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Poly-m-Aramid Electrospun Nanofibrous Mats as HighPerformance

Flame Retardants for Carbon Fiber Reinforced Composes
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ZucchellP®, Loris Giorginf-°

& Department of Industrial Chemistry “Toso Montariatiniversity of Bologna, Viale Risorgimento 4, 485l
Bologna, Italy.
® Interdepartmental Center for Industrial ResearechAdvanced Applications in Mechanical Engineering a
Materials Technology, CIRI-MAM, University of Bolay Viale Risorgimento 2, 40136 Bologna, Italy.

¢ Department of Industrial Engineering, UniversifiyBblogna, Viale Risorgimento 2, 40136 Bolognalytta
Abstract. For the first time an innovative approach to mantufee flame shield coatings by producing thin
polyaramidic nanofibrous sheets via electrospinnisgoresented. Nanofibrous mats with a well-defined
alignment provide a thin, compact but pliable lagétintrinsically flame-retardant material. The @l®spun
membrane (about 0.4 g/100 Yndisplays good mechanical properties and easylimgnand could be applied
onto epoxy-carbon fiber composites to modify thigme behaviour. Conecalorimetric tests show time t
ignition doubled for the coated material and a diécally reduced ability to propagate fire onceitigd.
Finally, addition of a simple polyaramidic nanofibis membrane is proved able to change the flamavimir
of a composite from a high-risk material classatantermediate one.
Keywords.
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1. Introduction

Structural materials are widely used in a broadjeaof fields like building, furnishing, aeronautics
automotive, and recently the request for lightwelghh performance structural materials pushediheet
from iron, clay bricks, stones, steel and reinfdrcencrete to more suitable products, in particotdymers
and polymer composites [1;2]. Polymers and polymeoimposites find application in a wide range efds
and their production is continuously growing, owiogheir overall cheapness and the possibilitgrimuce
materials with very specific mechanical, thermal] @hemical properties associated to low density.
Among all the positive aspects of polymer matrirnpmsites, a relevant limit to their applicatiortis
flammability issue. The polymeric, i.e. organic,tmaalready decomposes at moderate temperatueésyb
300-400°C, with heat evolution associated to theelpction of smoke, soot and often also toxic vidat[3].
The global annual burden associated to fire actsdemks around tens of billions ($), a figure covg
roughly 1% of global annual Gross Domestic ProdG&P). Beside the material damages, data refetong
just the European countries report thousands efrélated deaths, together with an even higher suiwib
casualties, sometimes suffering for life-long indating injuries [4]. With the aim to stop, or atkt delay, the
thermal decomposition and combustion processes)d-Retardant systems (FRs) are often used when
ignitable materials, such as polymer compositesjrarolved. Fire retardancy, as an outstanding eleraf
safety, is one of the key challenges pursued imptesent days industry.

