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ABSTRACT

Surface modification of various silicas by phosphorous agents was carried out with the aim to use these
particles as flame retardant additive in a polypropylene matrice (PP) at low content (10 wt%). Thermal
and flammability properties of PP/modified silica (PP-Tm-10%, PP-Zm-10%) were studied using TGA, PCFC
and cone calorimeter and compared to those conferred by pure silica (PP-T-10%, PP-Z-10%). Quite sur-
prisingly the untreated fillers induce the most significant reduction of peak of Heat Release Rate (50%
decrease) while the surface modification by phosphorous agents does not lead to the expected effect on
the fire behavior of PP composite. This phenomenon was related to the morphology and rheological
behavior of the various PP composites. Indeed, the higher the storage modulus at low frequencies is, the
better the fire behavior is, because of the induced barrier effect. Moreover, the addition of non modified
silicas leads to a decrease of 10 s of the TTI. This phenomenon was related to the formation of bubbles

after the PP melting during cone calorimeter test.
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1. Introduction

Fire retardancy of polypropylene (PP) has been extensively
addressed [1—11]. It is one of the most difficult polymers to be
fireproofed due to its non-charring behavior and high heat release
(around 40 KkJ/g [12]). Nowadays, phosphorus fire retardants (FR)
are considered as the best alternative to toxic halogenated addi-
tives. Phosphorous FR can act in the condensed phase (by enabling
the creation of crosslinked and charred structure, more particularly
in polymers containing oxygen) or/and in the gas phase (by scav-
enging high energy radicals H* and OH- thanks to the formation of
active radicals as PO+, PO; and HPO-) [13]. Especially, APP has been
used in combination with charring agents and other synergists to
form efficient intumescent flame retardant systems [2,3,8,9]. These
systems act by promoting an insulating expanded char layer at the
surface of the sample during combustion. However concentration

* Corresponding author.
E-mail address: rodolphe.sonnier@mines-ales.fr (R. Sonnier).

of additives is at least 20 wt% to obtain a reasonable improvement
of the fire behavior, with a limiting oxygen index (LOI) of 30% and a
V-0 classification in the UL-94 test [3,8,9]. Many types of filler have
also been used in order to improve the thermal and fire stability of
PP, as carbon nanotubes, fullerene and silica [14—22].

It has been showed that the addition of only 10 wt% of silica leads
to a decrease of at least 25% of the pHRR of PP in cone calorimeter
tests, depending of the porosity of the silica [23,24]. Indeed, Gilman
and Kashiwagi pointed out that a highly porous silica (as silica gel
with a pore volume of 3 cm?®/g) retards mass transfer due to a re-
striction of mobility of the polymer chains or because the high pore
volume silica gels can accommodate the PP macromolecules or its
decomposition products. According to the type of silica, the viscosity
of the PP/silica composite changes: high pore volume silica gel and
hydrophilic fumed silica lead to higher viscosity than fused silica or
hydrophobic fumed silica because of different interactions between
fillers and the polymer matrix. Some studies have been already
carried out to show the influence of the viscoelasticity of polymer on
the fire behavior [24—31]. As said above, Kashiwagi et al. have
already shown that the incorporation of 10% by weight of different
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silicas in PP can lead to different viscoelastic properties. The vis-
cosity may have an influence both on the bubbling of the composite
and the accumulation of the fillers on its surface during the com-
bustion of the material. The formation of a protective layer of fillers
can lead to the improvement of fire behavior by reducing heat and
gas transfer between the flame and the condensed phase. Fina et al.
have also shown that bubbles can modify the in-depth heat transfer
by scattering the incoming radiation [32].

Usually, fillers are used in combination with flame retardant
systems in order to have a synergist effect as a reinforcement of the
char, and a promotion of the barrier effect thanks to the layer
formed during pyrolysis [33]. Some studies have shown the interest
of the surface modification of silica by DOPO (9,10-dihydro-9-oxa-
10-phosphaphenanthrene-10-oxide) compared with the simulta-
neous addition of silica and DOPO on thermal stability of PP [34].
Dong et al. pointed out the synergistic effect of 3.2 wt% of DOPO
immobilized on silica nanoparticles (5 wt% in PP) with an
enhancement of the thermal stability of 90 °C under air. This result
is higher than the one obtained when 5 wt% of silica + DOPO are
introduced in PP (that shows an increase of 51 °C). The authors also
added 1 wt% of the silica modified by DOPO in PP in association
with 25 wt% of an intumescent system (APP/PER 2/1 w/w) [35].
Such a composite had better fire properties than PP containing only
25 wt% of APP/PER, with a V-0 classification and a LOI of 32.1%. The
synergistic effect of DOPO immobilized on silica seems to lead to
the formation of a more stable char residue, as well as an increase of
the viscosity of the composite. However this study does not assess
the influence of the modified silica alone on the fire behavior of PP,
and no conclusion can be drawn on grafting ratio and the minimal
filler rate to introduce in order to fireproof PP. Once again, the
viscosity of materials seems to be an important parameter influ-
encing fireproofing mechanism.

The aim of this study is to combine the effect of fillers and
phosphorous flame retardants by grafting a phosphorous agent
onto silica. Thermal and flammability properties of the PP/modified
silica composites will be studied and compared to the systems with
unmodified fillers. This work will also show how spherical fillers
can influence the viscosity of PP in the molten state and influence
the fire behavior of composite.

