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Abstract: Nylon 66 nanofibers loaded with different GraphéG¢ amounts were successfully produced with

stable process and good fiber quality, using amoped solvent system suitable both for electrosipig and for
G-suspension. G addition is found to significantffect diameter but not thermal behaviour. A new
phenomenological model is proposed for the integien of mechanical behaviour of nanofibrous nrging to
take into account the nanofibrous morphology. Thaseh highlights a G contribution to mechanical pdjges
that mainly affects the initial steps of deformatiwhere fibers stretch, slide, twist and re-oridihally, the
nanofibers were analysed after 20 months ageingyisig no significant alteration with respect to thestine

ones, thus the lack of detrimental ageing-effeatstd G addition.
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1. Introduction

Nanoscale reinforcements, such as nanofibers §tjpparticles [2] and carbon based nano-reinforcesri8m],
represent a versatile tool for modifying polymed grolymer composite properties. While carbon-bassth-additives
may exploit different allotropic forms of C [5;8kraphene and Related Materials (GRMs), i.e. Graglién, Graphene
Oxide (GO) and reduced Graphene Oxide (rGO), wbareon atoms are prevalently arranged in two-dimeas
monolayer of sphybridized carbon atoms positioned in a hexagtatéte [4], are very promising candidates. Althbug
the single graphene sheet is just a few Angstrack tthe bidimensional layer can easily extendapundreds of
microns in width; however, it can be reduced tomacale dimensions, allowing the creation of thealted graphene
nanoplatelets (GNPs), useful in the preparatiomasfocomposites with outstanding properties [7this frame, two-
dimensional substrates, not necessarily carbondbaae also be modified in order to provide addaidbeneficial
properties [5;6;8], without appreciable size andglvepenalties [9]. GRMs can be thus effectivelgdiso enhance the
mechanical behaviour of polymers. In literatureesalyexamples are reported, applying to the widesge of polymeric
materials, with gain in both moduli and ultimateperties at break [10-14]. Moreover, thanks tortbeerall nano-
dimensions, GRMs are even suitable for incorponaitiopolymeric nanofibers, thus creating nanoreaitéd nanobjects
(Nand) [15]. Polymeric nanofibers are technologicallgfus, low-cost, and high surface area materialsassfully
applied as filtration media, as drug delivery anrin tissue engineering as scaffolds for cellghy they are highly
sensitive sensor media and they are reinforcingefts in composites [16;17]. In most cases, naaddiare themselves
used as nano-reinforcements, and the addition dfi&Ray be a convenient way to improve the nanofiveperties or
to add peculiar properties to nanofibers [18].d$ Iveen indeed proved that nanofibers can positafédct functional
and mechanical properties of composites [19] atrmwembedded in carbon fiber/epoxy resin compgghes
interlaminar fracture toughness and delaminaticsebfatigue behaviour definitely increase, withawsignificant impact
on the overall dimension of the final composite][Mhile the aspects of the reinforcing effect sti#h under debate,
two main actions are envisaged: the bridging aaticthhe submicrometric filaments keeping togetherdiverging
composites sections and the ability to deviatecthek path, thus enhancing the overall fractur@agation energy [1].
In the field of the delamination toughening, thechenical performance of the nanofiber membranespagrucial role,
and Nylon 66 (PA 66) presently represents a popudarposite modifier, owing to its low cost, andtigelting
temperature allowing it to stay in the nanofibrémsn during the curing step of many matrices [ljeTimprovement of
thermal and mechanical behaviour of PA 66 nanotibnrmembranes with use of GNPs looks, thus, arctttea
perspective for application in composite delammatoughening and many other industrial fields saghfor example,
filtration media. Nevertheless it is recognized: taaluation of nanofibrous mats mechanical perforoes can be

tricky, since mechanisms of deformation in non-wotegrics are based on both fibers and fiber-er¢anents



