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Abstract

Flameretardantreated cellulose (FRell) was used asbhio-based charring agent in
combination withammonium polyphosphate (APP) based intumescent flame retardant (IFR)
systemto reduce the flammability of poly(lactic aci(fLA) foamsproduced by supercritical
carbon dioxide(scCQO,) assisted extrusion. F&ell was obtained by surface treatment of
cellulosewith diammonium phosphate (DAP) and boric acid (BA) enhance foaability,

the inherently low melt strengdnd slow crystallizationateof PLA was increased badding
epoxybased chain extender (CEhd montmorillonite (MMT) nanoclayrespectively The
morphology of the foams wasxaminedusing waterdisplacement methgdcanning electron
microscopy (SEM)and energy dispersive Xay spectrometry (EDS)Thermal properties
were assessed using differensabnning calorimetry (DSGndthermogravimetric analysis
(TGA). Flammabilitywas evaluatedy limiting oxygen index (LOIUL-94 testandpyrolysis
combustionflow calorimetry PCFQ methods. Tie continuous extrusion foaming technique
allowed the preparation ddw densityPLA foamswith uniform microcellular structure and
void fractions higher than 90% accompanied withreased crystallinityof up to 19%.
Despte the high expansion rasidi.e. high surface areajhe PLA foams showed excellent
flame retardancyUL-94 V-0 rate and LOI value d315 vol% wasachieved with an additive
content asmallas 195%. However, thedlame retardansynergismevincedbetween IFR and
MMT proved to bdess pronounceth the expandedoams compared tbulk materials with
identical additive contents.
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1 Introduction

Over the last few years, the foaming of biopolymers has undergamossiderable
improvement The motivation of theeresearclactivitiesis strongly relatedo theimplication
of sustainability tahe plastics industry. Theector'sdependere on fossil fuelas well as the
environmental damages caused by plastic wastggire longterm solutios. An obvious
alternative is the use of polymers that can be produced from renewable resourttes ared
biodegradableat the same time. Another @pach to sustainability is the reduction of the
mass(and therefore thdemand of raw materg)l of the products, which can ledfectively
achieved by foaming.

Based on welfounded forecasts, polylactiacid (PLA) foams will substitute a
significant proportion ofpolystyrene (PS) and polyethylene (PE) foap®duced in
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tremendous volumEL,2]. Neverthelesshe mass production of low density PLA foamsing
the environmentally preferred physical blowiagents,such asnitrogen or carbon dioxide
proved to bechallengingdue tothe inherent low melt strengind low crystallization ratef
the polymer Pilla et al. proposedthat wth chan extenders (C§ the polymer can be
reactively modified besideswith the use of nucleating agents tirgstallization kineticxan
be enhanced [2]Both methods result in an improvementtie rheological propertieand
expandability. In additionincreasedcrystallinity has beneficial effect on themechanical
properties (such as compsssion strength)f the products, whighthis way become
comparable with the mechanical performance of expand®8[3]. The effects ofepoxy-
functionalized CE and various nanoparticles have been investigatethe foamability of
PLA by Zhai et al.[4] and Nofar et al.§,6]. The experiments were performed on a tandem
extrusion system, proving thavena 40fold expansion ratiavith an average cell size of 50
um is achievable Keshtkar et al. obtained PLA foams with appropriate morphology 98ing
w/w CO, and 15% w/w montmorillonite (MMT)and revealed thatbave 1% w/wMMT
content theexpansion ratiadid not improve significantlf7]. Bocz et al.investigatedthe
strengtlening effectof cellulose andasalt fibes in PLA foamsbesidesusirg 2% w/w CE
and 26 w/w nucleating agent for optimal expandability [8].

Nevertheless regarding the industrial application of PLA foams, not only the
mechanical properties are tbeicialfactors, but also the foamust meet a number of safety
requirements, depending on the application akélee most organic materials, polymeric
foams are generally classified as easily combustible and highly flamrsabktances
Therefore,flame retardacy of PLA foams is also essential in order to be widespread in the
targetedpackagingautomotive, electronics and construction industniesulting inreduced
usage of the highly polluting PS and polyurethane (PU) foams.