2. Experimental
2.1. Materials and reagents

Different types of silica were provided by Solvay. Table 1 shows
the main characteristics of these fillers. These silicas consist of an
agglomeration of primary spherical particles of about few nano-
meters in diameter. Diethylphosphatoethyltriethoxysilane (SiP,
92%) was supplied by ABCR. PP (PPC 7760) was supplied by Total.
According to the technical data sheet from Total, PPC 7760 is a
heterophasic copolymer with a melt flow index of 15 g/10 min. Its
melting point is 165 °C. All these products were used as received
without further purification.

Table 1
Characteristics of silica.

Silica SiP
(1)=SiOH+ HOSi= —> ==SiOSi==+ HOH

Graftedsilica

(2)=SiOH+ R'OSi==— ==Si0Si=+ R'OH

Fig. 1. Scheme showing the condensation reactions between silica and SiP.

2.2. Modification of silica

Precipitated silica Tixosil T365 and Zeosil 1165 MP were modi-
fied with SiP and are respectively named Tm and Zm. In both cases,
100 g of dried silica were dispersed in 1L of toluene for 1 h with
continuous stirring under argon: then 50 g of alkoxysilane were
added [36]. After 48 h of reaction, solvent was removed by evap-
oration and the resulting solid was dried at 80 °C overnight in
vacuum and washed with isopropyl alcohol thanks to a soxhlet
extractor. Eventually, samples were dried once again at 80 °C
overnight in vacuum.

The grafting process of SiP onto the silica is based on hydro-
lysis—condensation reactions between the hydroxyl groups at the
silica surface and the alkoxysilane according to the reactional
scheme presented in Fig. 1(1) and (2).

2.3. Preparation of PP composites

Various types of silica were incorporated into PP using a Leistritz
LSM30-34 (D = 34 mm, L/D = 34) co-rotating twin-screw extruder
at the temperature of 190 °C. The rotation speed was kept to
150 rpm and polymer flow rate was 3 kg/h. Then composites were
granulated and injection molded at 190 °C using 50 Krauss-Maffei
apparatus (Munich, Germany) to obtain samples with dimensions
100 x 100 x 4 mm>.

Composites were prepared using silicas presented in Table 1.
10 wt%, 15 wt% and 20 wt% (when it was experimentally possible) of
each silica were introduced into PP in order to study the influence
of the types of silica on the fire behavior. Moreover, PP composites
containing 10 wt% of SiP modified T365 and Z1165MP (respectively
Tm and Zm) were prepared.

2.4. Characterization

2.4.1. Elemental analysis

Elemental analysis was conducted at the Institut des Sciences
Analytiques (ISA, CNRS, Villeurbanne). Silicon and Phosphorus
contents were determined by ICP-AES (inductively coupled plasma-
atomic emission spectrometer) and carbon content by either
catharometry or specific infrared detectors.

2.4.2. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) of silicas and grafted silicas
were performed using a TA SDT Q600 thermal analyzer with a scan
rate of 10 °C/min from room temperature to 800 °C under air.
Thermal analyses of composites were carried out at 10 °C/min from

Commercial name Particle size (um)

Humidity (%wt) BET surface area (m?/g) Porosity (cm3/g)

T365 Tixosil T365 3.5-4
Z1165MP Zeosil 1165 MP 250
T38X Tixosil T38X 200

Z 200 MP Zeosil premium 200 MP 200
HRS 1200 MP Zeosil HRS 1200 MP 200
HDK (Hydrophobic) HDK H20 NA
Sidistar T120 Sidistar T120 0.15

53 168 791
6.7 173 3.13
<8 =160 2.1

5-8 222 3.37
5-8 182 3.88
<0.6 170 NA*®
NA 15-30 =

2 NA = Non Analyzed.



room temperature to 600 °C under nitrogen or air flow using a TA
Q500 TGA. The tests performed under air atmosphere enable to
study the thermal oxidative degradation of PP that plays a major
role in fire tests before flaming and thus may control the time to
ignition. The tests performed under nitrogen atmosphere enable to
study the anaerobic pyrolysis of materials which is the main
degradation pathway after ignition. The second set of tests can be
compared to PCFC analysis conditions.

2.4.3. Solid ?Si and 3'P HPDEC NMR
29si and 3'P NMR analyses were performed using an Advance
300 Bruker spectrometer. HPDEC-MAS NMR spectra were recorded
at room temperature by using a 4 mm MAS probe. The 2°Si and 3P
spectra were recorded at 59.63 MHz and 121.51 MHz respectively.
Analyses were conducted at ICL C2P2 (UMR 5265 CNRS — CPE —
Université Lyon 1).

2.4.4. Scanning Electron Microscopy (SEM)

A Scanning Electron Microscope (FEI Quanta 200 SEM) was used
to study the morphology of the samples. The composites were
cryofractured using liquid nitrogen and then sputter coated with
carbon. The specimens were placed under high vacuum before
being analyzed at an accelerating voltage of 10 kV for the different
silicas and 15 kV for composites.

2.4.5. Rheology

The rheological behavior of composites was analyzed with a
Rheometrics AR2000 mechanical spectrometer equipped with a
25 mm parallel plate geometry. Complex viscosity measurements
were carried out with an oscillation test at 200 °C using 0.5% strain
and an angular frequency ranging from 10! rad/s to 10% rad/s.

Samples were prepared by compression molding at 190 °C in the
form of 25 mm in diameter and 1 mm thick discs.

