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Three flame-retarded systems based on PLA, PMMA and PLA/PMMA blend have undergone hydrothermal
ageing. The miscibility of the blend as well as the crystallization behaviour of PLA were studied by DSC.
The impact of ageing in terms of weight variations, melt viscosity, molecular weight distribution,
morphology, and thermal degradation was investigated. Results showed that crystallization of PLA and
significant hydrolysis phenomenon occurred during ageing. Flame retardant content determined by EDX

and ICP revealed a loss of phosphorus during ageing, especially for flame-retarded PLA (91wt% phos-

phorus loss after ageing). Incorporation of 50wt% PMMA moderated the negative impacts observed. Fire
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1. Introduction

The concerns about current environmental issues have led to a
large increase in biopolymers production since the last decade [1].
Academia and industry researchers created new materials that
seem to be an appropriate alternative to petroleum-based poly-
mers. Among these biopolymers, polylactic acid (PLA) is bio-based
and biodegradable. Its production capacities are predicted to grow
by 50% by 2022, compared to 2017 [2]. PLA shows interesting
properties, including good mechanical and barrier properties, a
high degree of transparency, as well as cost-effectiveness and easy
processing [3e8]. Up to now, its main application is packaging, but
it is also used in biomedicine [9], 3D printing [10], textiles [11],
electronics [12] or automobile [13]. Hence, several studies and new
developments have been performed in order to use PLA as substi-
tution for oil-based polymers like polypropylene (PP) [14], poly-
ethylene (PE) [15], polystyrene (PS) [16] or polyethylene
terephthalate (PET) [16]. However, PLA shows two main drawbacks
for various applications: its sensitivity to hydrolysis [17e20] and its
reaction to fire, needing the use of flame retardants [21].
Vahabi).
Several studies showed that in the presence of water, hydrolysis
processes occur, leading to a drastic decrease in molecular weight
and therefore to degradation of the mechanical properties
[20,22,23]. The process occurs in the presence of high relative hu-
midity, and is more significant when polymer is completely
immersed into water [24,25]. Henton et al. [17] described four key
features that mark the hydrolysis phenomenon: the catalysis of the
ester hydrolysis by carboxylic acid end groups of PLA during the
degradation (autocatalysis), accelerated chain-end scission by low
pH values, decreased sensitivity of crystalline regions to hydrolysis
compared to amorphous regions, and a higher rate of hydrolysis at
high temperature, especially above the glass transition temperature
[26]. Some attempts have been made to reduce this water sensi-
tivity. One of them may consists in mixing PLA with another
polymer, which shows better water resistance. Poly (methyl
methacrylate) (PMMA) is a good candidate, which is largely used,
and which possesses strong mechanical properties as well as very
good transparency. For a decade, some studies performed on PLA/
PMMA blend [27e30], which revealed a high degree of miscibility
between the two components, and increased hydrolytic stability.
Such blend has been commercially developed [31].

Polymers are used in many industrial sectors and applications,
but their reaction to fire is still a great concern. Flame retardants
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Table 1
Name and composition of the samples prepared in this study.

Sample code PMMA (wt%) PLA (wt%) APP (wt%) Sepiolite (wt%)

Neat PMMA 100 0 0 0
Neat PLA 0 100 0 0
Neat blend 50 50 0 0
FR PMMA 85 0 10 5
FR PLA 0 85 10 5
FR blend 42.5 42.5 10 5

Fig. 1. Autoclave used for ageing tests.
(FRs) may be introduced into polymers in order to improve their
fire behaviour, either by addition via melt blending (physical
method), by direct incorporation into polymer structure (chemical
method) or by application of a FR surface protective layer (coating).
In FR composites, ageing may impact not only the polymeric ma-
trix, by chain scission or crosslinking reactions, but also the FR
system (chemical degradation, release of fillers by thermal migra-
tion, solubilization and leaching) [32]. Effects depend on the ageing
conditions, the polymeric matrix, and the FR composition (mainly
consisted of mineral fillers, or based on phosphorus, halogen or
nitrogen compounds). Investigations concerning epoxy based
intumescent coating have shown that in presence of water,
ammonium polyphosphate (APP) turns into polyphosphoric acid,
more soluble inwater. In that case, the ageing had a huge impact on
the FR system [33]. I n the opposite, new flame retardants have
been designed, that keep their efficiency even after artificial
weathering [34]. It has been shown that incorporation of bromi-
nated FR accelerates the photodegradation of polystyrene and
polypropylene, revealing an impact on polymeric structures
[35,36]. Other tests performed on various flame-retarded poly-
meric materials showed that polymeric surface was most impacted
by artificial weathering. Hence, if flame retardancy occurs through
a surface mechanism, like for intumescent system, fire properties
are degraded [37]. Concerning PLA, its flame retardancy has been
widely investigated [21,38e44]. Particularly, degradation of PLA
under hygrothermal ageing was shown to be accelerated in pres-
ence of flame retardants, especially when nanoclays were incor-
porated [38]. A few tests were also carried out regarding the fire
properties of the PLA/PMMA blend [45,46]. However, to the best of
our knowledge, the effect of ageing on flame retardancy of this
flame-retarded blend has not been investigated.

