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Novel synergists for flame retarded glass-fiber reinforced

poly(1,4-butylene terephthalate)

Summary — Poly(1,4-butylene terephthalate) (PBT) is an important engineering thermoplastic
polymer which is very often reinforced by glass fibers (GF) to improve its mechanical properties.
Applications of GF-PBT could be limited due to its high flammability and flame retardants (FRs)
must be incorporated into the polymer. In this work, the selected FRs are aluminum diethylphos-
phinate (OP 1240) and a combination of melamine cyanurate and of aluminum diethylphosphinate
(OP 1200). Synergists are investigated in formulations of GF-PBT containing OP 1200 or OP 1240
according to different fire scenarios [limiting oxygen index (LOI), UL-94 and mass loss calorime-
try]. It is found that polyhedral silsesquioxanes (POSS)-based molecules are synergists of interest
combined with OP 1200 and OP 1240. The combination of the layered potassium acetate modified
kaolin with OP 1200 also appears to be beneficial.

Keywords: flame retardants, synergists, poly(1,4-butylene terephthalate), glass-fiber, (nano)filler,
fire test, oxygen index, heat release rate.

NOWE SYNERGETYKI UNIEPALNIONEGO POLI(1,4-TEREFTALANU BUTYLENU) WZMAC-
NIANEGO WEOKNEM SZKLANYM

Streszczenie — Badano potencjalne synergetyki, dziatajace w ukladzie z handlowo dostepnymi
opozniaczami palenia (FR), stosowane do uniepalniania kompozytu poli(1,4-tereftalanu buty-
lenu) napetnionego widknem szklanym (GF-PBT). Palno$¢ wytworzonych materialéw (FR
GEF-PBT) oceniano na podstawie testu palnosci UL-94, wyznaczonego indeksu tlenowego (LOI)
oraz okreslonej kalorymetrycznie szybkosci wydzielania ciepta (HRR). Wykorzystano w pracy
handlowe uniepalniacze: dietylofosfinian glinu (OP 1240) oraz uktad cyjanuranu melaminy z di-
etylofosfinianem glinu (OP 1200), jako nanonapetniacze stosowano natomiast: Cloisite 30B, war-
stwowy kaolin modyfikowany octanem potasu, talk, krzemionke, ekspandowany grafit i trzy
rodzaje silseskwioksanéw (POSS). Stwierdzono, ze interesujacy synergiczny uktad z tradycyjnymi
uniepalniaczami, poprawiajacy odpornos¢ na palenie otrzymywanych kompozytéw, tworzy poli-
edryczny silseskwioksan a takze warstwowa glinka kaolinowa modyfikowana octanem potasu.
Stowa kluczowe: uniepalniacze, synergizm, poli(1,4-tereftalan butylenu), wtékno szklane, nano-
napelniacze, test palnosci, indeks tlenowy, szybko$¢ wydzielania ciepta.

INTRODUCTION

Engineering thermoplastic polymers such as poly-
amides, polycarbonates, semicrystalline aromatic poly-
esters and their blends are widely used in electrical and
electronic appliances [1]. Poly(1,4-butylene terephtha-
late) (PBT) is one of them and it is a very important engi-
neering thermoplastic polymer since it combines several
desirable properties such as high strength and rigidity,
low moisture absorption, excellent electrical properties
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and chemical resistance, rapid molding cycles and repro-
ducible mold shrinkage [2]. It is very often reinforced by
glass fibers to make various composites with high perfor-
mance. Glass fibers are incorporated into PBT in order to
improve properties such as stiffness, strength, creep and
to increase the dimensional stability of the polymer [3].
The amount (20—50 wt. % typically) and length of fibers
as well as their orientation in PBT are governing factors
that enhance dramatically the mechanical properties of
the composite material. Glass fiber reinforced PBT
(GF-PBT) has largely penetrated the market and it repre-
sents nowadays about 70 % to 80 % of the global con-
sumption of PBT [2].

