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Abstract

This work deals with the preparation and charaesgion of fire-resistant poly(styrene-co-acryloi@) (SAN)
foams containing (organo)clays and/or melamine plobsphate (MPP) as fire retardants using supecafittQ, as
the foaming agent. The additives dispersion wast fiharacterized with X-ray and transmission elattmicroscopy
(TEM) analyses. Their presence clearly affected te#lular morphology, as observed by scanning ebect
microscopy (SEM). Then, the peak of heat release (RHRR) and total heat evolved (THE) were detagdiwith
cone calorimetry test, performed on each foamedpsams a function of the foam density. Incorporatad clay (3
and 5wt%) in the exfoliated state into SAN foamaelg led to a significant decrease of PHRR, whiléeicalated
and aggregated clay had a lower effect. Similaulteswvere obtained with 10 and 20wt% of MPP. Thetlresults
were obtained when exfoliated clay and MPP were ldaed, with a PHRR drop as large as 75%, thankthéo
synergistic action of both additives. The magnitedd®HRR drop, related to the fire resistance, ¥oamd to be in
direct relationship with the cohesiveness of thetgctive carbonaceous layer formed at the sampiasa during
combustion. Clay and MPP, when added together ttare believed to favour the formation of a highiyhesive
protective layer able to act as an efficient shiatshinst the flame, despite the fact that the saniploriginally

composed of ~90% of voids.

Introduction

Polymeric foams are widely used materials in vasidomains like upholstered furniture
and automotive or for isolation purposes. Althouglany polymers are foamed with
chlorofluorocarbons (CFCs), these physical foamaggnts tend to be replaced by more
environmentally friendly gases due to their highatevity towards the Earth's protecting
ozone layer. In Europe, CFCs are extensively suketl by n- and cyclopentane because

of their zero ozone depletion potential (ODP), loast and high availability. However,
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these gases tend to worsen the fire behaviour ®ffdams. CO, is another acceptable
alternative to CFCs due to its much lower ODP. lkemtnore, this gas is non flammable,
making it very attractive for purposes where lowanfimability is an important issue.
Another specificity of this particular gas is itbility to produce microcellular foam3,
i.e. foams with cell size lower than 100pm and dehsity higher than £6ells/cm3, in
contrast to classical blowing agents where celle sisually exceeds 100um. These
microcellular foams are attractive because theydu&racterized by higher mechanical
resistance compared to their macrocellular couattsp This very interesting property
opens the market of polymeric foams to a lot ofl@apions where plain materials can be
replaced by lighter — and thus cheaper — ones,owitBuffering much of resistance loss.
These advantages have driven our choice towardptbmising blowing agent.
Poly(styrene-co-acrylonitrile) (SAN) has been stddcfor its ease of foaming with scgO
and its well-known degradation mechanism during lcostior?. SAN foams are used in
sandwiched panels especially in marine environmeamd also as decorative interior
mouldings. The extensive use of polymeric foamshousing applications has raised
guestions about safety issue concerning those yijganmable materials. In fact, these
foams are basically composed of hydrocarbons fulflads, and their thermal inertia is
very low, making them prone to fast combustion. §hacommercial styrenic foams are
classically filled with brominated fire retardarntsorder to improve their fire behavidur
Nowadays, the research on new flame retardants aoisonly at decreasing the
flammability of the material, but also at limitinge amount of smoke and at replacing
halogenated compounds by more environmentally dlieand safer additivés Potential
alternatives include metal hydroxides, phosphorasid nitrogen-based compounds
including intumescent systems, ... But to be eéfitj these additives must usually be used
at high loadings (20-50wt%) and their presence eaiversely affect the polymer
foamability as well as foam mechanical propertideswadays, nanometric fillers attract
an increasing interest in the area of polymer tasre to fire. When introduced in
polymer matrices, they exhibit good fire resistanefectiveness at very low level
(<10wt%) thanks to the high specific area they damnelop when adequately dispersed. In
that context, expandable grapfitecarbon nanofibet§ talc and nanocldy have been
envisaged as potential alternatives to halogenedatpounds into polyurethane foams. It
has been demonstrated that expandable graphit®&-a6Wt% loading or 4wt% carbon
nanofibers in combination with a brominated flanetardant lowered significantly the

foam flammability. Those assessments have beenligiged by the use of cone
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calorimetry, which is one of the most classical Inogls to characterize materials burning
behaviour at laboratory scafé? allowing to determine important values such asphak
of heat release rate (PHRR) or the total heatvedb(THE) during the experiment.

The group of Wilkié* has evidenced the relationship between the maxirentant of
PHRR drop achievable and the polymer degradatiorcham@sm. During sample
combustion, the clay accumulates at the surfacefammds a protective layer between the
material and the flame. The lamellar filler actscalas gas barrier which impedes the
diffusion of the degradation products towards tlanmk, allowing more time for radical
recombination. Indeed, two additional degradatiathprays of SAN have been evidenced
in the presence of nanoclay using GC/MS analysisis kind of additive thus acts
exclusively in the condensed phase.

