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ABSTRACT: This work reports on the effect of commercial expandable graphite (EG) on the flammability and thermal
decomposition properties of PLA-starch blend. The PLA-starch/EG composites were prepared by melt-mixing
and their thermal stability, volatile pyrolysis products and flammability characteristics were investigated. The
char residues of the composites, after combustion in a cone calorimeter, were analyzed with environmental
scanning electron microscopy (ESEM). The thermal decomposition stability of the composites improved in
the presence of EG. However, the char content was less than expected as per the combination of the wt% EG
added into PLA-starch and the % residue of PLA-starch. The flammability performance of the PLA-starch/

EG composites improved, especially at 15 wt% EG content, due to a thick and strong worm-like char structure.
The peak heat release rate (PHRR) improved by 74%, the total smoke production (TSP) by 40% and the specific
extinction area (SEA) by 55%. The improvements are attributed to the ability of EG to exfoliate at increased
temperatures during which time three effects occurred: i) cooling due to an endothermic exfoliation process,
ii) dilution due to release of H,O, SO, and CO, gases, and iii) formation of a protective intumescent char layer.
However, the CO and CO, yields were found to be unfavorably high due to the presence of EG.
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1 INTRODUCTION

The development of biodegradable polymer compos-
ite materials with fire resistance ability and thermal
stability can create new uses and extend their indus-
trial applications. Biodegradable polymers in general
and poly(lactic acid) (PLA) in particular, have recently
gained considerable research interest due to envi-
ronmental concerns, as well as the shortage and high
cost of fossil fuel. The PLA-based composite materials
possess improved chemical and physical properties
when appropriate micro- and/or nanofillers, such as
graphite and expandable graphite (EG) in particular,
are used [1-11].

Poly(lactic acid) (PLA) is an aliphatic polyester,
generally made from o-hydroxy acid. It is produced
by classical synthesis using a biobased 2-hydroxy
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propionic acid (i.e., lactic acid) monomer. The latter
can be derived from corn or potato starch, cane or beet
sugar and cheese whey. PLA is applied in various fields
such as medical and pharmaceuticals, textiles, pack-
aging and composites. It is the most highly produced
degradable aliphatic polyester with relatively modest
cost. It has advantages that include eco-friendliness,
biocompatibility, compostability, processability and
energy efficiency during production. It is marred by
inherent limitations, including poor thermal stability
and flammability performance. Consequently, there is
a need to pursue its modification through additives,
such as expandable graphite, in order to achieve prop-
erties equivalent and/or superior to the conventional
petroleum-based polymers [3-11].

Expandable graphite (EG) is an intercalated com-
pound produced by the chemical or electrochemical
intercalation of molecular or atom guests between the
layers of graphite. Its structure consists of graphene
sheets/layers within which chemical compounds
(i.e., oxidants such as H,SO, or HNO,, and KMnO,)
are intercalated [6, 12-15]. When exposed to high
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temperatures (i.e., > 190 °C), EG layers are able to
exfoliate and expand rapidly in an accordion-like pat-
tern. This is due to the decomposition of the intercala-
tion compounds (e.g., H,SO,) into water and sulphur
dioxide gas. EG further undergoes oxidation by H,SO,
with the production of carbon dioxide and sulphur
dioxide gases. This exfoliation process is said to be
endothermic. Thus, when used as a flame retardant
in a polymer matrix, it triggers temperature decreases
in the system to below the polymer combustion tem-
perature. Since the decomposition of an acid and the
redox reaction between an acid and graphite result in
the production of inert gases (i.e., H,O, CO, and SO,),
it leads to dilution of a mixture of combustible gases.
Finally, the resultant carbonaceous intumescent char
will form a protective layer between the gaseous and
the solid combustible phases [16, 17]. Since EG begins
to exfoliate at temperatures below the onset of thermal
decomposition of PLA at ~ 280 °C, EG will act before
the thermal decomposition of the biopolymer. It will
therefore modify the thermal decomposition pathway
of PLA to yield some char and lower the evolution of
flammable pyrolysis products [6, 13, 14, 18].