In this work, flame-retarded materials have been aged in water.
Three polymeric matrices were tested: pure PLA, pure PMMA, and a
PLA/PMMA blend with a 50/50wt ratio. Flame retardant systems
combining a phosphorus compound and a mineral nanoparticle
(sepiolite) were incorporated in these polymer and blends. The
impact of ageingwas observed on physico-chemical, morphological
and fire properties.

2. Experimental

2.1. Materials

PLA was supplied by NatureWorks (Ingeo 3251D, z1.4% D-iso-
mer). PMMA was supplied by Arkema (Altuglas V825T). Ammo-
nium Polyphosphate was given by Clariant (Exolit AP 423, particle
sizez 9 mm, specific surface area 1.1m2/g). Sepiolite, a natural
nanometric phyllosilicate (Mg4Si6O15(OH)2.6H2O, specific surface
area¼ 320 g/m2) produced by Tolsa (Pangel S9) was supplied by
Lavoll�ee S.A.

2.2. Sample preparation

Flame-retarded polymers (FR polymers) were compounded and
pelletized using a twin screw extruder (Clextral BC 21, France) with
following parameters: L¼ 1200mm, L/D¼ 48, screw
speed¼ 200 rpm, melt zone temperature¼ 190e240 �C. For all
formulations, 15wt% fillers were added. Neat polymers as well as
neat PLA/PMMA blend were also prepared. Formulations are listed
in Table 1. Polymers and fillers were dried in vacuum at 80 �C (60 �C
for PLA) for at least 4 h before melt mixing. Specimens adapted for
cone calorimeter tests (100� 100� 4mm3) were injection molded
from the obtained pellets, after vacuum drying at 80 �C for at least
4 h. All samples required for analysis were cut from these square
sheets.
2.3. Accelerated ageing method

Accelerated ageing on square sheet samples were carried out
using an autoclave under ambient pressure, at 100% relative hu-
midity (RH), 70 �C, for 1, 2 and 3 weeks (Fig. 1). 9 samples were
completely immersed into distilled water (8 L). After 1 week of
ageing, 3 samples were removed from the ageing media. Distilled
water was then renewed into the autoclave with the last 6 samples.
The same procedure was applied after the second and the third
week.

2.4. Weight variations measurements

All the initial sample masses m0 weremeasured, prior to ageing.
When samples were removed from the autoclave, water was firstly
wiped off from the surface, and then sample masses mwo were
quickly measured. Finally, samples were weighed after vacuum
drying at 58 �C for 4 h to determine mdry. The weight gain Wg (%)
and water uptakeWup (%) were determined following equations (1)
and (2), respectively.

Wg ¼ mdry �m0

m0
x 100 (1)

Wup ¼ mwo �mdry

mwo
x 100 (2)

2.5. Characterizations

2.5.1. Thermo-gravimetric analysis (TGA)
TGAwas performed on a Setaram Labsys Evo (France) apparatus.

The same procedure was applied for all experiments: samples of
about 20mgwere placed into alumina crucibles, and submitted to a
temperature ranging from 35 to 1000 �C, at a heating rate of 10 �C/



Fig. 2. DSC first (a) and second (b) heating scan thermograms of unfilled polymers.
min, under a nitrogen flow of 50mL/min. Unaged and aged samples
were tested.

2.5.2. Differential scanning calorimetry (DSC)
Thermal analyses were carried out on a DSC Netzsch 200 F3

Maia, Germany. Samples of around 5mg were sealed in aluminium
pan. They were heated up to 200 �C with a scan rate of 10 �C/min,
under nitrogen flow (50mL/min). Since PMMA is amorphous, the
crystallization phenomenon observed was assigned to PLA.
Considering that PMMA cannot be responsible for mass loss during
ageing (as proved in the following), the crystallinity of PLA was
calculated using the following equation:

cc ¼
DHm � DHcc

DH0
m

� 100
wPLA

(3)

where DHm and DHcc (J/g) are respectively the measured melting
and cold crystallization enthalpy, DHm

0 (J/g) is the melting enthalpy
of this component in its complete crystalline state (93 J/g [47]), and
wPLA is the weight fraction of PLA.

2.5.3. X-Ray diffraction (XRD)
X-Ray Diffraction spectra were obtained using a D8 Advance

diffractometer (Bruker, EU) equipped with a CuKa (l¼ 1.5406Å)
source, operating at 40 kV and 40mA within a scan range of
2q¼ 2.5�e40� by steps of 0.01�.

2.5.4. Hardness testing
Shore D hardness testingwas carried out before and after ageing

using a Shore D hardness durometer model TI-D (Sauter GmbH,
Germany). 7 points were taken for each measurement.

2.5.5. Inductively coupled plasma atoms emission spectroscopy
(ICP-AES)

ICP-AES analyses (HORIBA Jobin Yvon, Activa M) were per-
formed to determine the phosphorus content into the sample
before and after ageing. Samples were dissolved in an acid solution
(nitric/sulfuric acid).

