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Abstract
The overview of the literature reveals the lack of comprehensive study on the effect of clay minerals in flame-retarded poly-
lactic acid (PLA) composites. This research focuses on sepiolite (SEP) and montmorillonite (MMT) clay minerals and their 
impact on ammonium polyphosphate (APP)-based intumescent flame-retardant (IFR) system in PLA. The effects of the 
clay mineral types, their surface modification (O-SEP and O-MMT, respectively) and their concentration in PLA/APP com-
posites on the flame-retardant properties were comprehensively evaluated through thermal and flammability tests. Overall, 
the sepiolite-containing samples showed the greatest decrease in pHRR and THR values at the 3 m/m% loading level. The 
sepiolites showed stronger interfacial interactions with the PLA matrix than the montmorillonites, and the organomodification 
proved to improve the compatibility of both types of clay minerals according to the dynamic mechanical analysis (DMA) 
results. Yet, the organomodification had a contradictory effect on the flame-retardant properties. In the case of sepiolites, it 
proved to be beneficial as the O-SEP added composite achieved a 60% decrease in the pHRR value and reduced the THR 
value to 60%. For montmorillonites, the improved compatibility by the organomodification with the PLA matrix seemed 
to hinder its flame-retardant effectiveness, as the critical point to its flame-retardant mechanism is the rapid migration and 
accumulation of the clay minerals towards the surface of the polymer.
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Introduction

Polymers derived from renewable resources are increasingly 
used in the plastic industry due to their environmental ben-
efits. Among the biobased polymers, polylactic acid (PLA) 
has received increasing attention in recent years [1–4]. It 
has been applied in the packaging and fibre industry, where 
the fire safety is not a priority, so initially, there was no need 
for enhancing the flame retardancy of PLA. As soon as it 
became a promising alternative to even durable petrochem-
ical thermoplastics due to its good mechanical properties 
alongside its renewability, biodegradability and biocompat-
ibility [5], considerable efforts have been made to improve 
the fire resistance of PLA. Even though these PLA-based 

engineering products require a remarkable flame-retardant 
grade to meet safety standards, they are increasingly applied 
in the automotive, electrical and aerospace industries and 
building materials [6–9].

The high flammability of PLA is due to its molecular 
structure: It can be easily ignited, and the severe dripping 
does not only increase the surface accessible for the flame, 
but it can also easily ignite flammable materials nearby, 
and the further spread of flames results in fire accidents 
[3, 10, 11]. Due to its high burning rate, neat PLA can-
not be categorized by UL94, and it has a low 19–21 v/v% 
LOI value [12–14]. In the case of PLA, intumescent flame 
retardants (IFRs) are a promising way to reduce its flam-
mability [12]. The advantages of IFR are suppressed heat 
emission, reduced smoke production, decreased release of 
toxic gases and less dripping of molten PLA as a result of 
the charred protective layer formed on the surface of the 
polymer [14]. The flame retardancy of IFR systems can be 
enhanced by the application of micro- and nanoscale parti-
cles that can significantly improve the properties of materials 
at relatively low concentrations due to the large surface area, 
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which increases the surface contact area with the polymer 
matrix [15]. The greatest improvements were achieved when 
the nanoparticles were finely and uniformly dispersed and 
showed strong affinity towards the corresponding polymer 
matrix [14]. Several studies showed that the layered silicates 
at low loading (1–5 m/m%) could increase the thermal sta-
bility while decreasing the flammability of the polymer at 
the same time [16–18].

In the case of PLA, besides the improved affinity and 
reinforcing effect, these additives also act as a potential syn-
ergist for flame retardants by enhancing the formation of a 
thermal insulation layer on the surface of the burning matter. 
Such materials are expandable graphite, halloysite, carbon 
nanotubes and mineral clays. Montmorillonite (MMT) and 
sepiolite (SEP) are mineral clays, montmorillonite has a 
platelet-like form, and sepiolite clays are needle-like fibrous 
fillers. Fibrous fillers with lower specific surface area are 
believed to be more easily dispersible than platelet-like fill-
ers [19]. On the other hand, due to their morphology, the 
plate-like clays could create a more continuous surface layer, 
which could be advantageous in improving the oxygen bar-
rier properties of the polymer [20]. Pluta et al. concluded 
that the nature of the filler affects the ordering of the PLA 
matrix at the molecular and supermolecular levels. The 
mineral clays readily interact with the polymer matrix dur-
ing blending, leading to the formation of at least an inter-
calated structure [21]. Using a minimal additional amount, 
they could significantly improve the barrier performance, 
promote char formation, enhance the polymer composite’s 
thermal stability and thus reduce flammability [13],13].