The development and application of GF-PBT are limi-
ted due to its high flammability when subjected to ele-
vated temperature or flame [4, 5]. An efficient method to
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reduce the flammability of PBT and GF-PBT is to incorpo-
rate flame retardant (FR) into the polymer [6—9]. Several
types of FRs are used in PBT and GF-PBT and they have
been reviewed elsewhere [4, 5]. Gas phase active agents
such as halogenated compounds or alkylphosphinate
salts are effective substances with regard to the low pro-
pensity of PBT for charring. Good fire properties are also
obtained when substituting part of these aforementioned
substances by agents acting through fuel dilution such as
melamine cyanurate. Char promoting flame retardants
such as hypophosphite salts and red phosphorus pro-
vides high fire properties and they have been found to be
synergistic with char former polymers such as polycar-
bonate or phenol formaldehyde resins. Halogenated
compounds and red phosphorus are among all known
families of flame retardants the most efficient. They none-
theless raised concerns regarding their potential toxicity
or instability and therefore would get less and less con-
sideration in academic and industrial researches. Phos-
phinates salts are very effective flame retardants and they
may advantageously enhance the electrical properties of
PBT. It was examined in details by Braun et al. [7, 10].
They investigated the mode of action of the aluminum
and zinc salts of diethylphosphinic acid in glass fiber
reinforced PBT and they found that the aluminum phos-
phinate salts released during the main decomposition
step diethyl phosphinic acid in the gas phase. The di-
ethylphosphinic acid acts in the gas phase by inhibition
of the combustion reactions. This is accompanied by for-
mation of aluminum phosphinate-terephthalate com-
plexes in the condensed phase.

The pioneering work of Gilman et al. at NIST in the
middle 90’s showed that the use of organomodified
montmorillonite (MMT) nanodispersed in polymers pro-
vided low flammability to them [11]. Numerous groups
subscribed this approach and developed hybrid poly-
meric materials including organomodified clays [12],
nanoparticles of Al,O; or TiO, [13], nanoparticles of silica
[14], layered double hydroxides (LDH) [15], carbon nano-
tubes (CNT) [16] or polyhedral silsesquioxanes (POSS)
[17]. All those materials exhibit low flammability associa-
ted to other properties such as enhanced mechanical pro-
perties. This approach has been also applied to PBT but as
far as we know, only the use of MMT [18, 19] and CNT
[20] was reported in the literature so far. However, it
shows some limitations because even if heat release rate
(HRR) measured by cone calorimetry is decreased by 50
%, PBT nanocomposites fail to other tests, in particular
those with samples in vertical position (e.g. LOI, UL-94).
Itis a general trend for all polymer nanocomposites and it
is therefore useful to combine the nanofillers with con-
ventional FRs [21]. Only few papers report the use of
nanoparticles with conventional FRs while this approach
seems to be very promising because it could create large
synergistic effects. Yang et al. [22] showed that the substi-
tution of aluminum hypophosphite by organomodified
MMT could enhance the fire properties of the material.

On the other hand, Gallo et al. [23, 24] reported that the
combination of aluminum diethylphosphinate (Exolit OP
1240 of Clariant) with nanometric particles of metal
oxides such as Fe,0O; and TiO, could remarkably improve
the fire properties of unreinforced PBT. 10 wt. % OP 1240
in PBT achieve V-1 rating (3.2 mm) while substituting the
phosphinate salt by 2 wt. % of the metal oxides allows
reaching the V-0 ranking. V-0 classification was obtained
with 5 wt. % OP 1240 and 2 wt. % Fe,O;. Both TiO, and
Fe,O; were evidenced to increase the char residue in the
burning polymer. TiO, seems to favor polyarylate struc-
tures and polyaromatisation of PBT through coordinat-
ing with terephthalate residues, while Fe,O; was as-
sumed to induce the homolytic cleavage of PBT chains,
hence favoring crosslinking of the later. According to the
authors, high synergistic performances of metal oxides
would be ascribed to their nanometric size and good dis-
persion in the PBT matrix.

Our survey of the literature has shown the benefit of
combining (nano)fillers with conventional FRs in PBT.
Based on those results, the goal of this paper is to examine
potential synergists in flame retarded GF-PBT. The selected
FRs are aluminum diethylphosphinate (OP 1240) and a
combination of melamine cyanurate and of aluminum
diethylphosphinate (OP 1200) because they are halo-
gen-free FR and they have been found to be efficient in
GEF-PBT. The first part of the paper will examine the ther-
mal stability of the (nano)fillers which will be evaluated in
GF-PBT/OP-based materials as well as their processing in
the flame retarded GF-PBT. The second part will be
devoted to the evaluation of the fire performance of
GF-PBT/OP-based materials containing the (nano)fillers.
The benefit of the (nano)fillers will be finally discussed.