2.4.6. Fire behavior

The flammability properties of the composites were estimated
using a Pyrolysis Combustion Flow Calorimeter (PCFC) analysis.
Tests were carried out in duplicate according to the anaerobic py-
rolysis method of the ASTM D7309 (method A) using a FIT appa-
ratus. 2—4 mg of sample was pyrolyzed under nitrogen flow up to
750 °C at a heating rate of 1 °C/s. Gases are extracted and sent to a
combustion chamber in presence of 0/N; (20/80) with a controlled
constant flow of 100 cm?®/min. The combustion temperature was
fixed at 900 °C in order to reach a complete combustion. The ox-
ygen depletion during the test allows calculating the Heat Release
Rate (HRR) according to the Huggett's relation [37] (1 kg of
consumed oxygen corresponds to 13.1 M] of released energy).

The flammability of the samples was also determined by a Fire
Testing Technology FTT Cone Calorimeter. Tests were performed in
accordance with the International Standard ISO 5660-1, using
aluminum foil in order to prevent dripping of molten material. The
specimens (100 x 100 mm? section, 4 mm thickness) were hori-
zontally exposed to an irradiance of 50 kW/m?. Each formulation
was tested in duplicate. Peak of heat release rate (pHRR), Total Heat
Release (THR), Time To Ignition (TTI), Residual mass and Effective
Heat of Combustion (EHC) are reported.

The uncertainties in measurements for both apparatus are about
5% and 15% respectively.

To get an insight on ignition, the upper surface temperature of
composites was also measured by an infrared (IR) camera (Optris-
temperature range 125—900 °C) during a cone calorimeter test. The
specimens were exposed to an irradiance of 15 kW/m? in order to
highlight phenomena that could take place at 50 kW/m? before
ignition. Specimens were places 60 mm under the conic heater. The
IR camera was placed in an inclined position above the specimen.

IR Camera

Conic heater ‘ “

Specimen /
\

Sample holder

Weighting
device

Fig. 2. Scheme of cone calorimeter test equipped with IR camera.

The temperatures lower than 125 °C were not recorded. The appa-
ratus is presented in Fig. 2. It is noteworthy that temperature
measured by IR camera is not exact if the emissivity of the material is
not equal to 1. Nevertheless, many polymers (including PP) have an
emissivity close to 1 and then the uncertainty on measurement re-
mains limited. Lyon reported a surface absorptivity between 0.8 and
0.9 for PP according to the radiant source (black body or flames) [38].

2.5. Phosphonate grafted silica

The amount of SiP grafted onto the T365 and Z1165MP was first
estimated by thermogravimetric analysis (TGA). The TGA results,
shown in Fig. 3, evidence the surface modification of the two silicas,
T365 and Z1165MP. Without any purification, both unmodified
silicas have a similar behavior with a total mass loss of approxi-
mately 10 wt%. This mass loss can be observed around 100 °C for
both samples corresponding to the release of physisorbed water
[39]. The TGA profile of grafted silicas Tm and Zm also highlighted a
loss (including water and solvents residues losses) around 100 °C
corresponding in that case to only 1.2 wt%. The decrease of the
water content between pure and grafted silicas is assigned to the
grafting reaction modifying the surface nature.

A second mass loss for Tm and Zm, of ca. 10 wt% and 8 wt%
respectively, is observed in the range 200—600 °C with a maximum
centered at 245 °C and 300 °C respectively. This mass loss can be
ascribed to the decomposition of SiP grafted onto silica.

Elemental analysis reported in Table 2 points out the phos-
phorus content at the surface of the modified silicas. This rate
around 1.4 wt¥% is equivalent for the two grafted silicas Tm and Zm
but is slightly higher than the one calculated from previous TGA
mass losses (Pg,). The calculation was made considering that the
three ethoxy groups of SiP had been hydrolyzed and one of the
resulting silanol was condensed on the silica surface. With these
hypotheses, the calculated phosphorus content is ca. 1.3 wt%
instead of ca. 1.5 wt% for Tm and ca. 1.0 wt% instead of ca. 1.4 wt¥% for
Zm. These small differences could be due to the uncertainties of
measurement and could suggest that SiP is not only present on the
surface of silica but also exists in the form of condensed species.

The presence of various SiP chemical species at the silica surface
has been highlighted by 2?Si and 3'P solid NMR. The spectra of silica
T365 and grafted silica Tm are respectively depicted in Figs. 4 and 5.
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Fig. 3. TGA curves for silicas T365, Z1165MP, grafted silica Tm and grafted silica Zm respectively under air.

Table 2

The two 2°Si HPDEC-MAS NMR spectra (Fig. 4) exhibit two
Results of elemental analysis for grafted silica Tm and Zm.

characteristics peaks of the structural organization of SiO;

Si (%wt) P (%wt) P/Si P (%wt) around —104 ppm and —113 ppm, corresponding to the condensed
- 304 s 0,038 3 species Q3 (Z(QSi.—O)3—Si—OR) and Q* ((Si—0)s—Si) respectively
Zm 39.3 1.4 0.036 10 [40—42]. On “’Si NMR spectrum of the Tm depicted in Fig. 4b two
2 Calculated considering TGA results. additional signals at —60 and —69 ppm are detected. They are
33
a
1
T T T T T T T T
0 20 -40 -60 -80 -100 120 ppm
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Fig. 4. 2°Si MAS NMR spectrum of (a) pure silica T365 and (b) grafted silica Tm.
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assigned to the condensed species derived from SiP, T?
((Si—0),—Si(OR)—R) and T2 ((Si—0)3—Si—R) respectively [43]. Their
low intensities are also in agreement with the low SiP concentra-
tion grafted onto the silica.