In order to achieve a better fire behaviour forypwéric composites, different routes can be appred¢s],
such as (A) the use of an intrinsic flame resispalymer, (B) the addition of FRs to the bulk oé timaterials,
or (C) the application of coatings with a flameareiant and/or intrinsic flame resistant materiatee first
approach implies the choice of a specific macromdbr system, leading to a completely new prodadt a
product design, which, when available, is usuatlsoziated with long development times and a casease.
The second approach, instead, requires the ugeoffisally formulated FRs additives, which canbdased on
different principles. Among the most renown FRslakgenated compounds, which dates their appicsti
back to the thirties and are now addressed aslpessiurces of toxic compounds [6], recently cagisireir
ban due to the adverse environmental effects [@hdé inorganic hydrates, borates, silicates, catiesnmetal
oxides, sulphides, phosphorus, silicon and nitnogEmpounds have been actively pursued as alteenaRs
[8]. Owing to the relatively high percentage of gide required, such polymeric formulations migbffer for
a drop in the mechanical performances. Since thigyadf nanofillers of different nature is well newn to
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boost the mechanical properties of polymers [9-ttl ,possibility of producing nanofillers, suchcesys [12],
organoclays [13], or graphenic derivatives [14-d@hjugating the nanosized dimension and the flaterdant
ability might help in promoting the mechanical pedies as well as fire behaviour of the modifiediypeer.
This approach, however, requires the homogeneodfiocaiion of the whole bulk mass of the matenmlile
it has been recognized the paramount role playetidopolymer surface during combustion since tra he
produced and the combustible gases evolved becétise thermal degradation, both promoting the
combustion, occur at the surface [17]. Superfictadtings, thus, may allow to retain the mecharbealaviour
of the pristine bulk material, while contemporaggulating the combustion process at the outer kemyfitB].
Furthermore, they can be applied to semi-finishrepre-existing objects which cannot be easily butkdified.
Several examples of coatings used to add flamedagttiproperties to a wide spread of materialseperted
in literature, such as intumescent paints, whigai@ an insulating foam reducing the spreadin¢paié¢ and
preventing oxygen penetration, are commonly usé{l Rither reported applications are representecblaging
with carbon nanofiber based nanopaper [20], deipaositf inorganic nanosheets [21], and grapheneeop2d].
A new way to perform fire resistant surface modifion could be the application of polymeric nanuodils
mats onto the outer boundary of the inflammableenat In this context, polyaramids, in spite o¢ithorganic
nature, are a class of polymers that exhibits rkaide flameproof properties [23]. The most représtare
polyaramids are the meta-aramid patgfaphenylene isophtalamide) - PMIA (NOMEX, DuPontdahe
para-aramid poly(ara-phenylene terephtalamide) - PPTA (KEVLAR, DuPottig former being well known
for its good thermal resistance [24], the lattarife excellent mechanical and chemical propertieaddition
to thermal resistance [25]. The drawback in PPT@liaation is the difficulty to process the polyntercause it
only dissolves in concentrated sulphuric acid aralr@latively low concentration. PMIA, on the aamy, is an
inherently flame resistant and self-extinguishiodymer easier to process. In a recent work, PMIzit=s
have been tested as FRs in polyurethane foam g${@6ilhg that the number of aramidic layers strgraffects
the fire behaviour of the substrate. A significemprovement of the Time To Ignition (TTI), comparedthe
neat foam, was achieved when a minimum of fouriédayers were used. However, there is a relevant
increase of both weight and thickness of the fpratluct when more fabric layers are used. Coatiggrk
constituted by nanofibrous PMIA could thus be dlgavay to improve fire resistance without sigrafi¢
weight nor thickness increase. Nowadays commeneiabfibrous PMIA, Nomex Nano - DuPont, are used
mainly to improve smoke shielding properties of RMilased protective clothing [27].
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Differently from PPTA, PMIA can be dissolved in afid solvents, in the presence of inorganic sattd,tae
solution can be easily processed via electrospintirproduce nanofibrous mats [28]. The aim ofghesent
paper is thus to present, for the first time, aroirative approach to flame shield coatings via Biifl A
electrospun nanofibrous sheets. The nanofibrous miitbe optimized and fully characterized anditliiee
retardancy ability will be tested upon applicat@nrto the surface of Carbon Fiber Reinforced Poly(G&RP)
panels.

2. Material and Method

2.1 Materials

Poly(m-phenylene isophtalamide) (PMIA) and lithium chtei(LiCl) (Sigma-Aldrich) were dried before use.
They were treated in oven at 110°C for 3 and 24soespectively. N,N-dimethylacetamide (DMACc) (Sigm
Aldrich) was treated according to previously repdrprocedures [29]. The distillation was perforrae84°C
and 18 mmHg under nitrogen flow. After distillatiche solvent was stored under nitrogen over mdédecu
sieves (4 A) before use. CFRP panels obtained thpodiber-epoxy resin prepregs were kindly supgpbad
cured by Grafite Compositi - Castel San Pietro Te(BO) Italy. The paint used is a polyurethane PPG
Deltron D800/D841 (2/1 vol.) system. All other mads were used as received without further puadfian.

2.2 Nanofibrous mats production

Polymeric solutions were prepared dissolving LIEDMAc under magnetic stirring and mild warming (@)
for at least 2 hours, then PMIA was added and yetem stirred at 70°C until formation of homogergou
solutions. The investigated electrospun solutiordstaeir weight percent composition are reportetidble 1
PMIA nanofibrous mats were produced via electrasipig technique using a Spinbow® electrospinning
machine equipped with four 5 mL syringes connetteteedles (0.84 mm internal diameter) with Teflon
tubing. Fibers were collected on a rotating drudrfim) covered with polyethylene (PE) coated papke
actual processing parameters are reportdchble 1 After process parameter optimization, and calect
fibers for40 hours, 30x40 cm electrospun mats with an aveB@gen thickness were obtained. Nanofibrous
mats were finally washed with distilled water amiged at 70°C in order to remove LiCl salt residag,
previously reported [28;30].