EXPERIMENTAL
Materials

Raw materials: PBT was a commercial grade supplied
by BASF (Ludwigshafen, Germany) under the tradename
PBT Ultradur B4520. Glass fibers were 3786 Evonik sup-
plied by PPG (Pittsburg, USA).

Flame retardants: Exolit OP 1240 and Exolit OP 1200
were supplied in powder by Clariant (Knappsak, Ger-
many) and are aluminum diethylphosphinate salt and
the combination of aluminum diethylphosphinate salt
with melamine cyanurate, respectively.

(Nano)fillers: The (nano)fillers used in this study are
detailed in Table 1.

Samples preparation

Masterbatch: PBT was melt-mixed with glass-fibers
and FRs (OP 1200 or OP 1240) using a ZSK MC 26
mono-screw mega-compounder to get masterbatches.
The rotational speed was 300 rpm and the temperature
profile lies between 235 °C to 280 °C. The extrudates were
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T able 1. Characteristic of the (nano)fillers used in the formulations

Structure

Specifications

Cloisite® 30B
(Southern Clay Product)

(‘ZHZCHZOH
> HyC—*N-HT
- HzCHzOH

amino concentration: 125 meq/100g

Kaolin VP Cocoon 2125 (Benefit)

stability: ~300 °C

Talc Jetfine® (Rio tinto Minerals)

median particle size: 1 um

Fumed SiO, HDK® H30RM (Wacker)

BET-surface area silica:
270—330 m?/g

Expandable Graphite ES 350 F5
(Graphit Kropfmiil AG)

onset of thermal expansion: 175 °C,
minimum expansion rate: 350 cm3/g

Amino-ethyl-amino propyl-isobutyl
POSS® (AEAPI POSS)
(Hybrid plastic)

resin solubility: aliphatic resins

Octamethyl POSS® (OM POSS)
(Hybrid plastic)

R
0-Si— O\Si/R
R N/
é(ll\gl\ /(_)SS\R
R/ 1\()/S\IR—

R = methyl

resin solubility: most thermoplastic
resins (PA, PE, PP, PU)

Trisilanol phenyl POSS® (TSP POSS)
(Hybrid plastic)

OIES/VOH OH
R\é}i{go\Si%R OH

ﬁl\éi\o//%i\R
R0

R = i-butyl

resin solubility: aliphatic monomers,
oligomers, PP, PE, PA
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Table 2. Composition of the masterbatches (GF-PBT/OP 1200 and GF-PBT/OP 1240

Pellets and masterbatches, wt. %

Components
PBT GF-PBT GF-PBT/OP 1200 | GF-PBT/OP 1240
PBT Ultradur B4520 (BASF) 100 60 55 55
Glass Fibre PPG 3786 (Evonik) — 40 25 25
Aluminum diethylphosphinate, Exolit® OP 1200 (Clariant) — — 20 —
Aluminum diethylphosphinate, Exolit® OP 1240 (Clariant) — — — 20

then pelletized. The composition of the masterbatches is
summarized in Table 2.

Mixing: Formulations [masterbatch and (nano)filler]
were prepared in a Brabender internal mixer (type
350/EH roller blade, mixing conditions checked using the
data processing torque recording by the rheometer sys-
tem PL2000, constant shear rate at 50 rpm) in nitrogen
flow (our Brabender mixer is equipped with home-made
chamber limiting the oxidation of the polymer). Pellets of
the flame retarded GF-PBT with the (nano)fillers were
mixed at 250 °C for 10 minutes. The formulations were
prepared in the way where the loading of GF is kept con-
stant at 25 wt. % and that of FR + (nano)fillers is constant
equaling 20 wt. %. In all cases, FR was substituted by the
(nano)filler between 1 and 5 wt. %. All materials were
dried overnight at 60 °C before use. The resulting mate-
rials were then cut off in small pieces and from those
pieces polymer plates (100 x 10 x 3 mm, 100 x 12.7 x
0.8 mm, and 100 x 100 x 3 mm) were prepared using a
Darragon molding press.