deformations [20], and a correct assessment céiafgeto achieve. Indeed, while the greatest patiefiterature has
been focussed on the evaluation of the nanofiherstibnal properties, to the best of the Authors\kledge, only few
works [21;22] investigate the mechanical propemieslectrospun PA 66 nanofibers reinforced withiplIGNPs. Among
them, one reports 0.5, 1.0 and 1.5%wt of graphddéian leading to an improvement on both elongatib break and
toughness (up to +73% and +50%, respectively), aitbncomitant detrimental effect on either Youngtsdulus or
tensile strength (up to -53% and —35%, respeclivdlthe mat. The second paper accounts for amemtsly increasing
storage modulus of the fibers with 0.1, 0.5 andda® G content: however, in this case fibers ardlyigligned and
mechanical properties are evaluated only on this lAHMA measurements; hence no ultimate tensikngth or
elongation are investigated. Moreover, no litemtairall was found regarding the behaviour of GRMslified
nanofibers upon ageing, in particular when the m&llymatrix is crystallizable, such as PA 66. Hemtéhe present
work PA 66 nanofibers loaded with various amoungmaiphene are produced and both thermal and mectani
properties are analysed. A broad range of grapfrangons, ranging from very low (500 ppm) to vérgh (15%wt)
content, are considered and investigated. Whileany cases graphene based nanocomposite nanafibgrsoduced
thanks to surface modification of carbon nanotul@$¢Ts), G or GO, to help the dispersion of the oadreous additive
[23], one of the purposes of the present work jsrtvide a simple solvent system for dispersindnltibé polymer and
the graphenic derivative without chemical modificatof the latter. In order to obtain graphene kxhélectrospun
membranes, a solvent system suitable for both sdépg graphene and dissolving PA 66 is presentddfanthe first
time, used for electrospinning purposes. The predu@nofibers are then characterized to determarpimlogical,
thermal and mechanical properties of such membramesder to provide a thorough overview of theadted product.
Moreover, the properties of the nanofibrous matkbei investigated both as produced and after 26ths) with the aim
of establishing the effects of the carbonaceougiaddn the thermal and mechanical properties uggeing. In this
context, a mathematical model has been put forwarpovide help in understanding mechanical behavwf the
electrospun fibers. The model, used to fit the expental data, would attempt at proposing an easlysemplified

interpretation of the complex and multifaceted aspaffecting the mechanical response of a narmitbomembrane.

2. Materials and methods

2.1 Materials

PA 66 (Nylon 6,6 Zytel E53 NC010 kindly provided ByPont) was dried in a stove at 110 °C for mininfum
hours before use. Trifluoroacetic acid (TFA), aceta2,2,2-trifluoroethanol (TFE), formic acid artdaroform,
all reagent grade, were purchased from Sigma-AldSolvents were used without further purifications

Graphene nanoplatelets (PURE G+, DirectaPlus) walykprovided by Reglass s.r.l. - Minerbio (Bol@gn



2.2 Preparation of PA 66/Graphene solutions

PA 66 (Nylon 66) solutions (15%wt) were prepared iA/acetone 1:1 vol. mixture. Pristine solutionswaade
dissolving PA 66 pellets under magnetic stirring amld heating (maximum 50 °C) until complete pogm
dissolution. Graphene loaded solutions were prepaceording to the following method: 1) graphenkksats
mixture sonication via bath sonicator for 30 mirsyt®) graphene/solvents mixture sonication viatipicator for
3 hours (instrument settings: amplitude 30%, pats® s, pulse off 1 s); 3) polymer addition to gnaphene
dispersion, keeping the mixture under magneticisgirfor minimum 1 hour, and in any case until cdetg
dissolution; 4) mixture sonication via tip soniaafor 4 hours (instrument settings: amplitude 3®uise on 9 s,
pulse off 1 s). Sonicator bath (type AC 14, Uniset)l tip sonicator (type VCX 750, Sonics, 750W, notip
diameter 3 mm) were used for graphene dispersiba.obtained solutions will be labelled as NY-XG andn X
represents the weight fraction of graphene witpeesto the polymer in the solution. Tiable S1the list of the
solutions prepared for electrospinning is reported.

2.3 Nanofibrous mats production

Nanofibrous mats were produced via electrospintéshnique. A Spinbofvelectrospinning machine equipped
with four 5 mL syringes was used. Needles (len@mn, internal diameter 0.84 mm) were joined tangas via
teflon tubing. Fibers were collected on a rotatingm covered with poly(ethylene)-coated paper atpdd. Mats
have final dimensions of approximately 20x40 cme Bbtained nanofibrous mats will be labelled asaWar:
XG, where X represents the weight fraction of geaphin the electrospun fibers. The electrospinpingess was
carried out until an average thickness of mat ofifOwas obtained. Mhable 1the parameters for optimized
electrospinning of nanofibrous mats are reported.

2.4 Characterization of nanofibrous mats

Nanofibrous mats were analysed by scanning elechioroscopy (SEM, Phenom ProX) to determine narmoib
morphology. All analysed surfaces were gold coateatder to make them conductive. The distributiéfiber
diameters on the electrospun mat was determinedghrthe measurement of approximately 50 fibersibgns
of an acquisition and image analysis software (Rag Plus), and the results were given as the geera
diametert standard deviation. Graphene nanoplatelets digpensinanofibers was investigated by transmission
electron microscopy TEM: images were acquired BEM/STEM FEI Tecnai F20 working at 200 kV. The
samples were prepared by direct transfer of fibara multifoil-carbon film supported on a coppadgRaman
spectra were recorded with an‘Aaser light source (514.5 nm). The Raman specti@mi®also equipped with a
Leica DMLM Renishaw 1000 RAMAN Micro-Spectrometeyugpped with microscope (objectives 5x, 20x, and