2.2 CFRP samples preparation for fire resistanstde

Two kinds of sample were prepared with CFRP pametswashed and dried electrospun PMIA mats (PMIA
w) produced with the PMIA 14-3,5 solution. In thsf case mats were applied onto the last lay@rereg of
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the CFRP (10x10 cm, 1,5 mm thick) before the cugraress in autoclav&igure 1A, 1B, 1C). In the second
kind of sample an adhesive paint interlayer wasl ts@pply a PMIA nanofibrous mat onto the surfate
cured CFRP panel. In particular, 10x10 cm CFRPispats Figure 1D) 1,38 mm thick, were covered on both
sides with a paint layer (50 um thicknedsg(re 1E) and then PMIA mats were applied on top in order t
completely cover the edgeBigure 1F). Samples were pressed with a roller in ordertorte adhesion, then
they were dried at 70°C for 20 minutes. Hence CIRRPR incorporated PMIA (hereafter defined as C-PMIA
inc W) and CFRP with PMIA nanofibers applied sujpgafly with paint (hereafter defined as CP-PMIA W)
were prepared while CFRP specimens (hereafteratbfis C-Neat) and CFRP coated with the paint (fterea
defined as CP-Neat) were produced and taken agnefeto compare with materials containing PMIA.

2.3 Characterization

In order to investigate the morphological aspedhefobtained nanofibers, micrographs were takéim svi
Scanning Electron Microscope (SEM) Phenom ProXr@ndispersive X-rays analysis (EDX, Phenom ProX)
was used to confirm the absence of chloride iomaimofibrous membranes after the washing treatment.
Thermogravimetric analyses (TGA) were carried auadl'A Instruments SDT Q600, in air atmospherea(flo
rate: 100 ml/min) heating from 25°C to 600°C at@0fin, followed by 30 minutes isotherm. Differeftia
Scanning Calorimetry (DSC) measurements were cbotig on a TA Instruments DSC Q2000 apparatus
equipped with RCS cooling system, heating twicer83Samples in aluminium pans from 0°C to 350°C at
10°C/min, with intermediate cooling run at -10°CAmBtress- strain tests were performed using am&960
Series Dual column table frames. Flame behavialistuwere performed using an oxygen consumption
calorimeter (Fire Testing Technology Limited FFTr@dCalorimeter). The tests were performed at aidémt
Heat flux of 35 kW/m2 in horizontal orientation ngithe cone shaped heater and specimens of 10000
Three samples per formulation were tested. The Caberimeter provides the following parameters: Hea
Release Rate (HRR), calculated from the oxygenwapsion, Time To Ignition (TTI), Time of Flame out
(TOF), Average Heat Release Rate (HRR as a funofitime), peak of Heat Release Rate (pHRR), Tid&st
Release (THR) and Time To pHRR (TTP). Experimedédh were reproducible within £10%. The Average
Heat Release Rate is correlated to the heat reléaseroom where the flammable materials are hagrited

at the same time. Two other parameters were cadtlifeom the measured cone-calorimeter data ashivey
been accepted as representative of the polymerwstioh behavior in a real fire [31;32]: Fire Perfance
Index (FPI), calculated as pHRR/TTI, and Fire Glowiate Index (FIGRA) calculated as pHRR/TTP.
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3. Results and discussion

3.1 PMIA nanofibrous mats production

It is well renown that the electrospinning of aypokr requires either it being in the melt or inusimn. The
latter accounts for the easiest process, providaiithe solution displays suitable features in seofnrmolecular
weight and concentration of the macromolecularteabdi choice, and convenient solvent, solution assty
and conductivity. Owing to the poor solubility ofPA in many common solvents, the possibility of
electrospinning might be significantly hamperedgsi solvent candidates providing full polymer sdlsation
and contemporary displaying properties suitablegHerprocess are limited [33]. Previous attempts at
solubilizing the meta-aramidic polymer highlightiét the contribution of some salts is requiretetp
disrupt the tight macromolecular packing basedntrai and inter-molecular hydrogen bonding charagtey
the solid state of PMIA. The solvent system DMAELrepresents, by far, the best available choice
[28;30;33], since it allows obtaining not only anhegeneous solution, but the mixture also displays/enient
parameters to be processed via electrospinning.itj@deed, fundamental for the polymer dissaluti
because in DMAc Lications coordinate the carbonyl oxygen of DMAcning a complex, while Clanions
break the inter-chain hydrogen bonds, allowingsthl@bilization [33]. Moreover, it contributes tcetisolution
conductivity, making the overall mixture suitabte the electrospinning process.