Even if polymer/clay nanocomposites greatly redineePHRR, these materials still fail to
pass regulatory fire safety tests, like UL94, whagk qualitative and more specific for the
targeted application® In fact, the nanocomposite burns slowly but does self-
extinguish, and the whole sample is thus combustedlowing some specialists,
nanoclays are very promising fire retardants whemlzsined with other retardants in order
to pass these tedts In fact, some synergistic effects have alreadgnbevidenced

between nanoclays and several flame retardantevimved by Morgalt.

The present study aims at characterizing the fiehabiour of poly(styrene-co-
acrylonitrile)/clay nanocomposite foams preparedhvgupercritical fluid technology. A
few works report on the beneficial effect of 3-5%vbf nanoclay on SAN flammability
with a PHRR drop from 30 to 509%"'"'® From these observations, similar trends are
expected for SAN nanocomposite foams. SAN/clay sanmposites with different clay
dispersion levels have been prepared with the tiseramercial clays or home-made pre-
exfoliated clay composed of poky€aprolactone) chains grafted from the clay surface
The goal of these experiments is to highlight tm@artance of clay delamination degree
into SAN polymeric foams on their burning behaviomprovement. The second part of
the paper focuses on melamine polyphosphate (MBHjra retardant. Its efficiency is
first compared with nanoclays, and then both ade#i are combined in order to
investigate possible synergistic effects in reactmfire.

To the best of our knowledge, this is the first agpdealing with the quantitative
investigation of the combustion behaviour of polyinefoams prepared with the

supercritical fluid technology.
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Experimental

Materials

Poly(styreneco-acrylonitrile) (SAN) with an AN content of 25wt%ahk been supplied by
BASF (Lurar’358N, 1.08 g.cd). The commercial (organo)clays, CloiSita’ (CNa)
and Cloisit€ 30B (C30B), come from Southern Clay Products. Tleeg made of
aluminosilica-based lamellar sheets stacked togetldNa is natural (100wt% in
inorganics) and C30B is organo-modified with 20wt#o bis-(2-(hydroxyethyl)methyl)
(tallowalkyl)ammonium cation (80wt% in inorganics}dome-made pre-exfoliated
organoclay, MB30B, was also used in this study.sTiller contains 53wt% of inorganic
clay, 13wt% of the same ammonium as Clof$i8®B and 34wt% of polgtcaprolactone)
chains mainly grown from the ammonium hydroxyl ggeuThe preparation of this highly
filled pre-exfoliated clay, also called masterbatalas undergone in supercritical €M
order to take advantage of this unusual polymeonnamedium. All the details about its
synthesis and characterization can be found in avipus papéf. Melamine
polyphosphate (MPP) (Melapur200, purity 95%, 1.85 g.cB) was provided by Ciba.
CO, was supplied by Air Liquide Belgium (purity 99.9%%nd used as received.

Foams preparation

SAN/clay nanocomposites were prepared by melt bienthe clay (C30B) or PCL/clay
masterbatch (MB30B) with the polymer in a twin-serBrabende? static mixer at 175°C
for 5 minutes with a roller blade rotation speed6fpm. The inorganic content is set at 3
or 5wt%. The same procedure is applied to prepak&l/BPP and SAN/clay/MPP
composites, keeping the total flame retardant aunt@organics from clay + MPP) at 10
or 20wt%. CNa was dispersed into SAN in a contiraubmin-screw extruder adapted to
allow water injection. Details about this methoah ¢e found in a previous pap&r
Nanocomposite foams have been prepared accorditigetéollowing procedure in order
to obtain foamed samples of required dimensionscfmre calorimetric measurements.
The melt blended samples were moulded into 2mnkteaamples in a hot press (175°C)
for 5 minutes, followed by cutting with a circulsaw in order to obtain ready-to-foam 63
X 70 x 2mni sheets. The nanocomposite sheet is then placeitaibrin a 250ml high
pressure vessel and left to soak for 22h at 60°@eurl20bar of C® (under these
conditions, CQ is in the supercritical state). After rapid depessation (~10s), the

sample is quickly removed from the vessel and maoetween two pre-heated metallic
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sheets and the system is dipped in a 110°C silidcmik to allow foaming. The foam is
then quenched in an ice/water bath for 10 minutes washed with toluene and paper
towels to remove the oil from the sample surfadee Toams are finally cut into 10x108m

sheets for cone calorimetry tests. Foams of differéensity have been obtained by
adjusting the foaming time from 30s to 5min. Withist foaming process, the foam

thickness oscillates between 5 and 7mm.

Characterization methods

X-ray diffraction analysis (XRD) was carried outtlvia powder diffractometer Siemens
D5000 (Cu K radiation withA = 0.15406 nm, 50 kV, 40 mA, Ni filteB/26 geometry) at
room temperature for@varying from 1.65° to 30° by 0.04° steps, in ortlecharacterize
the final nanocomposites morphology. Clay delamamaefficiency was directly observed
by transmission electron microscopy (TEM, PhilippID0). Ultrathin sections (50-80
nm) were prepared with an Ultramicrotome Ultrac@4€, Reichert-Jung. No staining
was used since the aluminosilicate sheets areastiig enough in the polymer matrix.
The cellular structure of the foams was observeddanning electron microscopy (SEM;
JEOL JSM 840-A) after metallization with Pt. Imagealysis was manually performed on
the basis of SEM pictures by measuring the sizatdéast 100 cells. Cell density ¢

was estimated according to the following formulagNe (n M2Z/A)*2.d*

, where n is the
number of cells in the SEM picture, M the magnifioa, A the surface area of the picture
(cm?) and d the foam density (g.€n