A number of studies were conducted where expand-
able graphite was used as a flame retardant in various
polymer matrices. EG was either used alone or with
other additives in polymers such as polyolefins, poly-
styrene, epoxy, polyurethanes, polyamide and PLA
[5, 12, 16, 17, 19-31]. The polymer/EG composites
were generally prepared either by solution mixing,
melt extrusion/blending, milling or injection molding.
For instance, Xie and Qu [19, 20] investigated the syn-
ergistic effect and the thermo-oxidative degradation
behavior of expandable graphite with halogen-free
flame retardant additives (i.e., ammonium polyphos-
phate, zinc borate, phosphorus-nitrogen compounds
and microencapsulated red phosphorus) in LLDPE-
and EVA-based systems. It was found that the com-
bination of EG with other flame retardant additives
increased the LOI values, improved flammability per-
formance and increased the thermo-oxidative degra-
dation temperature while reducing the oxidation heat
[19]. It was concluded that the phosphorus-nitrogen
compound was an efficient synergist, whereas zinc
borate acted as a smoke suppressant in the polyole-
fin/EG flame resistant system. The presence of EG in
LLDPE [20] improved the thermo-oxidative degrada-
tion by lowering the decomposition rates. In another
study by Wang et al. [17], the fire and water resistance
of coatings, based on expandable graphite and an intu-
mescent flame retardant additive composed of ammo-
nium polyphosphate, pentaerythritol and melamine,
were compared. It was reported that EG (with 74 pm
particle size) showed better antioxidation and fire
resistance properties and that EG coating (at 8.5%)
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retained the material’s fire resistance ability, even after
500 hours of water immersion.

Focke and coworkers reported on the characteriza-
tion [16] and use of expandable graphite in thermally
conductive phase-change materials [21] and in fire
retardant LDPE [22] and poly(vinyl chloride) (PVC)
[23] systems, prepared by extrusion and high shear
mixing and followed by curing at elevated tempera-
tures. They reported that although EG more effectively
lowered the smoke emission and peak heat release
rate (PHRR) than the novel intumescent additive (i.e.,
phosphate salt of 3,5-diaminobenzoic acid) synthe-
sized in LDPE, the combination of these two led to a
further reduction in PHRR. This was attributed to the
formation of a heat insulating protective barrier at the
solid surface, thus limiting the heat transfer to the sub-
strate and slowing down the material’s rate of ther-
mal degradation [22]. In the case of a PVC/EG system
(where PVC was plasticized with 60 phr phosphorus
ester) they found that the PHRR and total heat release
(THR) were reduced with only 5 wt% EG inclusion,
and they attributed it to an excellent match between
the exfoliation onset temperature of EG and the onset
of decomposition of the PVC [23].

Only a few studies reported on the use of expand-
able graphite as a flame retardant in a PLA matrix
[5, 32, 33]. Wei et al. [5] investigated the thermal sta-
bility and combustion behavior of extruded PLA/
expandable graphite composites. They reported that
the PLA /EG composites showed the highest V-0 rank-
ing (UL-94 flammability test) with a 5 wt% EG content,
whereas 10 wt% EG was adequate for a lowered rate
of combustion, as observed from cone calorimetry. Mu
et al. [32] reported improved thermal stability, flame
retardancy, synergistic effect and anti-dripping perfor-
mance of melt-blended PLA/EG/poly(bis(phenoxy)
phosphazene) composites. This was attributed to the
combined effect of the gas and condensed phase flame
retardant mechanism of EG and the phosphazene
polymer. Zhu et al. [33] observed a synergistic effect of
EG/ammonium polyphosphate (APP) (1:3) at 15 wt%
in melt-blended PLA composites and attributed it to
the formation of compact, dense and stable char pro-
tection layers that resulted from the filling of gaps
between EG flakes with the viscous decomposition
products from APP/PLA.

The aim of the study reported in this article was
to investigate the thermal degradation and combus-
tion properties of Cereplast PLA (PLA-starch blend),
loaded with commercial grade expandable graphite
(EG). This was achieved by melt compounding PLA-
starch with EG at 5, 10 and 15 wt% loadings and char-
acterizing the PLA-starch/EG composites for their
thermal stability, evolved volatile pyrolysis products
and flammability performance. This investigation is
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the basis of a series of studies on the use of a commer-
cial expandable graphite grade as a halogen-free flame
retardant for biopolymers and their blends.