With the aim of optimizing the system for the etespinning process, different combinations of payr(6-
18%wt) and salt (1-8%wt) concentrations in DMAc érvestigated. Polymer concentration, indeedngiso
affects the solution viscosity, one of the mostamt@ant solution parameter that influences elecirospg
process and nanofibers morphology. Moreover, arease in salt concentration heavily raises not tirdy
solution viscosity, but also the conductivity, amet fundamental requirement to obtain an electrovsble
system. Solutions made of 14%wt of PMIA and 2 &%awt LiCl in DMAc were found to be the best choice
for nanofibrous membrane production, leading ttalle electrospinning process (no occlusion of le=d
The nanofibers obtained show small and homogengianseters (205-220 for unwashed and 171-197 nm for
washed membrane) with no beads nor other defeéies. the electrospinning process, assuming thahall
solvent evaporates during the procedure, the addamanofibrous mat would still contain all the adidl&Cl,
making it up to 12.5-20%wt of salt in the polymemembrane.

With the aim of evaluating the effect of the LiCepence on the nanofibrous mats properties, traupeal
membranes were washed with distilled water andddaie7’0°C overnight [34].IFkigure 2 SEM micrographs
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of washed (PMIA W) and unwashed mats (PMIA UW),dueed from a PMIA 14-3,5 solution, are reported
showing a decrease in the average fibers diammeter 220 to 197 um (10.5% reduction) upon salt resthov
The cleaning action, however, does not lead to as&opic deformation, nor shrinkage.

The removal of the LiCl salt was confirmed by eletat analysis EDX, which show the disappearandbef
signal ascribed to chloride ion after washifgg(re 3). It is worth noting that environmental parameters
Temperature and Humidity, considerably affect tlwphology of the obtained nanofibers, resultinguin
overall random arrangement when the relative hugnidimaintained around 20% or in prevalently adign
fibers if RH raises above 45% (within a temperatarege of 25-30°C, sdggure 4). The mat obtained from
the solution containing 2% of LiCF{gure 4A) was produced with a relative humidity of 45% ainel fibers
are clearly preferentially aligned. On the contrdaoyh mats obtained from solution containing 2 598 of

LiCl (respectivelyFigure 4B andC) were produced with a 26% RH and it is possibleliserve that in both
mats nanofibers seem to be randomly oriented. Helegending on the final use, the environmental
conditions should be finely tuned to tailor the offforous membrane morphology. Mats made of nandibe
with a high degree of orientation were used inghesent work, since it was considered that a pliagai
orientation direction would provide a higher deysit fibers per volume unit than the case of a detety
random arrangement, and the higher the numbebefdiper volume, the better should be the firestasce.
3.2 Thermal characterization

The obtained nanofibrous mats were thermally chiarezed by TGA and DSC analysis. Figure 5 the
thermogravimetric curves, carried out heating irfram RT to 600 °C, of neat PMIA, PMIA W and PMIA
UW are reported. Pristine commercial PMIA showgst fveight loss starting around 80°C, which can be
ascribed to the water absorbed on the materiala®g by the on-line FT-IR analysis of the evolgas. Such
a behaviour is typical of polyamidic/polyaramidi@tarials and correspond to an average water coatenhd
6%wt. The massive PMIA degradation occurs above@@08°C onset) and no residue is observed.

As expected, the adsorbed water fraction strongtyeiases in the nanofibrous mat containing LiCl ([RM
UW), owing to the strong hygroscopic nature of therganic compound. It is worth noting that the
degradation rate of the LiCl containing nanofiberdower than neat-PMIA and the TGA solid residue a
600°C is more than twice the expected value (20%i©F) (if the released water fraction is not catesied in
the total starting weight). Such a behaviour sutggtiat the applied temperature program is not tblead to
a full degradation of the organic fraction, thus thCl seems to act as a thermal stabilizer. Thisanfirmed
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by PMIA W (Figure 5 c,) which, upon removal of the inorganic compongogs back to a behaviour similar
to that one of pristine PMIA, with a comparable @ratontent (about 6%) and a full degradation witthie
same temperature range.