50x), a rejection filter (notch or edge), a monachator (1200 lines/mm) and a charge-coupled device



thermoelectrically cooled (203 K) detector. DSC meaments were carried out on a TA Instruments QZRBC
Modulated apparatus equipped with RCS cooling syste dynamic runs every sample (5 mg) was heatad 0
°C to 120 °C, cooled to 0 °C, then heated to 29Qh&&ating/cooling rate 20 °C) in nitrogen atmospher
Tensile tests of selected nanofibrous mats wereemaghg a Instron 5966 universal testing machingpged
with a 100N load cell, speed test 10 mm/min (Supgeletary Information S1 for additional details).
Nanofibrous mats for thermal and mechanical prageharacterization after 20 months from the pctida

have been kept at ambient conditions without teatpee and humidity control.

3. Results and discussion

3.1 Graphene loaded solutions and electrospinningess

Electrospinning needs a homogeneous and procegsatite solution (e.g. acceptable viscosity, sigfit
conductivity, adequate solvent system volatilitype successfully carried out. Graphene loadedisngj on the
other side, require a good stability in terms ofdj to guarantee that well exfoliated graphenietshdo not
reaggregate before being interleaved with polynhairess upon polymer solution mixing with GRM suspens.
Hence, the choice of a solvent system which wodtitess both PA 66 solution and graphene suspeissakey
factor in the production of high-quality nanofibers

Formic acid and chloroform/formic acid mixtures asemmonly used for dissolving PA 66 in preparatién
solutions for electrospinning purposes [24-26]; KBEnic acid is also a suitable solvent system [Z7fecent
work [28] shows the use of TFA/acetone as a goadpromising solvent system for the production vibvent
casting of GNPs loaded PA 66 films that exhibit sthosurfaces and improved mechanical/electricgbgrties.
Moreover, it is reported that the prepared solibave good stability in terms of GNPs suspension.
Nevertheless, this solvent system has never bemhinglectrospinning process of PA 66 solutions.

In order to assess the stability of GNPs in diff¢olvent media, several dispersions were prodused) the
same Nylon 6,6 provided by DuPont and details erstilection of the solvent system are providetién t
Supplementary Information (secti@®). Upon different tests TFA/acetone mixture wasvproto lead to the best
fibers quality (diameters down to 260 nm, high flate up to 0.70 mL/h, absence of beads) and inggrov
electrospinning process stability over the time.rdbwer, TFA/acetone 1:1 vol. represents the bdgesbratio:
indeed, an increase in the TFA fraction determareandesired discontinuity in the electrospinningepss,
while its decrease hampers polymer dissolutiommja B:7 vol. only induces the swelling of PA 68lgg. The
processing conditions should not be able to degttaglpolymer; hence no modification of the startimglecular

weight is expected. The presence of graphene duexfect significantly the solution electrospinildyp, even at



very high graphene concentrations. The electrospinprocess is stable, without neither drops expnlsor
needle obstruction, and can be thus positivelyi@@wut, once the process parameter optimizatisrbban
tailored on the very specific solution charact@ss{Table 1). The obtained nanofibrous mats, psrted in
Table 1, will be labelled as NanoNY-XG, where Xnegents the weight fraction of graphene in thetedspun
fibers.

3.2 Morphological and structural characterizatiohelectrospun mats

Electrospun nanofibrous mats were assessed viaBgplalectron Microscopy to investigate the morpigyl and
arrangement of the fiberBigure 1 displays a panoramic micrograph of the overall imeme aspect, with
magnification focussed on the fiber morphologyhe tlifferent graphene containing formulations peztlifrom
the TFA/acetone 1:1 solution. It is clearly obsertfeat fibers do not exhibit any evidence of macopéc defects,
showing instead regular and smooth surfaces. Ahitfigest graphene load values, i.e. 8%wt and 15%d,to a
smaller extent even at 5%wt and 2%wt, some pratrusan be detected along the fibers, whose presence
however, does not seem to interrupt the seamlessdontinuity. All nanofibers are obtained withaadom
arrangement, with no significant prevailing oriditta neither morphologic defects like beads. Witile average
diameter of nanofibers stays well below the microméhreshold, the presence of different grapheadd in the
starting solutions affects the fibers’ thicknesstigularly at low graphene fractionSigure 2).

