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a b s t r a c t

The effect of silica treatment by three phosphorous compounds (phosphoric acid, dihydrogen ammo-
nium phosphate and diammonium phosphate) on the thermal and fire behaviour of polybutylene
terephthalate (PBT) composites was investigated using Thermogravimetric analysis (TGA), Pyrolysis
Combustion Flow Calorimeter (PCFC) and cone calorimeter. It was found that with only 10 wt% of treated
silica incorporated into PBT, which corresponds to only 0.2 wt% of phosphorus in composites, the fire
behaviour of materials was dramatically improved with a 60% decrease of peak of Heat Release Rate
(pHRR). The incorporation of modified silica also leads to a fire growth rate index of 4.3 kW/(m2.s) (i.e. a

40% decrease). Those phenomena were related to the expansion of composites during their combustion

and to their rheological behaviour. Indeed, the higher the viscosity at low frequencies is, the better the
fire behaviour is, due to the induced barrier effect. A decrease of time to ignition (TTI) was also observed
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1. Introduction

Polybutylene terephthalate (PBT) is an engineering thermo-
plastic polymer which exhibits very good heat resistance and
electrical insulation properties. Thus PBT is an interesting solution
for awide range of industrial applications such as automotive parts,
connectors for electronics, electrical components, cable jackets …

Many of these applications dictate stringent specifications with
regard to reaction-to-fire and require PBT to be flame retarded.

Historically, flame retardancy of PBT was achieved by using
halogenated compounds such as brominated carbonate, bromi-
nated polystyrene or brominated phosphate ester [1,2]. From the
early 2000s and notably due to the restriction of some hazardous
substances in electrical and electronic equipment, efforts have been
devoted to find non-halogen flame retardant (FR) for PBT. The main
envisaged alternatives have been nitrogen- and above all
phosphorus-containing compounds.
ry).
Levchik et al. [3] studied a series of phosphazenes and de-
rivatives to improve the fire behavior of PBT. Some of the tested FRs
were shown to promote charring. However no relation was found
between char promotion and fire performance, i.e. limiting oxygen
index (LOI) and UL94 rating, indicating the poor efficiency of the
char layer. The best results were obtained by combining phospha-
zene with charring polymers like poly(phenylene oxide). Two years
later, Levchik et al. [4] tested a similar approach with different aryl
phosphates as FRs. It was highlighted that aryl phosphates alone do
not have a strong effect on flame retardancy of PBT since they do
not promote charring. Moreover they tend to exude from the host
polymer. Balabanovich [5] showed that a high loading (30 wt%) of
bisphenol-A bis(diphenyl phosphate) (BDP) is required to give a
significant stable residue and thus an increase in LOI. Nevertheless,
aryl phosphates can lead to better results when associated with co-
synergist agent. For example, BDP or resorcinol bis(diphenyl
phosphate) (RDP) associated with novolac phenolic resin (25 wt%
total loading) give an improvement of UL94 rating (V-0) due to the
formation of an intumescent char at the surface of the sample [4].
Xiao et al. [6] showed a synergism between triphenyl phosphate
(TPP) and melamine (MA). In this case, it was concluded that the FR
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system acted both in the vapor and condensed phase and enabled
V-0 rating with a global additive loading of 30 wt%. Balabanovich
[7] evidenced that MA alone can improve the fire performance of
PBT by promoting the formation of a solid residue consisting of
condensation products of MA. However a 40 wt% loading is needed
to obtain 26% LOI and a V-0 rating at UL94 test. Another strategy to
improve UL94 rating at lower FR loading consists in combining the
use of a phosphorus compound and PBT crosslinking. This was
achieved by Balabanovich [8] using red phosphorus and triallyl
cyanurate (TAC) as crosslinking promoter under g irradiation. With
12.5 wt% red phosphorus and 3 wt% TAC, dripping was inhibited
and thus V-1 rating was obtained. In the same vein, Gao et al. [9]
synthesized a novel nitrogen-phosphorus containing intumescent
FR that was likely to provoke crosslinking reaction during thermal
degradation and therefore to increase the char yield of PBT.

During the last decade, phosphinates have been the phospho-
rous chemicals that rouse the main interest as FR for PBT. First
works were published by Balabanovich et al. [10] that associated 2-
methyl-1,2-oxaphospholan-5-one 2-oxide (OP) with ammonium
polyphosphate (APP) for the flame retardancy of PBT. V-0 rating
was obtained with 15 wt%APP and 10 wt% OP due to a condensed
phase mechanism that promotes charring and gives an intumes-
cent effect. Thereafter the group of Schartel at BAM undertook
several studies involving metal (zinc and aluminium) phosphinates
as FR for PBT. It was highlighted that phosphinates act both in the
condensed and gas phase [11]. In the gas phase, whatever the metal
ion, the release of phosphorous species induces flame inhibition as
proved by the higher CO production. In the condensed phase,
despite a moderate increase in char yield, the presence of phos-
phinate induces a strong barrier effect that was assigned to the
particular structure of the residue. Aluminium salt was proved to be
more efficient than zinc salt [12]. In order to enhance its perfor-
mance, aluminium phosphinate (AlPi) was also tested in combi-
nation with melamine derivatives [13,14] or montmorillonite [15].