In Figure 6the DSC curves of pristine PMIA, PMIA UW and PMIA Wfirst and second heating scans are
reported. In the first scan all the samples displagndothermic transition between 50 and 150°Chyhipon
the discussion of the TGA analysis, can be asctibéke evaporation of the water absorbed by naeddi It is
worth noting that in PMIA UW first scan thermogrdRigure 6A, b) this transition is more intense and with
the maximum of the peak shifted to higher tempeeatiban neat and PMIA W. Such a behaviour agretts wi
TGA analysis and stems from the presence of LiGtiyHbeing very hygroscopic, strongly increases the
absorbed water fraction. The small modificationvater content between pristine PMIA and washed PMIA
can instead be explained by the higher superfaried of nanofibers, which allows a slightly highater
fraction to be adsorbed. Trable 2the temperatures and relatitkl of these endothermic DSC transitions
registered in the first DSC scan are reported. ¥peeted, in the second scatigure 6B) no endothermic
transitions are detected, having water been coelgletmoved. Upon water removal (in second scaggt n
PMIA displays &l centred at 304°C, this value increasing for thd #MW. Such a behaviour could be
triggered by stronger intermolecular interactioesAeen the very stiff polyaramidic macromoleculed the
salt, when water molecules are no more presenth®nther hand, the decreasdjrdisplayed by PMIA W
can be explained by the increase of free volumwdxt nanofibers after the washing process, whiclotis
compensated anymore by the polymer salt interactistin the case of PMIA UW.

3.3 Mechanical characterization

In order to better understand the mechanical ptigseof the investigated PMIA mats, specimens were
analysed with stress-strain tests in tensile m8deples were produced from solution of differefit santent
(PMIA 14-2 and PMIA 14-3,5, as describedTiable 1) and were studied both washed (W) and unwashed
(UW) nanofibers, collected along the direction esponding either to the longitudinal (//) or thenisverseX)
direction of the rotating drum collector as repdrieFigure 7. It is worth to point out that such mechanical
test provides an indication of the mechanical behaof the nanofibrous object, which is mainly quosed of
voids. As a matter of fact, while the intrinsic m@l properties play a role in the definition bétnanofibrous
mat behaviour upon mechanical deformation, thealvexsponse is much more affected by the nandfiber
morphology, tridimensional assembly (easiness afrosxopic fibers disentanglements), membrane tleskn
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and salt presence. Thus, the electrospinning geftmembrane properties as well as the testingittomanay
strongly affect the final results. As shownTiable 3 both PMIA 14-2 and PMIA 14-3,5 washed nanofibrous
mats displayed a higher Young’'s modulus along dingitudinal direction than along the transverse ¢me
particular, the best results were achieved for wdstnd longitudinally oriented PMIA 14-2 W // naifgfrs.

All the results showed are in accordance to th&kwbiSu-Yeol Ryu [34] where the best mechanicapprties
where obtained for the washed mats oriented aloadpingitudinal direction of the rotating drum. &spected
[34], all the sample of the unwashed specimens sboxgry low Young's module also for fibers collette
longitudinal directions, as reported for PMIA 1448V // as an example. This behaviour can be asctibéuke
presence of LiCl, which, beside interacting atifecromolecular level with the polyaramid, bringstie mat
a high water fraction which could favour the fibdisentanglements when subject to tensile defoonaéven
along the fiber’s prevailing orientation directidithile, at a first sight, the fibers alignment e thanofibrous
membrane appear different (deigure 4), namely PMIA 14-2 looks aligned while PMIA 14-3Bems
random, the previously discussed results do nohsmmsistent with such a visual observation. Wihaim of
solving this issue, is was thus defined a so-callgghment Index (1), applied to a membrane produced by the

same solution and measured along two perpendidirkzations, as reported q 1.

I, = Youngrs modulus // Eqg. 1

Young's modulus L

where } is the ratio between the Young’s modulus of nae® collected along longitudinal directions arel th
Young’s modulus of nanofibers collected along tvanse directions of the rotating drum collectorisTh
parameter provides a numerical evaluation of ther§ orientation, far more significant than theuals
assessment carried out via SEM micrographs thatys@fers to the outer portion of fibers. In peutar, the
higher is the extent of fibers aligned along a g@retfitial direction, the greater thevhlue will be. The highest
degree of alignment, Iwas obtained for PMIA 14-2 samples; worth of ngtis also the relevang of the
PMIA 14-3,5 mat, suggesting that a significant fdbbalignment can be achieved also with this satutio

3.2 Testinf of Fire Behaviour

Being the PMIA fire resistant behaviour well esisitéd [24;26], the effect that its application lve form of a
micrometric thick superficial layer of nanofibersgimt induce on the flame behaviour of a carbonrfibe
reinforced composite (CFRP) has been investigéteprticular, we used washed mats produced WRIM#A