A clear trend is observed, where a very small arhotigraphene, up to 0.1%wt (1,000 ppm), determanes
decrease in diameter which lowers the average dlabout 40%; a further increase in G percentagses,
instead, the fibers’ average size to start increpagain, up to +80% with respect to plain PA 6896% with
respect to the thinnest 1,000 ppm graphene contafiiers (NanoNY-0.1G). This behaviour could stieom the
synthesis of two concomitant phenomena with cotitrgeffects, namely the raise of both solutiondwetivity
and viscosity induced by the addition of G. Inde&d,first effect favours the stretching of theymoér jet, being
the jet itself more sensitive to the electrosthiétd; the second, contrarily, hinders the jet stéeng, since the
presence of G sheets favour chain mobility hindegadrampering the ability of the single chain toeiand
elongate. The trend showedHRigure 2 is therefore explained as such: up to 1,000 ppgrajfhene content the
raise in conductivity predominates the incrementigcosity, at 2%wt the two effects are perfectly
counterbalanced with respect to the plain solutidmile for higher G percentages the raise in viggas the
prevailing result. Nanofibers with low amount oghene (up to 1.5%wt) have very smooth surfacethen
contrary, highly graphene loaded nanofibers hasg $enooth surfaces and the presence of grapheetefda

protrusions is detected.



As already pointed out, in SEM images displayeBigure 1, graphene sheets protrusions are clearly observed
even at not so high magnification (15,000x), stgrfrom nanofibers with 2%wt of nano-reinforcement
(NanoNY-2G). As graphene content increases, naexditvith high graphene content (NanoNY-8G and
NanoNY-15G) not only show lumps caused by the sioln of wide graphene sheets, but also sudden ekang
the single fiber direction linearity, a featurettbtacommonly appears in electrospun fibrous menggawhile in
principle, the average size distribution of grapghsheets should be the same for all the electrosplutions,
hence expecting thinner diameters to highlight quratruding graphenic sheets far more than thiokess, this
behaviour has not been observed at all up to Nard$%. Accurate search of defects in samples UpS%owt

G content does not display evidence of defectsgatbe fiber. A TEM investigation of such defeceported in
Figure 3 for NanoNY-5G and NanoNY-15G, highlights some iating features. It is worth to point out that the
average nanofiber thickness is almost beyond tieshiold for electron transparency (200-300 nm)caehe
investigation focussed on the thinnest fibers ertfat to allow for the detection of some internakpmology. In
Figure 3A, the coupling in the same picture of two NanoNY-&facent fibers highlights two significant
behaviours: in the upper fiber, the darkening m¢blour where the fiber slightly bends and displsgme outer
protrusion can be associated to some graphenieggigs coalesced during the processing. This mimgibal
aspect, however, accounts for an almost full inolusf the carbon-based additive within the fibeubdaries.
The lower fiber inFigure 3A displays, instead, a bigger lump characterizediogr external lips and by lighter
shadows that seem to suggest the stacking of gnapsleeets with concomitant fiber thinning. Thisetvation is
confirmed in the TEM micrograph of NanoNY-15&idure 3B), where a clearly identifiable squared item
protrudes out of the fiber, displaying some morphalal feature accounting for G sheet stackingh wime
wrinkles in the spread platelets. Such piled agapegmight stem from the very high G-concentraitiotie
starting solution and they might be too rigid tméé&nd comply with the fiber morphology, as it hapg, for
example, in the upper fiber Figure 3A. The Raman spectrum recorded on the morpholoygioalkvant
protruding featuresHigure S4, in Supplementary Information) is indeed typichiraultilayered graphenic sheets
[29], with 2D band accounting for at least 5 laystacking, together with a signal ascribed to thilymeric fiber
component. It is worth to point out that Raman $eecorded on fibers with G content lower thaspdwt
display only bands typical of the polyamide frantibat reasonably envelops the carbonaceous agleitthin the
fiber boundary Figure S4).

3.3 Thermal characterization of nanofibrous mats

The nanofibrous membranes were investigated via,Xs@der to assess the effect of the carbonaceans-

additive on the thermal properties of the polyntegire 4).