2 MATERIALS AND METHODS

2.1 Materials

Polylactic acid (PLA-starch blend) is a sustainable
1001 injection molding grade, containing additives
derived from starch and other renewable resources,
with physical properties as shown in Table 1. The com-
mercial expandable graphite (EG) used was an ES250
B5 grade, consisting of 90-95% carbon content, expan-
sion rate of 250-500 cm® g™ at a starting temperature
range of between 180-300 °C, and a particle size of
80% (of the particles) > 300 pm supplied by Qingdao
Kropfmuehl Graphite, China. It contained KMnO, as
an oxidant and H,SO, as an intercalant [23, 34]. The
materials were used as received from the suppliers
without any modification/purification, except for dry-
ing at 50 °C prior to the compounding.

2.2 Sample Preparation

The samples were compounded (according to the ratios
shown in Table 2) after drying overnight and were pre-
pared by melt-mixing, using a Brabender Plastograph
with a mixing volume of 55 cm®. The mixing temper-
ature was 180 °C at a rotational speed of 60 rpm for
12 minutes. This was followed by hot melt-pressing at
the temperature of 180 °C under 50 bar for 5 min in
order to obtain 140 x 140 x 2 mm square sheets.

2.3 Sample Analysis

The TGA analyses were carried out in a PerkinElmer
STA 6000 simultaneous thermal analyzer. The samples

Table 1 Physical properties of PLA-starch blend, Cereplast Sustainable Resin 1001 grade [45].

(mass range 20-25 mg) were heated from 30 to 700 °C,
at a heating rate of 10 °C min™ under flowing nitrogen
(flow rate 20 mL min™). In this study, the TGA tech-
nique was mainly employed to examine the thermal
stability and char content of the samples.

The thermal decomposition volatiles of the sam-
ples were analyzed using the TGA connected to a
PerkinElmer Spectrum 100 Fourier transform infra-
red spectrometer (TGA-FTIR). The same temperature
range and heating rate were used as in the case of TGA
analysis and the volatiles were transferred to the FTIR
by a PerkinElmer TL 8000 balanced flow FTIR EGA
system. The spectra were collected continuously dur-
ing the degradation process.

The flammability tests were performed using a cone
calorimeter (FTT, UK) according to ISO 5660-1 at a
heat flux of 35 kW m™. The samples had dimensions of
100 mm x 100 mm x 2 mm and were prepared by com-
pression molding. The samples were wrapped with
an aluminium foil on the sides and at the bottom and
placed in a retainer frame over low density ceramic
wool and then secured on the specimen holder. The
following quantities were measured using the cone
calorimeter: heat release rate, time to ignition, mass
loss rate, as well as carbon monoxide and carbon diox-
ide yields.

In order to determine the morphology of the char
residues after combustion in the cone calorimeter,

Table 2 Sample compositions of the PLA-starch/EG
composites.

Sample Composition [wt. %]
PLA-starch 100
PLA-starch/EG-5 95/5
PLA-starch/EG-10 90/10
PLA-starch/EG-15 85/15

Physical property ASTM test method Values
Tensile strength at maximum D 638 49.6 MPa
Tensile elongation at break D 638 5.1%
Tensile modulus D 638 3,590 MPa
Flexural modulus D 790 3,360 MPa
Flexural strength D 790 80 MPa
Gardner impact D 5420 1.13]
Notched Izod impact strength (at 23 °C) D 256 40 J m™
Temperature deflection under 0.45 MPa D 648 44 °C
Melt flow index 190 °C at 2.16 kg D 1238 8 g/10 min
Density D 792 Method A 1.28 g ml™
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an FEI Quanta 200 environmental scanning electron
microscope (ESEM) was used and the analyses were
done at room temperature. The samples were gold-
coated by sputtering in order to obtain conductive
coatings on the samples.

3 RESULTS AND DISCUSSION

3.1 Thermogravimetric Analysis (TGA)

The TGA and DTG results of the PLA-starch/EG com-
posites are shown in Figure 1 and the related data are
summarized in Table 3. T, and T, represent the mass
loss temperatures at 2 and 60 wt% mass loss, respec-
tively, while T _ is the temperature at maximum deg-
radation rate. The T,, is normally considered as the
onset temperature of thermal degradation. The char
residue % for the composites at 700 °C is also reported.