31p HPDEC-MAS NMR spectrum recorded on the grafted silica
(Fig. 5) allows assessing the stability of the phosphonate function.
Indeed, two peaks at 33 ppm and 24 ppm are observed. The first
peak is characteristic of the phosphonate function of the SiP pre-
cursor. The second small peak is assigned to the condensed species
of the phosphonate function of SiP from literature data [43,44]. It
was explained that when PO(OH)s; condenses to form PO(OH ),-0O-
PO(OH),, a shift in the 3!P peak position from —11 ppm to 24 ppm is
observed. Similar results (not shown here) are observed for
Z1165MP and Zm.

All these results allow us to propose a scheme of the different
possible interactions between SiP and silica as shown in Fig. 6. This
scheme is close to that proposed by Alongi et al. [45].

The influence of the SiP grafting reaction was also evaluated
through the morphology analysis by SEM. From the micrographs
shown in Fig. 7a and ¢ no difference between T365 and Tm can be
observed. The grafting process did not change the aspect of the
T365 silica particles whose size is about 3 pm. On the contrary,
Z1165MP and Zm morphologies are different. As shown in Fig. 7b
and d, Z1165MP silica appears as micropearls whereas Zm is formed
of non spherical microparticles. The difference observed between
Z1165MP and Zm can be explained by the grafting process. Indeed,
the stirring applied to Z1165MP during the SiP grafting allows
breaking the micropearls to form non spherical microparticles with

an average size of around 50 pm instead of 250 pm for Z1165MP
(Fig. 7d and b).

3. Results and discussion
3.1. Analysis of PP/silica composites morphology

The morphologies of PP composites were characterized by SEM
as shown in Fig. 8. The observations were carried out on the surface
and the cross-section of the samples. From these micrographs
different degrees of dispersion can be observed. Grafted silica Tm
and Zm are better dispersed into the PP than pure silica T365 and
Z1165MP. Samples prepared with pure silica PP-T-10% and PP-Z-10%
(Fig. 8a and b) show a non-homogeneous dispersion, presenting
spherical particles with a broad size distribution from 100 to
500 nm for smaller particles to 5—150 um for the aggregates. The
primary particles of both pure silicas seem to form a network which
may be caused by hydrogen or Van der Waals bondings between
particles due to silanols at the silica surface [46]. In spite of their
initial different size, the final silica dispersion after shearing in the
extruder leads to similar degree of dispersion due to the breaking of
the Z1165MP micropearls.

On the other hand, the samples PP-Tm-10% and PP-Zm-10%
(Fig. 8c and d), present a finer grafted silica dispersion in the ma-
trix polymer. The size distribution of particles is still quite broad
(80—300 nm) but narrower than for PP/pure silica composites.
There are almost no aggregates with grafted silica. In both cases, the
presence of SiP grafted onto the silica surface seems to create

:
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Fig. 6. Illustration of SiP grafted silica.
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Fig. 7. SEM images of (a) T365, (b) Z1165MP, (¢) Tm and (d) Zm.

repulsion between particles preventing the formation of a particle
network in the polymer matrix. Such a behavior was already
described by Bartholome et al. [46]. They showed the influence of
steric repulsion created by the polystyrene (PS) chains grafted onto
fumed silica surface on the filler dispersion. When modified silica
was introduced in PS matrix, there were no more inter-particle
bonds thus implying a better fillers distribution than pure silica
particles. Indeed, unmodified silica presented a network structure
in the polymer matrix.

The elemental analysis for carbon, silicon and phosphorus ele-
ments is presented in Table 3.

It confirms that grafted silicas have been introduced in PP ma-
trix without loss of phosphorus since the P/Si rates are close to
those measured before compounding and presented in Table 2. The
final rates of phosphorus element in PP-Tm-10% and PP-Zm-10% are
quite low and equal to 0.087 wt% and 0.120 wt% respectively. From
these results, the actual rates of fillers added were calculated and
were found to be lower than the theoretical value of 10 wt% of filler
introduced in PP using these extrusion conditions, except for PP-
Zm-10%.

Another method to characterize the morphology of composites
is to study their linear viscoelastic behavior [46,47]. In the present
study we have focused our discussion on the variation of the
storage modulus G'(w) and the absolute complex viscosity |n*(w)|
(Fig. 9). At low angular frequency, the viscosity (Fig 9A) of all
composites is higher than that of pure PP. Moreover, it should be
noticed that the highest viscosities are obtained for PP/pure silica
composites. The difference of dispersion between pure silica and
grafted silica (Fig. 8) influences the viscosity of the composites: the
finer the silica dispersion is, the lower the viscosity is. Furthermore,
as shown in Fig. 9B, the addition of fillers leads to an increase of
G'(w) in agreement with the variation of the absolute complex
viscosity. This increase is more important for PP-T-10% and PP-Z-
10% (Fig. 9B, b and c), whose Gg (storage modulus of the

secondary plateau at low frequency) are equal to 1,6 x 10% Pa and
71 x 10° Pa respectively, indicating a more elastic behavior for
these composites. Indeed, the neat silica particles form a network
because of the hydrogen bondings between silanols at the silica
surface, which leads to the increase of the viscosity of the com-
posite [24]. Such a rheological behavior is in accordance with the
SEM observations. As shown by Bartholome et al. [46], modifying
the surface of fumed silica by PS grafting has an effect on the
dispersion in the polymer matrix which influences the viscoelastic
behavior. In their study, nanocomposites prepared by adding 5 vol%
of unmodified fillers in PS shows a predominant elastic character
with a secondary plateau at low frequencies (Go = 3 x 10% Pa). This
plateau is characteristic of the presence of a network structure. For
grafted silica/PS composites, this secondary elastic plateau
considerably decreases down to disappear by increasing the
grafting density of PS-modified silica. As said above, the steric
repulsion between grafted-silica particles leads to the breakdown
of the network structure.