All of the investigated samples display, during fingt heating scan, an endothermic peak accourfitinthe
melting of the semicrystalline polymer. It is clyawbserved that the electrospun PA 66 shows aiphailt
endotherm centered at T lower than the pellet siae@xpected, the processing conditions affecbiNgbility to
crystallize with respect to the bulk pellet sitoati This behaviour could be related to an averaggler size of
the crystallites due to the processing conditittiisas been reported in the literature that mokecatientation
and crystallinity of electrospun fibers can be sty affected by many concomitant factors suchaentration,
applied voltage, solvents, polymer molecular prépsrand others. It has been indeed proved thetrespun PA
66 nanofibers modify their crystallinity dependioig the solvent used, (use of Formic acid solutioeschot lead
to any multiple endotherm [30], while ChloroforrRdrmic Acid 50/50 partially does [31]) as well astbe
nanofiber size [30]. This latter parameter is régato affect also mechanical properties, whichstengly
increased below a given diameter, that Baji eteglorted to be lower than 450 nm [30]. Such anceffato
mechanical behaviour however does not infer a asantiincrease in the polymer crystal phase contarihe
present case, the average diameter of the obtaamaafiber is at the threshold for a strong contidyuof the
nanometric dimension of the fibers to the mechamioaperties. The addition of graphene to the sofuto be
electrospun seems to slightly affect the high GHahnanofibers (above 2%wt G content in the narodih
which display a single melting endotherm, thatasvaver located at a slightly lower T than the PAp@diet
(Figure 4). On the contrary, for smaller ranges of grapheads (below 2%wt G content in the nanofibers), the
electrospinning process seems to highly affectiibiting peak with respect to the behaviour of pizksl PA 66,
either in the shape and/or in its maximum/maximsitmm. In particular, the presence of multiple ke
observed in these cases, with appearance of arhligfheerature peak with respect to the correspgnaliiet and
plain PA 66 Figure 4). It is worth to point out that plain PA 66, witlo graphene addition, does not display the
peak splitting just upon electrospinning processirtge high T peak appearance, however, has beemrkiw a
long time in PA 66 fibers [32] and, even when oledrin nanofibers, it is ascribed to the drawingcesss, where
the applied conditions lead to a “more perfect ptazig-zag conformation in the extended chain afygructures
under the influence of applied tensile stress’oamfl by Gazzano et al. [31], ruling out any differe in the
crystal structure [33]. Under the latter assumptfoneach sample it has been possible to evathatdegree of

crystallinity (xc) of nanofibrous mats according to Equation [1]:
(1] Xc = (AHmW/AHm 10009 - 100

whereAH,, is the melting enthalpy of the sampi,, 100%iS the melting enthalpy of a hypothetical 100%
crystalline PA 66 (196 J/g [34]AH, used for the calculation refers to the real contépolymer in the

nanofiber, thus discarding the graphene presenahwdoes not contribute to the PA 66 crystal mgltin
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Besides the previously discussed effects of thetrelgpinning process, thermogramg-igure 4 and data
reported inFigure 5 display that a graphene content up to 1.5%wt dogaffect significantly the nanofibers’
degree of crystallinity, which is similar to plaitA 66 nanofibers and pellets. A lower amount ofNar{oNY-
0.05G) promotes the high,Tpeak without a relevant effect on the overall antaf cristallinity. While it has
been reported that G tends to act as a nucleantqtitng polymer ability to crystallize, the electpiiening is
known to slighlty hamper the process. Concurreiittlyas been reported that smaller diameter naarfibave
usually undergone higher draw ratio, which tendsamper the formation of bigger and more perfegstats
[30]. The higher nucleating effect of graphene cantrast this behaviour and promote the largenatys
formation. An increase in the graphene content,ev@ry would cause a confinement effect hamperiag th
formation of large crystals. The high, peak, indeed, lowers in intensity until it disappein NanoNY-5G,
where the low T, endothermal transition remains in a position widolresponds to the lowey, bf the
nanofibers with low to no graphenic content, ankddsited at a slightly lower temperature than pR#66 pellet,
accounting for the presence of smaller and ledegterrystallites. The effect of the higher drawnatjos in the
thinnest nanofibers is confirmed also by the slighigher T, observed in these sampl&sgure S5in
Supplementary Information).

While the nucleating effect of graphene can be $mweeclipsed by the opposite tendency of thinneofiaer to
hinder crystallization, this feature can be cleadyected in the DSC cooling scai&g(re 4). In this case, the
nanometric size of the fibers should have been vechoaipon the first meling, and the nucleating actd
graphene promotes crystallization at higher temipezathe higher is the G content. This trend reacimost a
plateau for the highest G loads. The nanofibrouss ittermal behaviour is stable over the time: #&temonths
from their production the degree of crystallinisygractically unchanged (dashed barBigure 5).

3.3 Tensile test of PA 66 nanofibrous mats

While the above discussed thermal features wouddgsttforwardly transfer into modification of theeghanical
properties when dealing with bulk materials, the/\geaphene affects the behaviour of the nanofibroats is on
the contrary difficult to draw. Selected nanofibsauats (NanoNY-0G, NanoNY-0.05G, NanoNY-0.1G and
NanoNY-1.5G) have been tested to evaluate theihar@cal behaviour both as spun and after ageing. Th
obtained raw results, displayed as load/displacécw@nes inFigure S6in the Supplementary Information, show
that in the case of graphene loaded samples thermaaxload and the displacement at the maximum &vad
greater than the plain PA 66 samples. Neverthefless;orresponding stress-strain curves must loeleadd and
analysed to provide reliable data to be discusBkd.standard approach to deal with mechanical ptiepds

based on the force normalization with respect éocttoss-section area, while the displacement igexted in