Despite the large literature on oxide particles and nanoparticles
as component of flame retardant systems, this strategy was rarely
investigated in the PBTmatrix. Gallo et al. [16] studied the influence
of TiO2 and Al2O3 nanoparticles on the fire behavior of PBT. The best
results were obtained when oxides are combined with aluminum
phosphinate. Phosphinate acts mainly in the gas phase while
mineral nanoparticles were evidenced to have a condensed-phase
action. Oxides were supposed to stabilize the polyester matrix by
Lewis acid/base interactions and thereafter to promote its charring.
This enabled conferring satisfying fire performance with a limited
amount of additives.

Since the early works of Kashiwagi et al. [17e19], silica has
been the most studied oxide for flame retardant applications.
Highly porous silica was shown to slow down the decomposition
kinetics of polymers due to molecular mobility restriction and
trapping of decomposition products. Silica may also modify the
viscoelastic properties of decomposing polymer and favor the
formation of a protective layer at the sample surface. Silica was
used also as synergist in intumescent FR system where it enabled
reinforcing the char layer [20,21]. Silica was also claimed to act as
smoke suppressant [22]. In order to combine the intrinsic effect of
silica with the effect of a char layer, attempts have been made to
prepare phosphorus-modified silica particles. In the literature,
two routes may be distinguished: (i) the chemical modification of
preformed silica particles, (ii) the one-step synthesis of modified
silica by the so-called sol-gel process. Concerning this latter route,
phosphorus-doped silicas were obtained using alkoxysilane pre-
cursors bearing a phosphorous group. This was achieved either
before material processing [23] or in-situ during polymer extru-
sion [24e26]. With regard to the functionalization of preformed
fillers, Dong et al. [27] achieved the immobilization of 9,10-
dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) on
silica nanoparticles. Once incorporated in polypropylene in com-
bination with an intumescent FR system, this modified silica was
proved to improve flame retardancy [28]. In a previous paper [29],
we performed the grafting of phosphorous moieties onto highly
porous silica particles using an alkoxysilane bearing a phosphate
group. The modified silica was evidenced to increase the thermo-
oxidative stability of polypropylene. The performance in cone
calorimeter test was shown to be tightly related to the viscosity of
the polymer. However the phosphorus-containing silica was un-
able to promote any char and thus its interest remained limited in
a non-charring matrix.

In this work, a similar approach was adopted for the fire-
proofing of PBT, a charring polymer. Precipitated silica was sur-
face modified by different phosphorous compounds and then
incorporated in the polyester matrix. The thermal and fire behav-
iors were characterized. Efforts were made to elucidate the
different modes of action of phosphorus-modified silica used as FR.

2. Experimental

2.1. Materials and reagents

Silica Zeosil 1165 MP (Z) was provided by Solvay. This silica is a
micropearl that consists of an agglomeration of primary spherical
particles of about few nanometers in diameter. The micropearl size
of this silica is 250 mm, its BET surface area is 173 m2/g and silica Z
has a porosity equal to 3.13 cm3/g. Phosphoric acid (PA) and dihy-
drogen ammonium phosphate (DHAP) from Sigma Aldrich and
diammonium phosphate (DAP) from Carlo Erba were used as flame
retardant agents for the silica surface treatment. PBT (PBT Crastin®

S600F40 NC010) was supplied by DuPont™. This PBT has a low
viscosity and is lubricated. Its Melt Flow Index and melting point
are 32.9 g/10min (250 �C, 2.16 kg) and 225 �C respectively. All these
products were used as received without further purification.

2.2. Preparation of modified silicas

Precipitated silica Z was modified with PA, DHAP and DAP
(respectively named ZmPA, ZmDHAP, ZmDAP). In all cases, 100 g of
dried silica Z were dispersed in 1 L of anhydrous ethanol with 11.1 g
of treatment agents [30]. After 5 h of reaction under reflux, solvent
was removed by evaporation and the resulting solid was dried at
80 �C overnight in vacuum.

2.3. Preparation of PBT composites

Prior to melt processing, PBT pellets were dried at 80 �C over-
night in a vacuum oven. 10 wt% of neat silica Z or modified silica
were incorporated into dried PBT using a Leistritz LSM30-34
(D ¼ 34 mm, L/D ¼ 34) co-rotating twin-screw extruder at a tem-
perature of 240 �C. The rotation speed was kept to 150 rpm and
polymer feed rate was 3 kg/h. Then composites were granulated
and injection molded at 240 �C with a mold temperature equal to
60 �C using 50 Krauss-Maffei apparatus (Munich, Germany) to
obtain samples with dimensions 100 � 100 � 4 mm3.

2.4. Characterization

2.4.1. Elemental analysis
Elemental analysis was carried out 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.



Fig. 1. Scheme of cone calorimeter test equipped with IR camera.
2.4.2. Thermogravimetric analysis (TGA)
Thermogravimetric analysis (TGA) of silica and grafted silica

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
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 PBT 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. Scanning Electron Microscopy (SEM) coupled with energy
dispersive X-ray spectroscopy (EDX)

A Scanning ElectronMicroscope (FEI Quanta 200 SEM) equipped
with an energy dispersive X-ray (EDX) spectrometer (Oxford INCA
Energy 300) was used to study the morphology of silicas after
treatment and their compositions after TGA. The fillers were placed
under high vacuum before being analyzed at an accelerating
voltage of 10 kV.