Li et al. reported on the effect of organomodified mont-
morillonite (O-MMT) in APP flame-retarded PLA at 
5 m/m% loading [23]. The morphological analysis of the 
char layer showed an integrated honeycomb pore structure. 
During combustion, the clay significantly enhanced the 
melt stability of the composite and effectively suppressed 
the melt dripping. Isitman et al. proposed a possible mecha-
nism for O-MMT in forming the charred layer [24]. They 
assumed that the O-MMT platelets become incompatible 
with the polymer matrix during combustion. This results in 
rapid migration and accumulation of the clay on the surface 
and forming the charred layer on the polymer. Bourbigot 
and Fontaine [25] also examined the addition of O-MMT 
at 1 m/m% loading to APP flame-retardant and melamine-
containing PLA, where the synergic effect of the clay was 
observed. They concluded that the clay reacts with the APP 
through the formation of aluminophosphate species which 
then thermally stabilize the structure, thus resulting in a 
more cohesive char. He et al. [26] proposed that in the com-
posites, the PLA molecules are more orderly arranged, and 
this rigidity effectively inhibits the movements of molecular 
chains. This hinders the migration of small molecules gen-
erated by pyrolysis and thus improves the thermal stability 

of the composite. Ramesh et al. [27] investigated the effect 
of MMT clay on aloe vera fibre-treated PLA biocompos-
ite, where the optimum content of MMT was found to be 
1 m/m% for appropriate fire retardancy, whereas higher load-
ing showed voids and agglomeration in the polymer matrix 
and decreased mechanical strength.

SEP was investigated in multiwalled nanotubes (MWNT)-
reinforced PLA [28], where it was observed that the nee-
dle-like shape helps the flowability of the polymer during 
melt processing. The stacked needle structure of SEP in the 
polymer could also hold accumulated heat which could be 
used as a heat source to accelerate the decomposition pro-
cess simultaneously with the heat flow supplied by the heat 
source outside [29]. The MWNT-reinforced PLA composite 
showed some porosity, but the addition of SEP created a 
tighter network during heating. The formed char could bet-
ter hinder the diffusion of volatile decomposition products, 
thus improving the flame-retarding mechanism. Liu et al. 
[30] prepared PLA clay composites with unmodified (SEP) 
and organomodified ones (O-SEP) through the solution 
casting method. They concluded that even though both SEP 
nanofibres are well dispersed in the PLA matrix, only the 
unmodified SEP showed improved thermal properties, while 
O-SEP had even worse flammability results than the pure 
PLA. They proposed that the traditional organic modifica-
tion of sepiolite is unnecessary.

On the other hand, Tang et al. [5] investigated the effi-
ciency of O-SEP on the PLA intumescent flame-retarded 
with APP and MA in a 2:1 ratio. The O-SEP/APP-MA addi-
tive system enhanced the carbonization of PLA to form the 
charred layer with high yield and good thermal properties, 
and the 2 m/m% loading of O-SEP gave the best results, 
while higher loading displayed relatively poor distribution 
and poor flame-retardant behaviours. The sample with lower 
O-SEP content showed a continual, smooth and compact 
outer char surface, while the inner surface exhibited a hon-
eycomb-like structure. This could suppress the mass and 
heat transfer and effectively retard the burning of underlying 
materials. However, the higher loading showed less solid 
and more pores on the surface, resulting in insufficient char 
formation and a less compact char layer during the burn-
ing. Jiang et al. [19] also concluded that sepiolite clays are 
easily dispersible due to their lower specific surface area, 
and O-SEP is more effective in creating optimal interphase 
between the matrix and clays due to the organic modifica-
tion, and this can further improve the composite properties.