Methods of testing
Thermal analysis

Thermogravimetric analyses (TGA) was performed
using a Setaram TG 92 microbalance. Samples of 10 mg
were heated in open silica pans in nitrogen flow
(cm3/min) at heating rate of 10 °C/min from room tempe-
rature to 800 °C. Parameters obtained from the thermo-
gravimetric analyses were the remaining mass as a func-
tion of temperature, the mass loss rate as a function of
temperature, the mass loss starting temperature (T,,,,,),
the maximal mass loss rate temperature (T,,,,), the mass
loss at the processing temperature of PBT (250 °C) and the
residue yield at 800 °C.

Fire testing

— Limiting Oxygen Index (LOI, minimum oxygen
concentration to support candle-like combustion of plas-
tics) was measured using a Fire Testing Technology (FTT)
instrument on sheets (100 x 10 x 3 mm) according to the
standard oxygen index test (ISO 4589). It measures the
minimum concentration of oxygen in a nitrogen/oxygen
mixture required to just support combustion of a test
sample under specified test conditions in a vertical posi-
tion (the top of the test sample is ignited with a burner).

— UL-94 test: UL-94 classification was obtained on
sheets (100 x 12.7 x 1.6 mm) according to the conditions of
the standard test (ASTM D 3801) i.e. in a vertical position
(the bottom of the sample is ignited with a burner). This
test provides only a qualitative classification of the sam-
ples (V-0, V-1 and V-2 labeled samples).

— Mass loss calorimetry: FTT Mass Loss Calorimeter
was used to carry out measurements on FR GF-PBT sam-
ples following the procedure defined in ASTM E 906. The
equipment is identical to that used in oxygen consump-
tion cone calorimetry (ASTM E-1354-90), except that a
thermopile in the chimney is used to obtain heat release
rate (HRR) rather than employing the oxygen consump-
tion principle. Our procedure involved exposing speci-
mens measuring 100 mm x 100 mm x 3 mm in horizontal
orientation. External heat flux of 50 kW/m? was used for
running the experiments. This flux corresponds to com-
mon heat flux in developed fire scenario. The mass loss
calorimeter was used to determine heat release rate
(HRR). When measured at 50 kW/m?, HRR is reprodu-
cible to within #10 %. The data reported in this paper are
the average of three replicated experiments.

RESULTS AND DISCUSSION
Thermogravimetry
Thermogravimetric analyses (TGA) of the FR
GF-PBTs and of the (nano)fillers (except talc and fumed

silica) are shown in Figure 1 and the associated data is
summarized in Table 3.

T able 3. TGA data of the (nano)fillers compared to the FR
GEF-PBTs

Mass | Residue

wt. % wt. %
GEF-PBT/OP 1200 (55/25/20) | 302 396 0 35
GE-PBT/OP 1240 (55/25/20) | 330 391 0 38
Cloisite 30B 186 269 3 76
Kaolin 290 355 0 83
Graphite 188 236 14 71
AEIP POSS 211 322 2 9
TSP POSS 215 570 1 74
OM POSS 171 278 15 6
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Fig. 1. TG curves of the (nano)fillers compared to the FR

GF-PBTs: 1 — PBT/GF/OP 1200 (55/25/20), 2 —

PBT/GF/OP 1240 (55/25/20), 3 — Cloisite 30B, 4 — Kaolin

VP Cocoon 2125, 5 — Graphite ES350F5, 6 — AEAPI POSS,

7 — TSP POSS, 8 — OM POSS

TG curve of GF-PBT/OP 1240 is characterized by a
main decomposition process with a maximal mass loss
rate at 391 °C. An additional minor decomposition pro-
cess corresponding to a weight loss of about 8 wt. % oc-
curs around 460 °C. A residue of 38 wt. % remains with a
large part which can be attributed to the glass fiber con-
tent (25 wt. %). For the GF-PBT/OP 1200 material, the on-
set temperature is shifted to lower values while the main
decomposition step is observed at similar temperature
(396 °C vs. 391 °C). The additional minor decomposition
process was also found (5 wt. %) and a residue of 35 wt. %
remains. Based on the work of Braun et al. [7, 10], the
main decomposition step of OP 1240 and OP 1200 con-
taining GF-PBT materials are characterized by release of
tetrahydrofurane (THF) and H,O that are produced by
the hydrolytic and thermal scission of polyester bonds.
Ester and butadiene are the main products evolved dur-
ing the maximum of mass loss rate. Simultaneously di-
ethylphosphinic acid is released. During the second mi-
nor decomposition process ethene, CO, and benzene are
given off. According to this study the melamine cya-
nurate decomposes mainly independently of the poly-
mer and the phosphinate salt yields to fuel dilution gases
(isocyanide acid and carbon dioxide). These later are
released at the beginning of the main decomposition
process of the polymer which would explain that the
GF-PBT/OP 1200 material exhibited a lower starting mass
loss temperature than the GF-PBT/OP 1240 material.