2.4.4. 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 240 �C using 0.5% strain
and an angular frequency ranging from 10�1 rad/s to 102 rad/s.

Samples were prepared by compressionmolding at 240 �C in the
form of 25 mm in diameter and 1 mm thick discs.

2.4.5. Fire behaviour
The combustion 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 Fire Testing
Technology FTT apparatus. 2e4 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 O2/N2
(20/80) with a controlled constant flow of 100 cm3/min. The
combustion temperature was fixed at 900 �C in order to reach a
complete combustion. The measurement of oxygen depletion
during the test leads to the Heat Release Rate (HRR) according to
the Huggett's relation [31] (1 kg of consumed oxygen corresponds
to 13.1 MJ 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
aluminium foil in order to prevent dripping of molten material. The
specimens (100 � 100 mm section, 4 mm thickness) were hori-
zontally exposed to an irradiance of 50 kW/m2. 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. Moreover, to evaluate the
fire growth of samples, two parameters were calculated: FIGRA (fire
growth rate index), as the ratio of pHRR and time to pHRR, and
pHRR/TTI [32,33].

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 125e900 �C) during a cone calorimeter test. The
specimens were exposed to an irradiance of 15 kW/m2 in order to
highlight phenomena that could take place before ignition.
Specimens were placed 60 mm under the conic heater. The IR
camera was placed in an inclined position above the specimen. The
apparatus is presented in Fig. 1.

3. Results and discussion

3.1. Thermal behaviour of modified silicas

The thermogravimetric analysis (TGA) results, shown in Fig. 2a,
evidence the surface modification of silica Z. Without prior
treatment, unmodified silica exhibits a total mass loss of
approximately 8 wt%. The main mass loss (ca. 6 wt%) occurs be-
tween room temperature and 120 �C and can be attributed to the
desorption of physically bonded water [34]. A further mass loss is
observed at higher temperature that can be assigned to silica
dehydroxilation [35]. The TGA curves of modified silicas differ
somewhat from that of pure silica. ZmDHAP, ZmDAP show a first
mass loss at low temperature (up to 120 �C) that is related to the
loss of water and solvent residues loosely bonded to the silica
surface. However it should be noted that this mass loss represents
only 1.6 wt% indicating that water sorption was significantly
reduced by the surface treatment. Above 200 �C these two
modified silicas exhibit a continuous mass loss up to 800 �C where
the final mass loss is respectively 11 wt% and 9 wt% for ZmDHAP
and ZmDAP. In the case of ZmPA the mass loss is almost contin-
uous from 60 �C to 800 �C with a final mass loss of 7.5 wt%. It is
obvious that mass losses observed on modified silicas between
150 �C and 800 �C are related to the decomposition of the surface
treatment. Nevertheless the difference between the TGA curves of
pure reactants (Fig. 2b) and the thermal behavior of ZmPA,
ZmDHAP and ZmDAP (Fig. 2a.) suggests that the decomposition
pathway of PA, DHAP and DAP is changed when grafted onto silica.
Hence it is difficult to determine by this method the initial grafting
rate as well as the amount of surface treatment remaining in the
high temperature residue.

In order to get more information about these two parameters,
elemental analysis (EA) was performed on the initial modified sil-
icas while EDX analysis was carried out on their TGA residues. The
rate of phosphorus contained in initial ZmPA, ZmDHAP and ZmDAP
is low and equal to respectively 3.2 wt%, 4.4 wt% and 2.5 wt%



Fig. 2. TGA curves for (a) silica Z and modified silica ZmPA, ZmDHAP and ZmDAP and
(b) phosphorous compounds under air.

Table 2
Results of elemental analysis for PBT composites.

C (wt%) Si (wt%) P (wt%) P/Si Rate of fillera (wt%)

PBT-Z-10% 59.8 3.19 0 0 6.8
PBT-ZmPA-10% 59.5 3.18 0.18 0.057 7.6
PBT-ZmDHPA-10% 60.0 2.71 0.22 0.081 6.9
PBT-ZmDAP-10% 59.3 3.27 0.20 0.061 7.8

a Calculated from Si values.
(Table 1). Thanks to these rates, the quantity of phosphorous flame
retardant agent grafted onto silica surface was estimated at 10.1 wt
%, 16.3 wt% and 10.6 wt% respectively. The fraction of initial phos-
phorus content remaining in the residue fPcond is calculated from
Eq. (1).

fPcond ¼ Xresidue � XPcond

XPini
(1)

where Xresidue is the residue yield measured by TGA, XPcond is the
phosphorus content in the residue determined by EDX and XPini is
the phosphorus content in the initial material determined by EA.
According to fPcond calculations, the major part of phosphorus re-
mains in the condensed phase after thermal degradation of modi-
fied silica. Indeed, the fractions of phosphorus remaining in ZmPA,
ZmDHAP and ZmDAP residues are close to 1 (respectively 0.9, 0.9
and 0.7), which suggests that phosphorus could contribute to the
char formation during PBT composite combustion.
Table 1
Modified silica ZmPA, ZmDHAP and ZmDAP compositions.