14-3,5 solution. The batch PMIA 14-3,5 displayswaér fibers alignment, but it was chosen for fisting
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behaviour instead of PMIA 14-2 since with this farlation it was possible to produce a stable elspirming
process that lead to nanofibrous mats without nsamoic defects even after 50 hours. During theda@sh
spinning of the PMIA 14-2 solution, in fact, prosd@ssues were reported and it was not possibleoupe a
flawless membrane suitable for future tests. Ia thdrk, PMIA nanofibrous mats were applied ontoghdace
of a CRFP panel (C-Neat) in two different modeghiafirst case the PMIA mat was incorporated iltst
layer of a CFRP panel (C-PMIA inc W) before theigmprocess of the composite materkiglre 1A-C). It

is a simple way to add a superficial membrane l&yer composite material since there are no proolosit
treatments and, after the cure, the adhesion battheeCFRP and the nanofibrous mat is perfect adted the
curing treatment it is possible to see tla@ofibrous mat completely incorporated under fhexg resin layer
of the CFRP paneF{gure 1C). In second case, the PMIA membrane was applienltbetsurface of a cured
CFRP specimen using a paint layer as adhesive (s4@PB)-Neat and CP-PMIA W). In this case too, the
application of the PMIA mat is simple, since a fipaint layer is always applied onto CFRP as &fiitig to
protect the composite material. Then, the flameabiur of the obtained samples was assessed by cone
calorimeter, which is one of the most effective dfescale methods for studying the flammability pdies of
materials[35]. Tests were carried out with a hkat fof 35kW/nf (about 650°C) which can be roughly
compared to a small-scale fire. The instrumentweark with a heat flow ranging between 5 and 100k#/m
the higher irradiation levels give better reprothilitiy, more clearly defined ignition, and shortaeasurement
times, but correspond to more fully developed fi@&en a smaller irradiation level better fitsthe fire
protection goals, since it accounts for the maltéehaviour in a condition close to the startingdire,
showing its ability to ignite and propagate. Themdata monitored during the test armat Release Rate
(HRR), reported in kW/Awhich represents the irradiated thermic power ssday the sample per square
meter;Total Heat Releas€THR), reported in MJ/fwhich is the total heat released by the sampben fr
ignition to extinction;Time to ignition(TTI), reported in seconds it represents the sipen between the start
of the sample exposition to the heating sourcéhérpresence of an ignition system, and the mombah the
first flame is detected. Moreover, two additionatgameters were calculated, starting from the medsvalues.
First, theFire Performance IndefP!), reported in kW/As, providing an overall assessment of the firetgafe
of a material in the cone calorimeter test, hasloadculated as the ratio between the maximum vafltlee
Heat Release Rate (pHRR) and the Time To Ignifioi ) FPI is related to the time required for flasir.
ThenFire Growth Rate IndefFIGRA), reported in kW/iis, a parameter helpful in ranking the materials in
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terms of potential fire safety because it combthesmost intense heat release (pHRR) and timehiewee it
(Time To Peak, TTP). FIGRA is a good descriptothaf burning behaviour of building products. The ptete
set of data obtained is reportedTiable 4 and is based on the average of three runs forszauople, while in
Figure 8 andFigure 9 cone-calorimeter curves significant of the batehdviour are reported. Figure 8 the
HRR and THR curves for C-PMIA inc W are comparethwie plain reference of CFRP with no PMIA
incorporated layer (C-Neat), sampling the samearafibber epoxy resin composite used to prepare the
modified sample. The data reported indicate noifioggmt effect of the nanofibrous mat presence. lHo& of
effect of the incorporated PMIA membrane can betdube presence of the epoxy resin external legech
burn before the nanofibrous mat can provide itoactor the sake of comparison,figure 9 HRR and THR
curves for CP PMIA W are compared with the plaiference with no PMIA coating layer, sampling thensa
carbon fiber epoxy resin composite used to pre@&&MIA W samples, covered with the same paintsedu
as adhesive for the nanofibers (sample CP Nea# daka reported show a remarkable effect of thefitaous
mat presence concerning, in particular, the timigndion (TTI) value: the samples covered with PMI
nanofibers need longer time to ignite compared¢oQ@FRP neat samples. The ignition delay obsemwethé&
samples covered with nanofibers was approximatelyeeonds if compared with the samples CP Neat, thu
TTI is more than doubled. This result is reallyrpising since the delay was obtained using justalsm
amount of nanofibrous material (0.24-0.27 g/108)cin a real fire scenario the escape-time plays a
fundamental role in the survival of the people ined and therefore the longer the ignition time better the
material. Moreover, there is also a significant pHéRecrease upon application of a thin nanofibrous
polyaramidic outer layer, though not quite as ieteas for the TTI value. Overall, however, the TiRies
obtained for C-Neat, C-PMIA inc W, CP Neat and QW& W are comparable, as shownkigure 9 A-B and
Table 4. Such a trend is easily summarizedrigure 10, where some among the most significant cone
calorimeter data, are reported as percent variatiche PMIA covered sample with respect to theénptee
(taken as 100% reference value), in order to battdlight substantial differences. The value répain
Figure 10 are particularly relevant because, according ¢ontbrk of Petrella [36], they can be combined to
provide some indication for the ability of the istigated material to propagate the fire. Whilertte of
pHRR/TTI has been defined Bge Performance Indexhis index has been recognized also as an irdlicat
the propensity of the material to flashover [3@jeTlashover is a possible consequence of a firiéidg,
which require specific conditions to occur, suclaasntense and instantaneous amount of heat (iR,
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short TTI) and is obviously an additional threathe case of fire. Correlation of THR and FPI valleads to a
good assessment of the material tendency to prépadgae; hence, while in the present case TH&tr®st
unaffected, FPI being more than halved thank tdPkéA superficial nanofibers accounts for a sigrafit
higher safety of CP PMIA W. According to the workRetrella [36], a classification can be issuedeblasn

