.3 34.9 7.8 17.3 NR 28.0
Cured ECFGE/DDM-2  248.2 34.2 29.0 18.2 V-1 29.0
Cured ECFGE/DDM-3  181.7 33.3 48.0 32.7 V-0 31.0
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Foundation of China (No.: 22075265) and the Youth Innovation Promotion Association of CAS (No.:
2021459).
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Main message: Recent work has found phosphorus-based flame retardants for aerospace carbon-fiber
composites that copolymerize with the epoxy while maintaining and slightly increasing glass transition
temperature. The phosphorus-based flame retardants utilized a bifunctional epoxy with a similar
chemical structure to bisphenol A epoxy. The flame retardant was assessed for its heat release
reduction by Cone calorimeter and microscale combustion calorimeter. Measurements found mixed
vapor phase and condensed phase fire protection that varied depending upon carbon fiber presence.
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Introduction

Aerospace grade composites (those used for aircraft and upcoming electric vertical takeoff and
landing) require fire protection to meet aviation based fire risk scenarios. The fire protection will need
to consider flame retardant approaches that are compatible with epoxy processing conditions, while
maintaining use temperatures and a balance of flammability and other properties. Ideally, the flame
retardant approach should be use of reactive chemicals that copolymerize with the epoxy while
maintaining glass transition temperature of the epoxy after composite fabrication.

Experimental

Epoxy + carbon fiber composites were prepared via hand-layup methods, and were fabricated using
aerospace grade bisphenol A epoxies and autoclave processing. Flammability testing was conducted
via cone calorimeter (ASTM E1354, 3” square specimens, 50 kW/m? heat flux) and microscale
combustion calorimetry (ASTM D7039).

Results and Discussion

A bisphenol A epoxy resin (DGEBA), a phosphorus-based epoxy (P-DGEBA), and an aliphatic amine
curing agent were combined together (Figure 1) to produce flame retardant carbon fiber epoxy
composites. Differential scanning calorimetry of the blends of these materials found that T, was 68.5
°C for the control sample (no P-DGEBA present), and Tg increased to 72.9 °C when the ratio of DGEBA
to P-DGEBA was 1:1. Degree of cure for this 1:1 material was 95% after heating, and the T, + % degree
of cure results indicate that P-DGEBA is very compatible with this particular epoxy system. After the
epoxy was used to generate carbon fiber composites, fiber volume fraction measurements were
conducted to determine the quality of the final composites made for the 100% DGEBA system, and the
1:1 blend of P-DGEBA and DGEBA. The results found equivalent volume fractions for the 1:1 system
when using a water submersion method (0.52 volume fraction of carbon fiber to epoxy for the 1:1
system, 0.51 volume fraction of carbon fiber to epoxy for the 100% DGEBA control), further indicating
that the P-DGEBA has high compatibility with DGEBA in producing good quality composites.

After fabrication, flammability was measured via microscale combustion calorimetery (MCC — ASTM

D7309) and cone calorimeter (ASTM E1354). MCC testing found that the 1:1 system had a peak HRR
reduced to 300 W/g, a Total HR of 22.5 kl/g, and a char yield of 13.4wt%, compared to the 100% DGEBA
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sample which had a peak HRR of 530 W/g, a total HR of 25.4 kJ/g, and a char yield of 5.4wt%. MCC
results suggest a mostly char formation mechanism of flame retardancy. Cone calorimeter data (Table
1) indicates that the P-DGEBA does lower heat release, but has more of a vapor phase effect when
carbon fiber is present, as indicated by the lack of char increase in the wt% lost data, and the reduction
in average effect heat of combustion and the heat of combustion for the gaseous pyrolysate data. The
data from flammability testing indicates that P-DGEBA would be a good candidate for further study in
aerospace epoxy systems, as it shows good compatibility with the epoxy, but may need to have
stronger flame retardant performance (lower peak HRR and lower Total HR) against severe fire threats
present for aerospace applications. However, in its current form it may be appropriate for some
internal cabin applications.

L i i i N2 locre— | i,
) 0 . o o . 3 H, 2
CH, CH, CH3 CH3 n
A. Epoxy resin B. Flame Retardant (P-DGEBA) C. Curing Agent
EPON 825 (DGEBA) (liquid) Phosphorus-Diglycidyl Elhcr of Bisphenol A (Synthesized Epikure 3274 (liquid)
by UD Chemistry Dept. faculty)
Figure 1. Epoxy Chemical Structures
Table 1. Heat Release Data for Epoxy and Epoxy + P-DGEBA Systems
Sample Sample |Time to|Peak Starting |Final | Total Weight % | Total Heat|Avg. Effective |Heat of Comb. for
Description | Thickness|ignition | HRR Mass |Mass [Mass Loss| Lost Release [Heat of Comb. |Gaseous Pyrolysate
(mm) (s) (kW/m2) | (g) (9) | (9) (%) (MJ/m2) |(MJ/kg) (MJ/kg / 1-char yield)
baseline 3.0 45 625| 34.80]21.95 12.9 36.9 44.6 27.43 74.34
Epon 825 3.0 45 634| 34.91|21.63 13.3 38.0 45.2 26.88 70.74
Epikure3274 3.0 47 662 35.83[21.93 13.9 38.8 50.4 28.66 73.87
Average Data 3.0 45 640| 35.18]|21.84 13.3 37.9 46.7 27.66 72.98
P-DGEBA 3.0 41 462| 35.44|21.99 13.5 38.0 33.7 19.79 52.08
Epon825 3.0 37 486| 37.20]22.18 15.0 40.4 38.3 20.11 49.78
Epikure3274 3.0 43 434| 33.01|21.76 11.3 341 28.4 19.91 58.39
Average Data 3.0 40 460 35.22|21.98 13.2 37.5 33.5 19.94 53.41
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LAYER-BY-LAYER COATED NATURAL FIBERS

M. Marcioni?, M.Zhao", L. Maddalena?, T. Pettersson®, R. Avolio®, R. Castaldo®, G. Gentile, L.
Wagberg®, F. Carosio®

“Dipartimento di Scienza Applicata e Tecnologia, Politecnico di Torino, Alessandria Site, Viale Teresa
Michel 5, 15121, Alessandria, Italy, federico.carosio@polito.it
bDepartment of Fibre and Polymer Technology, KTH Royal Institute of Technology, Teknikringen 56-
58, Stockholm, Sweden.
¢ Institute for Polymers, Composites and Biomaterials, Italian National Research Council -Via Campi
Flegrei 34, 80078, Pozzuoli, NA, Italy

Main message: Green lightweight materials are produced from Layer-by-Layer functionalized natural
fibers. Electrostatic complexation of bio-based components is exploited as a green approach to
material development. The foam produced show structural integrity thanks to the deposited coating
while also displaying extremely high fiber content (80-90%wt). These materials combine high
mechanical strength, excellent thermal stability and flame retardancy thanks to the achieved control
over the nano and micro structure.

Keywords: natural fibers, layer-by-layer assembly, lightweight materials, flammability, cone
calorimetry.

Introduction

Societal demands towards more sustainable products and circular economy have led to a growing
interest in the use and recycling of natural resources [1]. Within this context natural fibers represent
a tremendous opportunity for the development of green and functional materials capable of meeting
the above mentioned demands. Here natural fibers have been Layer-by-Layer (LbL) coated in order to
enable their assembly into lightweight, mechanically strong and flame retardant foams (Figurel).

SRS

Natural Fiber LbL Coated Foam
fiber functionalization  fiber preparation

Lightweight, strong, fire safe and
sustainable alternatives to
petroleum based foams

FIGURE 1. Schematic representation of the procedure adopted for the production of foams from LbL
functionalized natural fibers

Experimental

Commercially available cellulose fibers with different aspect ratios were employed. Chitosan and
sodium polyphosphate were selected for the LbL assembly. The coated fibers were dispersed in water
at different ratios and then freeze-dried in order to achieve fiber-based foams with different densities.
Coating growth and assembly on natural fibers was monitored by means of infrared spectroscopy and
charge titration, respectively. The morphology of the coated fibers and produced foams was
investigated by SEM. Thermogravimetric analysis (TGA) in was carried out in a TGA-Discovery (TA,
Newcastle, USA) from 50 to 800°C at 10°/min in both nitrogen and air. The flammability of the prepared
samples was evaluated in both horizontal and vertical configuration. The sample (80x25x10 mm?3) was
ignited from its short side by a 20 mm blue methane flame (flame application time: 2x6 s). The after-
flame time (s), char length (mm) and final residue (%) were evaluated. Cone calorimetry (Noselab ATS)
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was employed to investigate the combustion behavior of square samples (50x50x15 mm?) under 35
kW/m? in horizontal configuration. Time to ignition (TTl, s), peak of heat release rate (pkHRR, kW/m?),
total heat release (THR, MJ/m?), smoke production rate (SPR, m?/s), total smoke release (TSR, m?/m?)
and final residue (%) were evaluated.

Results and Discussion

The coating growth was first studied by FT-IR to establish the best deposition conditions. A linear
growth regime was found for the chitosan/ sodium polyphosphate pair. When applied to the cellulose
fibers this assembly produced continuous and homogeneous coatings with only 1,2 and 3 deposited
bi-layers (BL). Thermogravimetric analyses highlighted an improved char forming ability for the LbL
coated fibers. Self-standing 3D structures based only on the coated fibers were achieved by means of
freeze-drying. SEM observations pointed out the formation of a porous fiber network where the
deposited LbL coating is acting as a glue conferring structural integrity. The cellulose fiber content
ranged between 80-90%wt highlighting the potentialities of the proposed approach in delivering
lightweight porous structure with extremely high fiber content.

Flammability tests in horizontal configuration evidenced a self-extinguishing behavior for foams
prepared from 1BL coated fibers. At 3BL the foams showed a non-igniting behavior where no flame
persisted on the sample after the removal of the methane flame. The same 3BL foams also self-
extinguished the flame during flammability tests in vertical configuration.

By cone calorimetry the prepared foams showed very low HRR values (pkHRR < 100 kW/m?) as well as
extremely limited smoke production (TSR < 50 m?/m?). These results clearly show the FR potentialities
of the prepared foams especially if compared with commercially available petroleum based foams,
such as PU, that normally display higher HRR and TSR values under the same testing conditions [2]. The
proposed approach will allow for the production of advanced materials encompassing high natural
fiber content where functional properties such as mechanical properties, flame retardancy and
sustainability are optimized.

Acknowledgement: The financial support from Italian Ministry of University (MUR) call PRIN 2017 with
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Main message: In this work, we prepared mesoporous silica (m-SiO;)/nano-zinc amino-tris-
(methylenephosphonate) (m-SiO.@Zn-AMP) hybrid, and found that the epoxy resin (EP) composite
with 5% m-SiO,@Zn-AMP achieved a UL 94 VO rating with a 45.2%, 57.8 % and 53.1 % reduction in total
heat release and peak heat release rate and total smoke release, respectively compared with the ones
of untreated EP. Moreover, the EP/m-SiO,@Zn-AMP composites exhibit excellent mechanical
properties.

Keywords: Epoxy resin, Flame retardation, Smoke Suppression, Organic phosphates, Mesoporous silica

Introduction

Mesoporous silica (m-SiO3), due to its unique mesoporous structure, is commonly used to reinforce
polymers, however, its flame-retardant efficiency is relatively low [1,2]. Organic phosphates are
efficient flame-retardants for EP [3]. Therefore, in this study, the m-SiO.@Zn-AMP hybrid was
synthesized and used as a flame-retardant additive for EP, and the flame-retardant, smoke suppressive
and mechanical properties of EP/m-SiO,@Zn-AMP composites were evaluated.

Experimental

Preparation of m-SiO,@Zn-AMP was carried out according to the publication [4]. Preparation of EP
nanocomposites: A certain amount of m-SiO,@Zn-AMP was first introduced into EP at 125 °C with
vigorous stirring to guarantee the good dispersion. Then, DDS was incorporated into the mixture and
stirred for 30 min. After the complete dissolution of DDS, the mixture was degassed, and subsequently,
was cured at 150 °C for 2 h, 180 °C for 2 h and 200 °C for 1 h.

Results and Discussion

In this work, the m-SiO,@Zn-AMP hybrid was prepared by self-assembly method and confirmed by
FTIR, XRD, XPS, TEM and EDS. The limiting oxygen index (LOI), UL-94 and cone calorimeter test results
of flame retarded EP composites are shown in Fig. 1 and Table 1. The EP composite with 5% m-
Si0,@Zn-AMP achieved a UL 94 VO rating with a LOI of 28.5 %. The total heat release (THH), peak heat
release rate (PHRR) and total smoke release (TSR) values decrease by 45.2%, 57.8 % and 53.1 %,
respectively compared with the ones of untreated EP.

TABLE 1. Combustion properties of flame retarded EP composites

sample LOI UL-94 PHRR THR TSR
[%] Rating [kW/m?] [MJ/m?] [m2/m?]
EP NR 827 104 4850
EP/0.5m-Si0,@Zn-AMP NR 709 72 3248
EP/1m-SiO,@Zn-AMP NR 627 61 2726
EP/2m-Si0,@Zn-AMP V-1 497 59 2610
EP/5m-Si0,@Zn-AMP V-0 349 57 2277

The addition of 1% m-SiO,@Zn-AMP into EP increased the storage modulus, impact strength, and
tensile strength by 29.9, 50.0, and 23.5 %, respectively. The incorporation of 2% and 5 wt% m-SiO.@Zn-
AMP did not further increase the impact and tensile strength of EP, but the strengths were all higher
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than those of untreated EP.
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FIGURE 1. EP and its composites, (a) HRR curves; (b) TSR curves;
(c) Tensile properties; (d) Impact Strength
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Introduction

Safety concern is one main obstacle for the application of LIBs in portable electronic devices, electric
vehicles, and energy storage stations, which is intrinsically related to the high flammability of LEs[1].
This work provides valuable insights into the fire suppression mechanism of fluorinated phosphazene
(EPCP) in LEs and its effective role in inhibiting corrosion attack by forming a FR-derived passivation
layer on the surface of lithium iron phosphate (LFP) cathode.