EA results on initial silicas

Xresidue
a (wt%) Si (wt%) XPini (wt%) P/Si

ZmPA 92.1 33.4 3.2 0.095
ZmDHAP 88.9 34.3 4.4 0.130
ZmDAP 90.7 36.0 2.5 0.069

a Rate of residues from TGA.
b Calculated from XPini.
3.2. Thermal and fire properties of PBT/silica composites

3.2.1. Composition of the composite materials
The mass fractions of carbon, silicon and phosphorus elements

in the composites were determined by elemental analysis and are
presented in Table 2.

The elemental analysis shows a phosphorus content around
0.2 wt% whatever the modified silica. A comparison between
Tables 1 and 2 indicates that P/Si ratio is almost constant in the case
of ZmDAP and slightly decreases for the two other modified silicas,
which shows a slight loss of phosphorus during composites prep-
aration. From these results, the actual rates of fillers were calculated
according to Si content considering that grafted phosphorous
agents (rates presented in Table 1) remain totally in the composite
during the extrusion process. The rate of filler was found to be
lower than the expected value of 10 wt%.

3.2.2. Thermal behavior
The PBT thermal degradation under inert or oxidative atmo-

sphere has been widely reported in the literature [9,11,16,36e40].
As presented in those studies, the thermograms depicted in Fig. 3
show a one-step degradation for PBT and PBT composites under
inert atmosphere. The degradation of PBT occurs between 300 �C
and 450 �C for all samples. As presented in Table 3 the onset
decomposition temperature corresponding to a 5% weight loss is
369 �C for PBT and PBT-Z-10% whereas this temperature is shifted
to lower temperature for PBT containing modified silica (down to
348 �C for PBT-ZmDHAP-10%) which could be due to the early
decomposition of phosphorous compounds [30]. However it should
be noted that the incorporation of pure silica or modified silica does
not lead to a significant change of the thermal stability of the
polyester under He with a peak of mass loss rate (pMLR) temper-
ature of about 396 ± 4 �C. Under thermo-oxidative conditions, PBT
shows the same temperature of pMLR than under inert conditions
and the incorporation of pure ormodified silica has no effect on this
temperature. Nazare et al. [38] and Yang et al. [41] have already
reported that clays do not change the thermal stability of PBT. The
authors explained that clays may have antagonist effect on PBT
degradation. On one hand, silicate can act as barrier to decompo-
sition products which could increase the thermal stability of PBT.
On the other hand, clays can act as catalytic agent for the polymer
decomposition, which finally may explain that there is no modifi-
cation of the PBT thermal stability. In our case, we simply suggest
that silica acts as an inert additive.
EDX results on residues from TGA fPcond

Phosphorous agentb (wt%) XPcond (wt%)

10.1 3.1 0.9
16.3 4.3 0.9
10.6 2.0 0.7



Fig. 3. TGA curves for PBT and PBT composites containing silica Z and modified silica ZmPA, ZmDHAP and ZmDAP under He and air.

Table 3
TGA results for PBT composites.

T5% (�C) Tdeg (�C) Filler contenta

(wt%)
Char yieldb

(wt%)

PBT 369 399 0 3.5
PBT-Z-10% 369 400 7.6 2.1
PBT-ZmPA-10% 359 396 7.6 2.0
PBT-ZmDHAP-10% 348 392 6.6 1.2
PBT-ZmDAP-10% 353 395 7.9 1.1

a Residue content at 600 �C under air.
b Calculated as the difference of the residue content under air and the residue

content under He at 600 �C.
The major difference between TGA results under inert or
oxidative atmosphere is that under air, PBT presents a two-step
degradation where the second degradation at about 490 �C corre-
sponds to the decomposition of the char residue formed during the
first step (PBT degradation) [40]. It must be noticed that whereas
PBT-Z-10% shows the same temperature of char decomposition as
neat PBT, the introduction of phosphorous modified silica improves
the stability of the char by 15 �C.

Concerning the yield of residue, under oxidative atmosphere,
PBT decomposes completely at about 550 �C (Table 3). Under air,
the rate of residue corresponds to the actual rate of fillers intro-
duced during melt processing. This rate of fillers is respectively
7.6 wt%, 7.6 %wt, 6.6 wt% and 7.9 wt% for PBT-Z-10%, PBT-ZmPA-10%,
PBT-ZmDHAP-10% and PBT-ZmDAP-10%. These values are very
close to those determined by elemental analysis (see Table 2).
Under inert atmosphere, the degradation of PBT leads to the for-
mation of a 3.5 wt% residue as reported in Table 3. This difference in
residue yield under air and inert atmosphere corresponds to the
rate of stable char. As shown in Table 3, the addition of silica seems
to decrease the rate of char formed during PBT thermal degrada-
tion. The effect is even more pronounced for modified silicas since
the residue yield drops down to 1.1 wt%. for PBT-ZmDAP-10%.
Surprisingly it means that phosphorus inhibits polymer charring.
3.2.3. Fire behavior
Thermogravimetric analysis can be completed by the study of

the fire behavior of PBT composites thanks to pyrolysis combustion
flow calorimeter (PCFC) for mg-sizes samples and cone calorimeter
for bigger samples (i.e. about 50 g). The Heat Release Rate (HRR)
curves for the composites measured using PCFC are illustrated in
Fig. 4. These curves can be compared to DTG curves (Fig. 3) obtained
by TGA under He.