the FPI index, with the following indication:

0.1<FPI<1 Low risk
1<FPI<10 Intermediate risk
10<FPI<100 High risk

Hence, it is demonstrated that the simple addiioihe micrometric outer membrane (50-60 microrghke to
reduce the fire propagating tendency of the epaseld composite, changing its classification frolnigh-risk
material, to an intermediate one. These observati@ll compare with the behaviour highlighted by th
FIGRA index, that has the same discussed trendiarolints for an overall sign that the coated cotsm@s
definitely less prone to propagating a fire.

It is worth to note that the overall better flamehlviour is achieved using a nanofibrous mat of @at27
g/m? weight. The major improvement, as discussed abmweerns the Time To Ignition (TTI), which
doubles. A similar improvement in TTI was also ittal on polyurethane foams [26], but at the expeifsiee
object lightness. In fact, four PMIA fabric layds55 g/nf each) are required for such a result, leading to a
significant weight increase. The object thicknessegatively affected too, since commercial PMIBries
with micrometric fiber diameter were used. PMIA ofibrous mat guarantees the same TTI enhancement
using less than a twentieth of flame retardant risteveight (24-27 g/minstead of 620 g/f). In the same
work, it was demonstrated that the air permeabiditi?MIA layers plays a key role in the materiakfi
behaviour. The higher the air permeability, theheigis the diffusion of inflammable gases evolvenhf the
material surface. PMIA mats, being composed of fiaars, should create a more efficient barrier effe
against oxygen and inflammable gas diffusion thistAfabrics, leading to a more difficult combustion
process. All the discussed results account foptigaramidic nanofibrous coating as a smart waynealify
the flame behaviour, even for objects which areaaly formed. The thinness and lightness (24-27)gsfrthe
PMIA membrane do not significantly modify the olijeamensions, and its pliability can make it toetic
adapt over complex surfaces. The fire-retardanatielr that can be obtained with the use of susimple
approach appears, on the other side, significamibyoved and it paves the way to a new approactherire

retardancy field. In such a frame, however, thesg@néwork is put forward as a preliminary prootohcept
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for validating the idea, and still requires a systtic evaluation of the main factors influencing th
performance, such the type of polymeric matrix @ffepoxy resins, vinyl ester resins, polyesteingedut
also thermoplastics, such as polypropylene andppelyylene sulfide), the membrane alignment (random
highly aligned) and thickness in order to fully enstand the potential of PMIA nanofibers for thektat hand.
Moreover, the fire response in different heat foxditions, i.e. both representing the startintheffire or its
full development, should be also taken into account