Experimental

To investigate the effect of EPCP on battery performance and to understand the fire suppression

mechanism, we arranged the following main experiments:

(1) Sturcure characterization: Qualitative GC mass spectrum (GC-MS), Fourier transform infrared
(FTIR) spectroscopy, and nuclear magnetic resonance (NMR) spectroscopy were used to
characterize the structural information of modified LEs;

(2) Thermal/fire safety: The combustion behaviors of the separator/electrolyte were compared by

cone calorimetry test (CCT), micro-combustion calorimetry test (MCC) and thermogravimetric
analysis (TGA), to clarify the real combustion behavior and fire suppression mechanism;

(3) Morphology and structural information: X-ray photoelectron spectroscopy (XPS), high-resolution
transmission electron microscopy (HRTEM), high-angle annular dark field (HAADF) images, energy
dispersive spectrometry (EDS) elemental mapping, and 2D Optical profilometry images were used
to analyze the surface topography and structural features of the LFP cathode before and after
cycling;

(4) Electrochemical performance: Electrochemical impedance spectroscopy (EIS) was used to test the
ionic conductivity; galvanostatic charge/discharge (GCD) was used to evaluate long-term cycle and
rate performance; cyclic voltammetry (CV) and linear sweep voltammetry (LSV) were performed
to understand the effect of EPCP on the electrochemical performance of batteries;

(5) Composition of cathode electrolyte interface (CEl): For the first time, time-of-flight secondary ion
mass spectrometry (TOF-SIMS) was employed to investigate the CEl layer.
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Results and Discussion

This study revealed that fluorinated phosphazene-based electrolytes with content up to 6% (by vol.)
cannot be considered non-flammable because they will burn when exposed to a sufficient amount of
heat flux. However, they exhibit a certain ignition-delay behavior, which is highly dependent on the
heat flux supplied to the electrolyte sample as well as the content of the fluorinated phosphazene-
based additives[2]. The fire suppression mechanism investigations also showed that the presence of
EPCP additive effectively slowed down and suppressed the amount of flammable volatiles released by
the electrolyte under heating conditions. In addition, the corrosion of HF seriously affects the
performance of LiFePO,, whereas the addition of EPCP has a significant effect on the chemistry and
properties of the CEl layer formed on the surface. We found that the formation of a robust and uniform
P- and N-species-rich CEl layer in EPCP-LEs correlates with enhanced battery key performance
indicators, such as rate capability, cycle performance, and coulombic efficiency[3].

These findings provide strong evidence to decipher the superior cycling performance observed with
EPCP-LEs. While our findings of the chemical composition of the CEl layer provide a deeper insight into
the chemical composition of the complex CEl layer, specific studies are still required for different
electrode and electrolyte chemistries, especially when using different FR additives.

Fire Behavior Uniform and Robust CEl Layer Formation

- . Bu...

Parametee value
(KR RR]

calorimeter

Cone

Electrochemical Performance

FIGURE 1. The fire suppression mechanism of fluorinated phosphazene-containing electrolytes and
their effective role in the inhibition of corrosion attack through the formation of FR-derived passivation
layer on the surface of LFP electrode.
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Main message: Fires from Lithium-ion (Li-ion) batteries represent one of the fastest growing and
potentially largest fire threats in the coming decade. The combination of high energy density, reactive
chemistries separated by fragile membranes, and lack of strategies for their mitigation, will lead to
uncontrollable fires with highly toxic emissions, putting Li-ion vehicles at the top of the fire safety
agenda.
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Introduction

Use of Li-ion batteries is growing rapidly. Their use has become widespread and well-established in
small devices, with surprisingly limited increase in fire-related incidents. In the medium-scale there
have been surges in fire deaths. E-bikes are the largest cause of fire deaths in Vancouver, and a similar
trend is emerging in NYC. The recent surge in Li-ion car ownership has been accompanied by
infrequent, but uncontrollable fires, which may become more frequent as the vehicle fleet ages,
alongside the cumulative effects of minor accidental damage.

Overview

Li-ion batteries arrays for vehicles are composed of hundreds to thousands of individual cells. Li-ion
cells are inherently flammable, with typical heats of combustion 10 times greater than the energy they
store’. The main causes of ignition are rapid charging or discharging, and mechanical damage.
Contaminants or manufacturing defects act as initiating sites for failure, causing breakdown of the
separators, particularly the delicate passivating layer on the solid electrolyte interface, but also the
main porous polyolefin membrane, leading to thermal runaway as the stored energy drives the
battery’s decomposition”. The heat released causes neighbouring cells to reach a critical temperature,
also resulting in thermal runaway. In each case, the heat volatilises the electrolyte, usually a mixture
of organic carbonates and lithium hexafluoro phosphate (LiPFs), rupturing the cell and releasing hot,
flammable gases.

The likelihood of ignition of Li-ion batteries is obviously dependant on the manufacturing quality, with
cheap, unbranded imports being blamed for the spate of fast-food delivery e-bike fires in Vancouver
and NYC. Different Li-ion battery cathodes are used for vehicles, which have different critical
temperatures, with lithium iron phosphate (LFP) offering higher thermal stability but greater weight,
compared to lithium nickel manganese cobalt oxide (NMC) batteries. Both have better thermal stability
than the lithium cobalt oxide (LCO) cathodes used for Li-ion batteries in consumer electronics. The
state of charge of the battery at the time of the incident has a profound effect on the severity of the
fire, and the toxicity of the smoke'.

Li-ion battery fires usually start with the release of a white vapour cloud. In the absence of a flame, its
toxicity is greatest, but the rate of heating and vapour release will accelerate rapidly once flaming
occurs. Several studies have measured the toxic components in Li-ion battery and Li-ion vehicle
smoke'™ ¥, These show that the most toxicologically significant components identified include carbon
monoxide (CO), hydrogen fluoride (HF) and phosphoryl fluoride (POF3). Depending on the component
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chemistry, sulphur dioxide (SO,) is also present. However, in a comparison between electric, hybrid
and internal combustion engine vehicles it was shown that a significant amount of HF actually came
from burning the air conditioning refrigerant. In all large-scale fire tests, it is a challenge to make the
test scenario representative of a typical fire scenario. Small variations in manufacturing defects, or
mechanical damage after a collision; the ventilation condition and geometry (such as whether in a
garage or outside in a wind); and the factors affecting incapacitation and escape, will all have a large
impact on the outcomes. There are also concerns over adverse impact on firefighters’ health and the
need for decontamination of personal protective equipment after tackling Li-ion vehicle fires.

Finally, Li-ion battery vehicles have demonstrated the need for new firefighting strategies and agents.
None of the traditional firefighting agents, water, powder, carbon dioxide etc., are effective at
controlling thermal runaway, apart from cooling neighbouring cells, before they go into thermal
runaway. This has led to new approaches. In China perfluorinated hexanone
(CFsCF(CF3)C=0CF,CF3)(PMP) is routinely used, although concerns have been raised about the hazards
of its decomposition products’. It is reportedly capable of extinguishing Li-ion battery fires at
concentrations of 4 to 6%. In the UK, an aqueous vermiculite dispersion is being marketed as the
solution. After a fire, Li-ion battery vehicles can reignite several days after extinction, either
spontaneously or when disturbed. This is believed to result from stranded electrical charge driving
thermal runaway.

Conclusions

In combination with greener electricity generation, Li-ion vehicles offer an urgently needed reduction
in carbon emissions, while improving urban air quality. While charging, discharging and mechanical
damage lead to thermal runaway, this is more likely for poorly manufactured or fully-charged cells, and
those with a lower critical temperature for decomposition. The main toxic components of Li-ion battery
smoke appear to be CO, HF, POF3, organofluorines and sometimes SO,. The high energy and relative
novelty of the chemistry of Li-ion batteries is likely to produce substances of unknown, and potentially
very high toxicity, which have yet to be identified and characterised.

The behaviour of Li-ion batteries in thermal runaway, and the effects on vehicles and occupants is
unfamiliar two firefighters and other emergency responders, and requires more comprehensive
investigation. New techniques need to be developed to reduce Li-ion battery fires and to contain them.
Agents and strategies need to be developed to access and control Li-ion battery fires, particularly when
they are inaccessibly located on the vehicle chassis. Even at low fire incident rates, certain scenarios,
such as underground car parks or alongside the outer walls of taller buildings with combustible facades,
may lead to unexpectedly large fire disasters.
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Abstract

The existing fire safety requirements and tests for conventional passenger cars and buses are too low,
and with the exception of cables in buses, electrotechnical products are virtually not regulated.
Emerging, increased fire hazards stemming from electrical systems with voltages of now 400 to 600 V
compared to voltages of 12 or 48 V used to date, and from the profusion of small devices operated by
electrical motors, must be considered. This also applies to e-vehicles, where in addition, fire safety
requirements and tests were developed to address new fire safety challenges for electric powertrains
and Li-ion batteries. Fire and overheating requirements for enclosures, plugs, and sockets used in e-
vehicle charging stations have been introduced as well.

Currently, all passenger cars, including e-vehicles, only have to meet the fire safety requirements for
car interiors to FMVSS 302 in the United States, or similar requirements and tests in other countries of
the world. These requirements are based on an old (1972) horizontal small flame test and are rather
low. In recent years, a U.S. research program conducted to evaluate the flammability of interior
automotive materials found that the microscale combustion calorimeter (MCC) test is a promising test
method, providing quantitative (i.e. heat release based) data related to the fire hazard of materials.
Additional work is under way.

Buses basically also have to meet the FMVSS 302 requirements worldwide. In North America, (some
U.S. States and Canadian provinces) additional requirements for school bus seating, based on a full-
scale seat test, must be met. In Europe and other countries, the UNECE Regulation No. 118 specifies
additional melting behavior, and vertical burning rate tests, as well as a flame propagation test for
electrical cables.

For e-vehicles, the UNECE Regulation No. 100 Annex 8E, a mandatory fire resistance test of the
Rechargeable Energy Storage System (RESS) against fire from outside, is requested.

For Li-ion batteries used in e-vehicles, fire safety requirements do not specifically address fire
performance requirements for materials and components, but rather the whole battery system. The
focus is on mechanical, thermal, and electrical abuse tests such as the “Projectile and external fire
test” and the “Internal short circuit or internal fire test”.

For charging stations, fire safety requirements and glow wire/open flame tests apply for plastic
components used in enclosures, plugs, and sockets of charging stations.

Passive fire safety requirements in these applications are generally met by using products containing
flame retardants based on phosphorus, bromine, nitrogen and other compounds, because of their
efficiency, easy processing and reasonable cost. In specific cases, inherently flame retarded products
are used, but may be difficult to process and expensive. To prevent thermal runaway of battery packs
in e-vehicles, intumescent coatings, non-combustible sheets, and ceramifying products may be used.
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Yifan Zhou, Weizhao Hu, Bibao Wang, Weiyi Xing, Yuan Hu"

State Key Laboratory of Fire Science, University of Science and Technology of China, 96 Jinzhai Road,
Hefei, Anhui 230026, P.R. China.yfzhou3@mail.ustc.edu.cn

Main message: Here, a hindered amine and polyphosphazene modified TisC,Tx (TisC,Tx@PHbP-PHC)
was obtained. With the loading of TisC;Tx@PHbP-PHC in the bismaleimide resin (BMI) increased to 2
wt%, an 43% reduction was achieved in the peak heat release rate (PHRR), and a 47% reduction in the
total heat release rate (THR). Meanwhile, the total smoke production (TSP) exhibited a similar
decreasing trend. Furthermore, 0.5 wt% BMI system exhibited the highest storage modulus (2629
MPa) and impact strength (13.7 MPa), which were 21% and 76 % higher than pure BMI, respectively.
Therefore, the developed functionalized TisC,Tx can be effectively used in BMI matrix, thereby
providing reliable source material for the design of high-performance BMI resins that meet various
application scenarios.

Keywords: TisC;Tx; Hindered amine; Toughness; Fire safety.

Introduction

With excellent heat resistance, high mechanical strength and excellent dielectric properties, BMI
resin occupies a high position in the fields of transportation, aerospace, construction, and electronics
[1]. However, the strict and symmetrical structure of BMI resin brings inevitable shortcomings (such as
high melting and solidification temperature), and inherent brittleness and low impact resistance due
to its molecular network characteristics and large crosslinking density [2]. Therefore, this work carries
out new research based on 4,4'-bis-methyleneiminodiphenylmethane (BDM)/2,2'-diallyl bisphenol A
(DBA) systems to develop a more effective fire safety and toughness enhancement strategy for BMI
resin. TisC;Tx, polyphosphazene and hindered amine, with different flame-retardant functions, was
selected to prepare the new nanomaterial TisC;Tx@PHbP-PHC. The effect of hindered amine light
stabilizer on free radical quenching can be combined with the cross-linked polyphosphazene
containing —P=N- structure to improve the flame retardant efficiency of titanium carbide (TisC;Tx) in
both gas phase and condensed phase. Subsequently, TisC;Tx@PHbP-PHC was incorporated into BMI
matrix to study its effect on the fire safety and mechanical performance of BMI.

Experimental

In this work, 4-Amion-2,2,6,6-Tetramentylniperidine and cyanuric chloride were selected to
synthesize a novel hindered amine flame retardant (PHC) with free radical quenching function that
retained an active chlorine site, it then reacted with the surplus amino group on the cross-linked
polyphosphazenes produced on the surface of TisC;Tx, the generated PHC was successfully grafted onto
the surface of TisC,;Tx@PHbP. Subsequently, TisC,Tx@PHbP-PHC was introduced into the BMI matrix to
study its positive effect on the fire resistance and toughness of the nanocomposite.

Results and Discussion

As an effective strategy, cone calorimeter was widely applied to analyze the smoke emission and
combustion characteristics of BMI and its nanocomposites [3]. As far as PHRR, THR and TSP were
concerned (Figure 1a and b), BMI nanocomposites presented a significant decreasing trend with the
increase of TisCTx@PHbP-PHC (from 0.5-2.0 wt%). When the loading reached 2wt%, the
nanocomposites achieved a 43% reduction in PHRR, a 47% reduction in THR along with a 30% decrease
in TSP. In terms of reducing heat release and smoke release, TisC;Tx@PHbP-PHC showed a more
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significant effect than TisC,Tx@PHbP and TisC;Tx, implying the synergistic flame-retardant effect of
TisC,Tx, PHbP and PHC.