In the literature, ntumescent flame retarda(iFR) systemsare favourably usedto
reduce the flammability oPLA [9,10,11] It wasalsofound that the efficiency of the IFR
systemcan be noticeably increased by combiningith nanoparticles such agpiolite (SEP)
[12,13 or montmorillonite (MMT) [14,15,16,17].Furthermore the charringability of the
IFR systemhas also beeanhancd by renewablearbonizatioragents such as starctg] and
cellulose [19,24.

Nevertheless flame retardacy of PLA foams is a special, new field of research,
thereforeonly limited sources of literatuexist which, moreovergxclusively deal wittbatch
foaming technologs These pioneering works have besried outby Zhai et al., 1,22],
who prepared phosphorotieme retardant PLA foamigy solid statefoaming, and byusing
starchand graphene asoactive additives, respectivelffhe producedoams showed non-
uniform cdl structure which they explained by the poor cell nucleation abbity cell growth
facilitating property of theisedflame retardant particlegnd theirweak interfacial bonding
with the matrix Therefore, it isstill an actual challege of research to produaeicrocellular
PLA foans in flame retarded forympreferablyby means othe industriallymore relevant
extrusion technology [7,23].

In this work, flame retardedlow densityPLA foams weresuccessfully manufactured
by supercritical carbon dioxidgscCQO,) assistedextrusion.The flammability of thehighly
porous material was effectively reduced by incorporating ammonium polyphosphate based
flame retardant (FR) additive afdR-treated cellulosgfunctioning bothas biebased charring
agentand potential reinforcement, besides using CE and MMT for adequate rheology and
foamability. The MMT clays were also expected dontribute to the flame retardant
performance. The effexbf the used additives and fillengere comprehensivelynvestigated
on the morphology, and thmeal and flammability characteristics of the manufacturéé
foams.



2 Materials and methods

2.1 Materials

Ingeo™ Biopolymer 3052D type PLA, purchased from NatureWorks LLC
(Minnetonka, MN, USA), was used. As material propertiethénproduct datasheet a specific
gravity of p = 1.24 g/em®, a crystalline melt temperature of 1460°C and a melt flow index
(MFI) of 14 g/10 min (210°C/2.16 kg) are given by the producer. The PLA resin was dried at
85°C for 8 hours prior to processing.

To increase the melt viscosity of the PLA grade Joncryl ADR4368pe chain
extender (CE), kindly supplied by BASF SE (Lugwigshafen, Germany), was added.

Cloisite 116°, a nontreated montmorillonite (MMT) clay, was purchased from BYK
Chemie GmbH, (Moosburg, Germany). MMT was used to serve both as nucleating agent and
as potential synergist with the intumescent flame retardant system.

Exolit AP462, received from Clariant GmbH (Frankfurt am Main, Germany), a
melamineformaldehyderesin micreencapsulated ammonium polyphosphate (APP) based
additive, was used astumescenflame retardant age(it-R).

Ultrafine cellulose fibr§ Arbocel UFC100J. Rettenmaier & Sohne GmbH, Rosenberg,
Germany)with average fibre length of 8 pwas used serving as biobased dhgragent and
potential reinforcement in the flaanetarded PLA foams.

Diammonium phosphate (DAP) and boric acid (BM&)e reagents used for flame
retardant treatment of cellulose fibreggre purchased from Sigafddrich Co. (St. Louis,

MO, USA)and Merck KGaA (Darmstadt, Germany), respectively.

As physical blowing agent, GQvith a purity of 99,98% (Linde Gas Hungary Co. Cltd.)

was used.

2.2 Sample preparation

Flame-retardant-treatment of cellulose fibres

For flame retardant treatmenhetcellulose fibres were rigorouslgtirred in 10-fold
agueoussolution of 5.00% DAP and 1.25% BAr 2 h The cellulose fibres were then filtered
and dried in an oven at 120°C overnight.

Compounding

In order to prevent hydrolytic degradatiohPLA, all materials were dried at 85°C for
at least & beforemelt processing and extrusion foaming.

PLA blends were compounded by using a Labtech Scientific LFE42@odular twin
screw extruder (Labtech Engineering Co., Samutprakarn, Thaikdtidp screw diameter of
26 mm and a length to diameter (L/D) ratio of 44. $beew speedvas set to constant 20 rpm
and the following temperature profile was applied on the extruder zones:;zd7B°C,
zone.s=180°C, zongs=185°C, zong~=190°C, die=190°CThe strand were air cooledon a
conveyorand pelletized.