From Figure 1a it is observed that PLA-starch blend
degrades in two steps and leaves some residues. The

first step occurs over the temperature range 270-337
°Cand its T _ is 321 °C. This step is due to the ther-
mal degradation of PLA component. The thermal
degradation of PLA is reported to be a complex pro-
cess, involving several reaction mechanisms with at
least one dominating [35]. The reaction mechanisms
may include non-radical and radical reactions, viz.,
i) random chain scission, ii) depolymerization, iii)
thermo-oxidative degradation, iv) intramolecular
and intermolecular transesterifications, v) hydrolytic
degradation, vi) pyrolytic elimination and vii) radi-
cal reactions. It is, however, considered that the main
thermal degradation mechanism for PLA is due to
intramolecular transesterification reactions [36]. In
addition, there is a simultaneous recombination of the
cyclic oligomers that were formed with linear poly-
esters through insertion reactions [35]. This led to the
formation of cyclic oligomers of lactic acid and lac-
tide. Other thermal decomposition products of PLA
reported in the literature include carbon monoxide
and carbon dioxide, acetaldehyde (i.e., believed to
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Figure 1 (a) TGA and (b) DTG curves of PLA-starch/EG composites.
Table 3 TGA results of investigated PLA-starch/EG composite materials.
Sample T,, [°C] T, [°Cl T . [°C] Residue at 70 °C [%]
PLA-starch 282 325 321 & 381 9.1
EG 190 - 196 & 209 35
PLA-starch/EG-5 306 372 368 12.7 (14)
PLA-starch/EG-10 310 374 374 16.4 (18)
PLA-starch/EG-15 291 376 376 21.2 (23)

T,,and T, temperatures at 2 and 60% weight loss, respectively; T _, temperature at maximum mass loss rate from DTG. The values in paren-
thesis are the expected residue % (at 700 °C) calculated from: {residue % of PLA (e.g., 9.1%) x weight fraction of the blend (e.g., 0.95) + weight
fraction of EG (e.g., 5%) = 14%}.
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decompose into methane and butanedione), methyle-
ketene and water [37]. The second thermal degrada-
tion step occurs between 337 and 460 °C with T__ of
381 °C. This is due to the degradation of the char from
the starch and other renewable resources-based addi-
tives in PLA-starch blend. The thermal degradation
of PLA-starch yielded a char residue of about 9.1% at
700 °C, which is attributable to the presence of starch
and other renewable resource additives in PLA-starch
blend [38]. Likewise, EG degrades via a two-step pro-
cess with a maximum decomposition temperature of
209 °C. This relates to the exfoliation process of the
expandable graphite starting at around 190 °C, due to
the escape of SO, and CO, inert gases [16, 22, 23].

All the PLA-starch/EG composites decompose in
one major step, occurring over a temperature range of
258-420 °C (Figures 1a,b). It is observed that the incor-
poration of EG microparticles in PLA-starch blend
shifts the thermal degradation curves to higher tem-
peratures (Table 3). This is attributed to the good bar-
rier effect of the graphite micro-sheets due to swelling
[30, 39]. It seems that this step has overlapped with
the second degradation step observed for PLA-starch,
since they occur within a similar temperature range.
The onset temperature of thermal decomposition (T, )
is higher for the composites when compared with
the PLA-starch (Table 3), but the increase is incon-
sistent with EG loadings. The PLA-starch/EG-10
composition recorded the highest value of 310 °C,
whereas the PLA-starch/EG-15 yielded the lowest of

105

the composites (i.e., 291 °C). This may be attributed
to i) the quick degradation of EG since the reaction
between H,SO, and graphite produces blowing gases
above 190 °C and ii) high thermal conductivity of EG
[30, 33]. Similar findings were reported by Zhu et al.
[33], who investigated the synergistic effect between
expandable graphite and ammonium polyphosphate
on flame-retarded PLA. Furthermore, T,, and T __
increased with EG loadings. This is attributable to the
presence of EG, which improved the thermal stability
of the PLA-starch/EG composites. The char residue of
the composites is higher than that of neat PLA-starch.
However, the experimentally observed % residue is
less than the calculated % residue (Table 3: values in
parentheses). This is probably due to thermal degra-
dation reaction(s) that are not in favor of yielding car-
bon, instead proceeding by the formation of CO and
CO, volatile gases. From the TGA results it can be seen
that the presence of EG improved the thermal stability
of PLA-starch/EG composites.