Considering the mechanical properties, dynamic thermomechanical analysis and lzod impact test
were applied to evaluate the storage modulus and impact strength of BMI nanocomposites, and the
test results were shown in Fig. 1d-f. With the increase of load, the storage modulus (Fig. 1d) of BMI
nanocomposites increased first and then decreased. This is mainly due to TisC,;Tx@PHbP-PHC It can
limit the migration of polymer chain and improve the rigidity of the material, but the crosslinking
degree of BMI will be reduced when the content of flame retardant is too high. In addition, the fact
that the glass transition temperature (Tg) (Fig. 1e) of the nanocomposites shifted to the low
temperature region under high TisC;Tx@PHbP-PHC loading can be used as a further proof of this view.
Similar to the change trend of energy storage modulus, the impact strength (Fig. 1f) of BMI composites
increases at first and then decreases with the increase of flame-retardant content, which is also
attributed to the agglomeration characteristics of a large number of TisC;Tx@PHbP-PHC. In addition,
on comparison with the impact strength of BMI nanocomposites at 2% filler content, TisC;Tx@PHbP-
PHC and TisC,;Tx@PHbP nanocomposites exhibited higher values than the TisC;Tx counterparts. The
result indicated that the covalently functionalized TisC;Tx was beneficial to enhance the toughening
modification effect of BMI resin.
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FIGURE 1. (a) HRR, (b) THR and (c) TSP vs. time curves of pure BMI and its nanocomposites; (d) Storage
modulus (E’) curves, (e) the corresponding storage modulus (E’) (left Y coordinate) and Tg (right Y

coordinate) histogram and (f) impact strength results of BMI and its nanocomposites.
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Main message: The rapid development of electric vehicle (EV) market share [1] poses both
opportunities and challenges for high-strength, lightweight, and flame retardant (FR) thermoplastic
composite materials. In coping with fire safety specifications for EV battery pack applications, various
fire testing standards have been developed to evaluate FR performance under abusive thermal
conditions [2,3]. Short glass fiber filled SABIC® FR PPc (polypropylene compound) H1030 and long glass
fiber filled FR STAMAX™ resin have demonstrated effective flame resistance and thermal insulation.

Keywords: Thermoplastics, Electric Vehicle, Battery Pack, Fire Safety, Flame Retardant.

Introduction

Use of thermoplastics can provide a promising material solution for EV battery pack technologies for
their light weight, high strength, functional integration possibilities and lower manufacturing costs.
However, the thermal abusive bonfire and thermal battery runaway risks pose challenges in its
implementation. The conventional sample bar scale UL94 flammability tests cannot fully evaluate
materials’ FR performance under these extreme scenarios. Therefore, specific fire test methods are
required for materials screening and qualification to meet the automotive industry’s needs.

Experimental

A series of fire test methods and equipment have been developed for different battery pack
applications: protection cover, tray, and cell/module thermal barriers. These include torch flame test,
weight-loaded pool fire test, pyrotechnic test, grit-flame burner test, and battery thermal runaway
tests with both cylindrical and pouch/prismatic cells. These tests simulate the high temperature,
pressure, severe grit impingement, and their cumulative impact at the same time at the plaque scale.
The advantages and limitations for translating the test results to the application level will be discussed.

Results and Discussion

SABIC's thermoplastics and composite solutions were tested extensively using the methods mentioned
above, with thermocouple and infrared camera temperature measurement systems showing the
thermal insulation performances, and displacement sensor/Thermographic Digital Image Correlation
(TDIC) system showing the structural response. Fig. 1 (A-E) shows some images from typical fire abuse
tests, including the flame torch test, pyrotechnic impact, and the UL2596 [4] battery pack thermal
runaway test, among other fire tests which will also be discussed.

In these tests, the FR thermoplastic materials passed the high temperature, pressure, and harsh grit
impingement tests — based on specific engineering designs for different EV applications. Table 1.
summarizes the recommended plaque thickness of the LGF (long glass fiber) filled FR polypropylene
(FRPP) STAMAX™ resin and SGF (short glass fiber) filled SABIC® PPc H1030 under various fire test
conditions. The results and their implications for end applications in an EV battery pack design will be
discussed.

In addition to the various fire tests, advanced Computational Fluid Dynamics (CFD) and Finite Element

Analysis (FEA) models were developed to understand the pyrolysis chemistry and physics including
intumescence and charring, fire-polymer interactions, and thermomechanical response to the flame
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exposure, as shown in Fig. 1 (F). Our ongoing work in this area continues to provide insights and

1100°C flame test of a 4 mm plaque in Pyrotechnic abuse test with grit UL2596 battery pack thermal runaway test
avertical setup, after 5-minute flame impingementon a3 mm (w/2mm Organo onad4mmplaque.
exposure. sheet laminate) plaque.

1100°C flame test on a4 mm ribbed Aview of the post-test plaque afterthe flame A CFD simulation of the fire-polymer test
structure in a horizontal setup. testshowninD highlighted in D, showing the intumescence
and char formation on the polymer.

FIGURE 1. Typical fire abusive tests on SABIC thermoplastics for various EV battery pack applications.

TABLE 1. Recommended thickness of selected FRPP materials to pass fire tests for EV applications.

Fire Test Method STAMAX™ 30YH570 STAMAX™ 30YH515 SABIC® PPc H1030
(30% LGF-PP) (30% LGF-PP) (30% SGF-PP)

uL94 vo 1.3 mm 1.5mm 1.5mm

5 minute 1100°C flame test 4 mm 4 mm 4 mm

20 second pyrotechnic test 3 mm +2mm Organo - 4 mm + 2 mm UD tape
sheet laminate laminate

UL 2596 Battery TRA test 4 mm - -

Acknowledgement: The authors thank Carlos Pereira, Dinesh Munjurulimana, David Sullivan, and
Dhanendra Nagwanshi from SABIC for their technical supports, Prof. Scott Case, Prof. Brian Lattimer
from Virginia Tech for their discussions on the testing results.
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P1- POLARITY ADAPTED SILANIZATION OF FUNTIONAL MATERIALS FOR
FLAME RETARDANT POLYMER ADDITIVES
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Main message: In this work, we address the surface modification of targeted fillers (e.g., aluminum
trihydroxide, glass beads, wood flour) with N-P silanes in order to adapt the polarity to the respective
matrix polymer (PE, PA, PP). This should not only improve the flammability of the novel composites,
but also give the composite additional properties such as improved compatibility and hence
mechanical properties.

Keywords: composites, surface modification, N-P silanes, polymer additive, mechanical properties.

Introduction

The highest demands are placed on plastics, especially when it comes to safety aspects such as fire
protection. Due to the growing environmental criteria, new flame retardants (FRs) have become
essential, which have a low toxicological risk potential. This applies to all areas in which the release of
substances into the environment cannot be ruled out. In this context, N-P silanes are a good alternative
to the frequently used halogenated FRs. The compatibility and the homogeneous incorporation of the
FRs in the polymer matrix also play a decisive role in the mechanical properties of the final product.

Results and Discussion

Within this work, the surface of functional materials, namely glass balls, wood flour and aluminum
hydroxide AlI(OH)s, were modified with novel flame retardant based on N-P-silane compounds (see
Figure below). The proof of the successful modification could be provided with appropriate analysis
methods. The incorporation of the different filler systems into the respective polymer matrix was
initially carried out using microextrusion technology. With the help of this method, the smallest
amounts could be subjected to a pre-evaluation of the flame retardant effectiveness using MCC and
TGA analysis. The analysis results of the microextrusion tests showed the successful use of FRs fillers
in polymers. The focus was placed on polyamide with modified glass beads for processing using
conventional compounding technologies and subsequent injection molding processing. With the help
of compounding technology, modified glass beads could be incorporated into polyamide at the
intended concentrations. A comparison of twin screw extrusion to planetary roller extrusion could be
made. The analysis according to test methods customary in practice showed that the impact strength
target could be significantly improved compared to the reference material. However, it was also shown
that flame retardancy according to UL94 V-0 could not be achieved and further optimization is still
required for the extrusion process regarding the concentration and the homogeneous incorporation
of the FRs.
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Main message:

A synergistic combination of two halogen-free flame-retardants copolymerized with styrene is
employed to increase the flame-inhibiting properties of the resulting material. Comonomers include
elemental sulfur and acrylate bound phosphate esters. The self-extinguishing properties of the
resulting terpolymers are analyzed by thermogravimetric analysis and evaluated by UL94V and
DIN 4102 B2 flame tests.

Keywords: Polystyrene, sulfur, phosphorus, flame-retardant, halogen-free.

Introduction

Styrene-based polymers are highly flammable and pose therefore significant fire and safety hazards
for their applications. Due to the negative impacts of halogenated flame-retardants on human health
and the environment, halogen-free alternatives that can circumvent these unwanted properties are
gaining increasing interest. Integrating halogen-free flame-retardants to a polymer backbone is
additionally advantageous due to a prevention of leaching as well as a facilitated REACH process.

Experimental

Terpolymers were synthesized by copolymerization of styrene, elemental sulfur and
diphenyl(acryloyloxyethyl)phosphate at 130 °C for 72 h. After cooling, the solid product was dissolved
in tetrahydrofuran and precipitated in methanol to obtain a white powder. Terpolymers were analyzed
by H- and 3'P-nuclear magnetic resonance spectroscopy as well as size exclusion chromatography.
Thermogravimetric analyses were performed to analyze the thermal degradation behavior. The
flammability of the synthesized terpolymers was evaluated by UL 94 V (DIN EN 60695) and preliminary
DIN 4102 B2 tests.

Results and Discussion

This work investigates the self-extinguishing properties of intrinsically flame-retardant styrenic
terpolymers.[1] Two variants of theses copolymers prepared with a feed of 1 wt% sulfur and 1 wt%
phosphorus monomers (CP-1) as well as with a feed of 1 wt% sulfur and 5 wt% phosphorus monomers
are used in the following. Both copolymers passed a preliminary DIN 4102 B2 test and were able to
achieve UL 94 V-2 ratings with short afterburn times and a burning melt drip. In order to gain a better
understanding of the underlying flame extinguishing processes for CP-1 and CP-2, thermogravimetric
analyses (TGA) were performed and corresponding derivate (DTG) curves generated (Fig. 1). Although
the TGA curves of both copolymers (Fig. 1 a) show a similar thermal degradation behavior compared
to homopolystyrene (HPS), several differences can be detected. The onset degradation temperatures
decrease from 381 °C for HPS, to 376 °C for CP-1 and 368 °C for CP-2. This behavior is most likely caused
by the thermal instability of the diphenyl(acryloyloxyethyl)phosphate monomer, as similar molecules
were also shown to decompose at temperatures below 300 °C.[2] Additional influences from sulfur
carrying species like disulfides within the copolymers that decrease the decomposition temperature of
polystyrene can also be expected.[3,4]
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FIGURE 1. a) TGA of homopolystyrene (HPS), styrenic copolymer with 1% sulfur 1% phosphorus
monomer feed (CP-1) and the styrenic copolymer with 1% sulfur and 5% phosphorus monomer
feed (CP-2). b) DTG curves of copolymers with HPS as a comparison.

The DTG results in Fig. 1 b show a small decomposition step at 375 °C for CP-1 and at 350 °C for CP-2,
which might be attributed to a phenol release from the phosphorus monomer./ In comparison to HPS
and CP-1, a new pronounced degradation process at 398 °C can be detected for CP-2. This process is
likely the result from interactions of the phosphorous monomer with the degradation of the residual
polymer. Further analyses of the decomposition and flame-regarding mechanisms of those copolymers
will pe presented in upcoming works.
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P3- Bilayer Coating with Coupled Intumescent and Creamification Effects
toward high fire safety and fire structural survivability of fiber-reinforced
polymer composites
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Main message: Fire safety and fire survivability are of great importance for the emerging application
of fiber-reinforced polymer compos ites (FRPs) [1]. Herein, we demonstrated that flame retardancy,
fire resistance, and fire structural survivability can be achieved by employing a feasible surface bilayer
coating strategy with coupled intumescent and creamification effects for FRPs. This work provides a
promising approach to the design of structural polymer composites.

Keywords: Fiber-reinforced composite, flame retardancy, fire resistance, fire mechanical properties.

Introduction

Most polymer matrices of FRPs tend to be highly flammable and impart low heat/fire survivability for
FRPs compared to metal/alloys [2]. Applying surface fire protective coating stands out among choices
with nearly no compromise on the mechanical strength of polymer composites. To the best of our
knowledge, few works have demonstrated a result of achieving simultaneously ideal reaction-to-fire
properties, strong fire resistance properties, as well as improved fire survivability of FRPs.

Experimental

Two layers of surface coating by using commercial gel coat epoxy resin and multiple fillers were applied
onto the surface of glass fiber reinforced FRPs. Cone Calorimeter tests were done under 50 kW/m?,
25mm distance for samples with one, two layer of surface coating as well as not coated. The fire
resistance test for the composite panel was designed and performed by using a method like the vertical
burning mode of the Cone test (50 kW/m?, 60mm distance) with the addition of a thermal camera
aimed at the reverse side. In addition, after 120s of heat and fire attacks, samples were cooled down
and screened to get the apparent tensile strength values by the universal testing machine. A
homemade accessory for in situ tensile fire test mounted on the Cone Calorimeter was designed,
manufactured, and employed to screen the failure time of composite coupons under simultaneously
50 kW/m?, 25mm distance and varied tensile force [4].

Results and Discussion

Two coating layers of 1Imm each were applied by the film applicator on the composite surface of one
side. Different fillers were selected and added to the coating matrix to apply intumescent effects on
the top layer and creamification effects in the middle layer [3]. In the results of the Cone test, around
50% reduction of PHRR and 65% reduction of TSP for samples with two layers of coatings, as shown in
Figure 1 (a), (b). Strong effects of delaying matrix decomposition are also shown in Figure 1 (c). In the
fire resistance test, the composite panel with bilayer coating never showed burn-through failure
compared to that of the two other panels. And the Tg for the bilayer-coated sample was below 300 °C
even when flame out, as shown in Figure 1 (e).

The fire survivability of composite coupons was screened by in situ and postmortem tensile tests. After

120s (time to PHRR) of heat and fire attack, coupons with bilayer coating preserved around 79% of the
original tensile strength, while almost no post-fire tensile strength was retained for composites without
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coatings, as shown in Figure 1 (f). By using a homemade accessory, the in situ tensile fire test showed
that fire protective coating could significantly prolong failure time for composite under simultaneous
fire and tensile stress, as shown in Figure 1 (g).
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FIGURE 1. Results from Cone test: (a) Heat release rate vs time curve, (b) Specimen mass vs time curve,
(c) Total smoke production vs time curve. (d) char residue of the top coating layer after the cone test.
(e) Back face temperature (Tg) at central point vs time curve. (f) Apparent stress vs strain curve of
coupons after damage. (g) Stress level vs failure time curve for in situ tensile fire test. (h) char residue
of the middle coating layer after the cone test.