Several papers concluded that the higher loading 
of the clays has a negative impact on the composites’ 
properties [31–34]. Guo et al. [32] experienced that the 
enhanced performance occurs only within a very narrow 
composition window in MMT-loaded PLA. The loading 
of 1 m/m% drastically altered the morphology, and the 
matrix’s domain size increased but still maintained its 
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structure and distribution. At higher loading of 2 m/m%, 
the investigated domains became elongated, and the 
excess clay aggregated within the domains, decreasing its 
effectiveness. Hazer et al. [33] observed that the increas-
ing clay loading level causes voids in the matrix and 
aggregation of clays, and they assumed that this results 
in brittle formation due to the stiff nature, thus decreas-
ing the flame-retardant and mechanical properties of the 
composite. Norouzi et al. [34] proposed another explana-
tion for the poor qualities of higher clay content. They 
assumed that the re-assembling of the nanoparticle layers 
might hinder the ammonia gas from swelling the char, 
which has a negative impact on the fire retardation.

Some research also focussed on comparing MMT and 
SEP clays with each other. González et al. [35] focussed 
on the synergic effect of both O-MMT and neat sepiolite, 
and they concluded that the enhanced interrelationship 
resulted from the H-bonding of carbonyl groups to the 
treating agent’s hydroxyl groups within the matrix. This 
compatibility causes the great dispersion of clays in the 
matrix. Fukushima et al. [20] also found a good disper-
sion of O-MMT and SEP clays in the PLA polymer matrix 
and observed the formation of an interconnected structure 
within the PLA matrix. They inspected that only O-MMT 
could decrease the oxygen permeability of PLA due to 
its platelet-like structure, which could make a continu-
ous layer, while the SEP lacks the barrier effect due to 
its needle-like morphology. Isitman et al.’s observation 
of nanoparticle geometry [36] also concluded that the 
flame-retarding performance increased from needle-like 
to platelet-like structures, attributed to nanoparticles’ 
effective surface area in the composites.

The overview of the literature reveals the lack of com-
prehensive understanding of montmorillonite and sepio-
lite clay minerals containing flame-retarded PLA com-
posites. No clear conclusion can be derived about whether 
the organomodification of the clay minerals is beneficial 
or disadvantageous regarding the interactions and their 
effect on fire retardancy. The concentration dependency 
of the properties and the role of the test methods exam-
ining different aspects of the materials also need clari-
fication. There is also a lack of detailed comparison of 
montmorillonite and sepiolite clay minerals at the same 
concentration and composite system. This study aimed 
to thoroughly investigate the synergic effect of the co-
added clays on the flame retardancy of the biopolymer. 
We focussed on the addition of nonmodified and orga-
nomodified sepiolite or montmorillonite to PLA com-
posites—containing APP as the IFR component—and 
investigated how the loading amount and the type and 
the modification of clays affect the flame retardant and 
properties of the PLA/APP system.

Methodology

Materials

Ingeo™ Biopolymer 2003D-type extrusion grade PLA, sup-
plied by NatureWorks LLC (Minnetonka, MN, USA), was 
applied as the polymer matrix material. Exolit® AP462-
type ammonium polyphosphate microencapsulated with 
melamine resin, received from Clariant GmbH (Frankfurt 
am Main, Germany), was applied as an intumescent flame 
retardant.

PANGEL S9 sepiolite and PANGEL B20 organomodi-
fied sepiolite, supplied by TOLSA GROUP (Madrid, Spain), 
and Nanofil (Cloisite) 116 montmorillonite and Cloisite 20A 
organomodified montmorillonite, supplied by BYK Addi-
tives & Instruments (member of ALTANA, Wesel, Ger-
many), were used as clay mineral co-additive components.

Preparation of composites

Kneading

PLA granules, APP flame-retardant and clay minerals were 
dried at 70 °C overnight before kneading. The flame-retarded 
PLA composites were prepared in a Brabender Plastograph-
type internal mixer (Brabender GmbH & Co. KG, Duisburg, 
Germany). The temperature was set to 180 °C and the PLA 
granules were fed, mixed with the AP462 flame-retardant 
additive and the clay with the rotor speed of 10 min−1. When 
the mixture had reached the molten state, the rotor speed was 
increased to 50 min−1 for 10 min.

Moulding

The kneaded mixture was then hot-pressed using a Collin 
Teach-Line Platen Press 200E-type heated press (Dr. Col-
lin GmbH, München, Germany). About 50 g of each mixed 
sample was heated to 180 °C in a mould of 100 × 100 × 4 
mm3 size, pressed under 50 bar for 5 min and then let to cool 
down to room temperature under 50 bar. The specimens for 
flammability and mechanical testing were obtained by cut-
ting the moulded samples with a bandsaw.