Combustion behaviour was assessed according t&A8¥&M E 906 procedure in a Fire
Testing Technology Limited Instruments mass lossecoalorimeter. The equipment is
identical to that used in oxygen consumption caslerimetry (ASTM E-1354-90), except
that a thermopile in the chimney is used to measwa release rate (HRR) rather than
employing the oxygen consumption principle. Masssloreadings are performed
simultaneously following the ASTM E-1354 norm, aselve as a benchmark of the heat
release rate values obtained in this manner. Theesarements have been performed at a
heat flux of 35kW.rif, using a cone shaped heater. The foams (100 x1H@ mn?) in
horizontal orientation were subjected to a spartl time sample was ignited. The aim was
to simulate the conditions likely to occur in a Irdme (small fire scenario). When
measured at 35kW ./ HRR is reproducible to within <10%.

The residues obtained after mass loss cone caloirtest were analyzed byP and*’Al
solid state NMR. Measurements were conducted usandruker Avance Il 400
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spectrometer (static field 9.4 T) operating at anhar frequency of 161.98 MHz forP.

3p spectra were performed using a 4-mm probe. Graamdples were packed in 4mm
fused zirconia rotors and sealed with Kel-F capgec®a were recorded at 10 kHz
spinning rate at the magic angle (MAS) with highyeo'H decoupling using single pulse

Table 1 Characteristics of the nanocomposites to be foamed

Total Interlayer _
Clay ) ) ) Nanocomposite
Sample inorganic distance
type morphology
content /wt% /nm
SAN No filler 0 - -
Disaggregated
Cloisite® J9reg
SAN/3CNa* N 3 1.1 but not
a
intercalated
. | Cloisite” Mainly
SAN/3C30B 3 3.5 _
30B intercalated
SAN/3MB30B Weak Mainly
b MB30B 3 ' .
signal exfoliated
SAN/5MB30B Weak Mainly
b MB30B 5 ) _
signal exfoliated

2 Nanocomposite prepared by water extrusion prétess
P Nanocomposite prepared by melt blending.

“Determined by XRD analysis.

acquisition with a recycle delay of 300 s. TypigalB2 scans were necessary to obtain
spectra with good signal to noise ratiosP, at 85% in water was used as reference.
Solid state NMR of?’Al was performed at 208.49 MHz on Bruker Avance800
spectrometer operating at 18.8 T with MAS at 20 kBruker probe heads equipped with
3.2 mm rotor assembly were used with the same ¢ypetors described above. A recycle
delay of 10s was used for all samples. The referamsed was a saturated solution of
Al(OH)s.
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Results and discussion
1. SAN/clay nanocomposite foams
1.1 Nanocomposites preparation and foaming

Several kinds of clays and mixing methods have bessd in order to reach different
degrees of nanoclay dispersion into SAN (Table Th)e details about the preparation
method as well as complete characterization of nhaocomposites can be found in
previous work&?. Transmission electron microscopy (TEM) picturesd aX-ray
diffractograms of these samples can be found irctEdaic Supplementary Information
(ESI)'. As the natural clay CNa has very poor affinitttwBSAN, a new mixing method
involving water injection in an extruder has beesed in order to help clay de-
aggregatioff. Water is automatically removed from the sampleirdy venting. The
resulting composite is translucent, but no polymégrcalation occurs, according to X-ray
diffraction.

100 150

a0
Calls <iza [pri

Fig. 1 SEM microphotographs and cell size distributiorséN and SAN/clay foams
prepared with scC(a) SAN, (b) SAN/3CNa, (c) SAN/3C30B, (d) SAN/3M8B, (e)
SAN/5MB30B, (f) SAN/5MB30B at higher magnification.

TEM analysis reveals a homogeneous dispersion @iflstiay stacks about 50nm-thick
(Figure S1a) Thus, the clay in SAN/3CNa is highly disaggregaténanks to favourable

interactions with the water injected, but no polyme intercalated. In contrast, C30B
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simply mixed with SAN in an internal mixer leadsitdercalated nanocomposite (Figure
S1b), thanks to the good affinity of SAN for this kind clay*”?>?® Polymer intercalation
is confirmed by XRD analysis with an increase oé thterlayer distance from 1.8 nm
(C30B) to 3.5 nm (Table 1, Figure $2Some stacks remain optically visible in the
sample, attesting for imperfect clay dispersion SAN/3C30B. In order to improve
Cloisite® 30B dispersion into SAN, a home-made masterbatB30B, has been used in
this work. This masterbatch, also called pre-esteld clay, is made of poly
caprolactone) (PCL) chains in-situ intercalateditgchbetween the Cloisife30B sheets.
The XRD signal is very weak for the samples obtdinpon melt dispersion of MB30B
into SAN (Figure S2) This result attests for a mainly exfoliated masiglyy, although
some small stacks, composed of 2 to 6 sheetsratiihin. TEM characterization of these
samples confirms the morphological assumptions mamwdhe basis of XRD analysis
(Figure Slc,d) We assume that foaming the nanocomposite doesinilotence its
exfoliation state on the basis of the work of Ok#mit who evidenced nanoplatelets
orientation along cell walls and disorganized eididdn in the cell struts, without any
sign of clay re-aggregation.