TG curves of the (nano)fillers are consistent with data
reported in literature and it will be commented in the fol-
lowing. Degradation of the graphite ES 350 F5 starts at
188 °C and it exhibits a maximal mass loss rate at about
236 °C. Here we can assume that graphite expansion
caused by evolution of the inserted chemicals and release
of gaseous species should occur during PBT processing.

According to previous work [25], thermal decomposi-
tion of the organoclay Cloisite 30B takes place into four
stages, starting with loss of free water residing between

montmorillonite crystallites and gaseous species at about
180 °C. This is followed by the decomposition and evolu-
tion of ammonium-based surfactants between 200 and
470 °C then, dehydroxylation of aluminosilicate lattice
occurs from 470 to 700 °C and finally, evolution of pro-
ducts associated with residual organic carbonaceous
matter occurs from 700 °C. It is consistent with our TG
curves even if the first stage is not observed. On the other
hand, it is noteworthy that decomposition of the ammo-
nium-based surfactant should occur during the proces-
sing of PBT.

The first mass loss of the potassium acetate modified
kaolin starts around 300 °C and it is followed by a slower
mass loss step over a wide temperature range between
400 and 550 °C. Gabor et al. [26] found that both evolution
steps of the organomodified kaolin correspond to de-
hydroxylation processes of the kaolin crystallites accom-
panied with the decomposition of the intercalated potas-
sium acetate. The remarkable feature of the organomodi-
fied kaolin is it exhibits onset temperature degradation
similar as that of the GF-PBT/OP 1200 sample. Through
releasing water during PBT decomposition, we can as-
sume that organomodified kaolin could lead to a further
improvement of the fire performances of the polymer in
addition to the expected barrier effect.

Thermal behavior of the polyhedral oligomeric silses-
quioxane (POSS) compounds appears somewhat diffe-
rent depending on the nature of the side groups and also
on whether the nano-cage is opened or closed. A major
degradation process step occurs for both closed nano-
-cages (OM POSS and AEAIP POSS) well before decom-
position of the PBT materials, followed by a minor de-
composition step (over a range of 200 to 450 °C and 220 to
550 °C, respectively). Almost no residue remains at
800 °C for these POSS (6 wt. % for OM POSS and 9 wt. %
for AEAIP POSS). On the contrary, the opened nano-cage
TSP POSS exhibits better thermal stability up to 400 °C,
with a char yield of about 74 wt. % at 800 °C. According to
the literature [25], the decomposition process of the TSP
POSS includes the evolution of the cyclic organosilanes
starting at 400 °C, followed by the loss of hydrocarbon
fragments between 450 and 550 °C, and finally POSS cage
degradation between 550 and 680 °C.

In this section, the thermal degradation of the mate-
rials has been fully commented. It shows that some of the
selected (nano)fillers could be degraded during the PBT
processing and it is expected it could be play a role on the
fire performance of the formulations. Nevertheless, all of
them will be evaluated in FR GF-PBT since they could
bring additional performance to the materials.

Processing

Processing of the formulations has been done using
mixer and additional information can be obtained mea-
suring the torque changes as a function of time. Part of
the 20 wt. % of the OP 1200 or OP 1240 contained in the
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Fig. 2. Torque as a function of time measured during the mixing
of GE-PBT/OP 1200 with and without AEAIP POSS

flame retarded GF-PBT masterbatches has been substi-
tuted by the potential synergists presented above. During
compounding, it was observed that some additives,
namely AEAIP POSS, TSP POSS, Cloisite 30B, kaolin, talc
and graphite, lead to a decrease of the polymer viscosity.
This decrease was particularly significant for AEAIP
POSS, Cloisite 30B and kaolin as illustrated in Fig. 2 by
the sharp decrease of the torque during mixing when in-
corporating AEAIP POSS to the mixture of PBT/GF/OP