Characterization methods

Thermogravimetric analysis (TGA)

TGA measurements were taken using a TA Instruments 
Q5000 Apparatus (TA Instruments LLC, New Castle, NH, 
USA) under 25 mL min−1 nitrogen gas flow. Samples of 
about 10 mg were positioned in open alumina pans. The 
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samples were heated from 25 to 600 °C by a heating ramp of 
10 °C min−1 (the precision of the temperature measurements 
is ± 1.5 °C in the temperature range of 25–800 °C).

UL94

Standard UL94 flammability tests were performed according 
to ISO 9772 and ISO 9773; the specimen dimensions for the 
test were 100 × 10 × 4 mm3.

Limiting oxygen index (LOI)

LOI was determined on specimens with 100 × 10 × 4 mm3 
dimensions according to ISO 4589 standard using an appa-
ratus made by Fire Testing Technology Ltd. (East Grinstead, 
West Sussex, UK).

Mass loss calorimetry (MLC)

MLC tests were carried out by an instrument delivered by 
Fire Testing Technology Ltd. (East Grinstead, West Sus-
sex, UK), using the ISO 13927 standard method. Speci-
mens (with 100 × 100 × 4 mm3 dimensions) were exposed 
to a constant heat flux of 50 kW m−2, simulating a harsh fire 
scenario. The ignition was provided by a spark plug located 
13 mm above the sample. The main characteristic of fire 
properties, including heat release rate (HRR) as a function 
of time, time to ignition (TTI) and total heat release (THR) 
was determined.

Scanning electron microscopy (SEM)

The charred layer of composites for SEM images was pre-
pared in MLC. Specimens with 30 × 30 × 4 mm3 dimen-
sions were exposed to the constant heat flux of 50 kW m−2 
with initial ignition for 3 min until the charred layer was 
formed. SEM images of the charred layer were taken using 
a JEOL JSM-5500 LV-type apparatus (JEOL Ltd., Akishima, 
Tokyo, Japan) at an accelerating voltage of 10 keV. Before 
the examination, all the samples were sputter-coated with 
a conductive gold layer to prevent charge build-up on the 
surface.

Dynamic mechanical analysis

DMA was performed using a Q800 dynamic mechanical 
analyser (DMA, TA Instruments Inc., New Castle, DE, 
USA) to determine the storage modulus and loss modulus 
as a function of temperature for the prepared PLA samples. 
Dual cantilever mode was applied with a span length of 
35 mm. The width and length of the specimens were approx-
imately 10 mm and 60 mm, respectively. The scanning range 

of temperature was 25–150 °C; a heating rate of 2 °C min−1 
and a frequency of 1 Hz with a 0.02% deformation were 
selected.

Results and discussion

The aim of this study was to investigate the flammability 
differences of PLA/APP intumescent flame-retarded systems 
combined with organomodified (O-SEP and O-MMT) and 
nonmodified (SEP and MMT) clay minerals. The loading 
of APP was kept constant at 15.0 m/m% in the composites, 
while the clay minerals were added at varying loading lev-
els of 0.5, 1.5 and 3.0 m/m%. The formulations of PLA/
APP composites are shown in Table 1. PLA combined with 
APP at the loading of 15.0 m/m% was used as the reference 
sample [37].

Dynamic mechanical analysis

DMA, an important characterization tool for the viscoelastic 
behaviour of polymers and composites [38], provides infor-
mation about the interfaces of multicomponent systems. 
The tan δ, a ratio of loss to storage modulus, indicates the 
energy dissipation potential in relation to molecular mobility 
and friction at the interfacial region. Increased interfacial 
interaction imposes restrictions against the local molecu-
lar motion (due to the adsorption of polymer chain on the 
surface of the particles) and frictional energy dissipation, 
decreasing this way the area under the tan δ curve. The inter-
facial interactions between the additives and the matrix are 
significant in determining the bulk properties [39]. The plot-
ted tan δ curves of the samples are shown in Fig. 1. The 
glass transition temperature (Tg) of the PLA/APP reference 
sample was found to be 67.5 °C. The addition of the clays 