The char residue of composite panels after cone tests was also screened by SEM, XRD and FTIR
measurements. As shown in Figure 1 (d), (h), results displayed a top intumescent porous char layer
with a dense, compact middle char residue layer upon the glass fabric residue of composite panels,
indicating a strong condense phase charring behaviour. Based on the results above, a fire protection
mechanism was proposed. The top intumescent coating layer produces a highly porous char layer
hindering mass and heat transfer after ignition. In contrast, the middle creamification layer produces
a compact, insulative char layer, which further enhances thermal insulative effects. Thus, the bilayer-
coated sample showed simultaneous idea reaction-to-fire properties, strong fire resistance properties
as well as improved fire survivability.
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Main message: Autopolymerizable compounds are used as additives to improve PLA fire properties.
These additives are able to self-polymerize under heating, leading to high thermal stability cross-linked
network. Their incorporation into PLA matrix permit to improve fire properties of this biobased
polymer.

Keywords: PLA, Biopolymer, Autopolymerizable additive, Extrusion, Fire retardancy

Introduction

Poly(lactic acid) (PLA) displays good mechanical properties and could be an alternative to common
petroleum-based polyolefins (PP, PE, PS..) for long-lasting applications. [1] Nevertheless, its poor flame
resistance is a major obstacle to its progression on this market. Therefore, autopolymerizable additives
were used to provide improved fire retardancy of PLA. The influence of the polymerization rate of
these additives was also studied by heating the additive at different temperatures prior to be mixed
with PLA.

Experimental

Commercial PLA (grade 4032D, 98% of L-lactide from NatureWorks) and 10 or 20 wt.% of an
autopolymerizable additive (r-FR) were mixed using a twin-screw extruder. The r-FR was pre-
polymerized for 60 and 120 min at 100°C and for 80 min at 150°C before being mixed with PLA. TGA
and DSC analysis were performed under nitrogen atmosphere with heating rates of 10 K:min* from
50°C to 800°C and from 20°C to 400°C respectively. Then, the fire properties were assessed using mass
loss cone (MLC) at an external heat flux of 35 kW/m? on hot pressed 10x10 cm?, 3mm thick plates.

Results and Discussion

Based on the results of MLC test (Figure 1), the autopolymerizable additive had a positive effect on PLA
fire properties indeed the incorporation of 20 wt-% of r-FR prepolymerized 80 minutes at 150°C allows
to reduce the peak of heat release rate (pHRR) by 43 %. Moreover, the pre-polymerization improved
the fire barrier of the blend compared to both neat PLA and PLA mixed with unpolymerized additive.
All of these results will be fully detailed in the communication.
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FIGURE 1. HRR as a function of time for different PLA r-FR formulation
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Main message: Flame retardants (FR) for polyurethane (PUR) bulk materials show an insufficient effect
regarding fire safety in thin films. Furthermore, FR incorporated in thin films show a completely
different flammability than the same FR incorporated in the functional layer of a coated textile.

A mixture of a commercial ammonium polyphosphate (APP) and organic phosphorus shows the best
FR properties and synergistic effects, as well as modified biobased residuals (starch residues) appear
promising.

Keywords: polyurethane, (biobased) flame retardants, thin films, coated textile

Introduction

The polymer PUR can be used as alternative for polyvinyl chloride (PVC) to produce e.g. coated fabrics
for furniture and interior of cars, trains and cruisers. In case of fire, no halogenated, corrosive and toxic
gases are released by PUR. However, the intrinsic flame retardancy of PVC is missing, making FR
necessary. Halogen-free FR exist, but are usually designed for bulk materials. Therefore, we screened
the flame retardancy of conventional and biobased FR in thin films and coated textiles.

Experimental

Thin films were prepared from a high solid reactive aromatic PUR prepolymer with the according
crosslinker. Except for the FR, no additives were used to ensure that no other substances influence the
flammability. For the screening, 16 commercial FR and three biobased residual materials considered
as FR were applied. These residual materials — starch residues, bark and keratin — were modified using
a phosphate/urea reaction system, to ensure that flame-inhibiting groups were present [1].

The FR concentration was varied in a range of 5—30 phr, mixtures of FR were used and possible
synergists added. Thin PUR films were manufactured with a lab coater in a transfer coating process.
The same formulation as for the thin films was used for the functional interlayer of a coated textile.
The layer was embedded between a knitted cotton fabric and a top layer based on polycarbonate ester
polyurethane. Both, thin films and coated textiles were investigated by cone calorimetry, horizontal
and vertical flammability tests, limiting oxygen index (LOI) and thermogravimetric analyses (TGA).

Results and Discussion

Burning and decomposition behaviour of several thin films and coated textile samples with different
FR were compared. The investigated FR belong to different substance groups like phosphates,
phosphinates, phosphate ester, ammonium polyphosphates and phosphonates.

Thin films containing phosphinate had a lower LOI and a higher peak heat release rate (PHRR) than the
flame-retardant free reference film, indicating a higher combustibility. Despite identical formulations
in thin films and functional interlayers of coated textiles, the latter showed an opposite effect: PHRR
decreased and LOl increased, suggesting an enhancing effect of added FR. Therefore, the encapsulation
of the functional layer is important. Contrary to phosphinates, organic phosphorous compounds
showed a flame-retardant effect in thin films and in coated textile samples.
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FIGURE 1. Limiting Oxygen Index (left) and Cone Calorimetry measurements in form of MARHE
(maximum average rate of heat emission) value (right) of two flame retardant mixtures — organic
phosphate (org. P) with ammonium polyphosphate (APP) and phosphate ester (PEster) with APP in
different ratios compared to the results of only one FR.

The best flame retardant properties were found for mixtures of at least two FR (Fig. 1). The mixture of
org. P and APP showed an enhanced LOI and a significant decreased MARHE, independent of the FR-
ratio. The second mixture of PEster and APP shows also improved values but the MAHRE threshold of
75 kW/m? was not reached. Both mixtures showed enhanced flame retardancy compared to the
corresponding system with only one FR.

Comparing the biobased residual materials, starch residues improved the fire resistance the most.
Adding 5 phr led to an increase of LOI of around 3 % and the MAHRE value decreased from 76 kW/m?
to 34.8 kW/m?.

Adding synergists based on Bentonit and Hindered Amine Light Stabilizers (HALS) had no effect.
While the flame retardancy could be improved by increasing the FR concentration up to 30 phr in
coated textiles, the opposite was observed in thin films, where 5-10 phr FR showed the best results.
In conclusion, predictions of flammability of coated textiles based on results of thin films are not
feasible. It is always necessary to investigate the entire product. These results contribute to the gain
of systematic knowledge on the impact of FR in PUR thin materials.
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Federal Ministry of Economic Affairs and Climate Action (BMWK) within the funding program
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Main message:

In the continuous seeking of new efficient and sustainable flame retardant (FR) solutions, bioderived
and bioinspired synthetic polymers named polyamidoamines (PAAs) have been proposed. The results
collected up to now demonstrated the ability of PAAs to retard or completely inhibit the combustion
of cotton textiles by modifying cellulose thermal decomposition. The results obtained with the a-
amino acid-derived PAAs reported here confirmed this hypothesis.

Keywords: polyamidoamines, a-amino acids, intumescent flame retardants, functional coatings,
cotton fabrics

Introduction

Polyamidoamines are synthetic polymers synthesized by the aza-Michael polyaddition of primary
amines or secondary diamines to bisacrylamides in H20, at room temperature, without catalysts.
Previous studies showed that PAAs bearing different functionalities in the structure turned out to be
efficient FR for cotton in different fire scenarios [1-4]. The aim of this work was to ascertain the FR
efficiency of nine different a-aminoacid-derived PAAs [5] and to set up structure-property correlations.

Experimental

Polyamidoamines were synthesized from N,N’-methylene bisacrylamide (MBA) and a specific a-
aminoacid using H20 as solvent, in basic environment and at room temperature. The a-amino acids
used were L-alanine, L-leucine and L-valine, chosen for their hydrophobic side chain, L-serine, L-
asparagine and L-glutamine for their neutral side chain, L-aspartic acid and L-glutamic acid for their
acidic side chain, and L-histidine for its basic side chain. In addition, PAA derived from glycine was
synthesized and studied as model.

The resulting PAAs were structurally characterized by hydrogen nuclear magnetic resonance (*H-NMR)
and Fourier transform infrared spectroscopy/attenuated total reflectance (FT-IR/ATR). Cotton fabric
samples (6 x 3 cm?) were impregnated with PAA aqueous solutions and then dried for 4 min at 100 °C.
The total dry solid add-on (wt.-%) was determined by weighing each sample before (Wi) and after
impregnating and drying (Wf). The add-on was calculated according to Equation (1):

Add-on% = [(Wf - Wi)/Wi] x 100 Eq. 1

Results and Discussion

In order to study the thermal stability of PAAs and PAA-treated cotton fabrics, thermogravimetric
analyses (TGA) were carried out in nitrogen and air. In addition, in order to deeply investigate PAA
action mechanism as FRs, residues of M-GLY-treated cotton obtained by heating fabrics in an oven at
300, 350 and 420 °C were analyzed by X-ray photoelectron (XPS) and Raman spectroscopies [4].

TGA showed a higher stability of PAA-treated cotton fabrics in comparison to untreated cotton, in
terms of residual mass fraction above 300°C. This is due to the high thermal stability of PAAs in nitrogen
and air and to their intumescent feature in air, intrinsically characteristic of this polymer family, as
already demonstrated [1]. XPS analysis of the residues of M-GLY-treated cotton obtained in the oven
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revealed the formation of aromatic nanographitic char at lower temperature with respect to untreated
cotton. Raman spectroscopy of these residues provided indications on the degree of graphitization of
treated and untreated cotton at 300, 350 and 420 °C. Further XPS analyses on the nine a-aminoacid-
derived PAAs studied demonstrated that this mechanism of protection is common to all PAAs.

The efficiency of PAAs as FRs was studied by specific combustion tests: specifically, ignition tests on
PAA powders, horizontal flame spread tests (HFSTs) and oxygen consumption cone calorimeter tests
on PAA-treated cotton fabrics. None of PAAs ignited by direct flame impingement apart from the
leucine-derived PAA, which burned for a few seconds and then self-extinguished; however, its final
residue was about 93%. For each polymer, 10%, 7% and 5% add-ons were applied on cotton fabrics
and specimens with 7% add-on were characterized by FT-IR/ATR, scanning electron microscopy (SEM)
and thermogravimetric analysis (TGA).

All samples were tested by HFSTs: at 10% and 7% add-ons, all specimens were able to extinguish the
flame, obtaining different residual mass fractions (RMFs); in particular, it was observed cotton treated
with L-alanine, L-leucine and L-valine-derived PAAs produced lower RMF (at 7% add-on, 69%, 80% and
74%, respectively). These results are in agreement with those already observed in the ignition tests,
PAAs were able to extinguish the flame thanks to their intrinsic intumescence and their ability to form
a thermally stable carbonaceous structure (char) when they are exposed to heat in air that protected
the cotton fabric. Reducing the add-on to 5%, samples burned, except for cotton fabrics treated with
L-glutamic acid (Figure 1) and L-glutamine-derived PAAs, which suppressed the flame leaving high
RMFs (respectively 84% and 74%).

Combustion tests in cone calorimeter revealed that all PAAs, regardless of structure, were able to
increase FR cotton performances, as evidenced by the significant reduction of the heat release rate
peak values (down up to -33%) and the RMF values (up to 5.5 % for PAA-treated cotton fabrics in
comparison to a negligible residue left by of untreated cotton).

FIGURE 1. Results of HFSTs on untreated cotton (left) and cotton fabric treated with L-glutamic acid-
derived PAA (right), add-on 5%.
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Main message:

Vitrimers offers a great potential in terms of recyclability of thermosets. However, vitrimer-based
materials must also pass safety requirements of the product use phase in terms of flame retardancy.
Here we report the thermal behavior and flame-retardant properties of epoxy vitrimer-based
composites.

Keywords: Epoxy vitrimers, flame retardant, composites

Introduction

Linear plastic economy leads to an unmanageable accumulation of plastic waste in the ecosystem. A
change towards a sustainable circular plastics economy must be achieved. However, the end-of-life
phase and plastic recycling is still the greatest challenge in this respect. To reduce the environmental
harm of plastics and to achieve the transformation towards a circular plastics economy, more safe-,
sustainable- and recyclable-by design polymeric systems are needed.

Especially the recyclability of thermosets and thermoset composites is limited and challenging. The
development of reprocessable, reusable and recyclable thermosets is therefore of great importance.
Vitrimers offer great potential in terms of recyclability as the incorporation of dynamic covalent bonds
into a thermoset network provides a powerful method to recycle and reshape these plastics by
topology rearrangements.

For many applications especially in the transportation sector the thermal and mechanical properties
of plastics are essential. Currently, thermoset based composites are mainly and extensively used for
several interior applications and secondly in structure applications due to weight saving. Vitrimers
show very similar mechanical properties to thermosets. However, vitrimers consist of a dynamic
covalent network, which changes its topology by thermal activation — offering a great potential to be
more safe-, sustainable- and recyclable-by design.

For application in the transportation sector, the thermal behavior and flame-retardant properties are
of great importance.

Experimental

The thermal behavior and flame-retardant properties were investigated using differential scanning
calorimetry (DSC), thermal gravimetric analyses (TGA), and thermal gravimetric mass spectrometry
(TG-MS) as well as limiting oxygen index (LOI) tests, UL94 tests, and cone calorimeter tests.
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Results and Discussion

The thermal behavior and flame-retardant properties of different types of epoxy vitrimers as well as
different types of glass fiber and carbon fiber reinforced epoxy vitrimer-based composites were
studied. The vitirmer properties were achieved by a hardener, which contains disulfide bonds. An
example of a cured glass fiber reinforced epoxy vitrimer plate and the mechanism of the dynamic
covalent disulfide bond exchange are shown in Figure 1.

During flame treatment, epoxy vitrimer-based composites showed charring and the release of large
guantities of soot. Without any flame retardant, epoxy vitrimers and epoxy vitrimer-based composites
do not pass the UL94 test. The LOI values of the studied cured fiber-free epoxy vitrimer is 20.9 0,% and
increases with increasing fiber content.

FIGURE 1. Left: cured glass fiber reinforced epoxy vitrimer plate; Right: dynamic crosslink — aromatic
disulfide exchange [1]

This presentation provides a more detailed overview about the thermal behavior and the flame-
retardant properties of epoxy vitrimers.
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Main message: Novel flame retardancy mechanisms have been explored through physical and
chemical modifications—such as fibre formation, surface treatment or encapsulation—of various
polysaccharides and by utilising synergistic interactions between the active ingredients of
biocomposites, respectively.