3.2. Thermal and fire-retardant behavior

3.2.1. Thermal behavior

Thermogravimetric analyses under nitrogen and air of the
different composites were carried out to determine the effect of the
addition of pure and grafted silicas on the thermal stability of PP.
The TGA results are presented in Fig. 10.

The thermal degradation of PP and its composites under nitro-
gen (Fig. 10A) takes place through one-step process corresponding
to the well described random C—C bond scission mechanism [11,48]
and occurs in a range of temperatures between 375 °C and 500 °C.
The initial pure PP decomposition temperature corresponding to a
2 wt% weight loss is about 385 °C whereas this temperature is
slightly shifted to higher temperature for PP-T-10% and PP-Z-10%
(Fig. 10b and c), 395 °C and 390 °C respectively. The peak of mass
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Fig. 8. SEM images of PP composites: (a) PP-T-10%, (b) PP-Z-10%, (c) PP-Tm-10% and (d) PP-Zm-10%.

Table 3
Results of elemental analysis for PP composites.

C(wt%) Si(wtk) P(wtk) P/Si Rate of filler* (wt%)
a) PP-T-10% 77.8 3.6 0 0 7.6
b) PP-Z-10% 79.5 2.7 0 0 5.7
c) PP-Tm-10%  78.9 3.0 0.087 0.029 7.7
d) PP-Zm-10%  79.6 42 0.120 0.030 10.7

¢ Calculated from Si values.

loss rate (pMLR) is also shifted from 443 °C for pure extruded PP to
454 °C and 452 °C for PP-T-10% and PP-Z-10% respectively. This
slight increase has already been reported in the literature
[18,19,48—50] and is assigned to the formation of PP chains tightly
bound around silica particles, thereby limiting the polymer chains
mobility [24]. Other studies explain that nanofillers could act as
volatile decomposition products shield [48—50].

The results obtained with composites containing grafted silicas
Tm and Zm (Fig. 10d and e) are slightly different. Indeed, the
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temperature of pMLR for PP-Tm-10% and PP-Zm-10% increases of
about 10 °C compared to pure PP but both composites start to
decompose at lower temperature, 370 °C and 380 °C respectively.
This very slight decrease of the initial degradation temperature
may be assigned to the weak energy of P—C and P—O bonds [43].

Moreover it should be noted that PP decomposes completely at
about 475 °C. The amount of residue for the composites is respec-
tively 8 wt%, 8 wt%, 6.5 wt% and 5 wt% for PP-T-10%, PP-Z-10%, PP-
Tm-10% and PP-Zm-10% which corresponds roughly to the initial
loading of filler and indicates that no char was formed.

The thermo-oxidative degradation of pure PP due to peroxida-
tion chain reaction takes place in two steps [11,48,51]. The first step
corresponds to the main degradation (due to the formation of
radicals by B-scission) and occurs between 225 and 390 °C. The
second step (after 400 °C) evidences the dehydrogenation of PP
radicals and the oxidation of the residue formed during the first
step [11,48]. The PP composites also exhibit degradation in two
steps. However, the addition of silica increases significantly the
thermal stability of the polymer matrix under air. With about 10 wt
% of fillers, the temperature of the pMLR is shifted from 310 °C to ca.
380 °Cand 410 °C for PP/pure silica composites and PP/grafted silica
composites respectively. The grafted silica seems to impart better
thermo-oxidative stability to the polymer matrix but the amount of
char after the first step of degradation is higher for PP (=3.8 wt¥%)
than for all composites (= 1.6 wt%). The amount of residue obtained
under air at 600 °C is the same than that obtained under nitrogen
for all samples, which suggests that no char is formed with the

addition of pure and modified silicas. In their studies, Palza et al.
[18] confirm that with 5 wt% of spherical silica nanoparticles, the
thermal degradation of PP is considerably improved under air (in-
crease of pMLR temperature of 70 °C) in comparison to tests carried
out under nitrogen (increase of pMLR temperature of 10 °C). The
authors show that the thermal degradation is slightly delayed by
adding a compatibilizer (PP-g-MA) (=10 °C and =30 °C under inert
and oxidative atmosphere respectively) which may prove that the
dispersion plays a role on the thermal stability. They also postulated
that such an improvement under air may be due to the high specific
area of the filler (=70 m?/g) that may trap the oxidized volatile
products during the degradation.

In conclusion, it must be noted that grafted silica seems to act as
an efficient thermal stabilizer under oxidative condition, delaying
the main degradation step of materials. Such stabilization may have
at least an effect on the time to ignition of materials during cone
calorimeter tests.

3.2.2. Flame retardancy: PCFC and cone calorimeter

To complete the thermal analysis, the flammability of previous
materials was analyzed using PCFC. The Heat Release Rate (HRR)
curves for the composites are shown in Fig. 11.