Six types of PLAblendswere manufactured, the composisarsf which are shown in
Table 1 As it can be seer2% CE wasused in eacliblendto compensate thenavoidable
decreaseof molecularweight of PLA during the twefold thermemechanical processing
(compounding and extrusion foaminghd toprovide adequate medtrength by formmg
branchedmolecularstructure The effect of 2% CEadditionon the dynamic viscosity of the
usedPLA grade was invéigated in our previeswork [8].

Table 1Compositiors of the PLA blends



PLA CE MMT IFR cell FR-cell

(WE%)  (WI%)  (Wi%)  (Wi%) (wi%)  (wi%)

PLA/CE 98.0 2.0 - - -
PLA/CE/MMT 96.5 2.0 1.5 - - -
PLA/CE/IFR 83.0 2.0 - 15.0 - -
PLA/CE/MMT/ IFR 81.5 2.0 1.5 15.0 - -
PLA/CE/MMT/ IFR/cell 78.5 2.0 15 15.0 3.0 -
PLA/CE/MMT/ IFR/FR-cell 78.5 2.0 1.5 15.0 - 3.0

Extrusion foaming

ScCO; assisted extrusion foaming wearried outon a modified Collin Teachine ZK
25T typeco-rotating twin screw extrudefDr Collin GmbH, Ebersberg, Germanwjith a
screw diameter of 25 mm and a L/D ratio2df The apparatus consists of 5 heating zones, the
scCO, wasintroduced into the 2zoneusing a syringe pump (Teledyne Isco 260D, Lincoln,
NE, USA). Firstly the extruder was heated up according to temperature profiteicated in
Table2, and pure 3052D type PLA was extruded conventionally. Sinca<d@® supercritical
state above 74 bar (and 31°C), the injectiofiadl stateCO, could be started when the head
pressure exceeded 80 baks. scCO; is introduced into the barrel, it dissolves in the PLA
meltandacts like a plasticizdoy redudng the meltviscosityof the polymer. This effeavas
compensated by lowe the temperature of the last three zones to temperature profile T
(Table 3. By reducing thoamingtemperature, the cell density increasagetherwith the
increasing melt strengind evemmicrocellular foams can be obtained

Table2 Temperature profiles used before (T1) and during (T:8)®@2-aided foam extrusion
Die Zone4d4 Zone3d Zone?2 Zonel
Q) C) Q) Q) (C)
T1 140 160 165 165 170
T2 85-100 125 135 165 170

After reaching the steady state of teetrusion foaming process, tipaire PLA was
replaced by thereviously compounded PLA blends. During extrusion foaming, ®&s
injectedat 1454150 bars, introducing ~8/m% of seCQO, inside the meltThe appropriate
pressure was set by varying the screw speed betweendl@Campm. PLA foams were
collected using a conveyor.

2.3 Methods

Fouriertransform infrared (FTIR) spectra were collected fromnbeireated andFR-
treated cellulosdibres using a Bruker Tensor 37 type FTIR Spectrometguipped with
DTGS detector(Bruker Corporation, Billerica, Massachusetts, JSAhe additives were
grinded with KBr and colgbressed into suitable dises 200bars The measurement was
carried out in transmission mode, in a spectral range 6#800 cni with a resolution of 4
cm . The device produced the ultimate spectrum as an average of 16 spectra.

Scanning electron microscopic (SEM) images were tdkem the razor blade cut
surfaces of the foams. 2EOL JSM5500 LV type apparatus (JEOL Ltahkishima, Tokyo,
Japan)was used for the examination withccelerating voltageof 10 and 15 keV,
respectively All the samples were coated with ggbdlladium alloy before examinatian
order to prevent charge buHddp on the surfaceThe dispersion ofhe additives was



investigated via mergy dispersiveX-ray spectrometry (EDSusing the same apparatus.
Element mapping was carried out with an accelerating voltage of 15 keV and an atrgolific
of x500.