CONCLUSIONS

In the present work, the production of well definpedyaramidic nanofibrous membranes has been asklies
leading to some thin and well controlled Payhenylene isophtalamide) nanofibers with a sigaifi
alignment extent in the macroscopic mat. Such alonene displays good mechanical properties and ean b
easily handled, so much that it could be applied epoxy based carbon fiber reinforce compositds) the
aim of modifying their flame behaviour thanks te thtrinsic non-flammability of the PMIA. Cone-
calorimetric tests demonstrated that nanofiber m/eomposites display a delayed ignition, and taybe
classified as intermediate risk materials in teahability of fire propagation, while the uncoatesimposite
falls in the high risk rank. PMIA nanofibrous matagantees the same TTI enhancement of commerbiatsa
using less than a twentieth of flame retardant risteeight (24-27 g/minstead of 620 g/f). All the
discussed results account for the polyaramidic filarmus coating as a smart way to modify the flame
behaviour, even for objects which are already fatméth significantly reduced hazard.
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Table 1. composition and processing parameters of PMlAtedepun solutions

Solution PMIA Licl DMAC g?s"tg‘r:]g ';'gt"; Voltage HR T
0, 0, 0, 0, o
(% wt/wt) (% wtiwt)  (Yowt/wt) (cm) (mith) (kV) (%) (C°)
PMIA 14-2 14 2 84 15 0.4 16 45 21.8
PMIA 14-2,5 14 2.5 83.5 15 0.2 17.2 25 27
PMIA 14-3,5 14 35 82.5 15 0.1 25 27 23.6
Table 2 DSC
Sample AH (J/g)a T endothermic peat (oc)a Tq (OC)b
dataof " Neat PMIA 208 83 304 Neat
PMIA W 222 91 275
PMIA
' PMIA UW 637 117 318 PMIA W
and PMIAUW
First DSC scan endothermic transition
® Second DSC scan
Table 3: Mechanical properties of PMIA nanofibrous mats
Sample E (MPa) LK a; (MPa)
PMIA 14-3,5 W // 67977 3.05 27+2
PMIA 14-35W L 172+13 . 510.1
PMIA 14-2 W // 752471 6.06 302
PMIA 14-2 W L 10846 ' 3+0.1
PMIA 14-2 UW // 170 / 3
a) Alignment Index (la) described in eqg. 1.
Table 4: Cone Calorimeter parameters
Sample C-Neat C-PMIA inc W CP-Neat CP-PMIA W
HRR (kW/m?) 86+7 85+4 661 57+12
PHRR (KW/m?) 478453 382+17 470450 391+30
THR (MJ/m?) 22.4+0.2 19.8+1.0 18.8+0.4 19.7+0.9
TTI(s) 53+1 52+1 461 94+15
TTP (s) 68+6 81+1 76+16 122+20
TOF (s) 19349 185129 193+10 24046
FPI (kW/m?s) 9.0+0.8 7.420.3 10.2+1.4 4.3+1.0
FIGRA(KW/m 2s) 7.1+1.2 4.7+0.2 6.4+2.0 3.3£0.8
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Mass loss (%) 44+1 411 38+3 38+3

Figure 1.C-Neat sample (A), C-PMIA inc W sample (B and CR-Neat sample (D) and CP-PMIA W
sample (E and F) at different stages of the cogepiocedure.

Figure 2— SEM micrographs of PMIA UW (A — 6000X, B — 15000and PMIA W (C — 6000X, D —
15000X) electrospun mats. Scale bar: 5 pm 600Q¥nN2L.5000X micrographs.
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Figure 5. TGA curves in air of (a) neat PMIA, (b) PMIA W afc) PMIA UW nanofibrous membranes.
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Figure 6. First (A) andsecond scan (B) DSC termograms of (a) neat PMIARPWIA UW, and (c) PMIA W.
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Figure 7. PMIA mat samples collected along the direction egponding either to the longitudinal (//) or the
transverse() direction of the rotating drum collector. The neibrous samples are prevailing aligned along
the drum rotation axis.
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Figure 8: Comparison of two significative cono calorimetriaees reporting HRR (A) and THR (B)
behaviour of: (a) C-Neat (green) and (b) C-PMIA Wqblue).

20



600

500

400

300 +

HRR (KW/m’)

200

100 -

20000+
—>a
£ 15000
5
—b = a<—,
x —s
e b
= 100004
5000
1 T T T l 0 T T T T T 1
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time (s) Time (s)

Figure 9: Comparison of two significative cone-calorimetrigees reporting HRR (A) and THR (B)
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Neat(black) and CP PMIA W (red), expressed as %atian with respect to the plain neat compositeNgRt,

with the relative standard deviation.

21