Keywords: poly(lactic acid), polysaccharides, biocomposites, intumescence, electrospinning

Introduction

The potential of various carbonising agents of renewable origins—such as cellulose, cyclodextrins,
alginates, and bioresins—are comprehensively investigated in different intumescent flame retardant
formulations. Novel strategies, including physical and chemical modifications, of the biobased
carbonising agents are shown to significantly enhance the efficiency of intumescent flame retardant
systems in various polymer matrices.

Experimental

Cellulose fibres, flax fabric, cyclodextrin, sorbitol-based bioepoxy resin and Na-alginate were used in
neat and modified forms to create flame retarded biocomposites (Figure 1). Composition-structure-
property relationships were evaluated using morphological, spectroscopic, thermal, flammability and
mechanical analyses.

Sorbitol polyglycidyl ether

0 0

Cellulose
oH HO
N

H o

Alginate
HO O

FIGURE 1. Compounds investigated as biobased carbonising agents

Results and Discussion

Chemical modification

Outstanding flame retardant efficiency has been observed for a newly synthesized, phosphorous-

silane-modified alginate compound due to the efficient carbonisation of the modified alginate
catalysed by phosphorus, as well as the ceramising effect caused by silicon.
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Microencapsulation

A new process of microencapsulating the widely used ammonium polyphosphate (APP) flame
retardant with sorbitol-based bioepoxy resin has been developed. The bioresin shell effectively
promotes the charring of the APP-loaded poly (lactic acid) (PLA) composites, besides providing
increased water resistance to the flame retarded biocomposite [1].

Multiphase approach

It has been demonstrated that natural fabric-reinforced polymer composites, when flame retarded
with a combined approach—i.e. balanced distribution of phosphorus-containing additives between the
matrix and reinforcing phases—gain improved mechanical performance and fire retardancy at the
same time [2].

Specific surface area

It was found that the formation, swelling ability, structure and mechanical resistance of a fire-
protecting char can be noticeably affected by the length (or aspect ratio) of the used cellulosic fibres;
thereby, it can determine the efficiency of the flame retardant system.

The flame retardant effectiveness of a cyclodextrin-type biobased carbonising agent has been evinced
to noticeably increase when used in a microfibrous form produced by electrospinning method [3]. The
flame retardant performance of the high-surface-area electrospun cyclodextrin microfibres could be
further enhanced by reactive surface modification with a phosphorous silane compound [4].
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Main message: It is challenging and has enormous potential to recycle flame-retarded PET fabric
waste. In this study, PET/FR compounds show a fascinating behavior in stabilizing viscosity over a long
time. During the rheological investigation, a DOPO derivative (DOPO-PEPA, shortened DP) shows a
stabilizing function over the viscosity of molten PET; while a phosphonate compound (Aflammit PCO
900, shortened AF) exhibits a branching/crosslinking effect on the compounds. Moreover, a mix of DP
and AF of a specific composition shows an improving stabilizing effect. Therefore, It is very promising
to improve the recycling quality of PET fabric waste by studying the FR effects on PET melts.

Keywords: PET, fibers, mechanical recycling, rheology

Introduction

Recycling polyethylene terephthalate (PET) fabrics containing flame retardants (FRs) is a significant and
challenging issue because FR is hazardous, not to mention the downgrading of PET during mechanical
recycling [1]. For these reasons, tons of PET fabric waste ends up being incinerated. Some research
reports the effects brought to recycling by existing additives in fabric waste [2,3].

Experimental
ICP-OES, GPC, and NMR were employed to characterize the phosphorus components and polymers. To
study the rheological behavior of PET/FR compounds, time-resolved frequency sweeps (TRFS) were
implemented.

Results and Discussion

The results show that DP has the potential to stabilize the viscosity of molten PET over a long period,
while AF leads to branching/crosslinking structures. Meanwhile, a hybrid composition of DP and AF
exhibits an improved stabilizing effect on the viscosity of PET melts. This fascinating performance also
exists in studying the processability and recyclability of PET/FR compounds by repeated extrusion.
After extrusion cycles, the recycled PET/AF showed an undesirable mechanical performance, while
other compositions exhibited superior properties. Notably, the hybrid composition stabilizes the
viscosity of PET melts during rheological measurements and processing experiments. It can hinder the
degradation of PET and inhibit branching/crosslinking effects introduced by AF.

It is significant to study molecular events to achieve a better picture of the stability of molten PET/FR.
Therefore, computational simulations are also involved in helping understand the behavior. It is
promising to design flame-retarded PET fabrics and improve the recycling quality based on this
phosphorus FR study.
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With the advantages of high transparency, low density and electrical insulation,
polymethylmethacrylate (PMMA) has become a substitute for many traditional materials However,
because of its low limiting oxygen index (LOI) and extreme flammability, PMMA will drip seriously
during combustion, which greatly limits the application of PMMA. It puts forward higher indexes for
the performance of flame-retardant PMMA materials in the fields of architecture, transportation and
national defense. Therefore, it is necessary to carry out flame retardant modification on PMMA. PMMA
materials with excellent flame-retardant properties, optical and mechanical properties can meet the
needs of more applications It is urgent to prepare flame retardant PMMA products with excellent
comprehensive performance, which is of great significance for the application of PMMA. With an eye
to the concept of green, low-carbon and environmental protection and the cost of flame retardants,
flame retardants of halogen-based, boron-based and silicon-based are gradually eliminated. Inorganic
flame retardants are not widely used because of their poor compatibility with PMMA matrix. The single
phosphorus flame retardant has low flame retardant efficiency and large addition, which has great
influence on the mechanical properties of PMMA products. For improving the flame retardant
efficiency, domestic and foreign scholars gradually emphasize the research of phosphorus-nitrogen
synergistic system. How to maximize the flame retardant efficiency of nitrogen -phosphorus synergistic
flame retardant system has become a problem worthy of attention. Researches have demonstrated
that the structure of flame retardant and the proportion of nitrogen to phosphorus have important
influence on flame retardancy. In the case of nitrogen-phosphorus synergistic flame retardant system,
the proper phosphorus-nitrogen ratio has obvious effect on flame retardant effect.

In this article, dimethyl methylphosphonate (DMMP) and methacrylamide (MAM) were used as
flame retardants to develop an efficient synergistic flame retardant system of phosphorus and
nitrogen, and P(MMA-co-MAM)/DMMP products were prepared by free radical polymerization, which
had excellent flame retardant effect and high transparency. When only 14 wt% DMMP/ MAM is added,
the LOI value of PMMA can reach 23.1%, and the vertical combustion grade can attain V-0. The flame
retardant ways of DMMP/MAM flame retardant mainly include terminating free radical chain reaction
and gas phase dilution, which indicates that gas phase flame retardant plays an important role in
PMMA flame retardant. Meanwhile, the optical properties of P(MMA-co-MAM)/DMMP products are
almost the same as those of pure PMMA. In addition, when 14 wt% DMMP/ MAM is added, the
mechanical properties of P(MMA-co-MAM)/DMMP products only slightly are changed, and the Vicat
softening temperature is 65°C higher than the long-term service temperature of commercial
PMMA, which can fulfill the needs of most markets. This research provides a valuable method for
preparing transparent flame retardant PMMA products.

Keywords: PMMA, transparent, Phosphorus-nitrogen ratio, efficient flame retardant, flame retardant
mechanism
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Main message: In this work, a formaldehyde-free flame retardant cotton fabric (Cotton-PEI/APP-TMC)
with ultra washing durability was prepared via covalent bonding of ammonium polyphosphate (APP)
and polyethyleneimine (PEI) followed by the interface polymerization between PEl and trimesoyl
chloride (TMC). The prepared fabric exhibited excellent flame retardancy. Even after 300 washing
cycles, the cotton-PEI/APP-TMC sample was still self-extinguishing in the vertical flammability test
(VFT).

Keywords: Flame retardant; Washing durability; Cotton fabric

Introduction

Cotton fabrics are widely favored. However, the inherent inflammability of cotton fabric poses many
fire hazards[1]. As alternatives to halogen-based flame retardants, a variety of flame retardant finishing
agents have been developed to endow the fabric flame retardancy. Although considerable progress
has been made in the development of flame retardant cotton fabrics, the challenge in this field is that
the fabrics would gradually lose their flame retardancy after washing.

Experimental

The mercerized cotton fabrics were impregnated in the solution which contained 25 % APP, 8 % PEl,
and 5 % dicyandiamide with a bath ratio of 1:30 at 70 °C for 30 min. Then, the fabrics were padded
with 1.6 MPa pressure. After that, the fabrics were pre-baked at 110 °C for 30 min and baked at 170 °C
for 6 min. Subsequently, the cotton fabrics were wetted with deionized water, immersed in 0.4 % TMC
n-hexane solution at ambient temperature for 5 min, and then dried at 70 °C for 1 h. Finally, the cotton
fabrics named cotton-PEI/APP-TMC were immersed in deionized water for 1 h to remove unstable
flame retardants and then dried to constant weight.

Results and Discussion

The cone calorimeter test (CCT) under the heat flux of 35 and 50 kW/m? was performed to simulate
the fire performance of the control cotton and cotton-PEI/APP-TMC samples, respectively. The key
data were collected in Table 1. Under the irradiation of 35 kW/m?, the control cotton fabric burned
violently, with a time to ignition (TTI) of 24 s, a peak of heat release rate (pk-HRR) of 204.0 kW/m?, a
total heat release (THR) of 11.3 MJ/m?, and a final residue of 6.8 %. However, the cotton-PEI/APP-TMC
fabric was not ignited and glowed slowly with no flame. The pk-HRR and the THR value of cotton-
PEI/APP-TMC were 34.8 kW/m? and 5.1 MJ/m?, which was reduced by 82.9 % and 54.9 % respectively
in comparison with that of the control cotton sample. The total heat release (TSP) value of the cotton-
PEI/APP-TMC (0.51 m?) was higher than that of control cotton (0.13 m?), which was attributed to
incomplete combustion.

As predicted, the control cotton showed an earlier TTI (7 s) and higher pk-HRR value (296.4 kW/m?)
under 50 kW/m?, compared to the results under 35 kW/m?. Unexpectedly, the cotton-PEI/APP-TMC
sample remained unignited under 50 kW/m? and there was almost no change in pk-HRR and THR value
compared to the results under 35 kW/m? irradiation CCT, as listed in Table 1. The FIGRA (fire hazard
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index) value of control cotton was 16.5 kW/m?-s, while that of cotton-PEI/APP-TMC was 0.32 kW/m?:s.
The above results indicated the PEI/APP-TMC coating effectively prevented the spread of flame.
The mean effective heat combustion (mean-EHC) value of cotton-PEI/APP-TMC (38.4 MJ/kg) was
higher than that of control cotton (26.0 MJ/kg), indicating that the flame retardant coating mainly took
effects in the condensed phase.

TABLE 1. The key data from CCT

Sample Control cotton Cotton-PEI/APP-TMC
Heat flux

[kW/m?] 35 50 35 50

TTI [s] 24 12 7+1 - -

pk-HRR [kW/m?] 204.0£9.2 296.4+12.1 348+2.2 344+25
tok-HRr [S] 60+4 18+2 123+9 109+ 8
THR [MJ/m?] 11.3+0.1 11.4+0.2 5.1+0.1 5.1+0.1
TSP [m?] 0.13+0.02 0.10+0.02 0.51+0.04 0.64+0.04
Residue [%] 6.8+0.3 7.4+04 33.3+0.5 28.6+0.5
FIGRA [kW/m?s] 3.4 16.5 0.28 0.32
Mean-EHC [MJ/kg] 26.0+1.1 384+1.8

Control cotton Cotton-PEIVAPP

N

60 120 —— 150 —— 180 —— 210 — 240 — 270 — 300 —+

0 30
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i i
b*’!g#** 270 —g'
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FIGURE 1. The digital photos of cotton fabric samples from the vertical flammability test
After 300 washing cycles, the LOI of cotton-PEI/APP and cotton-PEI/APP-TMC decreased to 26.0 % and
35.3 %, respectively. With the increase in washing cycles, the flame retardancy of the cotton-PEI/APP
fabric gradually deteriorated. However, the washing cycles had minimal effect on the vertical burning

properties of the cotton-PEI/APP-TMC sample, even after 300 washing cycles.

—0
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Main message:

With a global strive towards energy-efficiency and resource-responsibility, lightweight construction
plays a key role in modern automotive, aviation, and naval design. Natural fibre reinforced composites
offer a promising approach to provide a green alternative to artificial fibre reinforcements.* However,
the combination of flammable natural fibres and a smoke producing polymer matrix limits their
usability. These challenges are addressed with smoke suppressant flame retarding additives.

Keywords: Composites, smoke suppression, flame retardant, natural fiber reinforced, halogen-free

Introduction

Classical halogen-based flame retardants are classified as toxic and environmentally concerning, thus,
halogen-free replacements must be developed.’! Several organophosphorus and -nitrogen
compounds are reported but lack smoke suppressing capabilities. Boric acid derivatives, in contrast,
are effective smoke suppressants, but are classified as SVHC under REACH.! As a safer solution, PIN-
organoboron flame retardants (non-SVHC) are investigated for natural fibre reinforced composites.

Experimental

A common and straightforward approach to protect fibre reinforced polymeric composites against fire
is to introduce a flame retardant (FR) into the polymer matrix prior to or during merging matrix and
reinforcement into a composite. This technique, however, distributes the flame retardant over the
composites volume, including the surface, leaving water-soluble FRs vulnerable to environmental
influences.

To ensure persistency against leaching, the newly developed phosphorous-, nitrogen-, and boron-
containing (P/N/B)-FRs are applied as organic-inorganic hybrid polymers to the textile reinforcement,
where covalent bonds between the substrate and the FR are formed. Using well-established
techniques for textile finishing, such as pad-dry-cure from aqueous media, a simple transfer into the
industry is granted. Chemical synthesis of the FR-precursors is optimized to high-yield and low-effort
protocols. Various P/N/B-FRs were tested during screening on flax, rayon, and cotton textiles and the
most promising candidates were processed into composites, using polypropylene (PP) and bio-based
Greenpoxy (GP) matrices, respectively. Composite samples were thoroughly tested for flame
retardancy and smoke suppression via LOI, MCC, TGA, and standardized methods, such as smoke
density (ASTM D2843) and flame spread testing (DIN 75200).