Table 1   Composition of the reference sample and the composites

Sample name PLA/m/m% APP/m/m% Clay/m/m%

PLA/APP reference 85.0 15.0 0.0
0.5% MMT + PLA/APP 84.5 15.0 0.5
1.5% MMT + PLA/APP 83.5 15.0 1.5
3.0% MMT + PLA/APP 82.0 15.0 3.0
0.5% O-MMT + PLA/APP 84.5 15.0 0.5
1.5% O-MMT + PLA/APP 83.5 15.0 1.5
3.0% O-MMT + PLA/APP 82.0 15.0 3.0
0.5% SEP + PLA/APP 84.5 15.0 0.5
1.5% SEP + PLA/APP 83.5 15.0 1.5
3.0% SEP + PLA/APP 82.0 15.0 3.0
0.5% O-SEP + PLA/APP 84.5 15.0 0.5
1.5% O-SEP + PLA/APP 83.5 15.0 1.5
3.0% O-SEP + PLA/APP 82.0 15.0 3.0
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had an insignificant impact on the value of Tg; however, the 
increasing loading level decreased the tan δ peaks to vary-
ing degrees.

In most cases, the tan δ peak became smaller at higher 
filler content, indicating increased interfacial adhesion 
between the flame-retarded matrix and the clay minerals. 
The MMT clay-containing samples are the exceptions, as 
their peaks did not show any significant change compared 
to the reference sample. The greater effect in the tan δ peak 
for O-MMT and O-SEP samples indicates that the surface 
modification can significantly improve the compatibility 
between the clay minerals and the PLA matrix.

When comparing the fibrous and platelet form of the 
clays, it can be clearly seen that the SEP and O-SEP sam-
ples had the lowest tan δ peaks comparably, signifying that 
the fibrous form is beneficial to achieve strong interactions 
with the polymer. The observed better compatibility with 
the PLA matrix for the sepiolite-type clays, especially for 
O-SEP, may result in better synergistic flame-retardant prop-
erties for the composites.

Mass loss calorimetry

As seen in Fig. 2, all flame-retarded PLA samples showed 
intumescent char formation within the first minutes after 

ignition. From the heat release rate curve recorded on PLA/
APP reference sample, it is interpreted that the charred layer 
was formed in a relatively short time, which reduced the 
intensity of the heat released, and the sample reached the 
pHRR value of 339 kWm−2. In comparison, the composites 
containing clay minerals showed an enormous suppression 
in the heat release as soon as the char was formed, reducing 
the flammability of the samples more effectively than the 
clay-free reference sample. As the filler content increased 
in the PLA matrix, the curves became flatter and elongated 
as the burning became less intense and prolonged in time. 
Overall, the incorporation of clay fillers showed improved 
flame retardancy with the APP intumescent flame retardant 
in PLA composite.

The fibrous structure of the clay is beneficial as the flattest 
heat release curves belong to the SEP and O-SEP containing 
composites. According to the MLC results of the composites 
(Table 2), the maximum heat emission values decreased by 
40–60% compared to the reference sample, while the total 
amount of heat emitted during combustion was reduced to 
50–60% at most. The O-SEP clay-incorporated samples 
showed the most improvements among the composites, 
having the lowest maximum peak heat released value and 
the lowest total heat released value at the loading level of 
3.0 m/m%. This corresponds to the results of DMA, where 
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Fig. 1   DMA of the PLA/APP reference samples and the clay-incorporated composites; a MMT + PLA/APP, b O- MMT + PLA/APP; c 
SEP + PLA/APP; d O-SEP + PLA/APP
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the O-SEP samples showed the greatest compatibility within 
the PLA matrix, suggesting that well-dispersed fibrous clay 
improves the quality of the charred barrier structure.

Interestingly, the O-MMT-containing composites had the 
highest pHRR and THR value among the clay-containing 
samples at a given loading level and had the lowest residual 
mass, thus showing the poorest flame-retardant behaviour in 
the PLA/APP clay composite. Even though O-MMT sam-
ples showed better adhesion to the polymer chains in the 

DMA, in the flammability tests, this better compatibility 
resulted in worse performance than that of the nonmodified 
one, as the MMT-containing samples achieved lower pHRR 
and THR values, while it yielded higher residual mass. This 
could be explained by the mechanism proposed in the litera-
ture for montmorillonite-type clay minerals, assuming rapid 
migration and accumulation of the clay on the surface during 
combustion due to clays collapse and the growing incompat-
ibility with the polymer matrix [24]. When the accumulated 
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Fig. 2   MLC curves of the PLA/APP reference sample and clay-incorporated composites; a MMT + PLA/APP, b O-MMT + PLA/APP; c 
SEP + PLA/APP; d O-SEP + PLA/APP