strain normalizing with respect to the initial léhgUsing this approach, the cross section of spelcimen has
been calculated by means of the width and the iieis& of mat samples, where the thickness has k@erated
with a mechanical micrometre on an area of abounhB6 applying a low preload (100g), in order to redthe
modifications of the mat nanofibrous structureFlgure S7in the supplementary information, examples of the
stress-strain curves of “As spun” and “Aged” saraptalculated according to the previous classicagyh, are
displayed while irFigure 6 the three main obtained parameters are summarizeat-chart form: Young's
modulus (E), maximum value of stress,{,) and the strain at which the maximum stress iaiobtl €; o). The
obtained results show that both E and, values are significantly influenced by the grapheantent, whil&, ax
is not. The Young's modulus increases by increagmaghene content and a 50-60% incrementTabdée 2) can
be observed in graphene loaded samples with regpdat pure PA 66, with the maximum increase (6ii¥the
case of 1,000 ppm of G. Graphene contributes tathe(Table 2) with increment ranging from 50 to 85% with
respect to virgin samples, with the maximum perfamoe obtained in the case of 15,000 ppm G corfamlly,
assessment of the aged samples does not highlgigmidicant change in mechanical performance.

While the above discussed results might well compéth previous literature [21;22] in term of Gieféncy in
improving mechanical properties, the Authors st#Htl some methodological concern regarding theatsbysis
and manipulation in the case of nanofibrous spegiradirst topic concerns the stress calculatiomjevanother
issue regards the evaluation of the Young’'s modulus

Stresses acting on a nanofibrous mat sample uedsion are indeed difficult to be exactly calculabecause
each fiber and the fibers architecture in the rilbéK orientation, fiber crosses and fiber weldg)uence the
force distribution in the sample and consequemslyriechanical behaviour. The classical approacth instne
literature to calculate the stress, based on thkiation of the cross-section area upon simple oreagent of
specimen macroscopic width and thickness, is a nargh way to estimate the stress itself. This epphn does
not account for the fibrous morphology, in partaruior fibers’ number and diameter and, at the same, with
the previous “classic” approach, the free volumeiagfibers is wrongly assumed to be filled by thme fiber
material as it would be for a bulk obje&idure 7). On this point it is worth to point out that thanofibrous mat
porosity, considered as the volume free of polyowar the total volume, can range between 80% aptliitan
average nanofibrous mat. Moreover, whenever a nmécdilssystem is used to estimate the thickness, the
measuring system locally perturb the materialweg which is difficult to be evaluated for a sampiigh at least
80% of void volume. Consequently, the Authors deditb re-analyse experimental raw data (sudfigize S6)
applying the following Equation [2] that descrilibe stress as a function of simple and easy to uneagiantities

[35]:



F

2] o=p—L
m

where “m” is the specimen mass (measured in mg)is‘the material density, “L” is the specimen iaitlength
(in mm), F is the force (measured in N) ani the stress expressed in MPa. Whikvaluation should take into
account any additive fraction, such as graphen&obrin the present case it is assumed to be égyddin PA
66 density, i.e. 1.14 mg/mirowing to the fact the presence of G would affaetoverall values by roughly 1% at
the outmost. However, appropriate calculation @hsa parameter becomes crucial if a significanttaed
fraction is used. The idea underlying the propdeeahula [2] is that the mass of the sample is iteidisted in an
ideal sample which has the length of the testecolmabiut with an ideal cross-section area wherestieno free
volume between fibers. Based on Equation [2], émsite test results in terms of force-displacenmane been re-
calculated; irFigure S8in Supplementary Information examples of the newwe are reported and the results
obtained applying this new approach are summaftigare 8. It can be noted that values of stress are
considerably higher with respect to those calcdlatih the classic approach, and this fact is dudé
evaluation of the equivalent cross-section areautatied by the specimen’s mass introduced in Equ4#i] that

is somehow able to discard the contribution ofubigls in the cross-section. Comparing bar charisgnre 6A-

B with those inFigure 8A-B, it can be pointed out that E aagl., values statistical dispersion is reduced by the
implementation of Equation [2] in the calculatiofsparticular, the average coefficient of variatigefined as
the ratio between the standard deviation and thenmaalue of the data) for Young’s modulus and maxim
stress calculated with “classic” approach are bottund 10%, while, considering the results obtaingdg
Equation [2], the both values drop around 5%. Tduticed dispersion on results can be related totre

reliable evaluation of stress based on the latipraach. From a physical point of view, the newlysia
procedure confirmed that the ageing did not implaetmechanical behaviour of the materials, whilehsanew
approach supports the idea that graphene justlsiigtiects €, ax values. The overall trend éble 3) show that
NanoNY-0.1G (1,000 ppm G) sample displays the malsvant variation of both E (+59%) agg..(+55%),

with respect to the reference NanoNY-0G. It wagedipreviously observed that the bggt, result obtained by
classic analysis of data is represented by NanoNpG-115,000 ppm of Glable 2) while implementation of
Equation [2] provides overall results which betigree with the previously discussed data trendsamphology
(average diameteFigure 2) and thermal behaviour (degree of crystallinfigure 5). The discrepancy in the
two results can be explained by the different wegduto evaluate the stress values: the implementafi

Equation [2] in the calculations enables a morégt@evaluation of stress with respect to thelapgion of
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cross-section normalization of the Force, wheresatgamount of the area value is actually compo$edids
(Figure 7).