The temperature, for which peak of Heat Release Rate (pHRR) is
observed, is about 411 �C, and is the same for every sample
considering the uncertainties in measurements, which is in accor-
dance with the TGA results (Fig. 3). It should be noted that a
decrease of pHRR is observed for any silica introduced into the PBT.
Indeed, the pHRR of neat PBT is 518W/g whereas for all composites
pHRR is almost the same and equals to 450 W/g. This corresponds
to a 13% decrease of the PBT pHRR, which is slightly higher than
actual introduced amount of fillers. The Total Heat Release (THR)
during the combustion is about the same for every composite and
equals to about 19.6 kJ/g (and 20.2 kJ/g for pure PBT). The change of
fire properties evaluated in PCFC is caused by the substitution of the
organic polymer matrix by inert fillers (dilution of fuels in
condensed phase) without creating additional char, which is in
accordance with TGA results (Table 2). Silica, including modified
silica, can be considered as inert filler at this microscale.

The fire behavior of PBT samples evaluated using cone calo-
rimeter is illustrated by results presented Table 4 and Fig. 5.

The HRR curves (Fig. 5) reveal a modification of combustion



Fig. 4. PCFC curves PBT and PBT composites containing silica Z and modified silica
ZmPA, ZmDHAP and ZmDAP.

Fig. 5. Cone calorimeter curves PBT and PBT composites containing silica Z and
modified silica ZmPA, ZmDHAP and ZmDAP.

Fig. 6. Temperature of the upper surface for (a) PBT and (b) PBT-ZmPA-10%.
behavior when fillers are added in PBT compared to neat polyester.
Indeed, neat PBT shows a sharp HRR curve between 60s and 250s
with a pHRR of 1250 kW/m2 (Table 4). The dispersion of untreated
silica Z leads to a slight change of the curve shapewith a decrease of
TTI of about 20s and a 27% decrease of the pHRR compared to neat
PBT. When silica is modified by phosphorous FR agents, the curve
presents a significant change of shape which is characteristic of
thermally thick charring or residue forming materials as described
by Schartel et al. [32]. The TTI of composites containing ZmPA,
ZmDHAP and ZmDAP is higher than PBT-Z-10% but 10s lower than
PBT. The pHRR is reduced by at least 54% when modified fillers are
introduced in the polymer matrix.

The evolution of TTI is not consistent with TGA results under
oxidative atmosphere which suggest that PBT-Z-10% should have
the same TTI than PBT. Moreover, the slight decrease of the thermal
stability of composites containing modified silica should lead to a
reduction of TTI compared to PBT and PBT-Z-10%. Nazare et al. [38]
have already observed a decrease of TTI when 5 wt% of sepiolite
amine (SP) or 5 wt% of montmorillonite Cloisite 30B (CL 30B) were
added into PBT. Indeed under an irradiance of 50 kW/m2, the PBT
used by the authors presents a TTI of 64s, whereas those of PBTþ SP
and PBTþ CL 30B are equal to 44s and 51s respectively. Nazare et al.
have done the hypothesis that the increase of viscosity of their PBT
composites compared to neat PBT could play a role in this modifi-
cation of TTI by decreasing the heat transfer by flowing of the
molten polymer. This phenomenon could lead to an accumulation
of heat at the upper surface of thematerial and therefore to an early
ignition. In order to explain results presented in Table 4 regarding
TTI, cone calorimeter tests were performed under an irradiance of
15 kW/m2 and using an IR camera as explained above (Fig. 1). This
apparatus enables to measure the upper surface temperature of
samples during their combustion which can allow us to evaluate
phenomena inducing ignition, based on the hypothesis that these
phenomena are the same at 15 kW/m2 and 50 kW/m2. The results
of this measurement are given in Fig. 6 for PBT and PBT-ZmPA-10%.
Table 4
Cone calorimeter results for PBT composites.

TTI (s) pHRR (kW/m2) THR (kW

PBT 60 1250 108
PBT-Z-10% 42 911 99
PBT-ZmPA-10% 48 453 102
PBT-ZmDHAP-10% 47 495 104
PBT-ZmDAP-10% 51 573 102
It should be noticed that up to the PBT melting (210 �C), the heating
rate is the same for both samples. Above 210 �C, two distinct be-
haviors can be described: the heating of PBT containing fillers is
faster than neat PBT for which TTI at 50 kW/m2 is higher than the
composites one. Moreover, PBT-ZmPA-10% ignites after 250s
whereas PBT does not present any ignition even after 300s. The
observed ignition temperature is consistent with that measured by
Lyon et al. i.e. 382 �C [42].The heating acceleration is correlated
with the bubbling appearance after melting of PBT when fillers are
incorporated into the polyester. Such a phenomenon has already
been observed by Oztekin et al. [43] during their studies on the fire
behavior of poly(aryl ether ether ketone) (PEEK). The authors have
compared the behavior of wet and dry PEEK and have shown that
aftermelting bubbles appear whenwater is trapped in the polymer.
These bubbles lead to an increase of heat adsorption at the upper
surface thus inducing modifications of thermal and optical
/m2) EHC (kJ/g) FIGRA (kW/m2.s) pHRR/TTI
(kW/m2.s)