Table 2   The results of MLC for 
the PLA/APP reference sample 
and the clay-incorporated PLA/
APP composites

Sample TTI/s pHRR/kWm−2 THR MJ m−2 Residue/%

PLA/APP reference 33 339 81 3
0.5% MMT + PLA/APP 44 209 71 13
1.5% MMT + PLA/APP 41 156 65 14
3.0% MMT + PLA/APP 32 153 68 17
0.5% O-MMT + PLA/APP 43 286 74 11
1.5% O-MMT + PLA/APP 36 209 67 11
3.0% O-MMT + PLA/APP 25 205 84 12
0.5% SEP + PLA/APP 51 200 63 11
1.5% SEP + PLA/APP 18 202 78 14
3.0% SEP + PLA/APP 29 144 54 15
0.5% O-SEP + PLA/APP 43 198 68 12
1.5% O-SEP + PLA/APP 27 125 52 21
3.0% O-SEP + PLA/APP 22 138 43 26
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clay on the surface is exposed to excessive heat flow, the 
rapid formation of a charred barrier begins with the APP 
particles. Due to the weaker adhesion in the PLA matrix, the 
MMT clays can migrate better and accumulate more towards 
the surface, significantly suppressing the heat emission. As 
O-MMT has better compatibility with the PLA matrix, this 
hinders its migration to the surface, resulting in worse flame-
retardant properties.

In the case of sepiolites, the literature proposed that the 
well-dispersed fine filaments attribute to the efficient flame-
retardant properties through promoting homogeneous car-
bonization of the molten polymer matrix and accelerating 
the charring process simultaneously from inside with the 
heat flow supplied by the heat source outside [29]. The 
organomodification of sepiolite seemed to be beneficial 
as the O-SEP clay could be dispersed more evenly in the 
PLA matrix, resulting in the strongest interfacial interaction 
observed in the DMA. The enhanced charring effect yields 
the highest residual masses after combustion, along with 
the lowest pHRR and THR values among the clay mineral-
containing composites.

During combustion, the formation of several large cells 
within the charred layer attributes to the effective barrier 
effect of intumescent flame retardants [22, 23]. In Fig. 3, 
the microscopic images of the cross section of the charred 
composites are shown for the 1.5 m/m% MMT + PLA/APP 
and 3.0 m/m% O-SEP + PLA/APP samples. Uniform large 
cells can be observed with additional smaller cell structures 
in the depth. For the montmorillonites-incorporated samples, 
the small cells have a honeycomb-like coherent porous struc-
ture, while the sepiolite-containing nanocomposites show 
a more concise and cohesive cellular structure with a thin 
web-like mesh layer.

The improved flame-retardant performance of the com-
posites with clay minerals could be ascribed to the pres-
ence of these small porous cell structures that enhance the 
barrier effect of the charred layer. Moreover, in the case of 
sepiolites, it is assumed that the web-like mesh layer helps 
hold the structure together, strengthening the whole material 
during combustion and resulting in better flame retardancy.

In contrast to the previous results for maximum and 
total heat release values and residual mass, as the clay min-
eral content decreased from 3.0 to 0.5 m/m%, the samples 
required a longer time to ignite. It shows that the lower load-
ing of the clay minerals-containing composites were most 
difficult to ignite, while the higher clay mineral content 
reduced the TTI of the PLA composites, and a similar trend 
was observed in the LOI test (see chapter 3.4.).

Thermogravimetric analysis

Figure 4 shows the TGA curves obtained in N2 atmosphere, 
which enables the investigation of the degradation process 

of the inner layers, extending the surface observation at 
the MLC test. The decomposition curves of the compos-
ites aligned to the curve and temperature range of the PLA/
APP reference sample, and similarly, all composites decom-
posed in one step. The clay-containing composites showed 
slightly lower thermal stability as their curves shifted to the 
left compared to the curve of the reference sample. Early 
thermal degradation of intumescent flame-retarded samples 
can promote the timely formation of the protective char layer 
delaying the ignition [5, 33]. The samples with 0.5 m/m% 
filler content noticeably show the greatest decomposition 
rate among the composites, and it is assumed that at such 
a low loading, the degrading effect of the metal ions in the 
clay minerals prevails (enhancing the degradation of the 
polymer), while at higher loading levels the clay particles 
are more ready to act together with the APP to form a flame-
retardant system, overcoming their metal ions’ unwanted 
degradation effect.