3.2 Volatile Products of PLA-starch and
PLA-starch/EG Composites: TGA-
FTIR Analysis

The FTIR spectra of PLA-starch and the PLA-starch/
EG composites at temperatures where the maximum
pyrolysis products were given off are illustrated
in Figure 2. It is observed that there are different
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Figure 2 FTIR spectra of the PLA-starch/EG composites at the temperatures where the maximum pyrolysis products were

given off.
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absorption regions labeled a to g, consisting of ranges
of wavenumbers; a: 3747-3573 cm’!, b: 3008-2500 cm?,
c: 2500-2300 cm?, d: 2300-2000 cm™, e: 2000-1700 cm?,
f: 1500-900 cm™ and g: 900-600 cm™. From this, it may
be inferred that the main pyrolysis products are made
up of compounds that contain -OH groups (regions a
and f), C-H (hydrocarbons, -CH, and ~CH, groups,
both stretching and bending modes) (region b), CO,
(regions c & g), CO (region d); carbonyl (C=0) contain-
ing groups (region e) and aliphatic esters (C-O-C) and
C-O stretch (region f) [40-42]. It can be observed that
EG exhibits absorption spectra at regions ¢, e, f and
g, indicating the evolution of CO,, C-O and carbony]-
containing compounds (C=0), as well as water- or
acid (-OH)-based groups. The bands associated with
CO, (regions c and g) are strong for EG, showing that
EG produces more carbon dioxide gas. On the other
hand, PLA-starch blend exhibits characteristic absorp-
tion bands in most of the regions, except at g. This
indicates that the pyrolysis products of PLA-starch are
possibly water, aldehydes, CO, and CO, and aliphatic
esters.

For the PLA-starch/EG composites, it is observed
that there are fewer pyrolysis products when com-
pared with those of PLA-starch and EG alone. The
incorporation of EG into PLA-starch (i.e., 5 wt% EG)
resulted in less intense absorption bands in all the
regions. However, at higher EG contents (i.e., 10 and
15 wt%), only the regions (e and f) associated with
carbonyl and aliphatic ester groups, respectively,
are observed. This indicates that EG is effective at

hindering the formation and evolution of pyrolysis
products of the PLA-starch/EG composites.

3.3 Cone Calorimetry

The cone calorimetric results of the PLA-starch/EG
composites are shown in Figures 3 to 6 and the data
are summarized in Tables 4 and 5. The fire performance
index (FPI) was calculated according to Equation 1 [43].

TTI
PHRR

FPI = (1)

It can be seen that the incorporation of EG into
PLA-starch blend reduces the time to ignition (TTI) of
the composites (Table 4). The reduction is nonetheless
inconsistent with the EG content. The TTI is lowered
from 44 s for PLA-starch blend to 31 s for the PLA-
starch/EG-5 composite. The lower TTI is attributed
to the low thermal stability and quick decomposition
of EG, occurring at a lower temperature (i.e., 190 °C,
as seen from the TGA results in Section 3.1) than for
PLA-starch blend (i.e., onset temperature of decom-
position is 282 °C) [44]. In this case, sufficient quanti-
ties of flammable volatile(s) (i.e., acetaldehyde which
decomposes into methane and butanedione) were
released at an earlier stage in order to initiate ignition.
Similar findings were reported by Focke et al. [22],
who observed a decrease in TTI from ~58 s for low-
density polyethylene (LDPE) to ~46 s for 10 wt% EG
filled LDPE.
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Figure 3 Heat release rate (HRR) curves for PLA-starch and PLA/EG composites at various EG contents.
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Figure 4 Images of ash samples after cone calorimetry tests of (a) PLA-starch; and PLAstarch/EG composites at (b) 5, (¢) 10 and
(d) 15 wt% EG.
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Figure 6 Total smoke release (TSR) and specific extinction area (SEA) versus EG content.