The void fraction and expansion ratio of the foams was determined vigter
displacemenimethod(Archimedes method)/oid fraction or wrosity is defined as a fraction
of the volume of voids over the total volume as a percentage. The percentage cdctod f
(V) was calculated from the foams’ appardensity fa,p) and the density of the ndoamed
extrudate 4) according to Equation (1):

v, =1oo*{1—(f§@J} (1)
P

The bulk density/) of theextrudate was calculatéxdsed othe composition{ablel).
The density of the PLA and the additives were considered tc2deglcn? (PLA) [24], 1.90
glen? (IFR) [25], 2.35 g/cni (MMT) [26] and 1.50 g/crh(starch, cellulose)respectively.
The apparendensity of the foamed samples was determined by w&placement method
based on ASTM D792-00he expansion ratio®) wascalculated according to Equation (2):

p=L- @
'Oapp
A TA Instruments (New Castle, NH, USA) Q2000 type instrument was used for
differential scanning calorimetry (DSC). DSC measurements were carried cheatiray rate
of 10°C/min under 50 ml/min nitrogen gas floaovering a temperature range of2&°C.
About 5mg of sample was used in each test.
The degree ofcrystallinity () of the samples was calculated according to Equation (3),
where4H,, indicates the melting enthalpyHc is the cold crystallization enthalpyH.,’ is
the melting enthalpy of th&00% crystalline PLA equal to 93 J/87], and« is the weight
fraction of the additives.

A2 Afs g0 (3)
AH?(1- )
Thermogravimetric analysisTGA) measurements were carried ousing a TA
Instruments (New Castle, NH, USA) Q5000 type instrumeétit a heating rate of 10°C/min
under 25ml/min nitrogen gas flow, covering a temperature range es@BC. About4-10
mg of sample was used in each .tdste TGA measurements were repeated three times for
eachtype ofsample
The flame retardant performance of the prepared samples was characteGtaadayd
UL-94 flammability tests (ASTM D 635 and ASTM D 3801). 194 classification is used to
determine dripping and flame spreading rates.

Limiting oxygen index (LOI) measurements were perforraedording to the ASTM D
2863 standardlThe LOI value expresses the lowest oxygen to nitrogen ratio where specimen
combustion is still selSupporting.

Pyrolysis combustion flow calorimetry (PCFC) (Fire Testifgchnology FAA Micro
Calorimeter) was used to assess the flammability of the formulations. Testpenerened
according to ASTM Br309 at a heating rate of 1 °C/s, a maximum pyrolysis temperature of
750 °C and a combustion temperature of 900 °C. The flow was a mixtuggNzf20/80 cm3
min-1 and the sample weight was 6 + 0.1 mg. All experiments were made in triplicate and
HRR values are reproducible to within +5%he results obtained were corrected after
conducting TGA under nitrogen atmosphere of each sample. The residsmlaima given
temperature allowed the calculation of the specific heat release rate at any giveattemper
[28].



3 Results and discussion

3.1 Characterization of flame retardant treated cellulose

The FTIR spectra of the untreated (cell) and flaretardantreated cellulose fibres
(FR-cell) are compared iRig. 1. The presence of DAP on the surface of thetfelated fibres
was confirmed by the appearance of the characteristic bands atrtid@2d 3270 crit, both
assigned to the vibratisrof ammonium[29]. The small amount of BA absorbed on the
surface of the cellulose fibr@gas not detectable by this method.
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Fig. 1. FTIR spectra of untreated and {&feated cellulose fibres

In Fig. 2, the effect of FRreatment on the thermal degradation of cellulose can be
followed. Due to the treatment with DAP and BA containing solution the initial
decomposition temperature of cellulose was lowered B¢ 50he shift to lower temperature
is typical for treatments with phosphates; in our previous works about 90°C lower onse
temperaturesof decomposition were measured both for ammorpinmsphate [30 and
diammonium-phosphatieeated atural fibres[31]. It is presumed that in this case the early
pyrolysis of the phosphateeated cellulose véacompensated by the addition of BA, which
promoted the formation of a glassy film on the surface of the cellulose [&2kand thus
increasedheir thermal stability by about 40°€ompared to the phosphdteated fibre, but
still below that of the nottreated fibres. Nevertheless, the thermedamposition of the FR
treated cellulose fibres starts at 235°C, which is higtieen the typical processing
temperature of PLA foam®n the other handhe combined treatment with DAP and BS
effectively promoted the formation of solid residues endr. The chaamount at 500 °C for
the FRtreated fibes was 36.5 %, while only 3.0% ash remained from the -treated
cellulose. Based on the significant char formaticability of the FRtreated fibres,
advantageou®ffect was expected on the flame retardant properties of theeh&ose
containingPLA foams.
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Fig. 2. TGA curves of the notreated(cell) and FRtreated cellulose fibrggR-cell)