Results and Discussion

Among the >20 boron-containing precursors synthesized and tested, only a few candidates fulfilled all
requirements in terms of processability (i.e., high-yield synthesis, simple work-up, solubility in
water/ethanol, reproducible add-on) and function (limited flame-spread/self-extinguishing effect
during screening). Combinations of the promising boron-organic compounds with P/N-based FR-
precursors were investigated under variation of their P/N/B-ratios and the most effective add-on

173



FRPM?23, 26. - 29. June 2023, Empa Diibendorf, Switzerland

values on flax, rayon and cotton as textile substrates were identified. After successful implementation
of the FR-finished textiles into the polymer matrices, the obtained composites were tested regarding
their flame spread and smoke emission, alongside composites containing only the P/N-, and the B-FR,
respectively, as well as pristine composites. While P/N-finished composites showed a decreased
flammability, compared to the pristine composites, the smoke emission during ASTM D2843 smoke-
chamber test increased, due to the incomplete combustion, promoted by the flame retarding effect.
While the addition of B-FRs showed a negligible effect on flammability, the measured smoke density
was significantly lowered, confirming boron’s smoke suppressing effect. LOl, MCC, and TGA
measurements underline the flame retardancy, achieved by the introduction of the newly developed
P/N/B-FR.

The chemical integration of boron, nitrogen, and phosphorous in an organic-inorganic hybrid polymer,
combined with immobilization of the flame retardant on the textile as well as the embedding of the
textile in the polymer matrix are expected to prohibit environmental exposure while providing smoke
suppressant and flame retardant properties to the composite.

FIGURE 1. Left: Flax(top) and rayon(bottom) reinforced PP-composites. Center: Char residue of the
P/N/B-FR finished composites after 4 min. flame impingement (ASTM D2843). Right: Char residue of
the pristine composites.
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RETARDANCY OF POLYLACTIC ACID
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Main message: Our goal was to develop a bio-based flame retardant (FR) additive for PLA using sodium
alginate as starting material. To increase the FR activity of the alginate, it was reactively modified with
a phosphorus-silane compound. The thus obtained new biobased FR additive was characterised using
spectroscopic and thermal analytical methods, while flame retardant efficacy was evaluated in PLA
matrix using standard flammability tests.

Keywords: alginate, biobased, PLA, intumescence, synthesis

Introduction

Despite polylactic acid's (PLA) comparable properties to common technical polymers, it is mostly only
used in single-use products. The large-scale distribution of PLA in technical fields is primarily limited by
its low heat resistance, brittleness and increased flammability. In this research, PLA's biobased, green
flame retardancy possibilities were investigated using neat (Na-Alg) and chemically modified alginate
in combination with ammonium-polyphosphate (APP). Due to the rapid growth of algae and its use in
many industries, alginate can be a very economical and environmentally friendly additive.

Experimental

In order to increase the flame retardant efficiency, Na-Alg was reactively modified with a phosphorous
silane (PSil) compound [1], obtained by the by-product-free addition reaction of a phosphorus-
containing polyol and 3-(triethoxysilyl)propyl isocyanate. The modified PSil-Alg was then coagulated
by dripping it into an aqueous calcium chloride solution (see Figure 1).

Alginate 0l
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T 0]

Dripping in 2% o

100°¢ CaCly solution ] 0" o
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FIGURE 1. Synthesis of the PSil-Alg additive and subsequent coagulation in CaCl; solution gaining the
Ca-Psil-Alg additive

The Ca-PSil-Alg additive was obtained after drying and grinding the modified hydrogel and then
comprehensively characterised by spectroscopic and thermoanalytical methods. Its flame retardant
effect was evaluated at 1-5% loading in PLA matrix besides 15% APP flame retardant using standard
flammability testing methods.
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Results and Discussion

Our experimental results show that as low as 5% of the newly synthesised alginate-based additive
increases the limiting oxygen index of the 15% APP-containing PLA composite from 26% to 34%. It also
reduces the total heat emission during cone-calorimetric measurements by more than 60%, besides
the formation of a significant amount (approx. 40%) of charred residue.

The outstanding flame retardant effect of the PSil-Alg is explained by the efficient carbonisation of the
modified alginate catalysed by phosphorus and the ceramising effect caused by silicon, which together
contribute to the formation of a thermally and mechanically resistant fire protecting layer.
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Main message

The aim of this study is to set up modelling tools that help to understand the behavior of materials in
battery packs of Electrically propelled Vehicles (EVs) exposed to external fire hazards.

The pyrolysis model used is based on the one-dimensional transient finite element model of Statler Jr
and Gupta [1] which predicts the heat release rate for polycarbonate (PC) from cone calorimeter data
at 50 kW/m? heat flux.

The results showed a good prediction of the built model thanks to the introduction of the non-constant
heat at the sample expanding and the char cracking behaviour observed during the combustion.

Keywords: Electrical vehicle batteries packs, pyrolysis model, fire-retardant polycarbonate
Introduction

Electric Vehicles (EVs) have become an increasingly important part of the vehicles market in recent
years. The main reason for this is to reduce the number of petrol-driven vehicles, which are suspected
to be harmful to global warming. However, due to their on-board battery technology, EVs present a
higher risk of fire compared to fuel vehicles when exposed to external fire hazard, such as fire pools.
The presence of the battery will increase and accelerate the destruction of the vehicle (thermal
runaway phenomenon) [2].

A one-dimensional transient pyrolysis model was developed by Statler Jr and Gupta [1] for predicting
the heat released rate during a cone calorimeter test. The Statler Jr and Gupta [1] model is based on
mass and heat transfer equations and considers two distinct zones. The polymer zone (PZ) (x0-x1)
accounts for the pyrolysis reaction; the polymer is consumed and gas is produced. The char formation
zone (CFZ) (x1-x2) accounts for the char growth and acts only as a barrier to heat and mass transfer.
For modelling purposes, the CFZ is assumed to be initially small (~ 1 nm). The PZ is assumed to be
constant and the thermal expansion is implemented by applying a moving boundary condition at the
char front x2. The following assumption has been added to the Statler Jr and Gupta [1] ones :

(1) Non-constant heat at the char front boundary: during the combustion, the material expands
and sees its front subjected to the cone heater, the heat increases with time. This behaviour
was not taken into account by Statler Jr and Gupta [1] and has a significant effect on the heat
release predicted by the model [3]. This effect is implemented by applying an additional non-
constant heat flux condition at boundary x2:

_ Qconext

Quia = ———+0Q; Equation 1
teomb
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Where Qu44, Qcone, Q; are respectively the added heat flux, cone calorimeter heat flux [50 kW/m?]
heat to initiate the ignition [20 kW/m?] and t,,,,; the combustion time [600 s].

(2) Second peak of heat release curve: the char cracking observed during the combustion of
charring polymers was implemented by considering a Dirac function for the coefficient of gas

diffusion in the char (D;pqr = 6 * D)
Experimental

All the model parameters were obtained from direct property measurements and can be found in the
Statler Jr and Gupta [1] paper. The model was validated against the results from cone calorimeter data
for polycarbonate (PC). The data were taken at a frequency of 1 Hz and the radiant heat flux was 50
kW/m?2. The boundary and initial conditions also are the same as Statler Jr and Gupta [1] for PC.

Results and Discussion

The comparison between the predictions and experimental data i.e. heat released rate (FIGURE 2. a)
and growing char thickness (FIGURE 2. b) from cone calorimeter under a 50 kW/m? radiative heat flux
on PC (self-intumescent) [1] shows a good prediction by the built model. The simulated curves show
that the PC expands to ~ 2 cm, i.e. ten times the initial thickness of virgin polymer (3 mm).
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FIGURE 2. (a) Predicted heat released rate from Statler Jr and Gupta [1] cone calorimeter at 50 kW/m?,
(b) verification of the moving boundary condition: thermal expansion
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Main message: The effect of ionic liquids and phosphorus-based flame retardants in battery
electrolytes. How do the two components affect the fire properties. New molecules for flame
protection of carbonate-based electrolytes.

Keywords: lonic liquid, electrolytes, phosphate and phosphonate based.

Introduction

The increasing market share of electric vehicles leads to an increased need for reliable battery systems.
Damaged or defective batteries lead to a high fire risk. The risk reduction can be achieved by preventing
the battery from igniting, therefore the flammability of the battery must be reduced. A leakage of the
electrolyte holds the highest risk, therefore, it is favorable to equip the electrolyte with a flame
retardant. To achieve this, phosphates and phosphonates are used as flame retardants.[1] However,
these can degrade essential properties such as conductivity. lonic liquids can increase the flash point
of the electrolyte and contribute safe electrolytes.[2]

Experimental

Various methods can be used to test the effectiveness of flame retardants. The flammability and flame
spread of electrolytes were tested using glass fibre wicks soaked with electrolyte. For this purpose,
carbonate-based model electrolytes are mixed with various flame retardants and the impregnated
wicks are exposed to a defined flame (50 W) for 10 s. It is measured whether the flame propagation
and if so, its speed. From this, knowledge can be gained about the flammability and flame propagation
when using certain flame retardants.

Cone calorimetry is used to obtain further insights into the fire properties and the effectiveness of the
flame retardants.

Results and Discussion
Cone measurement show an increase in time to ignition using ionic liquids (Figure 1). This is done by

reducing the total heat release during the fire.
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FIGURE 1. Heat release rate measurements of electrolytes without flame retardants (green, purple,
black) and comparable electrolytes with ionic liquids as additives (blue, red).
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The curves show that a fire can be prevented by ionic liquids and if inflammation does occur, less heat
is released.

Different phosphorus-containing flame retardants show different efficiencies depending on the mass
concentration. Triphenyl phosphate (TPP), for example, shows a better flame-retardant effect as
Dimethyl methylphosphonate (DMMP) (Table 1) but has a large negative influence on conductivity. A
lower concentration of TPP is needed to make it self-extinguishing in the test performed. But even
lower concentrations slow down the spread of the fire The ionic liquids do not show this deterioration
but have a negative influence on the electrodes.

TABLE 1. Time until the wick soaked with electrolyte is self-extinguished or, in the case of non-self-
extinguishing samples, the propagation velocity averaged over 150 mm.

Sample Time until self-extinction  Propagation speed
[s] [mm-s]

0% FR - 13

25% DMMP - 5

50% DMMP 96 -

25% TPP 27 -

50%TPP 0 -

New flame retardants combine the flame-retardant properties of the two classes of compounds.
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Main message: Meeting increasing environmental concerns about flame retardants, we present a case
study applying the concept of Safe and Sustainable by Design on the molecular redesign of hazardous
halogenated organophosphate flame retardants. Our approach combines computational and
experimental methods following a design-make-test-analyze cycle with the aim of reducing
environmental impacts while preserving the flame retardant function of the molecules [1].

Keywords: Safe and Sustainable by Design, Environmental impact, Organophosphates, Chemical
redesign, Green and Circular chemistry

Introduction

Environmental concerns about organophosphates applied as flame retardants are growing as they are
frequently detected in many compartments and further adverse effects are discovered [2]. At the same
time, the concept of Safe and Sustainable by Design is gaining traction in research and policy spheres
as new paradigm for the development of chemicals to advance towards the EUs goal of a non-toxic
environment. However, there are limited examples of the practical application of this concept.

Experimental

We build on a computer-aided approach using in silico generation of a large number of chemical
structures (>6 million) similar to the original chemical and available, established, and applicable QSAR
models (US EPA Episuite, VEGA) to predict PBMT related properties. Multicriteria analysis ranked
generated structures according to predictions and inspection of the top-scoring compounds identified
promising structural features to inform our design. Elements of sustainable production were
considered by favoring retrosynthetic fragments with a high potential to be sourced sustainably in the
future. Chosen alternative chemicals were synthesized for experimental testing. Experiments are
currently ongoing evaluating acute and chronic aquatic toxicity to daphnia, chironomids and algae
(following OECD guidelines) and studies of primary biodegradation (using LC-MS/MS) and
mineralization (following CO, evolution) are in preparation. Flame retardancy tests are planned to
assess the performance of the designed alternatives.

Results and Discussion

For this work we selected a case study of redesigning the flame retardants tris(2-chloroethyl)
phosphate (TCEP), listed as substance of very high concern under REACH due to its toxic effects on
reproduction [3], and its analogue tris(3-chloropropyl) phosphate (TCPP), for which less data is
available. We propose two alternative chemicals for TCEP and TCPP, respectively. With a straight-
forward design choice we strive to give a clear-cut example of the feasibility of tuning environmental
properties by molecular design. To gain possible clues about the relationship between ecotoxicological
effects and structural trends of OPFRs, we also tested the structural intermediates tris(ethyl)
phosphate and tris(propyl) phosphate, which are themselves used as polymer additives.
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Our results can help operationalize Safe and Sustainable by Design for industrial chemicals like flame
retardants. The approach can be expanded and further verified to reach its full potential in the
mitigation of chemical pollution and to help enable a safe circular economy.
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FIGURE 1. Systematic, computer-aided frame work for Safe and Sustainable redesign applied to TCEP.
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Main message:

Inorganic intumescent coatings were developed for fire protection of the steel under hydrocarbon fires
UL1709 standard. A best performing kaolin-based geopolymer coating exhibited a promising fire
protection. Pure alkali silicate coatings based on Na, K, or a mixture of these with Li exhibited high
initial expansion but followed by melting. Geopolymer coatings with additional Al-sources (kaolin,
metakaolin or fly ash) and CaCOs displayed improved thermal stability and better protection.

Keywords: Intumescent coatings, Inorganic, Geopolymer, Alkali silicate, Fire protection

Introduction

Steel loss 50% of its loading capacity at high temperatures. Intumescent coatings are applied to prolong
the time before structural collapse through swelling and producing thermal barriers [1]. Organic
systems suffer from drawbacks of toxicity and exothermic decomposition [2]. Developing inorganic
coatings systems is in demand. Hydrated alkali silicates and geopolymer coatings are inherently
intumescent and their applications in fire protection have been suggested [3]. Their performance
under severe conditions as described in UL1709 were discussed here [4].

Experimental:

Typically, a geopolymer solution was prepared from an efficient dispersion of Na-silicate solution, Al-
source, CaCOs; and fumed silica using high-speed disperser. Subsequently, the coating was prepared by
applying the solution to the steel plate inserted in a mold to control coating thickness. The coating was
cured in a climate chamber at 25 °C and 50% relative humidity for approximately 6 days until a stable
weight was obtained. The prepared coating was subjected to a modified laboratory oven for the fire
protection test. The performance was evaluated by the critical time reaching to the failure temperature
of steel, 500 °C. In situ blue light laser and camera were placed at the opposite side of the exposed
coating to measure the coating expansion during furnace experiments.