Pure SAN as well as SAN/clay nanocomposites hawn deamed using supercritical
CO,. Before focussing on the fire properties of thdgsams, their morphology is first
assessed. Scanning electron microscopy (SEM) gstaf the foamed nanocomposites are
presented in Figure 1 with the corresponding célk distribution curves, while cell
density values can be found in Table' SAs can be seen in Figure 1a, pure SAN foam is
characterized by regular cellular structure, withrgs diameter around 20-70um. When
some nanoclay is added, SAN porosity is influendéterently depending on the degree
of platelets delamination. In fact, nanoclay is kelown for its heterogeneous nucleating
ability in polymer foamin&’, its efficiency being essentially dependent onsigecific
surface area (directly related to its delaminatewrel in the polymer) and on the foaming
conditions. Thus, at similar clay content and faegnconditions, the cellular structure of
SAN/3CNa (lowest specific surface area) remainsrigeanaffected (Figure 1b), while
SAN/3MB30B has smaller cells (5-20um) with a nareawcell size distribution (Figure
1d) compared to unfilled SAN foam (20-70um). Indetds sample is characterized by
the best extent of nanoclay delamination (highpst#ic surface area).

The effect is even more pronounced at 5wt% clagilogy with pores size as low as 0.2-
4um due to the higher particle loading (Figure Yle@ell density of SAN foam

progressively increases in accordance with the fiteey dispersion level, attesting for the
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Table 2 Cone calorimetric data of SAN and SAN/clay nanoposite foams.

Average Average
S.d

Foamed Density rangelgnition .d.
HRR = THE S.d. THE

sample (g.cm3®)  time (S) (KW, PHR (KW.172)
0.11-0.13 254 36 14.4 1.9
SAN 0.13-0.15 50 258 45 17.6 2.4
0.15-0.17 276 39 21.4 4.4
0.11-0.13 198 47 14.2 0.5
SAN/3CNa 0.13-0.15 50 204 12 17.1 1.1
0.15-0.17 263 64 19.8 2.3
0.11-0.13 169 24 12.3 0.2
SAN/3C30B 0.13-0.15 39 183 31 14.2 0.6
0.15-0.17 188 > 176 L
0.11-0.13 152 7 15.2
SAN/3MB30B 0.13-0.15 30 146 4 14.5 4.2
0.15-0.17 136 2 163 L
0.11-0.13 117 51 12 4.3
SAN/5MB30B 0.13-0.15 27 142 22 16 3.2
0.15-0.17 134 29 15 3.4

& Standard deviation associated with the PHRR or ValEe in the investigated density
range.

P No repetition has been performed for this densihge.

heterogeneous nucleating ability of the clay (TaBle|. Concerning SAN/3C30B, its
porous structure is bimodal, with big cells arolstd100um surrounded by smaller cells
of 10-20um (Figure 1c). Large cells are believeddsult from nucleation at clay stacks
surface due to gas accumulation at the clay/polyimerface, whereas smaller ones must
come from smaller intercalated particles. The sddamel of observation is made for
SAN/5MB30B (Figure le,f), with sub-micrometric cel|0.5-1um) surrounding cells of 2-
4um. The cell size is thus largely decreased a®bwiay loading compared to 3wt%.
Smaller cells are believed to nucleate near exidiaclay platelets while the slightly
bigger cells could result from residual intercathteday sheets. It must be noted that
attempts to foam nanocomposites containing more that% of MB30B with our
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foaming process failed due to the excessively Wighosity of the nanocomposite at such

high clay content.

330

PHRR (KW/m?)

= = N N

w (o] w (o]

o o o o
I I I I

(0]
o

0.1 0.12 0.14 0.16 0.18
Foam density (g/cm?3)

Fig. 2 Peak of heat release rate (PHRR) of SAN and SAalAdams, measured with cone
calorimetry: (A) SAN, ©) SAN/3CNa, ) SAN/3C30B, ¢) SAN/3MB30B, (%)
SAN/5MB30B. Error bars for PHRR takes into accoomith standard deviation over the

measures and the 10% systematic error.

Fig. 3 Pictures of the residues recovered after conegioatry tests performed on SAN and
SAN/clay nanocomposite foams : (a) SAN, (b) SAN/ZCI¢t) SAN/3C30B, (d)
SAN/3MB30B, (e) SAN/5MB30B.
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1.2 Mass loss calorimetry test

Mass loss calorimetry measurements are presentduekiform of peak of heat release rate
(PHRR) versus foam density. According to Zammarathe, cellular structure has no
significant influence on PHRR value of foams havisignilar density (at least in the
density range investigated, i.e. 0.14-0.17 g/¢m3hus, we assume that our foams may
be compared despite their different cellular motpgyg. The density of the foams
prepared in the present study varies from 0.11.1d @/cm3 depending on the foaming

time allowed and experimental error associated @éhsity determination.