3.2 Morphology of the flame retarded PLA foams

The void fraction and expansion ratio of the PLRbams prepared by s€O,-aided
extrusion foamingare shown irFig. 3. It can be seen that the additiree PLA (PLA/CE)
could be expanded only to its double volume, having approximately 50% void fraction. In the
case of all the composite foams, however, microcellular foam structures witlfractions
higher than 90% were obtained, presumably as a result of the increased meltyvaswbsi
effective heterogeneous cell nucleation promoted by the used additives. Compheepluice t
PLA foam (PLA/CE) significantly increased expansion ratios were adhidéoe all the
additivecontaining foams, but the highest expansion ratio of 29.3 was achieved for the MMT
containing FRfree foam (PLA/CE/MMT). These results are in connection with the
heterogeneous nucleation ability of the used additives, which is in strotigrrelath the
particle size; the nucleation effect of the larger $&R and cellulose is moderate compared
to that of the MMT nanoclays. Although the introduction of FR particles at higheng=adi
could noticeablyhinder the foam expansion due to the reduced amoymtlpfer resin and
increased stiffness of the polymer mat@d 2], in our case an expansion ratio as high as
16.9 was reached for the PLA/CE/MMHFR/cell foam with 19.5% additive content.
Nevertheless, when FReated cellulose was added (PLA/CE/MNAR/FR-cell), the
expansion ratio decreased to 9.9, which is explained by #ak @ompatibility of FRcell
with the PLA matrix, causing increased number of interfacial defects, whidurfa the
escape of C@during the foaming process.
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SEM images taken from the cressctions of the PLA foams are presentedrim 4
and Fig. 5. In Fig. 4, the structure oPLA foamswith the six different composition are
shown.Uniform, closed cellulafoam structure can be observed, the average diameter of the
cells is approximately I150um in all casesAs it wasnoticedbased ortheexpansion ratio
results(Fig. 3), PLA containing CE aloné~ig. 4 a) was not sufficiently foamable, instead of
thin-walled cells, acoherent poroustructurewith low void fractioncan be seen. Without the
nucleating agent, slow crystallization and the absence of hetemgerell nucleation
hindered the formation of high porosity foam struetun the case othe PLA/ICEIMMT
foam (Fig. 4 b), uniform cell structure can be observed as an evidendecrdased melt
strength, effective cell nucleation and faster crystallization promoted by the incorporated
MMT nanoparticks. The effect ofthe used=R agentson the morphology of the PLA foams
was alseexamined. It was found that tlerger sizdFR particles themselves are less effective
regarding heterogeneous nucleation, resulting in broader cell size distribttidine o
PLA/CENFR foam (Fig. 4 c). The addition of cellulose resulted in higher cell density
(Fig. 4 e) andgreaterexpansion ratigsee also irig. 3, however, withthe FRcell additive
(Fig. 4 1) the structure of the foarbecamesimilar to that of the PLA/CE/MMT/IFR foam
(Fig. 4 d) composedof slightly larger cells.
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Fig. 5. SEM micrographsf the PLACE/MMT/IFR foam (x250, x500)

As it can be seen from the SEM imageesented irig. 5 the FR particlesare well
embedded in the PLA matrix materiahdthey are mainly locatedin the cell wall junction
regions. he high void fractiorand expansion rativaluescan be explained by the relatively
thin cell walls and high cell densityt can be concluded that, despite the relatively high
additive contents (almost 20 wt%), flame retarded PLA foams with adequ@ighology
could be manufactured by the extrusion foaming technology.

The distribution of the FRparticlesin the foamed samplesas examinedy EDS
method According to the micrographgsresented iri-ig. 6, the IFR additive system is well
dispersedin the polymer matrix the IFR particles with diameters of 180 um can be
identified with adequate distributionThe FRtreated cellulose particléength of which was
8 um) could notbe distinguished from the PLA matrix this wajnce their edmental
compositiongaresimilar, andtheir mass fraction was only 3 m/m%.
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Fig. 6. EDS mapping of PLA/CE/MMTFR/FR-cell foam