A slight decrease of peak HRR (pHRR) for all types of silica based
composites is observed. Despite the presence of phosphorus (in
very small amounts) in PP-Tm-10% and PP-Zm-10% (0.087 wt% and
0.12 wt% respectively measured by elemental analysis), the PP/pure
silica composites PP-T-10% and PP-Z-10% (Fig. 11b and c) show a
slightly higher reduction of pHRR. Indeed composites containing
grafted silica (Fig. 11d and e) exhibit a 15% decrease of pHRR
whereas the composites PP-T-10% and PP-Z-10% show a 20%
decrease compared to pure PP. With regards to the THR (results not
shown here) the maximum decrease of 13% is obtained for the
composite containing non-grafted Z1165MP. These results point out
that the decrease of pHRR and THR is mainly due to the substitution
of about 10 wt% of the organic polymer matrix by roughly 10 wt% of
fillers without creating any char which is in accordance with TGA
results. It must be noticed that the temperature for which pHRR
reaches a maximum, is at least 5 °C higher for PP composites than
for pure PP. These results are also in accordance with the results
observed in TGA (Fig. 10).

It is known that PCFC test does not take into account some ef-
fects such as barrier effect since pyrolysis is carried out on mg-scale
sample [52—54]. Therefore, to evaluate the influence of physical
effects on the fire properties tests were also performed on bigger
samples (about 50 g) using a cone calorimeter. The results are
shown in Table 4 and in Fig. 12.

As shown in Fig. 12, the addition of pure silica or grafted silica in
PP leads to different combustion behaviors compared to neat PP.
For pure PP, a sharp HRR curve appears in the 30—300 s range with
a high pHRR around 1200 kW/m?. The dispersion of less than 10 wt
% of grafted silica does not induce strong variations in time to
ignition and slightly decreases the pHRR whereas the addition of
pure silica in PP presents another trend: a flattening of the HRR
curves (b and c¢) with a significant decrease of TTI (from 30 to 20 s
approximately) can be observed in Fig. 12. This evolution is not in
agreement with TGA curves which show an increase of the thermal
oxidative stability of composites. This obvious change of TTI be-
tween pure PP and the composites containing pure silica was
already observed in the literature [32,55,56] and may be assigned
to a change in thermal radiative properties of the polymer. The
introduction of additives such as inorganic nanoclays or carbon
nanotubes can change the transmitted heat and the convective flow
through the material and thus change the ignition time. Moreover,
Fina et al. show that in the case of nanoclays, nanoparticles may
catalyze the formation of gases from the polymer degradation [56].
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As shown in Table 4, when pure silica was added to PP, the TTI
presents a 10 s decrease whereas the TTI of PP/grafted silica com-
posites is unchanged compared to that of pure PP. In order to
explain these results, cone calorimeter tests were performed under
an irradiance of 15 kW/m? and using an IR camera to measure the
surface temperature of samples during the experiment. This study
is based on the hypothesis that phenomena inducing ignition at
15 kW/m? and 50 kW/m? are the same. Temperatures at the upper
surface of neat PP and PP-Z-10% are presented in Fig. 13. The tem-
perature increase is the same for both samples up to 160 °C, which
corresponds to the melting point of PP. Above 160 °C, two distinct
behaviors can be described: for PP-Z-10% (TTI at 50 kW/m? equals
to 18 s), the heating is faster than for PP (TTI at 50 kW/m? equals to
31 s). Moreover PP does not ignite under an irradiance of 15 kW/m?
after 300 s contrary to PP-Z-10% (TTI at 15 kW/m? approximately
equals to 150 s). This heating acceleration is correlated with the
appearance of bubbling phenomenon. Oztekin et al. have already
observed the effect of bubbles formation on the TTI of wet poly(aryl
ether ether ketone) (PEEK) [57]. After the PEEK melting, bubbles
appeared due to water trapped in the polymer. Such bubbles have

an influence on thermal and optical properties since they lead to an
increase of heat absorption at the upper surface and so lead to an
early ignition. Thus TTI of dry PEEK under 50 kW/m? (207 s) is
about twice higher than the wet PEEK one. This phenomenon was
also observed for all composites (not presented here): appearance
of bubbling for composites having the shortest TTI (at 15 and
50 kW/m?), while no bubbles are observed for composites having
the longest TTI. This heating acceleration could in principle be
explained by other phenomena as a change of emissivity or heat
absorption (for example due to the melting of crystalline domains).
Nevertheless, there would be no reason to observe such a change
only for some composites. Moreover, the correlation between
bubbling and heating acceleration is systematic. We can assume
that bubbling is actually responsible for the early ignition of some
composites.

The pHRR is reduced when the fillers are added to the polymer
and the observed decrease is more significant than those obtained
using PCFC (the reduction is also more important for composites
containing pure silica, PP-T-10% and PP-Z-10% shown in Fig. 12b and
¢, than for the other composites). It is interesting to note that for
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Table 4
Cone calorimeter results for PP composites.
TTI (s) pHRR (kW/m?) THR (KJ/g) Residual mass (%) EHC (KJ/g)
a) PP 31 1214 40.2 0.0 40.3
b) PP-T-10% 22 662 374 6.6 40.0
c) PP-Z-10% 18 607 37.2 7.4 40.1
d) PP-Tm-10% 29 843 389 5.6 41.2
e) PP-Zm-10% 30 856 38.5 49 40.5

less than 10 wt% of pure silica, the pHRR is two times lower with
about 607 kW/m? compared to ca.1214 kW/m? for the pure PP,
which was not expected since silica is considered as an inert ad-
ditive [58]. These results are in accordance with the tendency
observed by Kashiwagi et al. when 10 wt% of different types of silica
are added in PP [24]. The curves d and e in Fig. 12 show that the
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Fig. 12. Cone calorimeter curves for (a) PP, (b) PP-T-10%, (c) PP-Z-10%, (d) PP-Tm-10%
and (e) PP-Zm-10%.

small amount of phosphorus in PP-Tm-10% and PP-Zm-10% does
not favorably influence the values of pHRR, which, with ca. 843 and
856 kW/m? respectively, are higher than those of PP/pure silica
composites.