Table 4 Cone calorimetric results (at 35 kW m-2 heat flux) of all the investigated samples.

Parameter PLA-starch PLA-starch/EG-5 PLA-starch/EG-10 PLA-starch/EG-15
TTI [s] 44+ 0 31+09 35+1 33+1
PHRR [KW m™] 363+0 276 + 2 194+ 4 109 +5

414 +0 224 + 2
THR [M] m™?] 302 45+1 36+2 26+3
EHC [M] kg™] 16 +0 18+1 20+ 0 17 £ 2
av-MLR [gs™ m7] 8.6 +£0.3 8.9+0.6 47+03 29+0.0
MARHE [kW m™?] 199 + 6 175+ 3 100 + 2 58 +4
FPI [kW m~2s7] 0.11 0.11 0.18 0.30

TTI, time to ignition; PHRR, peak heat release rate; THR, total heat release; EHC, effective heat of combustion; av-MLR, average mass loss rate;
MARHE, maximum average rate of heat emission; and FP], fire performance index.

The dynamic curves of heat release rate (HRR) for
PLA-starch blend in Figure 3 show the characteristic
shape of a thermally thin sample [22]. Thermally thin
samples are characterized by sharp peak HRR curves
when the whole sample is pyrolyzed at once. The HRR
curves for thermally thick, char-forming samples,
exhibit a sudden rise to a plateau value [22] and this
phenomenon is observed in flame-retarded samples.
The HRR is clearly lowered for the PLA-starch/EG
composites with respect to the PLA-starch matrix. It is
observed that PLA-starch blend shows a peak shoul-
der at 363 kW m™ (i.e., at 75 s), which is related to the
starch component, whereas the maximum peak at
414 kW m? (i.e., at 90 s) relates to PLA component.
Likewise, the PLA-starch/EG-5 composite shows two
clearly defined peaks at 276 (i.e., at 60 s) and 224 kW
m? (i.e., at 130 s). The peak heat release rate (PHRR)
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values, as a function of EG content of the composites,
decreased from 414 kW m for PLA-starch blend to
109 kW m? (Table 4). This shows a reduction of 33, 53
and 74% for the 5, 10 and 15 wt% EG contents, respec-
tively. The improved fire performance with respect to
PHRR is due to the formation of an insulating protec-
tive intumescent char barrier at the solid surface of the
composites. This is shown in Figure 4, where the exfo-
liated intumescent graphite char layer was formed
consistently with EG loadings. This formed a barrier
that has limited the transfer of heat from the source
to the substrate and consequently slowed down the
thermal degradation of the composites, thus minimiz-
ing the rate at which flammable volatiles are evolved
[16, 22]. This is further confirmed by the average mass
loss rate (av-MLR) data in Table 4, whereby a reduc-
tion is observed from 8.9 g s m™ for PLA-starch blend
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Table 5 Smoke emission parameters of neat PLA-starch and the PLA-starch/EG composites from cone calorimetry (35 kW m?

heat flux).
Parameter PLA-starch PLA-starch/EG-5 PLA-starch/EG-10 PLA-starch/EG-15
TSR [m? m~] 255+0.7 31.3+£3.0 219+ 0.0 153 £ 3.0
SEA [m* kg™] 18+2 115+1.0 11+0 8.1+20
CO (x107) [kg kg™l 13+0 41.7+£5.0 89.4+1.0 1191
CO, [kg kg™l 1.3+0.0 1.6 0.0 1.4 +0.0 1.3+0.0
CO/CO, (x107) 10 26.1 63.9 914

to 2.9 g s m? for the PLA-starch/EG-15 composite,
although the 5 wt% EG sample proves to be different.
Furthermore, the exfoliation of EG is an endothermic
process with the attendant consequence of lowering
the temperature of the medium, manifesting in a cool-
ing effect of a physical mode of action. The reduction
in PHRR is also attributed to a dilution effect of the
CO, and H,O, produced during the exfoliation of the
EG in the composites [17, 44].