Fig. 3   SEM images of the formed charred protective layer at 
100 × magnification: a 1.5  m/m% MMT + PLA/APP composite; b 
3.0 m/m% O-SEP + PLA/APP composite
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As seen in Fig. 5, with the increase of the clay content 
in the samples, the residual mass at 600 °C got greater, 
varying between 9 and 16% as opposed to the 6% residual 
mass of the reference sample. The presence of clay miner-
als is found to enhance the charring, and this is ascribed to 
the formation of the carbonaceous-silicate barrier layer by 
the clays in the composite, which can withhold the mass 
loss during the thermal degradation.

LOI test

The results of the LOI test for the PLA/APP reference sam-
ple and the clay-incorporated PLA/APP composites are 
shown in Table 3. The PLA/APP reference sample got an 
LOI value of 27 v/v%, while the highest LOI of 37 v/v% 
was reached by O-SEP + PLA/APP at 0.5 m/m% loading. 
Increasing the loading to 3 m/m% significantly reduced the 
ignition resistance of the composite. In regard to the loading 
level, this trend was observed for the other samples, too, and 
it was experienced in the literature as well [5, 32], except 
for the MMT clay-containing ones, where the LOI value 
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Table 3   The results of the LOI test for the PLA/APP reference sam-
ple and the clay-incorporated PLA/APP composites

PLA/APP reference 27

Composite sample LOI/v/v%

Clay loading level/m/m%

0.5 1.5 3.0

MMT + PLA/APP 35 35 34
O-MMT + PLA/APP 35 31 28
SEP + PLA/APP 34 32 27
O-SEP + PLA/APP 37 34 25
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remained around 34–35 v/v%, showing steady performance 
for all loading levels. These results are consistent with the 
TTI results in the MLC test, where samples with the lowest 
loading level of 0.5 m/m% had the longest time to ignition 
(parallel with the highest LOI value), while composites with 
higher loading levels had shorted ignition time (and lower 
LOI values).

As witnessed in the TGA, the composites with the 
0.5 m/m% loading had the highest mass loss as with the 
highest degradation. It is assumed that the bubbles formed 
as a result of the degradation rapidly transport the clay min-
eral particles to the surface, which then makes it difficult to 
ignite. However, the low clay content is not enough to form 
a durable protective layer under the long heat exposure in the 
MLC test, which resulted in higher pHRR and THR values. 
At the higher filler content, the increased heat conductivity 
due to the presence of the clays results in increased tempera-
ture and flammability; thus, lower LOI values and shorter 
ignition time were achieved. On the other hand, during the 

long heat exposure, the sufficient amount of clay fillers could 
form a durable barrier layer that could limit the propagation 
of fire. The exceptional LOI performance of MMT clays 
is presumed to its readiness for migration to the surface of 
the composite and effective charring ability there, which 
could overcome the flammability, while the O-MMT and 
the sepiolite clays, remaining in the matrix, could not limit 
the propagation of the fire on the top of samples.

UL94

The results of the UL94 test for the PLA/APP reference 
sample and the clay-incorporated PLA/APP composites are 
shown in Table 4; the digital images of the observed samples 
in the UL94 test are shown in Fig. 6. When observing the 
effect of the loading level of clays, as an exceptional case, the 
MMT + PLA/APP composites showed steady performance 
at all loading levels as witnessed in the LOI test, achieving 
the required V-0 classification (Fig. 6). At 3.0 m/m%, the 
other composites achieved HB classification only as their 
burning period exceeded the burning time permitted for the 
vertical testing in the standard procedure (Fig. 6).

Both samples with SEP and O-SEP clays showed reduced 
dripping, while the O-MMT-containing one had burn-
ing drops that ignited the cotton underneath. The loading 
level of clays at 1.5 m/m% showed an optimal reduction 
of dripping and ignitability as the SEP + PLA/APP and the 
O-SEP + PLA/APP samples achieved V-0 classification, 
while O-MMT + PLA/APP got V-1. At 0.5 m/m% loading, 
these samples fell back to V-2 because at least one of the test 
specimens had flaming melt dripping (Fig. 6).