Table 4. LOI and UL-94 results of materials prepared via mixing

LOI and UL-94 test results of the different formula-
tions are shown in Table 4. GF-PBT flame retarded by
either OP 1240 or by OP 1200 exhibits good fire perfor-
mance as previously reported [7]. Both reference mate-
rials achieve a V-0 rating associated to LOI higher than
40 vol. %. Substitution of OP 1240 by synergists decreases
UL-94 classification from V-0 to V-1 (except for AEAIP
POSS and OM POSS). In particular, significant increase of
the total burning time is observed for the substitution of
OP 1240 by 2 wt. % Cloisite 30B and 2 wt. % TSP POSS
(98 s and 82 s, respectively). OM POSS and AEAIP POSS
are the fillers keeping V-0 classification and decreasing
maximum total burning time. Concerning LOI values, a
maximum increase of 4 vol. % is measured with 3 wt. %

UL-94 (0.8 mm, conditioning temp. 23 °C)
FR, wt. % Synergist, wt. % LO{) UL-9%4 total burn- cotton
vol. % ! o . drops break
rating ing time, s inflamed

20 % OP 1200 — 42+1 V-0 36 0 0 0
18 % OP 1200 2 % AEAIP POSS 36+1 V-0 25 0 0 0
18 % OP 1200 2 % OM POSS 43+1 V-0 37 0 0 0
18 % OP 1200 2 % TSP POSS 38+1 V-1 63 0 0 0
19 % OP 1200 1 % kaolin (<45) V-0 40 0 0 0
18 % OP 1200 2 % kaolin 53+1 V-0 32 0 0 0
17 % OP 1200 3 % kaolin 49+1 V-0 36 0 0 0
17.1 % OP 1200 1.9 % kaolin 48+1 V-0 35 0 0 0
16.2 % OP 1200 1.8 % kaolin 48+ 1 V-0 34 0 0 0
15.3 % OP 1200 1.7 % kaolin 46+1 V-2 47 1 0 0
17 % OP 1200 3 % graphite 39+1 V-1 67 0 0 0
el Gp | 18%OP1200 2% SiO, 3:1 V-1 68 0 0 0
18 % OP 1200 2 % talc 44 +1 V-0 41 0 0 0
18 % OP 1200 2 % Cloisite 30B 39+1 V-1 51 0 0 0
20 % OP 1240 — 40+1 V-0 40 0 0 0
18 % OP 1240 2 % AEAIP POSS 38+1 V-0 29 0 0 0
18 % OP 1240 2 % OM POSS 42+1 V-0 35 0 0 0
18 % OP 1240 2 % TSP POSS 38=+1 V-1 82 0 0 0
17 % OP 1240 3 % kaolin 44+1 V-1 59 0 0 0
17 % OP 1240 3 % graphite 44+1 V-1 73 0 0 0
18 % OP 1240 2 % SiO, 40+1 V-1 65 0 0 0
18 % OP 1240 2 % talc 41+1 V-1 71 0 0 0
18 % OP 1240 2 % Cloisite 30B 39+1 V-1 98 0 0 0
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kaolin and 3 wt. % graphite containing materials. It is to
be reminded that LOI and UL-94 results are not corre-
lated as shown with our materials. For instance, the OP
1240/graphite material exhibits a superior LOI value of
44 vol. % while having a reduced UL-94 rating (V-1) with
a noticeable increase of the total burning time (+33 s) as
compared to the reference material. On the contrary the
OP 1240/AEAIP POSS material achieves V-0 rating and
exhibits a slightly better total burning time along with a 2
vol. % decrease of the LOI value compared to the re-
ference material.