3.3 Thermal properties of the flame retarded PLA foams

DSC analyss revealed thatrystallization during the s€0O,-assistedoamingprocess
is fundamentally different from that of simple extrusiés. an exampleni the thermograms
of FR-cell containing bulk and foamed PLA samplésg( 7), glass transition temperature
(Ty~ 61°C) cold-crystallization temperatureT{) and melting temperaturel{) can be
examined. Concerninthe curve of bulk PLA, a considerable caigstallization exotherm
(Tee ~110-130°C)can be observed alongsidéth two melting endothermic peaks at 152°C
and 157°Ccorresponding to melting of the less ordered o’ and the thermodynamically more
stable o crystals [8,33. On the other hand, the foamed sample with same composiéi®
much smallerexothermic pealkn the range of 9210°Cand only one melting peak around
154°C, indicating higher crystallinity in the form of the ordered a crystals.The shift ofcold-
crystallization exothernto lower temperatures attributedto the straininduced nucleation
enhanced crystallizationf the stretchedamorphous phase in the cell wall34]. During
foaming, PLA chainsin the cell wallsundergo significant baxial gretching, and when
heated irthe DSC the crystallization of thealigned amorphous chaitisat did not crystalle
during foamings facilitated by thgresence of the pmxisting crystals
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Fig. 7. DSC thermograms of FRell containing bulk and foamed PLA

The degree ofcrystallinity of the PLA blends before and after foamivgs estimated
and presented iffig. 8 As it can be seenhé foams havaignificantly highercrystallinity
then the bulk materialst Is mentioned in the literature8] that cell expansion during the
extrusion foaming process faws the formation of ordered crystabmd higher expansion
ratio is accompanied wittnigher proportion of crystallinity. It isssumed thafoaming of
PLA blends causeshain orientation and crystallinity is increased by stramduced
crystallization. The results showed that not only the MMTs ashucleating agent, but the
presence of IFR alspromotescrystallization, furtherrare, by adding neat or FReated
cellulose, the foams’ crystallinity exceededen 19%.Based on the enhanced crystallinity
composed of the more stable a form, improved thermo-mechanical properties can be

supposed for these foamed materidl].[
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Fig. 8. Degree of crystallinity of the PLAlendsbefore and after foaming



Characteristic parameters of TGA of the prepared PLA compounds before and after
foaming are compared ihable 3 while the residual massebtained at 500°@re shownn
Fig. 9 (average value and standard deviation were determined flwee repeated
measuremen)s Based on the data ofable 3, it can berealized that the Tnset (initial
degradation temperature) and DiE& (temperature oflegradation rate maximum) of the
foamed materialsorrelate with their expansion ratio (seefiy. 3). Moderate expansion
results ina slight shiftto higher temperaturedue to the lower heat conductivity (until the
foamed structure exists). At much higher expansion raamples PLA/CE/MMT and
PLA/CE/MMT/IFR/cell), however, enhanced surface area is exposed to degradation, which
process can overcome the delay causedwei heat conductivity.

Based on the residual masses obtained at 500tC 9 it can be seen that despite the
identical FR contents, lower amount of char formed from the foamed samples. s is
consequence of the inhomogeneous distribution of fhedfticles among the cells. As it was
found during SEM examinatior-ig. 5, the FR particles are aggregated mainly in the cell
wall joints, while the thin cell walls are typically FR poor and therefore their clgazannot
be initiated.

When considering the effect of the used additives on the thermal degradation, same
tendencies can be observed for the bulk and foamed samples, Ml applied by itself
(PLA/CE/MMT), caused slight decrease of the initial degradation temperatirapticeably
lowered the weight loss rate compared to the additive free reference samy&SHP The
introduction of IFR further moderated the weight loss rate and effectively promoted the
charring of the PLA samples, at 500°C more than 10% residue remained from I&Rthe
containing samples~(g. 9. The lowest maximal weight loss rate and the biggest residual
mass werebtained, however, when Rireated cellulose fibres were combined with the IFR
system (PLA/CE/MMTIFR/FR-cell). It is assumed that phosphorus and boron, being present
right on the surface of cellulose, can initiate the charring and ceatiomof cellulose with
high efficiency.