25
20
215 %‘}*% AR
L
':E ,4%‘
10 1
5 T T T 1

0.1 0.12 0.14 0.16 0.18
Foam density (g/cm )

Fig. 4 Total heat evolved (THE) of SAN and SAN/clay faammeasured with cone
calorimetry : (A) SAN, () SAN/3CNa, () SAN/3C30B, ¢)SAN/3MB30B, (k)
SAN/S5MB30B. Error bars for THE takes into accouathbstandard deviation over the

measures and the 10% systematic error.

Cone calorimetric results related to SAN and SAalclnanocomposite foams are
presented in Figures 2-4 and gathered in TableogeStypical HRR curves in function of
time can be found in ESI (Figure $3For each kind of sample, the PHRR is reported as
function of the foam density at three different siénranges. The vertical error bars have
been calculated from repetitions of PHRR measurésneerformed in the selected density
range (standard deviation). PHRR value of SAN, S3IWa and SAN/3C30B foams
increases progressively with the foam density. Teisult is consistent with the higher
amount of matter burned. This tendency is less mbs/ifor SAN/MB30B foams. This
different behaviour is rather surprising, but wggest that for a given foam composition,

a similar protective layer is formed whatever tbarh density in the investigated density
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range. This would explain the nearly invariable FRHBrop when SAN nanocomposites
based on exfoliated organoclays are concerned.

As a general trend, SAN/clay nanocomposite foamscharacterized by lower average
PHRR compared to pure SAN foam (Figure 2). The ntage of PHRR drop appears to
be highly dependent on the extent of nanoclay dielation level inside the foam. In fact,
the curves related to exfoliated nanocomposite foare below the intercalated one, while
the non intercalated Cloisite Nteads to the lowest PHRR drop. The PHRR is sinzte®
and 5wt% of exfoliated clay loading. It seems thgtlateau has been reached.

Considering those results and the picturesigfife 3, a link can be made between the
magnitude of PHRR drop and the aspect of the cat@wus char formed during the
combustion test. In fact, while the carbonaceouar obf SAN/3C30B (Figure 3c) is
distributed in individual islands, SAN/3MB30B (Figu3d) covers more homogeneously
the surface, even tough many cracks preventslitsdhesiveness.

The most cohesive residue is obtained with SAN/SBIB3Figure 3e). Oppositely, such
carbonaceous residue is almost nonexistent in SBNE sample (Figure 3b). Char

formation during polymer/lamellar clay combusticashalready been extensively

o]

|

B
R
HO’/([)G) o :
NH3
N/*‘N

HaN7" N7 NH,

&

Fig. 5 Chemical structure of melamine polyphosphate.

described in the literatut® During combustion, the nanofiller accumulateshat sample
surface. The layer formed both physically protebes material from the flame and slows
down the diffusion of degradation products, allogvmore time for radical recombination.
The more cohesive char limits the degradation afrfe and forms an efficient insulative
barrier at the surface of the material. This expahe very good fire performance of the
foams containing only a few percent of very welykrsed nanoclays. Furthermore, the
total heat evolved, or THE, is decreased by abdi20% in average in the case of
nanocomposite foams based on organomodified cl&igue 4). Thus, some polymer
decomposition product is “trapped” in the carbomarechar or transformed into char.
This phenomenon has already been observed in atbeks’®?”. In contrast, THE of
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SAN/CNa remains similar to SAN foam due to the latichar cohesiveness.

Apart from PHRR and THE values, cone calorimetrglgsis give also access to the time
to ignition, i. e. the time needed for the sampdeidnite under the heat source. We
observed a decrease of the time to ignition fotrel nanocomposites (27-50s) compared
to neat polymer foam (50s, see Table 2). Fasteitiognis typical for this kind of
nanoclay-filled materidf. In fact, the heat is less easily dissipated ichsnighly viscous
materials (accumulation of heat at the surface lof tnaterial due to lower heat
conductivity compared to virgin foam) and as a @musence, it concentrates in a local

region, inducing faster local thermal degradatiod anticipated ignition.

2. MPP-containing SAN foams

2.1 Foams preparation

In several works, nanoclays are used in combinatith another flame retardant in order
to lower the total amount of additive needed, tisafksynergistic effect In the present
study, the beneficial effect of melamine polyphosgh(Figure 5) on SAN foam burning
behaviour is first assessed. In a second step, 8Pnanoclay are combined in order to
investigate potential synergistic effect. MPP iseally a combination of two flame
retardants, a nitrogenated and a phosphorylated wakking in a synergistic wa$ In
fact, both of them act in a different way to prdtde sample against fire. On one side, the
main degradation pathways of the nitrogenated camgonvolve the release of melamine
which can condense and form nitrogenated hetermcydmpounds, while it can also
decompose endothermically with the release of amaand water as inert gases, thus
cooling and diluting the flame. On the other sigdiosphorus-containing molecules
produce phosphoric acid upon decomposition. Thisl @atalyses char formation and
forms a protective layer on the sample surface. Wheose two components are
combined, their concomitant action reaches higHéscgveness than each component

alone.
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Table 3 Composition of SAN composites containing nano¢MiB30B) and/or melamine

polyphosphate (M).
MPP Nano Total Interlay
Foamed N _ Nanocomp.
content| clay content| additive content| distance
samplé morphology
Iwt% Iwt% Iwit% /nmP
SAN/10M 10 0 10 - -
SAN/20M 20 0 20 - -
SAN/7TM/ 3.5 Mainly
7 3 10 _ _
3MB30B (Weak Signal) | exfoliated
SAN/17M/ 35 Mainly
17 3 20 , _
3MB30B (Weak Signal) |  exfoliated
SAN/5M/ 3.4 Mainly
5 5 10 _ _
5MB30B (Weak Signal) | exfoliated

from MB30B.