20.2 7.1 20.8
19.6 5.1 21.7
19.5 4.3 9.4
19.8 5.0 10.5
19.9 5.1 11.2



Fig. 7. R1 vs R2 pots for PBT and PBT composites containing silica Z and modified silica
ZmPA, ZmDHAP and ZmDAP.
properties. Such an increase leads to an early ignition, with a TTI of
207s for dry PEEK against 110s for wet PEEK at 50 kW/m2. The role
of bubbling was also highlighted by Fina et al. in polypropylene/
nanoclay composites [44]. The same phenomenonwas observed for
the other PBT composites (not shown here): bubbles are observed
for composites having the shortest TTI at 15 and 50 kW/m2.

In order to rank samples in terms of flame spread, pHRR/TTI and
FIGRA were calculated and results are given in Table 4. The lower
are those parameters, the better are the fire properties. In terms of
FIGRA, the introduction of any fillers leads to a decrease of at least
28% of the fire growth index, and down to 40% for PBT-Zm-PA-10%.
This reduction is mainly related to the significant decrease of pHRR
in the case of modified silica containing PBT.

Regarding the pHRR/TTI values, the decrease is almost the same
for composites containing the three modified silicas ZmPA,
ZmDHAP and ZmDAP (a 50% decrease approximately) while the
introduction of pure silica does not lead to a reduction of this fire
growth parameter compared to neat PBT. Those results show the
interest of modifying silica by phosphorous fire retardant agent in
order to improve the fire behavior of PBT.

The reduction of pHRR for all composites is moremarked than in
PCFC since cone calorimeter test takes into account additional
physical effects like barrier effect. To evaluate this barrier effect in
PBT, results obtained using PCFC and cone calorimeter were
compared [45e47]. The method consists in plotting the two pa-
rameters R1 versus R2, which are defined as the ratio between
pHRR of the composite and of the pure polymer in PCFC and in cone
calorimeter respectively (Eq. (2) ad Eq. (3)). The more the plotted
points are above the dotted line R1 ¼ R2 (i.e. R1[R2), the higher
the barrier effect is.

R1 ¼ pHRR ðcompositeÞ in PCFC
pHRR ðPBTÞ in PCFC

(2)

R2 ¼ pHRR ðcompositeÞ in cone calorimeter
pHRR ðPBTÞ in cone calorimeter

(3)

As presented in Fig. 7, for PBT composites, all points are shifted
from the line R1 ¼ R2, which means that the improvement of fire
retardancy of PBT containing silica and more particularly modified
silica, is due to physical barrier effect.

The Effective Heat of Combustion (EHC) values (Table 4) confirm
that the decrease of pHRR is only due to physical effects in the
condensed phase, since EHC is constant and equal to about 20 kJ/g
for every sample (which is very close to the energy of complete
combustion for pure PBT). The very small amount of phosphorus in
PBT/modified silica composites does not lead to any flame inhibi-
tion effect in gas phase. The elemental analyses of cone residue are
in accordancewith these results. Indeed, the fraction of phosphorus
content in the cone calorimeter residue at the end of the test (fcond)
calculated according to Eq. (1), is close to 1 whatever the PBT
composite containing modified silica. fPcond suffers from approxi-
mation due to the accuracy of Xresidue and XPcond measurement and
should be considered rather as an indicator. That is why a value
greater than one was obtained for PBT-ZmDAP-10%. Nevertheless
high values of fPcond indicate that nearly the totality of phosphorus
remains in the condensed phase during the combustion of mate-
rials. Therefore the phosphorous agent cannot act in the gas phase
as flame inhibitor.

Regarding the residue content after burning, it must be noticed
that this one is 10.1 wt% for PBT-Z-10% and 8.5 wt%, 7.8 wt% and
9.6 wt% for PBT composites containing ZmPA, ZmDHAP and ZmDAP
respectively. The residual char obtained after combustion of neat
PBT is equal to 2.4 wt%. These results are consistent with filler
contents and char yields as determined from TGA experiments (see
Table 3) and suggest that the char yield slightly decreases with the
introduction of modified silica. This is confirmed by the fraction of
carbon remaining in the residue after combustion and calculated
according to Eq. (4). Not only the fraction of carbon in condensed
phase is very low (less than 0.01), but also fCcond decreases by 40%
when modified silicas are introduced into PBT. The residues of
composites are mainly constituted of silica.

fCcond ¼ Xresidue � XCcond

XCini
(4)

Moreover, the THR values (Table 4) of the samples, highlight a
very limited decrease of at least 3.7% for PBT-ZmDHAP-10% and of
maximum 8% for PBT-Z-10%, compared to the THR of neat PBT,
which is equal to 108 kW/m2 (or 19.7 kJ/g). These results suggest
that the phosphorus remaining in condensed phase does not pro-
mote charring of the PBT, which is in accordance with the amount
of residue (Xresidue) at the end of cone calorimeter test and carbon
(XCcond) content in this residue presented in Table 5.