Results and Discussion:

Pure alkali silicates coatings were evaluated initially. They exhibited a high initial expansion but
followed by a melting behavior at high temperature expect for Li-based coating with slightly shrinkage
instead. Increasing SiO,/Na,0O molar ratio improved the performance, explained by the lower melting
behavior proposed by global thermodynamic calculations.

Compared to pure alkali silicates, geopolymer coatings with kaolin, metakaolin, or fly ash and
additional CaCOs; exhibited higher thermal stability with little to no melting and thereby better fire
protection. Especially, the kaolin-based coating displayed the best fire protection along with a critical
time of 37.6 min, explained by highest expansion (FIGURE 1). Kaolin and CaCOs; amount were optimized
in terms of critical time, expansion, and thermal stability. It was conclude that the volatiles (H.O and
CO,) content along with its evolution of the internal structure was of importance to ensure good fire
protection.

A state-of-the-art commercial organic epoxy-based hydrocarbon coating within 44.2 minutes critical
time exhibited better fire protection than the optimized geopolymer coating. This is explained by a
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high proportion of macropores in the developed coating (FIGURE 1) other than microporous structure
observed in commercial coating.

Fire protection
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FIGURE 1. Fire protection of geopolymer coatings (left). The thickness of kaolin, metakaolin, and fly
ash coatings was 4 mm, 4 mm, 4.1 mm, respectively. Images of kaolin-based geopolymer coating taken
post-exposure from top and cross section (right).

Acknowledgement: Financial support from the Sino-Danish Centre for Education and Research, and
the Hempel Foundation is highly appreciated.

References (not more than five):

(1]

(2]
(3]

(4]

M. Yasir, F. Ahmad, P.S.M.M. Yusoff, S. Ullah, M. Jimenez, Latest trends for structural steel
protection by using intumescent fire protective coatings: a review, Surf. Eng. 36 (2020) 334—
363.

D.T. Nguyen, D.E. Veinot, J. Foster, Inorganic Intumescent Fire Protective Coatings,
US4888057A, 1988.

K. Sotiriadis, S.G. Guzii, P. Mdcova, A. Viani, K. Dvorak, M. Drdacky, Thermal Behavior of an
Intumescent Alkaline Aluminosilicate Composite Material for Fire Protection of Structural
Elements, J. Mater. Civ. Eng. 31 (2019) 04019058.

B. Ulusoy, A. Fu, H. Ahmadi, K. Dam-Johansen, H. Wu, Intumescent alkali silicate and
geopolymer coatings against hydrocarbon fires, J. Coatings Technol. Res. (2022).

184



FRPM?23, 26. - 29. June 2023, Empa Diibendorf, Switzerland

P18- Development of HDPE cap waste for flame retarded outdoor products
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Main message: We developed recycled high-density polyethylene (rHDPE) nanocomposites by
combining ammonium polyphosphate (APP) flame retardant and montmorillonite. To upgrade the UV
stability of the compounds UV absorber was also used. A synergistic effect was achieved by combining
APP with nanoclay leading to increased limited oxygen indices (LOl) and reduced combustion
parameters during cone calorimeter tests. VO rating according to the UL 94 standard is achievable at
25 wt% flame retardant loading.

Keywords: recycled HDPE, flame-retardant nanocomposites, phosphorus-based flame retardant,
montmorillonite

Introduction

Nowadays, international trends show that the packaging industry processes most plastics. However,
packaging materials, due to their function, have a very short lifetime (even just a few days) and
therefore become waste within a short time. With the increased consumption of mineral water, there
is a significant amount of HDPE cap waste in addition to PET bottles [1]. The aim of the research was
the upcycling of rHDPE by preparing flame retarded nanocomposites. Based on the literature, 20-
30 wt% intumescent flame retardant is needed in order to achieve acceptable levels of flame
retardancy in polyolefins [2-4].

Experimental

Recycled HDPE flakes originating from collected HDPE mineral water caps were used as matrix material.
Exolit AP 766 was used as a flame retardant which is a combined ammonium polyphosphate and
charring agent containing intumescent flame retardant additive. Cloisite 30B montmorillonite (MMT)
was used as nanofiller. To upgrade UV stability, Hostavin ARO 8 hydroxy-benzophenone UV absorber
was used.

The flame retarded recycled HDPE compounds were prepared using a Brabender Lab-Station internal
mixer. Then the compounds were hot pressed to form 3 mm thick sheets for flammability tests in a
Collin P200E type hot press.

Results and Discussion

In our research, we investigated the effect of the amount of APP and the presence of MMT in the
rHDPE-based compounds on the UL 94 rating, LOlI and combustion characteristics. Based on UL 94
tests, samples containing 20 wt% APP flame retardant were classified as HB, regardless of whether the
compound contained MMT or not. However, we found that if the sample contains at least 25 wt% APP
flame retardant, a VO rating is achieved. It was also observed that the presence of MMT in the flame
retardant formulation reduces the burning time in the UL 94 test. The limited oxygen index of the
reference rHDPE was 18.0%, which gradually increases with increasing flame retardant contents. The
LOI of the sample containing 20 wt% APP did not change when MMT was added. However, for samples
with 25 wt% and 30 wt% flame retardant content, a synergistic effect was achieved by combining APP
with MMT leading to increased LOI values, as shown in Table 1.
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TABLE 1. UL 94 rating and LOI values of the investigated reference and flame retarded compounds

Sample UL 94 Ko]|
rating [vol%]
rHDPE - 18,0
rHDPE + 20 wt% APP + 0.2 wt% UV stab. HB 25,5
rHDPE + 20 wt% APP + 1.5 wt% MMT + 0.2 wt% UV stab. HB 25,5
rHDPE + 25 wt% APP + 0.2 wt% UV stab. VO 28,0
rHDPE + 25 wt% APP + 1.5 wt% MMT + 0.2 wt% UV stab. VO 28,5
rHDPE + 30 wt% APP + 0.2 wt% UV VO 30,0
rHDPE + 30 wt% APP + 1.5 wt% MMT + 0.2 wt% UV stab. VO 31,0

Cone calorimeter tests also confirmed advantageous interaction between APP and MMT. At identical
APP contents, 10 to 17% reduction both in peak of heat release rate and total heat emission were
measured when MMT was also added to the system.

The outdoor application potential of the effectively flame retarded and stabilized rHDPE composites is
demonstrated in colorful wall coverings.
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Main message: Novel cellulose and sugar alcohol-based flame retardants were found to be
thermally very stable, which renders them suitable for processing in different thermoplastic
polymers. In addition to being compatible with polyolefins and partially bio-based polyamides, the
new flame retardants also exhibit good flame-retardant effects, which could be further enhanced by
the addition of suitable synergists. The bio-based flame retardants could be synthesized, thoroughly
characterized, and successfully processed in thermoplastic polymers to create a novel set of flame
retardant polymer compounds.

Bio-based flame retardants, cellulose, halogen-free, polypropylene, partially bio-based polyamide.

Introduction

Flame retardants, with a polymer additive market share of approx. 6 wt. %, are important additives
as they prevent losses caused by fire, and thus can save human lives. However, a large proportion
of flame retardants are still halogenated, and render toxic and persistent properties. Additionally,
they are not rated as not sustainable as they are based on fossil raw materials. Halogenated flame
retardants have been detected in rivers and in the atmosphere, potentially harming humans as well
as the environment. In contrast, the new flame retardants presented in this work are made from
renewable raw materials, are environmentally compatible and toxicologically harmless, while
maintaining a high flame retardant efficiency. [1,2,3,4]

Experimental

All bio-based flame retardants were prepared on lab-scale. Compounding was carried out on a
ThreeTec 12 mm extruder (Seon, Switzerland), and on a Haake Minilet Pro (Thermo Fisher Scientific,
Karlsruhe, Germany) injection molding device, which was used to prepare the various test bars.
Thermal stabilities of the used flame retardants were detected by thermogravimetric analysis,
pyrolysis GC-MS, and TG-FTIR before and after processing. The efficiencies of the synthesized flame
retardants were tested in standardized fire tests, e.g. UL 94 V, DIN 4102 (B2), and others.
Furthermore, the mechanical and rheological properties of the flame retardant compounds were
tested by tensile test or melt flow index.

Results and Discussion
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Figure 1: Polypropylene with Figure 2: Polypropylene with

) Figure 3: structure of the bio-based
bio based flame retardant (FR-1) commercial flame retardant
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flame retardant (FR-1)
The structure of flame retardant FR-1 is shown in Fig. 3. FR-1 shows a good compatibility with
polyolefins, exhibiting good transparencies and low yellowing. Fig. 1 shows FR-1 in polypropylene at
a loading of 10 wt. %. The UL 94 test bars show a homogeneous distribution in polypropylene by
visual inspection. In contrast, Fig. 2 shows UL-94 test bars containing Aflammit® PCO 900 in
polypropylene at a loading of 10 wt. %, where agglomerates and structural irregularities can be seen
on the surface of the prepared injection molded specimens.
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Figure 4: UL 94 V test results according to DIN EN 60695-11-10 in Moplen RP 320M, *PBDS = poly (tert. - butyl pheno disulfide)

A flame-retardant effect of the bio-based flame retardant can be observed even at low dosages. PP
compounds containing only FR-1 at 10 wt. % loading extinguished already after the first flame
treatment. However, after the second flame treatment, a burn to the clamp can be observed. With
the same total loading, extremely short burning times after the first and second flaming could be
achieved with PBDS as synergist. Those UL-94 test bars achieved a V-2 classification with mean
afterburning times of < 6 seconds.

In the bio-based polyamide Ultramid® Flex F29 (BASF SE, Ludwigshafen, Germany) FR-1 is already
very effective as sole flame retardant. At a loading of 18 wt. % UL-94 test bars already reached a V-0
rating with 1.6 mm sample thickness.
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Main message: The use of biobased industrial residues, such as cork dust, as a substitute of the
charring agent in intumescent flame retardants is a powerful tool to promote circular economy and
reduce the consumption of non-renewable resources. In this work, it has been studied the combination
of ammonium polyphosphate (APP) and cork powder as an intumescent flame retardant system in the
fire behavior and mechanical properties of Acrylonitrile-butadiene-styrene (ABS) composites.

Keywords: ABS composites, ammonium polyphosphate, cork powder, thermomechanical dynamic
properties, flammability.

Introduction

Cork industry produces a high amount of cork dust every year, approximately 30% of total cork
production [1]. Several studies reported that APP combined with bio-based materials [2-4] improve
thermoplastics fire retardancy by producing a thermally stable foamed char that protects the
underlying material against fire propagation. In this sense, using cork powder as a charring agent for
IFR systems would give added value to this industrial by-product and would help to reduce the
environmental impact of flame retardant polymer formulations.

Experimental

In this work, ABS, ELIX™ 128 |G, composites with a total of 30 wt% of an IFR system composed by cork
powder and APP, Exolit® AP422, with different weight proportions were prepared by using a melt
compounding technique. Also, the effect of this novel and more environmentally friendly IFR system
on the mechanical and flammability behavior of ABS composites was analyzed. The fracture surface
morphology of the composites was analyzed using a JEOL JSM-5610 scanning electron microscope
(SEM). Dynamic mechanical thermal analysis (DMTA), DMA Q800, was used to study the viscoelastic
response of the samples and flexural test was conducted according to ASTM D 790. The flammability
behavior was investigated by the UL-94 test according to the ASTM D 3801 standard. Linear burning
rate (LBR) was also calculated through LBR = 60 L/t, where L is the damaged length in mm and t is time,
in seconds. Limiting oxygen index (LOI) measurements were performed in an oxygen/nitrogen
atmosphere, in accordance with ISO 4589 standard.

Results and Discussion

ABS composites exhibited a homogeneous microstructure with cork and APP particles well dispersed
in the ABS matrix. SEM micrographs also showed that some of cork cells were filled with APP and that
matrix covered the commented particles.

The glass transition temperature of SAN, obtained by DMTA analysis, was not significantly affected by
the presence of the IFR system. Nevertheless, a clear decrease in the intensity of tan 6 and storage
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modulus of the flame retarded ABS composites, was registered. However, APP and cork particles
showed different contributions to the flexural properties of ABS composites. A 58% increase in flexural
moduli was registered in the case of ABS composite with 30 wt% of APP, due to the higher stiffness of
APP particles. On the other hand, by substituting APP with cork, the flexural moduli decreased
following the same trend observed for the storage moduli.

The presence of a 30 wt% of APP increased LOI of the ABS from 18 to 23.1, and no effect on LOI value
was observed by replacing APP with cork particles (up to 20 wt%). A decrease of LBR was observed
when replacing 3 wt% of APP with cork (see TABLE 1). This synergistic effect can be related with a cross-
linking reaction between cork and APP in the condensed phase that led to the formation of a more
protective physical barrier reducing heat and mass transfer.

TABLE 1. LBR under horizontal UL-94 and LOI values of of ABS and ABS composites.

. LBR [mm/min] LOIl values

Material

ABS 44 18
ABS/30APP 24 23.1
ABS/3C/27APP 19 23.1
ABS/10C/20APP 28 23.1
ABS/20C/10APP 24 23.1
ABS/30C 41 19.1
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Main message: Different flame retardants in polypropylene are investigated regarding their fire
behavior, pyrolysis fragment analysis and impact on the OH radical signal intensity in the gas phase. By
combining different methods of the flame retardant and combustion research, a more detailed
clarification of the ongoing processes during the combustion process can be achieved. This
interdisciplinary approach unlocks the high research potential complementing the mode of action of
flame retardants.

Keywords: flame retardant mode of action, pyrolysis fragment analysis, OH-PLIF, OH radical detection

Introduction

Phosphorus-containing flame retardants can decompose into reactive radicals which are able to
scavenge highly reactive OH radicals in the flame and thus poisoning the flame. To investigate the
mode of action of flame retardants, it is important to understand the impact of flame retardants on
the combustion process and the flame.