® Determined with XRD analysis.
¢ Estimated from XRD and TEM analyses.

& SAN/XM with x=wt% of MPP and SAN/xM/yMB30B with x#t% of MPP and y=wt% of inorganic content

Fig. 6 TEM analysis of SAN/MPP and SAN/MPP/clay compasi{@) SAN/10M, (b)
SAN/20M, (c) SAN/7M/3MB30B, (d) SAN/5M/5MB30B, (AN/17M/3MB30B, (f)
SAN/5M/5MB30B at higher magnification.
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Fig. 7 SEM microphotographs and cell size distributiolséiN, SAN/MPP and
SAN/MPP/clay foams prepared with sc€a) SAN, (b) SAN/10M, (c) SAN/20M, (d)
SAN/7M/3MB30B, (e) SAN/17M/3MB30B, (f) SAN/5M/5MB3®.

This specific system has been chosen in the fraimbi® study because it already proved
its efficiency in other systems like in bulk HIF®r bulk PU°. In practical, a few binary
and tertiary composites containing 10 and 20wt%additives have been prepared, with
different clay/MPP mutual proportions in the casdeynary blends. The composition of
these samples is summarized in Table 3. First, meka polyphosphate distribution into
SAN is evaluated by transmission electron microgcdphis micrometric additive seems
to be homogeneously distributed throughout the pelyand the nanocomposites (Figure
6a-e).
In the case of ternary blends, some nanoclay @esteare found around melamine
polyphosphate particles (Figure 6f). This particuteiganization reflects an interaction
between those two additives. It is interesting noeistigate the effect of this kind of
organization on the ternary blend fire resistantemust be stressed that the state of
nanoclay dispersion is not affected by micromemMieP additives, as observed by TEM
and confirmed by XRD analysis (Table3 and Figuré) S4

The above-mentioned binary and ternary blenddreee foamed with scCOAs can be
observed in Figure 7, melamine polyphosphate amdiiias an influence on the SAN foam
morphology. In fact, smaller cells (2-25um) are efved at 10wt% MPP loading, with a
similar cellular structure than SAN/3MB30B. Increas MPP content to 20wt% only

increases the proportion of small cells, while kagphe same range of cells size. From
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these experiments, it is clear that solid melampoéyphosphate particles also act as
heterogeneous nucleating sites, even though thiiciemcy is clearly poorer than
nanometric clay fillers. In fact, only 3wt% of nasay results in equivalent amount of
cells than 20wt% of micrometric melamine polyphosigh(5 18 and 4.3 19 cells.cm?
respectively, Table SL Some works devoted to polymer foaming reportiatibe critical
parameters governing the heterogeneous nucleatibcieacy of different kinds of
fillers***2 They conclude that the specific surface aredasarcurvature as well as

Table 4 Cone calorimetric data of SAN/M and SAN/M/clay flos.

) ~ Average Average
Density rangelgnition
Foamed sample . PHRR S.d.PHRR THE S.d.THE
(g.cm?)  time (S)
(kW.m2) (kW.m?2)
0.11-0.13 254 36 14.4 1.9
SAN 0.13-0.15 50 258 45 17.6 2.4
0.15-0.17 276 39 21.4 4.4
0.11-0.13 150 ° 11.5 p
SAN/10M 0.13-0.15 28 151 18 13 2.3
0.15-0.17 152 24 14 2
0.11-0.13 114 16 10.4 2.2
SAN/20M 0.13-0.15 40 130 7 12.3 1.6
0.15-0.17 140 2 12.8 L
0.11-0.13 128 12 10.5 1
SAN/7M/3MB30B 0.13-0.15 48 132 9 11.8 0.8
0.15-0.17 130 11 13.2 0.2
0.11-0.13 88 3 8 0.3
SAN/17M/3MB30B 0.13-0.15 53 105 22 9.9 1.7
0.15-0.17 106 2 10.3 L
0.13-0.15 104 - 10.7 L
SAN/5M/5MB30B 45
0.15-0.17 129 10 14.3 1

& Standard deviation associated with the PHRR or VaiHe in the investigated density range.
® No repetition has been performed for this densihge.
© We were unable to prepare SAN/5M/5MB30B foamsoef tHensity (0.11-0.13 g.c® due to too high

nanocomposite viscosity.

filler/polymer/gas nature and foaming conditionyé&an influence on their effectiveness.
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In our case, the specific surface is believed tthigedetermining parameter.

When both additives are added, the cell size thstion broadens, with big cells
surrounded by smaller ones. The porous morpholegthus a little bit different than
SAN/3MB30B and SAN/10M. This difference might bepéained by different nucleating
abilities of free nano- and microfillers and of tihWPP additive surrounded by clay
platelets. Attempts to foam SAN/30M or SAN/15M/5MB3 failed, due to restricted
expansion related to higher sample viscosity (foderssity > 0.25g.ci?). These samples
would not have been comparable to the other ondsasa consequence, were not taken

into account in the present study.