2.5.6. Viscosity
Melt viscosity were measured with a rotational rheometer

(Anton Paar MCR-301, Germany), using a PP-25 measuring system
with a gap of 1mm. Tests were conducted at 200 �C, and the range
of shear rate from 0.1 to 600 s�1 was applied.

2.5.7. Gel permeation chromatography (GPC)
The molar mass Mw and polydispersity index PD of unaged and

aged samples were determined using gel permeation chromatog-
raphy (Varian ProStar model 210, US) equipped with a RI detector.
Two PLgel 5 mmResipore were used at 70 �C, calibrated with PMMA
standards. Samples were initially dissolved in DMF (10mg/ml) and
then eluted. The measurements were carried out with a constant
flow rate of 0.8ml/min.

2.5.8. Scanning electron microscopy (SEM)
The internal structure of the sheets before and after ageing was

examined using an environmental scanning electron microscope
(SEM) (FEI Quanta 200, The Netherlands). A small sample was ob-
tained by cutting a part of the sheet, before cryo-fracturing and
then coated with a thin carbon layer. Observations were carried out
under high vacuum at 3 kV, with aworking distance of 10mm and a
spot size of 3e4 mm. The phosphorus content was determined using
energy dispersive X-ray (EDX) spectroscopy.
2.5.9. Fire testing
The flammability properties of formulations were evaluated

using a cone calorimeter device (FTT, UK and Fire, EU according
to the ISO 5660-1 standard). All samples were dried under
vacuum during at least 6 h before experiments. Sheets of
100� 100� 4mm3 were exposed to a radiant cone with a heat flux
of 50 kW/m2. The samples were all evaluated in horizontal orien-
tation and ignited using a spark igniter. Each experiment was
repeated at least twice. Time to ignition (TTI), heat release rate
(HRR), total heat release (THR), peak of heat release rate (pHRR),
residue at flame out and effective heat of combustion (EHC) were
recorded.
3. Results and discussion

3.1. Miscibility of the PLA/PMMA blend

DSC curves for extruded unfilled polymers are shown in Fig. 2.
The glass transition temperature Tg, cold crystallization tempera-
ture Tcc, enthalpy DHcc, melting temperature Tm, and enthalpy DHm,
as well as calculated PLA cristallinity, are summarized in Table 2.
Neat PMMA and PLA show a glass transition temperature (Tg) at
117 �C and 61 �C, respectively. Two other transitions are visible at
99 �C and 173 �C, corresponding respectively to the well-known
cold crystallization of PLA and the melting of its crystalline part.
All these results are in accordance with the literature [48].

During the first heating scan, two glass transitions appeared for
PLA/PMMA 50/50 blends, related to both polymers (see Fig. 3). But
these temperatures are different from that of neat polymers. They



Table 2
DSC main values (Tg, Tcc, Tm: transition temperatures, DHcc, DHm: cold crystallization and melting enthalpies, cc: PLA crystallinity).

Formulation Heating Tg (�C) Tcc (�C) DHcc (J/g) Tm (�C) DHm (J/g) cc (%)

PMMA First 117 e 0 e 0 0
Second 121 e 0 e 0 0

PLA/PMMA 50/50 First 81e68 e 0 169 3 5
Second 72 e 0 e 0 0

PLA First 61 99 28 ± 2 173 45± 3 18± 2
Second 61 100 28 ± 2 170 44± 3 17± 2

Fig. 3. Zoom on the unfilled extruded PLA/PMMA blend first heating scan
thermogram.

Fig. 4. DSC of the samples prepared by extrusion/injection process (first heating scan).

Fig. 5. SEM picture of the flame-retarded blend.
reveal the partial miscibility of the blend leading to the presence of
two bi-component (non pure) phases.

During the second scan, when the thermal history of the blend
was removed, a single glass transition was observed at 72 �C.
Therefore, it can be concluded that the mixture become completely
miscible.

Another result concerns the semi-crystalline behaviour of PLA. A
melting peak appeared during the first scan for pure PLA and PLA/
PMMA blend. The associated crystallinities of PLAwere respectively
18% and 5%. These crystalline fractions appeared during the pro-
cessing of the blend. The very low crystallinity observed in the
blend clearly indicates that the addition of PMMA inhibited the
crystallization of PLA.

During the second scan, cold crystallization of pure PLA still
occurred: the same crystallinity was measured for pure PLA. But
differences appeared between first and second scan for PLA/PMMA
blend, for which no crystallinity was observed. These results
showed the ability of PMMA to reduce the crystallization phe-
nomenon of PLA. PMMA has a higher Tg, meaning a lower mobility
of macromolecules, that induced in turn a restriction in mobility of
PLA chains: PMMA slows down the crystallization kinetics of PLA.
Other studies noticed the same phenomenon [27,49e51], that
confirms interactions occurring between PMMA and PLA.

The present study revealed that initial extrusion process of the
unfilled blend did not lead to a complete miscibility; but a thermal
treatment corresponding to an annealing process could confer the
total miscibility of the blend.