OP 1200 containing materials show to some extent
comparable flammability results. However, it should be
noticed that V-0 rating is achieved with the OP 1200/talc
composite (which is not the case with the corresponding
OP 1240 containing material). A much lower total burn-
ing time value is obtained for the OP 1200/Cloisite 30B
composite compared to the OP 1240/Cloisite 30B compo-
site (51 s versus 98 s). On the other hand, a 2 or 3 wt. %
substitution of the OP 1200 by kaolin improves dramati-
cally LOI value of the material without modifying UL-94
classification. In particular, the 2 wt. % substituted mate-
rial achieves a LOI value of 53 vol. % which is the best re-
sult among all the evaluated materials. Such increase in
LOI value is not observed for the 1 wt. % neither the 3 wt.
% kaolin containing material even if the value is higher
than that of GF-PBT/OP 1200 which evidences that the
optimum efficiency of kaolin is around 2 wt. % for a total
loading of 20 wt. % FRs. The higher performance
achieved by the OP 1200/kaolin material compared to the
corresponding OP 1240 material could be linked to the
similar temperature degradation range observed for
GEF-PBT/OP 1200 and kaolin (see the previous section and
Fig. 1).

T able 5. Mass loss calorimeter data of FR GF-PBT with and
without synergist

FR formulations PHRR, kW/m? ting, s
OP 1200 (20) 250 66
OP 1200-talc (18/2) 222 (-11 %) 70
OP 1200-Si0, (18/2) 213 (-15 %) 69
OP 1200-graphite (17/3) 172 (-31.2 %) 67
OP 1200-kaolin (17/3) 206 (-17.6 %) 56
OP 1200-TSP POSS (18/2) 214 (-14.4 %) 70
OP 1200-OM POSS (18/2) 172 (-31.2 %) 62
OP 1240 (20) 191 67
OP 1240-talc (18/2) 203 (+6 %) 67
OP 1240-Si0, (18/2) 213 (+12 %) 79
OP 1240-graphite (17/3) 217 (14 %) 70
OP 1240-kaolin (17/3) 191 (0 %) 62
OP 1240-TSP POSS (18/2) 134 (-30 %) 64
OP 1240-OM POSS (18/2) 135 (-29 %) 70

The materials have been also evaluated by mass loss
calorimetry. Peak of heat release rate (pHRR) and time to

ignition (t ign) of the evaluated formulations as well as
PHRR reductions compared to the references are summa-
rized in Table 5.

HRR curves show that pHRR values of OP 1200 based
materials (except for the formulation containing OM
POSS and graphite) are only slightly decreased com-
pared to the reference (Table 5 and Fig. 3). pHRR reduc-
tion of GF-PBT/OP 1200/(nano)fillers compared to
GF-PBT/OP 1200 lies between 11 % and 18 % which is not
really significant. It is noteworthy that the OP 1200/kaolin
composite exhibits the shortest time to ignition (56 s)
which is 10 seconds shorter than that of the reference ma-
terial. On the other hand, substitution of OP 1200 by gra-
phite or OM POSS leads to a 31 % decrease of the pHRR
value.

HRR curves (Fig. 4) show that some OP 1240 based
materials (namely those containing 2 wt. % talc, 2 wt. %
silica, 3 wt. % kaolin and 3 wt. % graphite) exhibit higher
(or similar) pHRR than that of the reference (GF-PBT/OP

250 1
— OP1200 20
OP1200-Talc 18-2
200 A1 — OP1200-Kaolin 17-3
— OP1200-Graphite 17-3
g — OP1200-TSP_POSS 18-2
; 150 OP1200-OM_POSS 18-2
i~
£ 100
T
50 1 kﬁm
0 A v T T T T T 1

0 100 200 300
Time, s
Fig. 3. HRR as a function of time of GF-PBT/OP 1200 formula-
tions and of GF-PBT/OP 1200 for comparison purposes

250
— OP1240
200 A OP1240-Talc 18-2
— OP1240-Kaolin 17-3
—— OP1240-Graphite 17-3
“g 150 —— OP1240-TSP POSS 18-2
E 1 OP1240-OM POSS 18-2
4
N
& 100+
S 00
\_'_‘“u_vm_:—-ﬂ_m_._m_n
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0 f
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Time, s
Fig. 4. HRR as a function of time of GF-PBT/OP 1240 formula-
tions and of GF-PBT/OP 1240 for comparison purposes
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Fig. 5. The residues after mass loss calorimeter experiments of the FR GF-PBT composites
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1240). The OP 1240/graphite composite exhibits the
highest pHRR increase (14 %) while substituting OP 1200
by graphite leaded to a significant decrease of pHRR (31
%) (Table 5). A synergistic effect between melamine
cyanurate and graphite can thus be suggested. On the
contrary TSP POSS which exhibited a low pHRR reduc-
tion when substituting OP 1200 (-14 %), leads to 30 %
PHRR reduction when substituting OP 1240. The OP
1240/OM POSS composite also exhibits a significant
PHRR reduction compared to the reference material (-29
%). It is noteworthy that both OP 1240/TSP and OP
1200/OM POSS composites exhibit the lowest pHRR
value (respectively 134 and 135 kW/m?) among all the in-
vestigated samples which is a pHRR reduction of about
45 % compared to GE-PBT/OP 1200 (pHRR =250 kW/m2).