Table3 TGA characteristic parameters of flame retarded PLA bulk azadéo materials

Tonset DTGpeak Max. weight loss rate
[°C] [°C] [%/°C]
bulk foam  bulk foam bulk foam
PLA/CE 318.3 3184 364.6 368.3 3.04 3.06
PLA/CE/MMT 298.0 290.1 364.7 356.7 2.54 2.28
PLA/CE/IFR 315.0 320.2 363.3 365.7 2.13 2.36
PLA/CE/MMT/ IFR 314.5 321.2 365.3 367.3 2.32 2.56
PLA/CE/MMT/ IFR/cell 317.6 318.3 365.5 366.1 2.28 2.30

PLA/CE/MMT/ IFR/FR-cell 3111 3126 363.8 364.8 2.01 2.13
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Fig. 9. Comparison of the residues of flame retarded bulk and foamed sashpdésed at 500°C of TGA
analyses performed in nitrogen atmosphere

3.4 Flammability characteristics of the flame retarded PLA foams

Pyrolysis combustion flow calorimetry (PCFC) was carried oubath thefoamed
and unfoamed flame retarded PlsAmplesBy this method, a significant difference could
be evinced between thepecific heat release ratelRR) curves of the aunterpartswith
identical compositionThe evaluatedspecific peak of heat release rate (pkHRRIluesare
comparedn Figure D. Nevertheless, it can be seen ttetspecific pkHRR valuef PLA/CE
waseffectively reduced byhe applied IFR systemshe best resulabout 40%reduction was
achieved when MNI and cellulose wre combined with theeommerciallFR additivein the
foamed and unfoameslamplesalike. Theseresuls confirm the beneficial char promoting
effect of theapplied minor components the flame retardardomposition.
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measurements

StandardJL-94 tests and LOI measurements were performed to characterize the flame
retardantperformance of the prepared PLA foamlso in comparison with that of the
unfoamed samplewith identical chemical compositiod he results are shown irable4 and
Fig. 11, respectively. Thadditivefree PLA foam (PLA/CE) with void fraction of about 50%
acted similarly to itsinfoamed counterpartiorizontally mountedt burned with an average
flame spreading rate of 39 mm/min and a LOI of 20.0 vol% was determined for thpkesam
Thanks to the beneficial effect of MMT on the foaming process, highly porous striétare (
96.6%) was obtained from the PLA/CE/MMT blerttde horizontal burning rate of which,
however, became extremely rapid due to the readily available oxygen withioatheand
failed the UL-94 test On the contrary, the LOI of this foam sample increased to 24.0,vol%
the same value athat of its unfoamed counterpartit is presumed that during LOI
measurement, where the vertically mountgzkcimen is ignited from the top, the char
promoting effect of MMT prevails over the fire feeding effect of the accelerated oxygen
supply [36]. This means that MMT has multifunctional role in this system; it acts both as
nucleating agent and flame retardant compor&R.contentof 15% proved to be sufficient
to pass WO classification according to the L84 standard for both types of samplasd to
reach a LOI as high as 2%6d 30.0 vol%respectively

In accordance with the literatur&415], the combined application of MMT an@R
proved to be advaageousn bothsystens and resulted in increase of th®l values but the
efficiency of thesynergism proved to benoderatein the foamed sample®espite the
identical chemical composition; 0 vol% higher LOI values were reached in the case of the
bulk materials than for the foasheamplescontaining botHFR and MMT additivesZhai et
al. also found that the foaming process reduces the LOI values of flame retarded ¢\, w
they attributd to two reasonghe increased contact area between PLA matrix and aithend
decrease volume concentration of the used flame retardantbe expanded foam structures
[21,22. Interestingly,in our work significant differences between the LOI values of the
foamed and nfoamed samples were only égiced wherbothIFR and MMT were applied
It is presumed tha¢ssential congregation tfie MMT plateson the charring surfacean



occur only in the case of the bulk samples, whilettheier effect of thenanoclay particles
beingconcentrated in the cell wall joints cannot prevail.