As shown from the pictures in Fig. 8, the upper surface of
samples is grey, which indicates the very slight amount of char after
PBT burning. It should be noted that the cone calorimeter residues
of PBT/modified silica composites are expanded and cover the
whole surface contrary to PBT-Z-10%. Indeed, the residue of PBT-Z-
10% is about 1 mm thick whereas those of PBT containing silica
ZmPA, ZmDHAP and ZmDAP are 5 mm thick. Such an expansion
could play a major role in the efficiency of the barrier effect, by
forming a protective layer to themass and thermal transfer. This is a
phenomenon of intumescence [11,48,49] which leads to a decrease
of pHRR. The SEMmicrographs also reveal that the residues of PBT/
modified silica composites are more porous that those of PBT and
PBT-Z-10% which are more cohesive, which is consistent with the
difference of expansion.
3.3. Influence of viscosity on fire retardancy

As discussed above, the improvement of PBT fire behavior by
addition of phosphorus modified silica may be attributed to
physical mechanism in the condensed phase, as for instance bar-
rier effect. The specific aspect of the fire behavior of PBT/modified
silica composites is the intumescence of samples contrary to PBT
and PBT-Z-10%. The amount of ammonium in PBT/modified silica
does not have an effect on the expansion of the cone calorimeter
residue since PBT-ZmPA-10% presents the same behavior as PBT-
ZmDAP-10%, without any presence of ammonium in ZmPA. Clerc



Table 5
Cone calorimeter results for PBT composites.

Xresidue
a (wt%) XCcond (wt%) XSicond (wt%) XPcond (wt%) XCini

b (wt%) XPini
b (wt%) fCcond fPcond

PBT 2.4 19.6 0 0 65.5 0 0.007 e

PBT-Z-10% 10.1 5.8 39.2 0 59.8 0 0.010 e

PBT-ZmPA-10% 8.5 3.4 36.1 2.06 59.5 0.18 0.005 1.00
PBT-ZmDHAP-10% 7.8 3.0 37.0 2.82 60.0 0.22 0.004 1.00
PBT-ZmDAP-10% 9.6 2.4 37.5 2.44 59.3 0.20 0.004 1.15

a Rate of residues from cone calorimeter at the end of the test.
b From Table 2.
et al. [49] have shown in their studies that viscosity could have an
effect on the char expansion. They showed that materials (in their
studies EVA containing lamellar particles) presenting an average
viscosity (neither too low, nor too high), present the highest cone
calorimeter residue thickness after burning. Actually, such a vis-
cosity enables to trap bubbles and thus creates a swollen struc-
ture. If the viscosity is too high, bubbles will not spread and grow
inside the material. Therefore the final thickness of the cone
calorimeter residue decreases. Furthermore, Kashiwaghi et al.
[18,19,50,51] and Batistella et al. [47] have already reported that
the viscosity of materials has an impact on fire behavior, which
was also shown in our previous studies concerning the poly-
propylene fire behavior [29].

Kashiwaghi et al. have observed the impact of viscosity on fire
behavior of polymethylmethacrylate (PMMA) [19,50,51] and with
polypropylene (PP) in their studies in collaboration with Gilman
[17,18], when silica are introduced into both polymers. The authors
have suggested that an increase of the viscosity may have an effect
on the accumulation rate of silica at the upper surface of the sample
during its combustion. Regarding PP, Kashiwagi et al. have
compared the impact of four different silicas (fused silica, fumed
hydrophilic, fumed hydrophobic and silica gel) at a loading rate of
10 wt% [18]. They have highlighted that the highest viscosity is
obtained for PP/silica gel composite, and leads to the highest
decrease of mass loss rate during combustion, and therefore leads
to the best fire performance. On the opposite PP/fused silica pre-
sents the worst fire behavior since its low viscosity leads to a
sinking of the filler through the polymer layer. Therefore fused
silica does not accumulate at the surface of the sample and so does
not act as a protective layer to the thermal and mass transfer.
Kashiwagi et al. works also reported that the fire behavior of
PMMA/silica composites can be affected by the silica surface area
and the PMMA molar mass [19]. Indeed, the most viscous com-
posite, which is made of 10 wt% of silica gel with large surface area
(400m2/g) introduced in a highmolarmass PMMA (996000 g/mol),
leads to the best fire performances, because of the decrease of the
bubbling compared to less viscous composites. This less vigorous
bubbling allows a faster accumulation of the silica near the surface
of the material to create the protective layer which is able to
improve the fire properties of PMMA.

Given these results, the rheological properties of our PBT com-
posites were studied (Fig. 9) and compared with cone calorimeter
results (Table 4).