As shown in Figure 4 for the samples after combus-
tion using the cone calorimeter, PLA-starch blend left a
grey powdery ash with some oily-like molten material
on the edges of the retainer frame (Figure 4a). In the
presence of 5 wt% EG, a cracked and very lightly cov-
ered surface composed of grey ash and carbonaceous
exfoliated graphite is observed (Figure 4b). The ash is
limited within the frame. At high EG contents (i.e., 10
and 15 wt%), it is observed that the ash content is high
and it even overflowed beyond the retainer frame.
As discussed in the introduction, the entire process
described for the exfoliation of EG played a key role in
lowering the temperature of the medium, diluting the
evolved flammable volatile gases by producing inert
gases and forming a barrier of carbonaceous exfoliated
graphite. These have aided in improving the flamma-
bility performance of the PLA-starch/EG composites.

Figure 5 and Table 4 illustrate the total heat release
(THR) of PLA-starch blend and the PLA-starch/EG
composites. The slope of the THR curve is assumed
to be representative of the flame spread rate [44]. It
is observed that PLA-starch blend showed a higher
flame spread (i.e., steeper slope) with a THR value of
30 MJ m™. The incorporation of EG at 5 and 10 wt% into
PLA-starch, respectively led to 33 and 17% increases
in THR compared to PLA-starch blend. It can be seen
that the flame spread rates of the PLA-starch/EG com-
posites (especially at 10 and 15 wt% EG loadings) were
less than that of PLA-starch blend. A decrease in THR
to 26 MJ m?, corresponding to a 17% reduction, was
observed for the 15 wt% EG composite. The results
indicate that the composite, at the highest EG load-
ing, is partially protected by the exfoliated EG without
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complete combustion. At 5 and 10 wt% EG loadings,
however, it seems that the barrier is insufficient to pre-
vent the release of volatile combustion products [5].
Furthermore, from Table 4 it can be seen that the effec-
tive heat of combustion (EHC) is high for all the com-
posites (i.e., around 17-20 MJ kg™) when compared to
that of PLA-starch blend (i.e., 16 M] kg"). This indi-
cates that the carbon and hydrogen atoms in the com-
posite samples can easily react with oxygen in air to
produce carbon dioxide and water and hence release a
large amount of heat during combustion [19, 20]. It is
also observed (Table 4) that the average mass loss rate
(av-MLR) increased by 3% at 5 wt% EG content, then
decreased by 45 and 66% at 10 and 15 wt% EG load-
ings, respectively, with respect to PLA-starch blend.
The slight increase in av-MLR is attributed to the cata-
lytic effect of EG on the combustion of PLA-starch/
EG composites since sufficient quantities of flammable
volatiles were released at an earlier stage at this con-
tent. The reduced av-MLR at high EG loadings is due
to the effect of EG that slowed down the rate of mass
loss of PLA-starch/EG composites leading to incom-
plete combustion (see smoke emission behavior dis-
cussion on CO/CQ, ratio).

The maximum average rate of heat emission
(MARHE) and fire performance index (FPI) are also
reported in Table 4. The MARHE parameter provides a
measure of the inclination for fire development under
real scale conditions [22]. Generally, it can be seen that
the MARHE is reduced with the incorporation of EG,
i.e., from 199 kW m for PLA-starch to 58 kW m? at the
highest EG content. It corresponds to 12, 50 and 71%
reduction in MARHE at 5, 10 and 15 wt% EG levels,
respectively. This indicates that the PLA-starch/EG
composites have less tendency for fire development
under real scale conditions. The FPI parameter further
provides for the estimation of the predicted fire spread
rate and size of a real fire. It is considered a good indi-
cator of the contribution of fire growth of materials
[43]. The results show no change in the FPI value for
the 5 wt% EG containing sample, while a reduction of
39 and 63% in FPI was observed for the 10 and 15 wt%
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EG containing samples, respectively. It is concluded
that the PLA-starch/EG composites at high EG load-
ings (i.e., 10 and 15 wt%) have little contribution to fire
growth in a real fire situation.