Experimental

The experimental setup for simultaneous thermal analysis (TGA/STA coupled to FTIR) and Cone
Calorimeter was described in Goedderz et al. [1] and Geschwindner et al. [2] The experimental setup
for planar laser-induced fluorescence spectroscopy of OH radicals (OH-PLIF) was described in detail in
Koser et al. [3,4]

Results and Discussion

Different phosphorus-containing and inorganic flame retardants were analyzed regarding their impact
on the OH radical signal intensity in the gas phase of the combustion of polypropylene. First,
characteristic decomposition products of the flame retardants were identified by TGA-FTIR to evaluate
possible species involved in the flame inhibition effect within the gas phase. The ignition and
combustion of micrometer-sized particles and polymer sticks was investigated using OH-PLIF, which
enables a detailed observation of processes and interactions in the gas phase.
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FIGURE 1. High-speed luminosity imaging of polypropylene containing 10 wt% flame retardant with
formation of bubbles (a,b) and combustible gases (c,d) causing jet-like flames.
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The inhibition effect of the flame retardants regarding the OH radical signal intensity is similar for both
experimental setups. The flame topology could be investigated in detail using the external flame test
stand and polymer sticks revealing ongoing transport processes in the gas phase (Figure 1). This work
enables a more efficient flame retardant formulation development by using the gained detailed
knowledge about the mode of action of flame retardants.
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Main message:

Smoke suppressants (SP) affect the burning behavior and smoke release due to changes in the
decomposition pathway. Zinc stannate (ZnSt) and melamine polyphosphate (MPP) accelerate the
decomposition of the polymer backbone, while hydrotalcite (HT) hydrolyzes the amide group. Silicon
dioxide (Si02) acts as an inert filler. ZnSt reduces the optical density and fixes toxic precursorsin a char.
ZnSt reacts with aluminum diethyl phosphinate (AlPi), resulting in less flame inhibition and less toxic
smoke.

Keywords: Smoke suppressant, flame retardant, smoke, toxicity, particles.

Introduction

AlPiin PA66 can act in the gas or condensed phase, depending on the interactions to different additives
[1]. Flame inhibition promotes the formation of CO and HCN, which causes high toxicity. Furthermore,
incomplete combustion results in higher smoke density. SPs are added to reduce smoke release. To
achieve good flame retardancy and smoke suppression, it is crucial to understand the interactions
between SP, FR and the polymer. Changes in decomposition affect burning behavior and smoke
emission.

Experimental

The tests on pyrolysis, flammability, and forced flaming behavior were conducted compliant with the
established standards and using the required specimen size. The smoke density was measured
according to ISO 5659-2 and the toxic gases analyzed according to EN 17084. Additionally, an electrical
low-pressure impactor (ELPI) was coupled to the smoke density chamber to monitor particle emissions
during smoldering.

Results and Discussion

The flammability tests (see Table 1) indicate that all SPs used had an impact on the reaction to a small
flame compared to the flame retarded reference (PA_FR). Zinc stannate (PA_ZnSt) decreased the UL94-
V rating and the Ol. This reduction is attributed to the accelerated decomposition behavior observed
in the TGA. Silicon dioxide (PA_SiO2) increased the Ol due to fuel replacement. Its UL94-V rating
remained unaffected. The hydrotalcite (PA_HT) decreased the UL94-V rating but did not affect the Ol.
The decrease in the UL94-V rating is attributed to the release of water, which hydrolyzes the amide
group according to the mechanism described by Hornsby et al.[2] Additional decarboxylation led to a
release of combustion gases. Melamine polyphosphate (PA_MPP) caused a decrease in Ol, suggesting
accelerated decomposition behavior. Polyphosphates can catalytically decompose the polymeric
backbone of PA66, which results in a smaller Ol. [3]

Under forced flaming conditions, each SP material showed improved flame retardancy. A reduction in
the PHRR was observed for all materials. PA_ZnSt, PA_MPP and PA_SiO2 reduced the PHRR by up to
40% compared to PA_FR. All SP materials showed a reduced HRR, which is attributed to enhanced
charring behavior or the formation of a protective layer. Since the residues of PA_MPP and PA_HT
exhibited a black surface, the charring appeared to dominate, whereas PA_SiO2 and PA_ZnSt showed
a mixture of ash and char. The THE was reduced in PA_MPP and PA_SiO2, whereas HT and ZnSt tended
to increase the THE. The increase in THE is attributed to the enhanced decomposition of the polymeric
backbone. PA_ZnSt showed an increase in the EHC, which indicates that the flame inhibition effect of
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AlPi was decreased. The change in the mode of action indicates a reaction between AlPi and ZnSt in
the condensed phase. The reaction becomes visible in the white inorganic residue on the surface,
which can act as a protection layer as well.

TABLE 1. Characteristic values for flammability, smoke and heat release, and toxicity in different fire

scenarios
Sample ol uL94-v PHRR THE EHC Ds,max CITg
[vol.-%] [kW-m?] [MJ:m?] [MJ-kg™]
PA_FR 33.7+£0.2 VO 359+ 30 423112 226106 429%45 0.52+0.12
PA_ZnSt 31.1+0.2 V1 252 +9 454+3.0 260+13 17319 0.39+0.02
PA_SiO2 36.1+£0.2 VO 218 +17 36.3+1.2 22.1+0.5 441+27 0.54+0.21
PA_HT 33.610.2 Vi 334 +26 456+1.4 239+10 40626 0.67 £0.05
PA_MPP 30.1+0.2 VO 266 + 10 40.8+0.2 23.0+05 423+43 0.92+0.25

The maximum of the specific optical density Dsmax, see Table 1, shows that PA_SiO2, PA_HT, and
PA_MPP have less impact on Dsmax, Whereas PA_ZnSt exhibited a strong reduction. Similar effects for
ZnSt were observed by Horrocks et al. in an AlPi flame retardant high-temperature polyamide. [4] The
overall reduction of Dsin PA_ZnSt is attributed to a crosslinking mechanism induced by ZnSt and
phosphorus in the condensed phase. The crosslinking reaction fixes isocyanates, which are precursors
for HCN, in a stable char. This fixing of HCN reduces the CITs, as displayed in Table 1. The mode of
action of AlIPi in PA_ZnSt changed between the gas phase and the condensed phase, lowering CO
emission, and reducing flame inhibition. PA_HT, PA_MPP and PA_SiO2 reduced D; after reaching Ds max.
This reduction is attributed to the emission of larger particles, which settled due to gravitation. Since
the transmission is based on the Beer-Lambert-Bouguer law, the reduction in the concentration of the
particles led to increased transmission.

As shown, it is crucial to understand the interactions of SP in flame retardant materials, because they
influence the burning behavior and the smoke emission of the materials due to changes in the mode
of action and decomposition pathways.
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Main message: Distributing filler in a polymer on a nanometer scale can greatly improve its flame
retardancy. This however impedes the long-term stability of the thus resulting formulation which in
turn leads to the early formation of cracks in the component, that can lead to great safety concerns. A
correlation between the fillers and the long-term stability of the resulting nanocomposite is
established, which greatly facilitates material selection.

Keywords: Polymer nanocomposites, improved long-term stability, cable flame retardancy, filler
additive interactions

Introduction

Regulations for the flame retardancy of cable materials have become more demanding. This leads to
an increase in the development of higher performing flame retarded materials. To reach those higher
regulations, the use of nanocomposites has already been well established. However, regarding overall
material composition, concerns have arisen that the nanoscale fillers interact and deactivate some of
the additives and thus decrease the long-term stability of the material. The goal of this project was to
understand the interactions of all components and improve the material stability overall.

Experimental

Polymer nanocomposites were processed using a twin screw extruder and dumpbell-samples were
created by injection molding. To show the flame retardancy of polymer nanocomposites, cone
calorimetry is used. Weathering of the samples was done by Q-LABs QUV/spray chamber for 3000 h.
The degradation of samples was checked in intervals of 500 h using FT-IR-spectroscopy, tensile strength
tests and yellowness index. Analysis of the bentonite products were done in the polymer formulations:
The Surface properties of various bentonite materials was investigated using nitrogen-adsorption
measurements and evaluated using the BET-model; XRD-measurements to determine interlayer
distance; SEM was used to evaluate particle size of bentonite products; thermal analysis was applied
to investigate the contents of organic modifier on bentonites.

Results and Discussion

The nanocomposites were produced with four different bentonites. The properties of the different
bentonite products for use as flame retardants alongside aluminium hydroxide in PE/EVA-formulations
as cable sheaths were evaluated. One of these bentonite products (NaClay) was an unaltered, natural
bentonite whereas the three other products were all organically modified using
dimethyldihydrotallowalkylammonium chloride (oClay_1, 2 and _3)to improve compatibility with the
matrix polymers.

The improvement of the flame retardancy using nanocomposites is shown via Cone calorimetry as seen
in Figurel. All three nanocomposites with the organomodified bentonites show a reduction in the total
heat release. After the artificially weathering for 3000 hours the nanocomposites show intact flame
retardancy. Tablel shows the values from the cone calorimetry before and after the weathering. For
the polymer nanocomposites the minor changes in the time to ignition (TTI), mass loss and peak heat
release rate (pHRR).

For the oClays the organomodification can be quantified by using thermal analysis. XRD measurements
show the interlayer distance of the bentonite products and therefore show the degree of intercalation
of the organomodifier into the galleries, which leads to the degree of exfolation. Since exfolation
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directly relates to specific surface area, and this in turn is very likely to affect stability by adsorption
and deactivation of stabilizers onto the filler [1] this aspect would be very likely to affect the long-term
properties of the nanocomposite and lead to a lesser extent of destabilization using this bentonite. Gas
adsorption measurements of the bentonite using N, shows vast differences in surface properties of
oClays. Whilst all nanocomposites with oClays show wider pores than NaClay, corresponding to their
degree of exfoliation examined by XRD, these pores are less common overall. Small pores lead to a
decreased interaction between filler and stabilizers during processing. These results are underlined by
the SEM-imaging of the four bentonite products.

To test the conclusions drawn by the various analytical methods, the dumpbell samples were
weathered and their properties monitored regularly. For all applied methods of tracking deterioration
of the samples, the same was true: A formulation without any bentonite whatsoever has the highest
weathering resistance. A formulation with unmodified bentonite shows the lowest amount of
destabilization by its bentonite-filler. Whilst the three organomodified bentonites clearly resulted in
the lowest overall stability. As shown in TABLE 1 the flame retardancy is still functional in the materials
after the weathering, the issue with the material stability itself can cause major security problems. To
solve this, some modifications of the material composition were tested. The most effective
improvement was the addition of a bisphenol A based epoxy resin shows an improved long-term
stability. Their function is to deactivate active species of the filler by reacting with the groups of the
filler and thus making them inaccessible or unreactive for interaction with additives. The use of the
epoxy shows a significant increase in the photooxidation set compared to the epoxy-free formulation.
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FIGURE 1. Weathering resistance of cable compounds is greatly impacted by the type of filler used.

Adding no clay results in the most stable compound.

TABLE 1. Influence of weathering on flame retardant properties Cone Calorimetry @ 35 kW/m?2.

TTI [s] Mass loss [%] pHRR [kW/m?]
# oOh 3000h | oh 3000h | Oh 3000 h
NoClay | 10011 102 | 41546 446 | 145114 130,3
' NaClay | 9610 - 109 | 481:13 a6 | 16243 - 1055 |
oClay 1 | 10325 127 489:15 169 | 103t14 839
oClay.2 | 109t3 03 | 483:09 02 | 98+s 870 |
oClay3 | 122¢1 05 | 479:24 78 0 89s1 850
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Main message: Thermal degradation mechanism of PET was essential for flame retardant research.
The computer simulation with thermal analysis experiment suggested that the generation of free
radicals in PET was essential due to its lower activation energy. Furthermore, the oxygen attacked the
benzene free radical and produced lots of heat to ignite the matrix in the air atmosphere. This free
radical mechanism was helpful for specialized free radical flame retardant design.

Keywords: PET; Thermal degradation mechanism; computer simulation; homolytic cleavage reaction;

Introduction

The thermal degradation of PET was essential for discussing the combustion process and guiding
to design of specialized free radical flame retardant. Nowadays, some thermal degradation research
without oxygen of PET was raised to illustrate the mechanism[1,2]. However, the mechanism could not
wholly explain the thermal degradation, especially the generation and disappearance of the benzoic
acid. In this work, the experiment and simulation are adopted to prove the thermal degradation of PET.

Experimental

PET was synthesized in the laboratory. The thermal oxidation degradation mechanism of PET was
determined by TG, TG-IR-MS and XPS combined with Quantum chemistry, including Reaxff MD, Fukui
function, and DFT calculation.

Results and Discussion

The thermal degradation of PET was studied by TG-MS, TG-IR, and Py-GC-MS methods. A
theoretical study on the thermal degradation mechanism in the nitrogen atmosphere of PET and PET
copolymer was carried out using density functional theory (DFT). The homolytic cleavage reaction of
PET was dominant at first, followed by the B-cis-elimination reaction, which resulted in the generation
of abundant benzoic acid and 4-carboxybenzaldehyde, instead of terephthalic acid, as the main
product

However, the experiments are still hard to reveal the thermal-oxidative degradation of PET.
Therefore, computer simulation was another efficient way to assist with the interpretation of the
thermal-oxidative reaction of PET. However, with oxygen influencing, the thermal-oxidative reaction
was complex to propose a distinct reaction path of PET. Herein, the Reaxff as an efficient simulation of
thermal degradation was applied in the thermal oxidation of PET.

The products of the reaction in 2000 K and 3000 K were abundant and the product information
was counted and shown in Figure 1. The trend of the result in 2000 K was similar to the initial stage
result in 3000 K, in that products were increased. However, all products were stable or decrease
besides the CO. The process was shown in figure Sn, which was observed in the generation of char
residue. Combine with the decrease of the products of CH,0 and C;Ha, the process in 3000 K could
reflect the thermal degradation of char residue in the second degradation in TGA. On the other hand,
the 2000 K result could more obviously demonstrate the initial degradation of the PET.

The CO,, CH,0, and C;H, increase sharply at beginning of the reaction with less consumption of
oxygen in both 2000 K and 3000 K, demonstrating that oxygen had less influence in the initial thermal
degradation. And the oxygen-containing products were mainly from the ester group in PET. Lastly, the
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H, OH, and O free radicals in traditional combustion theory were considered the most important part
to trigger the combustion and be captured by flame retardants. However, these free radicals in
degradation keep at a low content that could not be the essential part of the combustion mechanism
of PET.

More detailed products in 2000 K were studied to observe how oxygen influences the chain of
PET. The beginning and final structures was shown in Figure 1a. And some valuable structure was
picked and shown in Figure 1b. The homolytic reaction reacted at first, and carbonyl and carboxyl
functional groups will leave at the subsequent reaction. The oxygen was hard to react with the PET
chain. However, the oxygen will attack, react and connect two benzene free radicals by a peroxy bond.
The peroxy bond was cleavaged as soon as possible and generate the C-O free radical. The result
supported that oxygen at the beginning of the combustion would not observe influence the thermal
degradation of PET.
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