2.2 Mass loss calorimetry test

Fire performance of these foams has been evaluajechass loss calorimetry and the
results are presented in Table 4. Some represeathiiRR curves can also be found in
Figure S8. SAN/melamine polyphosphate foams are first diseds The effectiveness of
such additive as fire retardant is clearly dematstt for this kind of foam. In fact, PHRR
of pure SAN foams drops by around 40% with only 19%wof MPP and this drop reaches
50% at 20wt% MPP loading. The PHRR values obtawigd 10 and 20wt% of MPP are
very similar to those achieved with respectivelyaBd 5wt% of nanoclay based on
MB30B. This means that, on a weight fraction basexfoliated nanoclays seem to be
more efficient than melamine polyphosphate in réggidhe amount of heat released
during combustion. Indeed, only a low amount of Ivdetpersed nanometric filler is
required to build the protective layer responsiiolereduced PHRR. Furthermore, the thin
platelet morphology of the nanometric filler fatalies the formation of a cohesive layer at
the sample surface. These oriented flat partidies immpede very effectively gas diffusion
thanks to good gas barrier properifesThe total amount of heat evolved (THE) during
SAN foam combustion is reduced by 10-20% upon tthaiteon of 3-5wt% of nanoclay
and it drops by 30-40% with MPP (Table 4). Thisutegan be related to some polymer

trapped in the carbonaceous char.
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Fig. 8 Pictures of the residues recovered after coneinatry tests performed on SAN/MPP
and SAN/MPP/clay foams: (a) SAN/10M, (b) SAN/20Md) SAN/7M/3MB30B, (d)
SAN/17M/3MB30B, (e) SAN/5M/5MB30B.

The last part of the study focuses on fire perfarogaof ternary blend foams, where a
fraction of melamine polyphosphate has been reglbgenanoclay (MB30B).

At 10wt% additive loading, fire performance of SANM foam is enhanced when some
clay replaces melamine polyphosphate. It can tleustated that melamine polyphosphate
and nanoclay act in a synergistic way becauserae sedditive loading, fire performance
is higher when both fillers are combined. The dffec more pronounced at 5/5wt%
M/clay proportion than at 7/3wt%. The same trendloserved for foams containing a
total additive loading of 20wt%. In fact, PHRR oAIS/20M drops by around 15-20%
when 3wt% of melamine-based additive is replaceddnyoclays.

Those results highlight a synergistic behaviour weetn nanoclay and melamine
polyphosphate. As mentioned earlier, nanoclay omhfluences the combustion
mechanism in the condensed phase. Thus, the sgtiergehaviour must originate from
the formation of a more homogeneous protectiverlayging combustion, thanks to the
combination
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Fig. 9 MAS 3P NMR spectra of a-b) SAN/20M foams and c-d) SANMI3MB30B foams.
For each sample, a repetition is made at slightfgrént foam density: a) 0.13 g.¢inb) 0.15
g.cm3, ¢) 0.13 g.cr§, d) 0.14 g.cr.
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Fig. 10MAS 2’Al NMR spectra of a-b) SAN/3MB30B foams and c-d)§A7M/3MB30B
foams. For each sample, a repetition is madegtitglidifferent foam density: a) 0.13 g.&m
b) 0.14 g.cn¥, c) 0.13 g.cri, d) 0.14 g.cri.

of different mechanisms of flame retardancy. FigBeshows the aspect of the
carbonaceous layers recovered after the burnirtg.téscan be observed that melamine
polyphosphate alone forms a partially cohesive féstidue. When 3wt% of nanoclay is
added in combination with melamine polyphosphatame parts of the char become

thicker and form non cohesive islands of aggregati@esounded by the flat residue typical
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of melamine polyphosphate. At 5wt% loading, nangdtaable to form a thick and highly
cohesive char, rather smooth on the top. It looks inelamine polyphosphate has filled
many of the cracks present on SAN/5MB30B foam nesifFigure 8e). While the THE of
SAN was decreased by around 10-40% for the binlEgdofoams (Table 4), the effect is
more pronounced for the ternary blend foams witfH&E drop reaching up to 50% in the
case of SAN/17M/3MB30B, due to the highly cohesoaating formed. Thus, we can
affirm on the basis of PHRR curves and the aspdcthe residues that melamine
polyphosphate and nanoclay, when added togetheinagynergy to reduce greatly the
amount of heat released during foam combustion khato the highly effective

carbonaceous coating formed at the surface ofdhgpke.