The linear viscoelastic behavior of composites can allow char-
acterizing their morphology [52,53]. In this study we have focused
our discussion on the absolute complex viscosity jh*(u)j and the
storage modulus G0(u) obtained at 240 �C. Fig. 9 (a) shows that the
neat PBT presents a Newtonian behavior over all the measured
frequency range, with a jh*j value equal to 280 Pa s approximately.
When silicas are introduced in PBT, the viscosity at low angular
frequency of the polyester is increased. The highest viscosity is
obtained for PBT/modified silica composites, whose jh*j at low
angular frequency is approximately one order of magnitude higher
than those of PBT-Z-10% (jh*j ¼ 5.0 � 103 Pa s). The same phe-
nomenon is highlighted for the storagemodulus (Fig. 9 (b)). G0 of all
composites reveals the presence of a secondary plateau at low
angular frequency, which is characteristic of the presence of a filler
network into PBT. The silica treatment by PA, DHAP and DAP leads
to an important increase of G0 at lowangular frequency (also named
G0) compared to PBT-Z-10%. Indeed, G0 of PBT-ZmPA-10%, PBT-
ZmDHAP-10% and PBT-ZmDAP-10% are respectively 7.9 � 103 Pa,
5.8 � 103 Pa and 3.8 � 103 Pa whereas that of PBT-Z-10% is 102 Pa.
The PBT/modified silica composites exhibit a higher elastic
component than PBT-Z-10%, indicating that inter-particles in-
teractions at submicron scale are increased by the phosphorous
compounds. It should be noticed that the amount of ammonium
contained in PBT/modified silica composites seems to affect those
interactions, since the higher the ammonium content, the lower G0

is.
As said above, the correlation between sample viscosity and

cone calorimeter results (Table 4) is examined by using the repre-
sentation proposed by Batistella et al. [47] in order to reveal the
influence of rheological properties on the fire behavior. Thus, the
reduced pHRRwas plotted versus the reduced viscosity jh*j for each
PBT samples. Viscosity measurements were recorded at 240 �C and
jh*j values were taken at low angular frequency, that is to say
2.51 � 10�2 rad/s. Even if these conditions are different from those
observed during burning using a cone calorimeter, where a tem-
perature gradient and a viscosity gradient exist, we suppose that
the hierarchy of rheological behavior are similar in both cases. As
illustrated in Fig. 10, the reduced pHRR decreases linearly with the
logarithm of the reduced viscosity. The best fire behavior is ob-
tained for PBT-ZmPA-10%, which is the most viscous composite at
low angular frequency (jh*j ¼ 3.3 � 105 Pa s), probably due to the
specific dispersion of ZmPA into PBT (formation of a strong
network).We already observed a similar trendwhen using silicas in
polypropylene [29]. However an opposite effect of phosphorous
surface agents on viscosity was highlighted since the PP/modified
silica composites exhibit a lower viscosity than the PP/neat silica.

As reported in the literature [18,19,47] the relative decrease of
pHRR can be related to the physical barrier effect in the condensed
phase during the burning of materials. Indeed, as discussed above,
we believe that viscosity can not only have an influence on the
intumescence of the residue and the formation of a protective layer
near the surface of the sample but can also have an effect on
thermal transfer by modifying the bubbling rate. Therefore we
suggest that viscosity and more generally the viscoelastic behavior
are the main factor responsible for the improvement of the fire
retardancy of PBT.

4. Conclusions

The effect of pure and phosphorus modified silica on the fire
behavior of PBT composites was investigated. It was highlighted
that the introduction of fillers does not change the thermal stability
of the PBT under inert or oxidative atmosphere. It was shown that



Fig. 8. Cone calorimeter residues and corresponding SEM micrographs for PBT and PBT composites containing silica Z and modified silica ZmPA, ZmDHAP and ZmDAP.
the modification of silica by PA, DHAP and DAP leads to better fire
properties in cone calorimeter tests. The small amount of phos-
phorus in composites (about 0.2 wt%) allows the improvement of
the barrier effect in the condensed phase which leads to an
important reduction of pHRR, i.e. a 54% decrease in cone calorim-
eter test. This improvement was related to the expansion of the
residue during combustion monitored by the viscosity increase
when silica is modified by the three phosphorous RF agents. The
higher the viscosity at low angular frequency is, the better the fire
properties of PBT are. Indeed, the most viscous composite, PBT-
ZmPA-10% (at low angular frequency jh*j ¼ 3.3 � 105 Pa s) ex-
hibits the smallest fire growth indexes (4.3 and 9.4 kW/m2.s



Fig. 9. Variation of (a) complex viscosity and (b) storage modulus for PBT and PBT
composites containing silica Z and modified silica ZmPA, ZmDHAP and ZmDAP.

Fig. 10. Variation of reduced pHRR as a function of reduced viscosity at low frequency
for PBT and PBT composites containing silica Z and modified silica ZmPA, ZmDHAP and
ZmDAP.
respectively for FIGRA and pHRR/TTI) as well as the lowest pHRR
that shows a 60% decrease compared to neat PBT. Indeed, a high
viscosity seems to lead to a decrease of thermal and gas transfer
between the flame and the material, thanks to the bubbling
limitation, the expansion of the combustion residue and the for-
mation of a protective layer of fillers near the surface of the sample.
We have also found that bubbling could affect TTI. The composites
showing the greatest bubbling activity aftermelting exhibit also the
lowest TTI. This was attributed to the limitation of heat transfer in
the presence of bubbles.
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