The Effective Heat of Combustion (EHC) is an important
parameter to understand how the flame retardant acts. As pre-
sented in Table 4, the EHC is almost the same for all samples. These
results indicate that the pHRR decrease is only due to physical effect
in condensed phase [24]. The very small amount of phosphorus in
PP/grafted silica composites does not allow promoting a flame in-
hibition effect in the gas phase.

It must be noticed that the residual amount after the flame out is
about 6.5 wt% for PP/pure silica composites and 5.5 wt% for com-
posites containing grafted silica. These amounts are equivalent to
those measured by TGA and confirm that none of these composites
are forming a char when burning. Table 4 also shows the THR values
for all materials. The results highlight that the THR decrease is
higher for PP containing 10 wt% of pure silica T365 and Z1165MP
than for PP-Tm-10% and PP-Zm-10% despite the presence of phos-
phorus. The reduction of THR is in proportion to the filler content
measured by TGA, and the phosphorus agent does not promote a
significant amount of char. Indeed, it is well known that PP is a non-
charring polymer. That's the reason why, the common concentra-
tions of flame retardant system containing phosphorus additives
are at least 20 wt% [ 11], i.e. more than 1 wt% of phosphorus element
in the polymer matrix (10 times more than in PP-Tm-10% and PP-
Zm-10%). With this level, the phosphorus additive can be a source
of char itself (depending of the type of additive) and is often used in
PP in synergy with other additives to act as an intumescent system
[4,11,59].
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As shown from the pictures in Fig. 14 and from the results in
Table 4, PP burns without forming any residue while the burning of
composites leads to the formation of small islets-like residue. It
must be noticed a difference between the size of the islets formed
with pure and grafted silica. The islets formed with pure silica T365
and Z1165MP are bigger than those formed with the corresponding
grafted silicas Tm and Zm. Moreover the residues formed with pure
silica are white whereas those formed with Tm and Zm presented
black traces at their surface indicating a slight action of phosphorus
in the condensed phase. Nevertheless, the value of the residual
mass is almost the same as that observed in TGA analysis, indicating
that there is no significant charring. The formation of such islets has
already been observed in literature [24—26]. Such an organization
of fillers allows creating a barrier effect in the condensed phase.
Therefore this layer allows limiting mass and heat transfer between
the flame and the material [24,25] which is usually the case for clay
nanocomposites [60]. Nevertheless, this specific organization
(discontinuous islets) is less efficient than when the filler layer
completely covers the surface.

To evaluate the barrier effect in PP, results obtained using PCFC
and cone calorimeter were compared [31,52,54]. The method
consists in plotting the two parameters R1 versus R2, which are
defined as the ratio between pHRR of the composite and pHRR of
the pure polymer in PCFC and in cone calorimeter respectively
(Equations (1) and (2)). The more the plotted points are above the
dotted line R1 = R2 (i.e. R1 >> R2), the higher the barrier effect is.

Rl — PHRR(composite) in PCFC
= PHRR(PP) in PCFC

(1)

5 PHRR(composite) in cone calorimeter

R PHRR(PP) in cone calorimeter

(2)

It is clear from Fig. 15 that the improvement of the flame
retardancy observed for all PP composites is due to the barrier ef-
fect since all points are shifted from the line R1 = R2. However, it
must be noticed that the barrier effect is more important for PP/
pure silica composites, PP-T-10% and PP-Z-10% (Fig. 15b and c).
These results confirm that for composites containing pure silica

T365 and Z1165MP, the physical barrier effect is more efficient than
for PP-Tm-10% and PP-Zm-10%.

3.3. Relationship between viscosity and fire behavior

As discussed above, the presence of silica improves the fire
behavior of PP thanks to physical mechanism. Kashiwagi et al.
[24—26,30] have already reported that the viscosity of materials has
an effect on fire behavior. Their works reported that an increase of
the polymer melt viscosity by addition of large surface area or low
density silica, leads to a faster accumulation of the spherical fillers
at the surface of the composite during the degradation. This implies
a higher reduction of mass loss rate and therefore an improvement
of fire behavior by physical effects [24]. In another study comparing
the fire behavior of different polymethymethacrylate (PMMA)/sil-
ica composites the authors demonstrated that for the most viscous
composite (high molecular mass PMMA containing 10 wt% of silica
gel) the bubbling is less important than for less viscous composites,
which allows the accumulation of the fillers near the surface of the
sample and therefore the improvement of fire properties [25].

In order to understand the difference of combustion behavior
between composites containing pure silica and composites con-
taining grafted silica, rheological properties (Fig. 9) were compared
with cone calorimeter results (Table 4).