In a former work, Bourbigogt al have suggested the formation of an aluminophogphat
ceramic structure upon reaction between the clayammonium polyphosphate (APf)
This assumption was made on the basis of solice IR analysis performed after
thermal treatment of EVA/PAG6-clay nanocomposite/AftPseveral temperatures. But in
other works, the same group observed that no @acticurs between MPP and CloiSite
30B when dispersed in a PA6 matrix, based on a tetmstudy of the system composed
of aluminum phosphinate-melamine polyphosphate (Exa1311 from ClariantP*® and
Cloisite® 30B used as fire retardant for PA6. In thatipatar system, the clay actually
improves the char efficiency by promoting the natien of a high density of small closed
cells in the char, thus decreasing the apparemmileconductivity of the protective layer
and increasing the char cohesiveness. In lighhese findings, we performed SERMP
and Al NMR analyses on some mass loss calorimetry tesidto elucidate the
mecanism(s) of resistance to fire. SEM analysisaéy a foam-like char structure for
SAN/MB30B and SAN/MPP/MB30B residues (Figure S6hdicating the formation of a
char with improved thermal insulation (foamed stunes are known to have weaker
thermal conductivity). Figure 9 shows MAS NMEP spectra of four cone residues. In the
case of sample containing only MPP, a sharp bandbserved at 0 ppm exhibiting a
shoulder at about 1 ppm which can be assigned tioophosphate groups linked to
aliphatic groups and/or orthophosphoric €idn additional small band shows up at -11
ppm which can be assigned to pyrophosphate spaciésr to diphenylorthophosphate
groups®. When clay is incorporated in the formulation, mad band is observed lying
from 15 to -35 ppm. This linewidth is due to a donbus distribution of'P isotropic

chemical shifts reflecting the structural disorderch as bond angle and bond length
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variations and higher coordination sphere disofderhis behavior may be due to the
formation of phosphate-type glasses.

Figure 10 shows MAS NMR'AI spectra of four cone residues. The spectra @f th
SAN/3MB30B residues (without MPP) exhibit broad dancentered at 56 ppm and 5
ppm, which can be assigned to Al in tetrahedral awxtahedral coordination,
0

respectively/
to [AlOs] unit***> When 17% MPP are incorporated in the formulatiwmg bands are

“1 A shoulder centered at 25 ppm can be also disistgd and is assigned

distinguished at 3 and -13 ppm. Compared to the gvavious spectra, it is noteworthy
that the peak positions are displaced to highddgieThis is because of the presence of
phosphorous within the second sphere of coordinatidhis P has a marked effect upon
the peak position of AlOx units; which shifts frofnppm for AI[OAIl]s to -13 ppm for
Al[OP]s and from 56 ppm AI[OAl] to 3 ppm for AI[OP}***° This proves, therefore, that
the clay can react with MPP to form aluminophosphafFrom these experiments, we can
affirm that the foam-like char residue and the dhophosphates formed during
combustion both contribute to very effective proiee layer able to significantly reduce

the amount and rate of heat released during conaust
Conclusion

SAN as well as SAN/clay, SAN/MPP and SAN/MPP/clagmposites have been

successfully foamed with supercritical €Qhe cellular structure is found to be in direct
relationship with the specific surface area of fhiker, while more irregular foams are

obtained when both types of additives are mixecetiogr. The combustion behaviour of
SAN/clay nanocomposite foams has first been asdegséh cone calorimetry. PHRR

values are found to slightly increase with the skemyeight, and to decrease progressively
as the extent of nanoclay delamination, or clayteony increases. The magnitude of
PHRR drop is put in relation with the cohesivene$she carbonaceous char formed
during combustion, which impedes gas diffusion ants as a physical shield against the
flame. The second part of the study was devote&Adl/melamine polyphosphate fire

behaviour. Similarly to well-dispersed nanoclayslRR values decreased also by 40 up to
50% with the addition of 10 and 20% of MPP into SAddms. Those results are related to
both the carbonaceous char formed and the inersgésater and ammonia) released
during combustion which cools the flame. Synergyween nanoclay and MPP has been

highlighted in the ternary blend foams containingthbkinds of additives. The highest
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PHRR drop, 75%, is observed for SAN/17M/3MB30B sénphose residue is the most
cohesive. It is suggested that the improved chéresiweness might result from a) the
nanoclay acting as a nucleating agent, leadinggoraus char structure, b) the formation
of aluminophosphates as evidenced by NMR analysm c) MPP producing a flat

protective layer filling the cracks in the chardikhose found when only nanoclay was

used.
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Supplementary data

Fig. SITEM analysis of SAN/clay nanocomposites: (a) SADNZ, (b) SAN/3C30B, (c)
SAN/3MB30B, (d) SAN/3MB30B at higher magnification.
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Fig S2XRD patterns of clays and SAN/clay nanocomposites.
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Fig. S3Heat release rate (HRR) plots of SAN and SAN/dagocomposite foams at
35kW.m2 heat flux in the 0.13-0.15g.¢hudensity range.
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Fig. S4XRD patterns of SAN/MPP/clay nanocomposites.
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Fig. S5Heat release rate (HRR) plots of SAN/MPP and SARA¥tlay nanocomposite
foams at 35kW.ra heat flux.
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Fig. S6SEM pictures of the foam-like char obtained afteme calorimetry test : a)
SAN/3MB30B, b) SAN/5M/5MB30B.
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Cell size Cell density

Foamed sample - ]
range (um)10~ cells.cn®)

SAN 20-70 2.5
SAN/3CNa 10-40 5.2
SAN/3C30B 10-100 0.8

SAN/3MB30B 2-20 50
SAN/5MB30B 0.2-4 15000
SAN/10M 2-25 26
SAN/20M 2-20 43
SAN/7M/3MB30B  5-40 13.5
SAN/17M/3MB30B  5-50 13
SAN/5M/5MB30B  5-70 22

Table S1Cell size and cell density of SAN, SAN/clay, SANH and SAN/MPP/clay
nanocomposite foams.