Flame-retarded PLA/PMMA blends were also investigated. Such
specimens have been firstly extruded, and then processed by in-
jection molding. Thermal properties of unfilled and FR blends have
been studied by DSC (Fig. 4).

Results showed only 1 Tg for the blends, at 68 �C: the injection
process conferred total miscibility. SEM picture (Fig. 5) of flame-
retarded formulation showed that a good dispersion of the phos-
phorous and sepiolite particles was obtained.
3.2. Impact of ageing on morphological characteristics

Table 3 shows the mass variations of neat polymers, and flame-
retarded samples after ageing.

Neat PMMA showed a slight increase in its mass during ageing
even after drying the samples, whereas water uptake was stable.
This indicates that a small amount of water has been absorbed by
the sheets, and even after drying under vacuum, a part of this water
is trapped in the sample. Consequently, the water uptakes calcu-
lated are approximations, and only give us an indication of the
behaviour of the materials. At the same time, flame-retarded
PMMA sample masses increased with ageing time, from 5% to 9%
from 1 to 3 weeks.

Conversely, neat PLA has lost an important part of its initial mass
after ageing; that loss increased with the ageing time, from 7% to
26% after one week and three weeks of ageing, respectively. At the
same time, water uptake increased from 7% to 23%. This result in-
dicates hydrolysis phenomena occurred, and a part of the polymer
was decomposed into small oligomers and dissolved into the
ageing media. In the case of flame-retarded PLA, the masses
decreased from 13% to 34% after 3 weeks of ageing, with a water
uptake increasing from 11% to 29%. The more important weight
losses observed when fillers are added are due to the dissolution of
a part of flame retardant compound (APP) in the aqueous ageing
media as evidenced in the following.

The weight of unfilled blend increased with ageing time, from
1% to 5%, as well as the water uptake that increased from 0.5% to
4.5%. In order to check if a mixing rule occurred, comparison of
these results was done with values obtained with eq. (4) for any
ageing time. Results shown on Fig. 6 (a) did not evidence mixing
rule.

Wg calc: ¼ 0:5 x Wg exp PMMA þ 0:5 x Wg exp PLA: (4)



Table 3
Impact of ageing on sample masses.

Formulations Ageing time (week) Weight gain Wg (%) Water uptake Wup (%)

Neat PMMA 1 1.1± 0.1 0.5± 0.1
2 1.4± 0.1 0.3± 0.1
3 1.4± 0.1 0.4± 0.1

Neat PLA 1 �7.1± 0.1 7.3± 0.4
2 �18.5± 0.1 16.4± 0.6
3 �26.0± 0.1 22.7± 0.6

Neat blend 1 1.0± 0.1 0.5± 0.1
2 2.5± 0.1 1.3± 0.1
3 5.4± 0.4 4.5± 0.2

FR PMMA 1 4.9± 0.1 1.2± 0.1
2 7.4± 0.1 1.2± 0.1
3 8.9± 0.1 1.2± 0.1

FR PLA 1 �12.9± 0.1 11.1± 0.2
2 �25.8± 0.3 20.9± 0.2
3 �33.6± 0.7 28.6± 0.6

FR blend 1 8.9± 0.3 9.3± 0.2
2 11.3± 0.2 9.9± 0.1
3 8.3± 0.6 11.1± 0.5

Fig. 6. Weight gain - comparison between linear mixing rule prevision and experimental results for unfilled (a) and flame-retarded blend (b).
Flame-retarded blend showed intermediate water uptakes,
which increased with ageing time from 9% to 11%. But the weight
gains were surprising: on the one hand, they were more important
than flame-retarded PMMA, and it is clear that they did not follow
any mixing rule calculated from the values observed for flame-
retarded PMMA and flame-retarded PLA (Fig. 6 (b)). On the other
hand, they firstly increased from 9% to 11% between the first two
weeks, and then decreased at 8% after three weeks. This probably
Fig. 7. Competition between vario
means that PLA allows water to penetrate more easily in the ma-
terials, and once water is inside the sample, PMMA blocks the
evacuation of the shortened PLA chains during drying.

These mass variations revealed that a competition occurs be-
tween several phenomena during ageing (Fig. 7). On the one hand,
incorporation of fillers creates weak interfacial interactions,
allowing water to penetratemore easily into the sample. When PLA
is a part of the polymeric matrix, water can also easily penetrate
us phenomena during ageing.



Fig. 8. Visual appearance of neat PLA (a), neat blend (b) and neat PMMA (c) before and after ageing (W1, W2 and W3 for samples aged for 1, 2 and 3 weeks respectively).
into the composite. These two phenomena lead to a swelling and an
increase of the sample mass. On the other hand, PLA hydrolysis as
well as migration of flame retardants facilitated by the swelling
induces mass loss.