It must be noticed that regarding the cone calorimeter results,
the higher the viscosity is, the lower is the pHRR. To reveal this
behavior, the reduced pHRR were plotted versus the reduced G’ for
PP filled with silica (Fig. 16). In the same manner as Batistella et al.
[31], the reduced pHRR and G’ are calculated by the ratio between
composite and pure PP. Rheological measurements were recorded
at 200 °C, and G’ values were taken at low frequency (0.01 rad/s).
These conditions differ from those observed in a cone calorimeter
test where a temperature gradient and hence a viscosity gradient
exist. However, we suppose that at this temperature and this fre-
quency the hierarchy of measured viscosities is qualitatively similar
to the hierarchy of rheological behavior of the materials during
cone calorimeter test. Fig. 16 highlights that for approximately the
same filler content in PP, the reduced pHRR decreases faster from 1
to 0.7 when storage modulus increases from 1 to 400 to reach a
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plateau at about 0.5 for PP/pure silica composites. These results
suggest that the higher the elastic modulus is, the better the fire
behavior is. As reported in the literature [24,25] such an improve-
ment can be assigned to the accumulation of the inert additives
near the surface then limiting the convection in the underlying
polymer layer. Thus, this accumulation can act as a protective layer.
Moreover, an increase of viscosity can prevent the gases transfer
between the composite and the flame.

In order to confirm this hypothesis, other PP/silica composites
(see section Preparation of PP composites) were tested with silica
rates ranging from 10 wt% to 20 wt¥%. First, it must be noted that
pHRR were plotted versus the particles size, surface area, porosity
and filler content for all these formulations. Those graphs (not
presented here) show that fire behavior appears independent of the
silica types but dependent of the filler content: the higher the filler
content is, the lower the pHRR is. The reduced pHRR are plotted

1.20

1.00

0.80
Ae od
0.60
AC

0.40
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0.20

versus the reduced G’ in Fig. 17. Once again, it can be noted that the
higher the elastic modulus is, the better the composites fire
behavior is. The graph also reveals that PP/hydrophobic silica
composite (PP-HDK-10%) presents the worst behavior. Indeed,
despite the 10 wt% filler loading, the composite shows fire and
rheological behaviors similar to the pure PP. The improvement of
hydrophobic silica dispersion in the polymer matrix due to the
increase of the silica/PP matrix interactions can explain the rheo-
logical behavior. The tendencies are equivalent for all silicas: the
PHRR decreases quickly from the lowest filler loading to reach a
minimum value with the highest silica rate. However the viscosity
induced by non-porous silica Sidistar T120 in PP does not almost
change whatever the filler content (the point corresponding to PP
containing 15 wt% of Sidistar T120 is out of the tendency, which
may be due to uncertainties of measurement).

These results confirm the fact that to improve the fire behavior
of PP, the viscosity of the polymer matrix must be high in order to
limit bubbling and to allow forming a protective layer of silica at the
sample surface. Moreover, the observation of the residues formed
with those six different types of silica shows that the cohesion of
the residual structure increases with the filler loading (Fig. 18).
Therefore, in order to have a more effective physical effect of the
inert additive, the silica content in the PP composites must be high
enough to avoid creating cracks into the layer. This structure of
residue was already described by Kashiwagi et al. [24]. When
introducing 2 wt% of silica gel in PP, the residue is in form of
powder. With 5 wt% and 10 wt%, the authors observed that the
formation of islets increases until silica compacted islands were
formed by addition of 20 wt% of silica gel in PP.

4. Conclusions

The effect of pure and grafted silica incorporation in PP on the
materials fire behavior was studied. It was shown by thermogra-
vimetric analysis that all silicas are improving the thermal stability
and particularly the thermo-oxidative stability of composite. Even
though phosphorous grafted silica Tm and Zm provide a better
thermo-oxidative stability in TGA, the incorporation of pure silica
leads to better fire properties in cone calorimeter tests. Those
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Fig. 16. Variation of reduced pHRR as a function of reduced G’ for (a) PP, (b) PP-T-10%, (c) P-Z-10%, (d) PP-Tm-10% and (e) PP-Zm-10%.
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Fig. 18. Residue after cone calorimeter tests for PP-Z-10%, PP-Z-15% and PP-Z-20%.

results reveal that the presence of phosphorus in small content
does not have the expected chemical effects in gas and/or
condensed phases. The PP/pure silica composites shows the most
important reduction of peak of heat release rate that is to say a 20%
decrease in PCFC and a 50% decrease in cone calorimeter. The dif-
ference of TTI between PP/pure silica and PP/grafted silica com-
posites (10 s) was explained by the appearance of bubbling after
polymer melting for composites having the lowest TTI (PP-T-10%
and PP-Z-10%).

It was shown that such an improvement of fire performances is
mainly assigned to a barrier effect. This effect can be related to
several interconnected factors including fillers dispersion and
rheological behavior. Grafted silica seems to be more finely
dispersed than pure silica due to the repulsion between particles.
On the other hand, the pure silica is forming a network in the non-
polar polymer matrix because of the hydrogen bondings between
silanols at the silica surface. Those different dispersions have an
impact on rheological properties. A better dispersion leads to a
lower composite viscosity. Finally, it seems that the composite
viscosity has a strong effect on the fire performance in cone calo-
rimeter: when the viscosity and the elasticity of the materials are
high at low frequency (i.e. higher than 7.1 x 10% Pa), the pHRR in
cone calorimeter test is low (i.e. less than 662 kW/m?). In fact, the

higher the viscosity is, the lower the gas transfer between the
composite and the flame is, thanks to the bubbling limitation and
the faster accumulation of the inert additives near the surface.

This relationship between rheological and fire behaviors has
been confirmed by using several types of silica introduced in PP
with different loadings.
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