At 0.5 m/m% loading, the high mass loss rate (as seen 
from the TGA measurements) resulted in an increase in 

Table 4   The results of the UL94 test for the PLA/APP reference sam-
ple and the clay-incorporated PLA/APP composites

PLA/APP reference V-1

Composite sample UL94/-

Clay loading level/m/m%

0.5 1.5 3.0

MMT + PLA/APP V-0 V-0 V-0
O-MMT + PLA/APP V-2 V-1 HB
SEP + PLA/APP V-2 V-0 HB
O-SEP + PLA/APP V-2 V-0 HB

Fig. 6   Digital images of the 
PLA/APP reference sample 
and the clay-incorporated PLA/
APP composites in the UL94 
test; IGN1: first ignition, IGN2: 
second ignition; image taken at 
the time passed after removing 
the flame source

0.5 m/m% 1.5 m/m% 3.0 m/m%

MMT

SEP

O-SEP

O-MMT
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dripping, as the degrading effect of the metal ions in the 
clay minerals prevails rather than their formation of flame-
retardant system with APP at this loading level. Due to this, 
the drops were flaming and ignited the cotton pad, resulting 
in V-2 classification. At the 3.0 m/m% loading level, the 
increased flammability occurs because of the increased heat 
conductivity on the surface due to the higher content of the 
clay minerals. At 1.5 m/m% loading, the samples, due to 
their balanced behaviour, achieved V-0 and V-1 classifica-
tions. The MMT clay is presumed to have effective charring 
ability at the burning site on the surface of the sample, which 
can overcome the flammability, achieving the V-0 classifica-
tion for all loading levels.

Conclusions

In order to enhance the efficiency of widely applied APP as 
an intumescent flame retardant in PLA, the synergic effect 
of clay minerals on the PLA/APP composite was examined. 
It was investigated whether the addition of the platelet-like 
structured montmorillonite or the sepiolite with microfi-
brous morphology had a better synergic impact, more so 
how the loading amount and the organomodification of these 
clays may affect the flame-retardant properties of PLA/APP 
composites.

When observing the morphology of clays, the sepiolites 
showed stronger interfacial interactions with the PLA matrix 
than the montmorillonites, and the organomodification 
improved the compatibility of the clay minerals according to 
the DMA results. In MLC, the best suppression of combus-
tion was achieved by the composites with the 3 m/m% load-
ing level of clay minerals, where the sepiolite-containing 
samples showed the most significant decrease in pHRR and 
THR values. Regarding organomodification, in the case of 
sepiolites, it proved beneficial as the O-SEP added compos-
ite achieved a 60% decrease in pHRR value and reduced 
the THR value to 60%. For montmorillonites, the improved 
compatibility by the organomodification with the PLA 
matrix seemed to hinder the rapid migration and accumula-
tion of the clay minerals towards the surface of the polymer, 
reducing its effectiveness in the flame-retardant mechanism.

In the LOI and UL94 tests, reporting on the ignitability 
and dripping readiness of materials, only the less compat-
ible nonmodified MMT could prevent the ignition at all the 
investigated concentrations. The increasing content for other 
clay additives resulted in decreased LOI values by 7–12 
units and a fall back in the UL94 classification from V-0 
to HB. It is concluded that ignition can be delayed with the 
low amount of clay that accumulates at the surface, while 
under sustained heat effect of combustion, the char rein-
forcing effect of organomodified fibrous clay is the most 

advantageous. Further studies are planned to confirm the 
structural reasons behind this behaviour.

Different conclusions can be drawn for each characteri-
zation method as the test methods inevitably examine dif-
ferent aspects of the samples — MLC for long excessive 
heat exposure, UL94 and LOI for flammability. In our con-
clusion, it is necessary to choose the appropriate method 
for characterizing the material in consideration of the crite-
ria of the final applications and evaluate all of them to get 
a complex understanding. Overall, it was found that neat 
MMT clays can delay the ignition of the sample at a small 
loading. Meanwhile, incorporating O-SEP clay minerals at 
3 m/m% loading results in great heat suppression, which is 
attributed to the significantly improved charring ability of 
the O-SEP + PLA/APP composites during the combustion.
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