Visual modifications appeared after ageing. Concerning neat
PLA and PLA/PMMA blend, ageing induced whitening and an
opacity of the sheets. As can be seen on Fig. 8, the name of the
polymeric matrix written on a paper under the samples was not
Fig. 9. XRD patterns of unfilled polymers

Fig. 10. DSC first heating scan of neat PLA (a) and PLA
visible after one week of ageing for PLA specimens. Concerning
PLA/PMMA blend, one can notice something was written after one
week of ageing, but nothing appeared after two weeks of ageing.

This opacity may be explained by the crystallization of PLA
during ageing [22,51]. To confirm this hypothesis, XRD analyses
were done (Fig. 9 a)).

Unaged PLA did not exhibit any diffraction peak, whereas after
ageing peaks appeared at 2q values of 14.9, 16.7, 19.1 and 22.5�
(a) and flame-retarded polymers (b).

/PMMA (b) unfilled blend before and after ageing.



Table 4
Main DSC results of unfilled materials.

Polymer Ageing time Melting temperature Tm (�C) Melting enthalpy DHm (J/g) Cold crystallization enthalpy (J/g) cc (%)

PLA Unaged 173 42± 5 20± 3 23
1 week 158 55± 5 0 59
2 weeks 156 65± 5 0 70
3 weeks 153 67± 5 0 72

PLA/PMMA 50/50 Unaged 167 1± 0.5 0 2
1 week 165 34± 3 0 e

2 weeks 155 33± 3 0 e

3 weeks 142 31± 3 0 e

Fig. 11. Visual appearance of flame-retarded PMMA (a), flame-retarded PLA (b) and flame-retarded blend (c).
corresponding respectively to the (010) plane, (110) and/or (200)
plane, (203) plane and (210) plane of orthorhombic PLA crystals
[28,52e55]. The same observations were done with PLA/PMMA
blend, showing ageing induced crystallization of PLA. DSC was also
performed (Fig. 10), main results are in Table 4. Because of the
various phenomena happening during ageing of the blend (water
absorption and oligomers removal after PLA hydrolysis), it was not
possible to determine the exact PLA amount in the blend; hence
crystallization rate of the blend after ageing has not been calcu-
lated, only melting enthalpy are presented.

Firstly, in both neat PLA and PLA/PMMA blend, the melting
temperatures decreased with ageing time: PLA chains became
Fig. 12. DSC first heating scan of FR materials before and after ageing.

Table 5
Melting characteristics of flame-retarded composite.

Polymer Ageing time Melting temperature Tm (�C) Melting e

FR PLA Unaged 172 44± 5
3 weeks 153 66± 5

FR blend Unaged 165 1± 0.5
3 weeks 147 15± 2
shorter due to hydrolysis. This decrease of chain length is respon-
sible for the decreased melting temperatures. Cold crystallization
phenomenon appeared at around 100 �C for unaged neat PLA; then
it was not observed after ageing. That means ageing induced more
complete crystallization of the PLA and no more chains are able to
crystallize during heating. Variations of melting enthalpy were also
observed. During ageing, PMMA remains intact in the composite,
contrary to PLA which undergoes hydrolysis and dissolution of
oligomers. Unaged blend had a very low melting enthalpy: the
sample had almost no crystallinity. The enthalpy increased drasti-
cally after 1 week of ageing: the high temperature in the aqueous
media combined with the higher chain mobility due to hydrolysis
and plasticizing effect of water induced crystallization of PLA
fraction into the composite (further crystallization during ageing is
also observed for pure PLA). This enthalpy remained almost stable
after supplementary ageing time, revealing PLA crystallization into
the blend reached its maximum during the first ageing week.

Flame-retarded materials also exhibit whitening during ageing,
as can be seen in Fig. 11. Surprisingly, this whitening also appeared
for flame-retarded PMMA, which does not exhibit crystallization.
Migration phenomena may explain this whitening. Jimenez and al
[33]. Have shown modifications occurred when APP was in pres-
ence of water, leading to formation of phosphoric acid. It has been
shown that this phosphoric acid can migrate towards the sample
surface during ageing [39], explaining the whitening.

Crystallinity of flame-retarded materials was evaluated by XRD
(Fig. 9 b) and DSC analyses (Fig. 12, Table 5). Because of various
phenomena occurring during ageing (PMMAwater absorption, PLA
hydrolysis, phosphorus loss), crystallization rate of aged sample has
not been calculated.
nthalpy DHm (J/g) Cold crystallization enthalpy DHcc (J/g) cc (%)

23± 3 26
0 e

0 3
0 e



Fig. 14. Viscosity profiles of unaged and aged flame-retarded PMMA.
XRD patterns of unaged samples showed two diffraction peaks
at 2q values of 14.9 and 15.7�, due to the orthorhombic structure of
APP [56,57]. No diffraction peak corresponding to PLA crystals was
visible. After ageing, for both FR PLA and FR blend, two main
diffraction peaks appeared at 2q values of 16.7 and 19.1�, charac-
teristics of PLA crystals. These peaks revealed that PLA crystallized
during ageing. DSC revealed an increase of the melting enthalpy
after ageing, confirming that crystallization.