Table 5 and Figure 6 show that the smoke emission
behavior in terms of TSR and SEA were improved
in the presence of EG. The TSR at 5 wt% EG load-
ing was increased by 19%. This is attributed to EG
that may have prevented the combustion of the gas
containing fragments of the decomposed PLA-starch
matrix with subsequent incomplete burning of these
decomposed fragments, thus resulting in higher
concentration of smoke [29]. However, the TSR was
reduced by 14 and 40% at 10 and 15 wt% EG contents,
respectively. The SEA, which signifies the smoke
density, was lowered by 36, 39 and 55% at 5, 10 and
15 wt% EG loadings, respectively. The improvements
in TSR and SEA parameters indicate that EG acted
as a smoke suppressant in the PLA-starch/EG com-
posites, especially at increased filler contents (i.e., 10
and 15 wt% EG). The composites exhibited high CO
yields as a function of EG content when compared
to PLA-starch blend. This is related to the presence
of EG due to the high level of oxidation during its

(d)

manufacturing, which when heated above ~200 °C,
produces carbon monoxide as one of the products
[16]. Likewise, the CO, yield was high in the pres-
ence of EG, but comparable to that of PLA-starch at
the highest EG content. The CO/CQO, ratio (Table 5)
increased as a function of EG loading. This signifies
the incomplete combustion of the composites in the
presence of the EG microfiller.

In order to further clarify the flame retardancy
mechanism of the PLA-starch/EG composites, the
morphology and structure of the char residues of
the composites after combustion were investigated
by ESEM. As shown in Figure 7, an exfoliated struc-
ture of the residues with embedded microspheres
is observed for all the composites investigated after
cone calorimetry tests. A weak, short and lighter char
structure with numerous holes is seen for the 5 wt%
EG containing composite (Figure 7a,d). The presence
of holes is believed to originate from the blowing
gases in the redox reaction between residual H,SO,
and the graphite, according to Reaction Equation 2
[25]. The surface is covered by grey ash (as seen from
Figure 4), owing to a large quantity of polymeric
material when compared to EG content. Since there

Figure 7 SEM micrographs of the char residues after combustion in the cone calorimeter: (a,d) PLA-starch/EG-5; (b,e) PLA-

starch/EG-10, and (c,f) PLA starch/EG-15.
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was some level of incomplete combustion (i.e., 62%,
Table 5), this observation is due to char residue from
starch and other renewable resource materials and
the silicon-based materials (i.e., glass) [38] present in
PLA-starch blend. There is a fairly long, brittle and
continuous exfoliated char structure, the surface of
which has some pocket-like structures, for the 10 wt%
EG composite (Figure 7b,e). A thick and strong worm-
like structure is observed for the 15 wt% EG content
composite (Figure 7c,f). This formed an effective pro-
tective char layer that accounts for the improved fire
resistance performance, as observed from the cone
calorimetry results.

C+ ZHZSO4 - CO2 + ZSO2 + ZHZO (2)

4 CONCLUSIONS

Poly(lactic acid)-starch/expandable graphite (PLA-
starch/EG) flame retardant composites were pre-
pared and their thermal degradation stability, volatile
pyrolysis products and flammability properties were
studied. EG microfiller increased the T,,, T,,, and T __
due to the shielding effect of EG, thereby improving
the thermal degradation stability of the PLA-starch/
EG composites. Although the char content increased
with filler loading, the experimental % char content of
the composites was less than the sum of the % residue
from PLA-starch and the wt% EG initially mixed with
PLA-starch blend. The flammability performance of
the PLA-starch/EG composites was improved, espe-
cially at 15 wt% EG content. The PHRR, TSP and SEA
were reduced significantly by 74, 40 and 55% reduc-
tion compared to PLA-starch blend, respectively.
This was due to the key property and ability of EG to
exfoliate at elevated temperatures, during which time
three effects (i.e., via physical mode of action) were
in place: i) cooling effect, ii) dilution effect and iii) the
formation of an effective protective intumescent char
layer that prevented heat transfer from the source to
the composite substrates, and mass transfer from the
composite to the flame zone were experienced. This
has further excluded the oxygen necessary for combus-
tion. However, since the combustion of EG resulted in
CO, CO, and heat, the composites were characterized
by high CO and CO, yields, as well as high THR and
EHC. Further work is underway to find some alterna-
tive ways of improving these above shortfalls.
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