Once the concerns regarding a convenient evaluafitire stress have been cleared with the impleatient of
Equation [2] in the calculations, the issues regay® oung’s modulus estimation have been approachieel
standard procedure based on the linear regreskibe stress-strain data at the early strain stiges 0.005
mm/mm to 0.015 mm/mm) is considered very well dighbd in literature. Authors, however, would lilce
highlight that the material stiffness variationsd#bed inFigure S7andFigure S8in Supplementary
Information are more complex. In fact, as displayeBigure 9, the material stiffness, calculated as the sldpe o
the tangent to the stress-strain curve, decreasesdn initial value down to an asymptotic consteend. Such a
behaviour is peculiar of this type of fibrous maksr when they are subjected to tension (see [36vB8re
similar stress-strain curves are reported) arglri¢liated to the peculiar nature of the nonwovarcsire, which is
ascribed to phenomena such as non-homogenoududisiri of the fibers, voids, entanglements and mivig of
single fibers (bundles). The initial stiffness eéxteéd by a membrane made of randomly oriented ritaewst
subjected to tension, is due to the complexityitxdrs network (fibers entanglements, potential aitlmeat fibers
crosses, fibers bundling, friction between fibensyl to the number of fibers which are aligned alibrey
displacement direction. The initial nonlinear bebav, with the stiffness lowering, can thus beihttred to the
reorganization of fibers in the network, the re¢hrcof intersections and the breaking of thoserfibehich
initially are already under tension. The asymptotiostant trend of the stiffness is the resulhefardered fibers
which are, finally, prevalently aligned to the desgement direction. Based on this observation thénérs
introduced a new mathematical model for the fittifighe stress-strain experimental results. Theehadported

in Equation [3], is considered as the superimpasitf two stress contributions, one linear and mor@inear ¢,

ando, respectively), as also sketched-igure 10A:
. 0(¢)=0,()-0,(e)=(ae +b)~(be ) =ae +bl1-e )
Equation [3] can be used to calculate the slopgaefangent to the stress-strain curve by simplat&on of

stress respect strain:

[4] Z—SZE(E):a+bce"°S

where here Ej is used to indicate the function that descrilessiope of the tangent and can be interpreteldeas t
local material stiffness or Young’s modulus. Uskguation [4] two main features of the model cammbined:

- the initial material stiffness (or initial Youngmodulus, E):

11



[5] E, :Lir? E(g)=a+hc

- the asymptotic constant stiffness (or the Youngislatus of the linear trend of stress-strain cuBgg)

[6] E;, =Lim E(e)=a

The equations [3], [4] and the particular casesasgnted by [5] and [6], are all sketchedrigure 10B. The
model has been used to fit stress-strain resulg) lsst square algorithm with excellent resulig(re S9in the
Supplementary Information), thus allowing to caitalthe two main parameters, dhd g, for both "As spun”
and “Aged” specimens (séégure 11). Results obtained by means of model fitting confihat the ageing does
not affect the main material properties. Data at#diusing the model fitting previously proposedvstioat the
initial Young’s moduli of G modified nanofibrous tseare greater than that of plain PA 66 non-wo\&igure
11A), with NanoNY-0.1G (1,000 ppm) providing the besstults. The analysis of the linear portion of shess-
strain curves, represented by the asymptotic con¥taung’s modulus (i), further confirms the benefits
provided by integration of G, in particular whenimited amount, showing that in the case of 1,0pth G there
is an increment, respect to virgin samples, of 8B0&o of the value. In this frame, the obtainediltss
demonstrate that the presence of G does not h#tdinear contribution to the mechanical properties, on the
contrary, affects the way the nanofibers behavhiwihe complex structure of the mat. Hence thewmiinitial
step where fibers stretch, slide one onto eactr dthest and re-orient and this is the parameteictvthe
presence of graphene affects the most: indeedjéasi align increase in the crystalline conterthefNylon, G
mainly contributes to the thinning of the spun miate that indeed, keeping constant the volumeglpees longer
fibers more able to entangle, twist and becomedoteected. While these results still confirm tleadfits of G
addition, the differences highlighted in the G at®ffect when switching from the classic methda{twell
compared with the literature data in terms of eixtérthe mechanical properties improvements) tortw overall
mechanical behaviour approach point out that tmefiaer morphology provides a more challenging snaitss
for the graphenic additive to express its reinfogcability at a “bulk material” level. Indeed, thenilarity
between the size of the nanofibers and of the @tstiimension (both in the range of few hundred®neeters)
might well be at the limit of an efficient dispeysiand interaction of G with polymeric chains fapeessing the
mechanical reinforcement at its maximum potential findrance of polymer chain mobility, increasstiffness

and strength, preventing cracking, etc).
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4. Conclusions