Regarding flame-retarded PLA, a clear loss in mechanical prop-
erties was observed as ageing time increased, due to hydrolysis. The
resulting materials became very brittle, as shown on Table 6: after 3
weeks of ageing, the hardness of PLA-based formulation was
drastically reduced, from 84 to 35. This loss was less pronounced in
the case of flame-retarded blend, and was not significant for flame-
retarded PMMA.

After ageing, a modification of sample size was observed for
flame-retarded PLA and flame-retarded blend (Fig. 13, Table 7). The
former exhibited a smaller size after ageing, whereas the latter get
larger dimensions, confirming the hypothesis of water absorption.
No modification occurred concerning flame-retarded PMMA.
3.3. Impact of ageing on the thermo-mechanical properties

3.3.1. Rheological profiles
Viscosity measurements were performed on composite speci-

mens before and after ageing (3 weeks). Results are shown on
Fig. 14 and Fig. 15.

Concerning flame-retarded PMMA, the viscosity of unaged
sample is almost unchanged after 3 weeks ageing: the immersion
in hot distilled water seems to have a limited impact on PMMA
Table 6
Shore D hardness of flame-retarded materials.

Materials Hardness

Unaged sample After 3 weeks of ageing

FR PMMA 88± 1 82 ± 2
FR PLA 84± 2 35 ± 8
FR blend 87± 2 69 ± 1

Fig. 13. Modification of the sample sizes of flame-retarded PLA (a) and flame-retarded
blend (b) (red: unaged sample, blue: after 3 weeks of ageing). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of
this article.)

Table 7
Evolution of dimensions after ageing.

Formulations Flame-retarded PLA

Ageing time Unaged After agei
Dimensions after drying (mm3) 10� 10� 4 9.7� 9.7�

Fig. 15. Viscosity profiles of flame-retarded PLA (a) and flame-retarded blend (b).
macromolecular chains, as already evidenced by other analyses.
Results are different with flame-retarded PLA and flame-

retarded blend: as shown on Fig. 15, at any shear rate, the aged
sample had a lower viscosity than unaged sample. This decrease
Flame-retarded blend

ng (3 weeks) Unaged After ageing (3 weeks)
4 10� 10� 4 10.7� 10.7� 4



can be explained by the hydrolysis of PLA macromolecular chains,
during hydrothermal ageing.

GPC measurements were performed in order to confirm this
hypothesis. Results are shown in Table 8. FR PMMA did not exhibit
modifications of its molecular weight after ageing. Conversely,
ageing led to a significant decrease of the molecular weight of FR
PLA, from 71.9 to 3.0 kg/mol, confirming hydrolysis phenomena.
Ageing of the FR blend induced a separation of the polymer
population.

3.3.2. Evolution of the phosphorus content
Since a phosphorous compound is the main component

conferring fire properties to our materials, a determination of the
phosphorus content of specimens before and after ageing was
performed. ICP-AES measurements were carried out in order to
determine the evolution of the phosphorus concentration into the
samples. EDX analyses were also performed for each sample, in
Table 8
Average molecular weight and polydispersity index (PD) of unaged and aged
samples.

Formulation Unaged samples Samples after 3 weeks of
ageing

Mw (kg/mol) PD Mw (kg/mol) PD

FR PMMA 84.7 1.67 86.9 1.67
FR PLA 71.9 1.49 3.0 1.36
FR blend 70.4 1.82 84.4/4.0 1.76/1.52

Fig. 16. EDX analyses of the una
order to compare the phosphorus gradient from the centre to the
outside of the sheet (Fig. 16). Results are tabulated in Table 9.

After 3 weeks of ageing, a slight decrease in phosphorus content
was observed in flame-retarded PMMA. The phosphorus concen-
trationwas the same in the centre as in the outside of the sheet (see
Fig. 18 (a)).

Concerning flame-retarded PLA, the phosphorus content falls
from 3.25% before ageing to 0.29% after 3 weeks of immersion. This
almost complete loss of phosphorus concentration is expected to
induce a degradation of fire properties. Moreover, a gradient of
phosphorus concentration has been observed, with more phos-
phorus in the centre of the sheet (1.5%) than in the surface (0.8%)
(Figs. 17 and 18 (b)).

These results suggest that during ageing, a large part of phos-
phorus flame retardants was extracted and transferred to the
ageing media, especially when FRs were close to the surface, i.e.
easily reachable to water. The same conclusions were recently ob-
tained concerning HIPS composites [58]. Authors showed that
during ageing, a migration of phosphorus to the surface of the
samples occurred, followed by erosion mechanism.

The flame-retarded blend showed an intermediate loss of its
phosphorus content, and also revealed a concentration gradient
from the centre to the surface of the sheet (Fig. 18 (c)).

3.4. Impact of ageing on thermal properties

3.4.1. TGA analysis
The thermal degradation process of the unaged and 3 week-
ged flame-retarded PMMA.



Table 9
Phosphorus content determined by ICP and EDX.