When the effect of cellulosappliedascosteffective filler with reinforcing potential,
is evaluated, it can keeenthat the LOI of the celluloseontaining samplemcreasedurther.
The introduction of 3 wt% FRell led t031.5 vol% LOI valueof thefoamedspecimensThe
flame retardant properties achieved lve ttase of the extruded Plfadamswith high foam
expansion ratios#=16.9 and 9.9) noticeably outperform the flammability test results (LOI=
26.4%) publishedy Zhai et al. R1] on solid state foamedLA foamswith similar flame
retardant composition (15% nitrogen and phosphorus containing FR + 3% starch) but lower
expansion ratioThe increased expansion ratiochbetter flame retardant performaze of the
extruded foamsan be ascribedprobablyto the dissimilar distribution of the FR particles
compared tdhe solid state foamed sampl&siring extrusionthe foaming occurs at higher
temperaturecoupledwith continuous mixingthereforethe arrangement oFR particles and
fillers in the polymer melbccurssimultaneouslyvith the cell growth As a resultsignificant
part of the FR particles will be located in the cell wall jofats observedh Fig. 5 where the
major part of the polymer mass is presdiite more FR particles are well embedded in the
polymer matrix, the less is the possibility for interfacial debonding and formation of
microholes enabling gas escape. In the case of the lower temperature solid state foaming
technology however, the inherent FR distribution within the polymer matrix does not
remarkably change during cell growttgnsequentlynore microholewill be induced at the
filler-matrix interfaces, especially at the thin cell walisdering the cell growing ability and
resulting in increased opencell ratio accompanied with decreased expansion ratio.
NeverthelessZhai et al also reported that with increasing foaming temperature (to 80°C) the
cell structure of flame retardant loaded PLA foaprepared by solid state foaming, became
more uniform 2. Similar conclusions can be drawn regarding the flame retardant
properties;considering the morphologgf the extruded foamdor the well embedded FR
particles at the cell wall joints more polymer mass is available to betaffand hus better
flame retardant efficiency can be obsendedhis sense, it could be concluded that in the case
of polymer foams, surprisingly, trepecial (in the cell wall jointgggregated structure of the
active fillers is favourable over tlmiehomogeneous distribution.

Table4 UL94 rating of the prepared PLA foams

Sample UL-94
[rating]
bulk foam
PLA/CE HB* (31) HB* (39)
PLA/CE/MMT HB* (33) NR* (313)
PLA/CE/IFR V-0 V-0
PLA/CE/MMT/ IFR V-0 V-0
PLA/CE/MMT/ IFR/cell V-0 V-0
PPLA/CE/MMT/ IFR/FR-cell V-0 V-0

*in parenthesis the flame spreading rates [mm/min] are indicated
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Fig. 11. LOI values of the prepardthme retarded bulk and foamed samples

4 Conclusions

Flame retarded microcellular PLA foams were successfully manufactured-@@,sc
assisted extrusion foaming technology. During product®B, wasusedto improve the
rheological behaviouand MMT was applied as nucleating agent for better foamability and as
potential FR synergist at@éhsame timeln spite of the fact thatfoamsare moreflammable
than their solid polymeric counterparts,significant flame retardancy waachieved by
incorporating APP based IFR additivethe cellular structuteThe efficiency of the IFR was
enhanced by combining it with FiReated cellulose fibres, which noticeably increased the
charring ability of the systenas revealed by the TG sultsandPCFC measurementss a
result,40% reduction in specific peak of heat release &4 V-0 rating accompanied with
LOI value as high as 31.5 vol% were reached forlfifeand FRcell containingPLA foam
Also, among the examined foams, the highest degree of crystalaithedl 9%, composed
of the more stable o form, indicaing nucleating effect of the used Hoased charring agent
Theprepared flame retardddiocomposite foams coufabtentiallyfind applicationascushion
packagingor electronicsor airline industry.

Supercritical CO,-aided extusion resulted inlow-density foams having void fractions
higher than 90% accompanied with expansion ratios €f0l@epending on the fillenatrix
compatibility even at relatively high (almost 20 wt%) additive contents. SEMameevealed
that the effetively flame retarded PLA foams have uniform cellular structure with
characteristic cell diameters of 2280 um. Major part of the FR particles wasfound to be
embedded in the cell wall joints, which is of key importance regarding expandahiity a
charring ability. From this respect, extrusion foaming was found to be favorable eohtpar
the batch technologieslue to the continuous mixingf the conponentsand the typically
highertemperature applied during foderming, whichallows the active fillers to allocate in
the polymer melt simultaneously with the cell growth. As a refiter microholes will be
induced at the fillematrix interfaces irthe thin cell walls, and thus lower opeel ratios and
higher expansion ratios can be obtained. Considering the flame retardant properties, more



polymer is available for the wedimbedded active fillers, located in the cell wall jgitd be
affected ad thus enhanced char forming and improved flame retardant propsatiese
obtained.
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