PA 66 nanofibrous mats loaded with different amewitG were successfully produced with a stablegss and

good fiber quality, thanks to the optimization betsolvent system. It was then demonstrated thabient

strongly affects the fiber diameter in particular \eery low amounts of nano-reinforcement. It wasoal

demonstrated that the presence of the carbonaeatuiive helps crystal formation, even when thermg of

the fibers and the electrospinning process wouldgds it. Moreover, a new phenomenological model een

put forward for the interpretation of the mechahibahaviour of such nanofibrous mats: in this frame

contribution of G has been observed, that affdusinitial steps of deformation where fibers stnetslide one

onto each other, twist and re-orient. While thig igreliminary model, whose terms’ physical sigrfice is still

under investigation, the outstanding fitting pemiance ability corroborates its significance as @ for the

interpretation of the mechanical behaviour of néwofis mats. Finally, the nanofibers were alsorttadly and

mechanically analysed after 20 months ageing, sipwo significant alteration with respect to thestime ones,

thus confirming the stability of the process anel ltick of detrimental effect in time due to G aidafit
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Table 1— Electrospinning parameters used for mats prastuct

Nanofibrous Electrospun  Graphene Electric . Electric Relative
mat solution content® Flow rate potential Distance el ® Temperature | ity
ppm (%owt) mL/h kV cm kVicm °C %
NanoNY-0G NY-0G --- 0.32 20.0 17.0 1.2 26-28 38-40
NanoNY-0.05G NY-0.05G 500 (0.05) 0.23 20.8 18.0 1.2 26-28 3-48
NanoNY-0.1G NY-0.1G 1,000 (0.1) 0.25 21.0 18.0 1.2 25-26 -454
NanoNY-1.5G NY-1.5G 15,000 (1.5) 0.17 18.0 18.0 1.0 26-27 9-33
NanoNY-2G NY-2G 20,000 (2.0) 0.50 16.7 15.0 1.1 23-24 33-35
NanoNY-5G NY-5G 50,000 (5.0) 0.70 17.3 15.0 1.2 24-26 28-30
NanoNY-8G NY-8G 80,000 (8.0) 0.30 15.1 20.0 0.8 24-26 24-26
NanoNY-15G NY-15G 150,000 (15.0) 0.50 20.0 15.0 1.3 22-24 1-33

@ referred to the sum of polymer and graphene wsight

®) calculated as electric potential to distance ratio

Table 2—- Variation of Young’s modulus and maximum valdetoess in graphene loaded samples respect to pure

PA 66 nanofibrous mat according to evaluation ofnamical properties based on a classic approach.

Young’s modulus Omax
(MPa) (MPa)
500ppm VS Virgin +48% +50%
1,000ppm VS Virgin +61% +57%
15,000ppm VS Virgin +59% +85%

Table 3- Variation of Young’s modulus and maximum valdetoess in graphene loaded samples respect to pure

PA 66 nanofibrous mat based on data analysed wjttation [2].

Young’s modulus Ormax
(MPa) (MPa)
500ppm VS Virgin +31% +32%
1,000ppm VS Virgin +59% +55%
15,000ppm VS Virgin +9% +43%
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Figure 1 — Electrospun nanofibrous mats at different maggatiion, left 3000x, right 15000x: (A) NanoNY-0G,
(B) NanoNY-0.05G, (C) NanoNY-0.1G, (D) NanoNY-1.5(&) NanoNY-2G, (F) NanoNY-5G, (G) NanoNY-
8G, (H) NanoNY-15G. Scale bar: left (3000x) 20 right (15000x) 4um.
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Figure 2 — Nanofiber diameters of produced mats.
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Figure 3— TEM images of nanofibrous mats loaded with (AM&%f G, scale bar 500 nm, and (B) 15%wt, scale
bar 300 nm. (C) Sketch of graphene disposition@tbe nanofiber.
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Figure 4 — DSC curves of NanoNY-X mats, heating and cooticgns.
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Degree of cristallinity (%)

Figure 5— Degree of crystallinity of PA 66 nanofibrous mas spun” (solid bars) and “Aged” (dashed bars)
and comparison with PA 66 pellet. Data calculatedifDSC curves.
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Figure 6 — Results data synthesis according to classiauatiah of the mechanical properties of nanofibnmags
in terms of (A) Young’s modulus, (B) maximum stressl (C) strain corresponding to the maximum value

stress.
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Figure 7 —Schematic representation of bulk versus nanofibnoaterials for highlighting the problems in the
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