Flame-retarded composite Phosphorus content (wt%) Concentration gradient

Unaged After ageing (3 weeks) Phosphorus loss Unaged After ageing (3 weeks)

FR PMMA 3.51% ± 0.03 3.34%± 0.01 5% No No
FR PLA 3.25%± 0.07 0.29%± 0.03 91% No Yes
FR blend 3.30% ± 0.11 2.11%± 0.03 36% No Yes

Fig. 17. Variation of phosphorus content into the plate (flame-retarded PLA after 3
weeks of ageing).

Fig. 18. EDX - phosphorus concentration along the sheet.

Fig. 19. TGA of unaged and aged flame-retarded PMMA under N2.
aged flame-retarded PMMA are shown in Fig. 19. Corresponding
data are reported in Table 10. Unaged sample started to decompose
at 338 �C and left a char residue of 13wt% at 800 �C. After 3 week
ageing, a small decrease in the onset temperature happened, at
332 �C, as well as a decrease of 3wt% of the residue at 800 �C. These
results confirm that the influence of ageing is limited.
The same analysis was performed on flame-retarded PLA. Re-
sults are shown in Fig. 20 and Table 10. First of all, no mass loss has
been observed at 100 �C, confirming a complete drying of the
samples. Unaged sample started to decompose at 315 �C, and
formed a char residue of 14wt% at 800 �C. Thermal stability was
affected by ageing. Onset degradation occurred 23 �C earlier, at
292 �C; and the residue at 800 �C was drastically decreased, at only
2wt%. Contrary to flame-retarded PMMA, ageing had a negative
and huge impact on thermal stability.

Finally, analyses were carried out on the flame-retarded blend
(Fig. 21, Table 10). Firstly, the onset temperature largely decreased
with ageing time, from 311 �C to 265 �C, revealing a degradation of
the thermal stability. The degradation temperature at 50wt% mass
loss of the unaged sample was 369 �C; after ageing, this tempera-
ture slightly decreased at 360 �C. The char residue at 800 �C of the
unaged sample was 11%wt%, and became 7wt% after ageing, being
between those of aged flame-retarded PMMA (10%) and aged
flame-retarded PLA (2%).

3.4.2. Flame retardant properties
The influence of ageing on fire properties has been investigated

by cone calorimetry. Samples were tested after different ageing
times, and after complete drying. Specimens after cone tests are
shown in Fig. 25, and all corresponding data are presented in
Table 11. In order to check if the mass variations observed during
ageing had an impact on the fire performances, the pHRR have been
also calculated relatively to the sample masses before cone tests.

3.4.2.1. Flame-retarded PMMA. The Heat Release Rate (HRR) curves
of flame-retarded PMMA are shown in Fig. 22. All samples showed
a peak of heat release after around 130s of cone test. Then a plateau
of heat release rate occurred between 160 and 380s. No major
differences were observed after ageing: pHRR remained close to
400 kW/m2, THR was comprised between 20 and 21 kJ/g, TTI was
around 20s for all samples. The EHC was situated between 22 and
24 kJ/g, which is in accordance with the value obtained for the
PMMA matrix. The residue at flame-out was 11% for all samples in



Table 10
TGA data of unaged and aged formulations.

Formulation Ageing time Tmax (�C) T5wt% (�C) T50wt% (�C) Char residues (wt%) at 800 �C

FR PMMA Unaged sample 379 338 381 13± 2
3 weeks 376 332 376 10± 2

FR PLA Unaged sample 362 315 357 14± 3
3 weeks 377 292 367 2± 2

FR blend Unaged sample 362e402 311 369 11± 2
3 weeks 360 265 360 7± 2

Fig. 20. TGA of unaged and aged flame-retarded PLA under N2.

Fig. 21. TGA of unaged and aged flame-retarded blend under N2.

Fig. 22. HRR curves of flame-retarded PMMA at various ageing times.

Fig. 23. HRR curves of flame-retarded PLA at various ageing times.

Fig. 24. HRR curves of flame-retarded blend at various ageing times.
good agreement with TGA results and did not show significant vi-
sual modifications. Consequently, the immersion into hot water did
not have a significant impact on the fire properties of flame-
retarded PMMA.

3.4.2.2. Flame-retarded PLA. Unaged sample and 1 week aged
sample exhibitedmoderate HRR values with a plateau which can be
attributed to a barrier effect occurring between 100 and 300 s
(Fig. 23), and more pronounced for the unaged sample. Differences
appeared from2weeks of ageingwith nomore barrier effect since a
strong pHRR was observed after 160 s at 460 kW/m2. This peak
reached 487 kW/m2 after 3 weeks of ageing. A strong mass loss was
observed during ageing; thus the pHRR have been calculated
relatively to the initial mass. The same conclusion was observed,
with a pHRR increase from 5.4 to 13.5 kW/g.m2. At the same time,
the time to flame out decreased with ageing time: ageing induced a
shorter combustion, but more intensive. The residue at flame out



Fig. 25. Residues after cone calorimetry.
decreased drastically with ageing time, from 11.7% for the unaged
sample to 3.5% after 3 weeks of ageing in good agreement with TGA
measurements. The residues were clearly less compact after ageing
(Fig. 25). Contrary to flame-retarded PMMA, ageing had a negative
impact on fire properties of PLA composite and it is considered that
the loss of phosphorus after ageing was responsible for this loss of
fire performance. Regarding THR, TTI and EHC, only small variations
were noticed with ageing time.

3.4.2.3. Flame-retarded blend. Flame-retarded blends showed an
increase in their time to ignition after ageing, from 28s for the
unaged sample to 50s for sample aged for 3weeks. Such an increase
is unexpected and further investigations are needed. While APP
(and other phosphorus flame retardants) usually leads to earlier
TTI, the loss of phosphorus especially close to the sample surface
may explain this increase. Another explanation could be the vola-
tilisation of PLA chains that may have been restricted by the pres-
ence of PMMA. Concerning pHRR, no significant differences were
observed: all samples showed approximately the same values
(between 250 and 289 kW/m2). But the shape of HRR was modified
with ageing time (Fig. 24). The unaged sample developed a large
pHRR, between 100 and 150s, followed by a regular decrease of HRR
up to flame out. After 1 week of ageing, the pHRR had almost the
same intensity, but became shorter. Then the HRR was almost
constant between 200 and 300s, before a decrease similar to that of
unaged sample. After 2 weeks of ageing, the phenomenon is more



Table 11
Cone calorimetry parameters for flame-retarded formulations.

Formulation Ageing time pHRR (kW/m2) pHRR (kW/g.m2) THR (kJ/g) TTI (s) EHC (kJ/g) Residue at flame out (%)

FR PMMA Unaged sample 402 7.6 20.9 22 23.7 11.5
Aged (1 week) 407 7.6 20.7 18 23.5 10.8
Aged (2 weeks) 389 7.1 20.2 20 22.8 10.7
Aged (3 weeks) 373 6.7 19.6 18 22.2 10.7

FR PLA Unaged sample 291 5.4 14.4 40 16.4 11.7
Aged (1 week) 297 6.3 16.2 36 17.4 5.6
Aged (2 weeks) 460 11.5 16.2 44 17.2 4.3
Aged (3 weeks) 487 13.5 16.6 41 17.2 3.5

FR blend Unaged sample 289 5.4 17.8 28 20.4 12.9
Aged (1 week) 281 4.8 16.8 40 18.6 12.3
Aged (2 weeks) 250 4.2 16.0 48 18.3 11.9
Aged (3 weeks) 266 4.6 16.3 50 18.2 10.6

Fig. 26. Comparison of TTI of the 3 flame-retarded formulations. Fig. 27. Comparison of pHRR of the 3 flame-retarded formulations.
pronounced, with a plateau of HRR occurring between 200 and
450s. Themost aged sample showed a similar HRR plateau between
200 and 400s, but at higher HRR value and followed by the stron-
gest decrease. Concerning the residue, it became less compact after
ageing. The residue at flame out showed a slight decrease after 3
weeks of ageing, from 12.9% to 10.6%. This reduction can be
explained by the loss of phosphorus observed after ageing.

3.4.2.4. Comparison between the three polymeric matrices. The time
to ignition of the 3 flame-retarded blends has been compared
(Fig. 26). Only small variations (less than 2 s) were obtained for each
kind of specimens, revealing good repeatability. For each ageing
time, time to ignition of flame-retarded PMMAwas the lowest, and
did not change significantly with ageing time. TTI of flame-retarded
PLA was higher, but remained stable too after ageing. Conversely,
flame-retarded blend showed an increase in its TTI with ageing
time which was the highest after ageing.

The pHRR have also been compared (Fig. 27). Ageing did not
have impact on flame-retarded PMMA, with a pHRR being stable at
around 400 kW/m2. This parameter increased strongly for flame-
retarded PLA, having the highest value after more than 2 weeks
of ageing. Flame-retarded blend had the lowest pHRR at each
ageing time, even showing a slight decrease after 2 and 3 weeks of
ageing, evidencing the protective impact of PMMA against ageing.

4. Conclusion

This study was focused on the impact of ageing on flame
retardant formulations, based on PLA, PMMA and a blend PLA/
PMMA. Firstly, miscibility of the blend was demonstrated bymeans
of DSC characterizations. When 50wt% PMMA was added, PLA
crystallization was almost completely hindered, due to an impor-
tant decrease of the crystallization kinetics. During ageing, crys-
tallization phenomenon occurred leading to high crystallization
rate. Impact of ageing was significantly different according to the
polymeric matrix. Flame-retarded PMMA revealed only a limited
impact on its morphological, thermal and fire properties. The case
of flame-retarded PLA was very different, showing an important
decrease of mechanical properties which can be ascribed to hy-
drolysis, and a degradation of thermal stability and fire reaction,
due to the phosphorus loss during ageing. Residue at flame-out was
clearly decreased, from 11.7% to 3.5%. The flame-retarded blend
showed intermediate properties. Incorporation of PMMA into
flame-retarded PLA greatly improved its resistance to water, by
restricting the FRs migration, leading to a moderate phosphorus
loss, a small decrease of residue at flame-out, and only few varia-
tions of fire properties.
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