The visual observations of the residues after mass loss
calorimeter experiments reveal interesting behavior for
OP 1240/TSP POSS and OP 1240/OM POSS composites.
The OP 1240/TSP POSS composite exhibits an intumes-
cent behavior forming a swollen char layer (expansion of
about 2900 %) at the end of experiments (Fig. 5d). The OP
1240/OM POSS composite intumesces as well but with a
lower expansion (about 900 %) (Fig. 5c). Similar behavior
was previously reported in the literature when combin-
ing OM POSS with zinc phosphinate (Exolit OP 950 from
Clariant) in PET [27, 28]. This intumescent behavior sug-
gests that the mechanism of action involves the formation
of a heat barrier protecting the underlying material and
hence permitting a significant pHRR reduction. The gra-
phite containing materials do not expand as we could ex-
pect but on the contrary the sample surface is flat after
combustion (visual observations during the experiments
do not show any expansion of the material as well) and its
aspect looks similar as a continuous graphite layer scat-
tered by holes (Fig. 5e and Fig. 5f). It is assumed that the
molecules intercalated between the initial graphite layers
give off during processing (degradation temperature of
graphite occurs at 188 °C) avoiding additional expansion
of the char upon heating. Surface aspects of the other
composites after combustion look similar as the refe-
rences (Figure 5a, b, g, h, i, j) except for the color (formula-
tions containing kaolin) or for the roughness (formula-
tions containing kaolin and silica).

CONCLUSIONS

Table 6 summarizes fire performance of the evaluated
formulations compared to the references. The symbols
with their obvious meaning —, + or = are attributed de-
pending on how the substituting (nano)fillers modify the
fire properties of the materials (see the caption of Table 6).

Each fire scenarios associated to fire testing are spe-
cific and the fire behavior of the material depends on
them. It means that there is no direct correlation between
a fire test and another. A typical example is that involving
GE-PBT/OP 1240 with TSP POSS which shows large
PHRR reduction via an intumescent behavior while wor-

sening UL-94 classification because of long burning time
and while decreasing LOI as well.

T able 6. Fire performances of the various formulations com-

pared to the references”

FR Synergist LOI | UL-94 | pHRR
wt. % wt. % vol. % | rating | kW/m?
20 % OP 1200 — 42+1 | V-0 250
18%0p1200 | 2HAEAIP
18 % OP 1200 | 2 % OM POSS = = +
18 % OP 1200 | 2 % TSP POSS = — =
19 % OP 1200 1 % kaolin (<45) =
18 % OP 1200 2 % kaolin +/+ =
17 % OP 1200 3 % kaolin + = =
17.1 % OP 1200 | 1.9 % kaolin + =
16.2 % OP 1200 | 1.8 % kaolin + =
15.3 % OP 1200 | 1.7 % kaolin = -/-
PBT | 17 % OP 1200 | 3 % graphite = — +
550, | 18%OP1200 | 2% Si0; - - -
GF 18 % OP 1200 2 % talc = = =
18 % OP 1200 |2 % cloisite 30B = —
20 % OP 1240 — 40+1 V-0 191
o
18% 0P 1240 | 2TAEAIP -
18 % OP 1240 | 2 % OM POSS = = +
18 % OP 1240 | 2 % TSP POSS = — +
17 % OP 1240 3 % kaolin = — =
17 % OP 1240 | 3 % graphite = — =
18 % OP 1240 2% SiO, = - =
18 % OP 1240 2 % talc = — =
18 % OP 1240 |2 % cloisite 30B = —

») LOL: -/+ — -/+ 5 vol. %; UL-94: -/+ — </> rating; pHRR: -/+ — +/-
25 %.

AEAIP and OM POSS exhibits lower thermal stability
than TSP POSS (Fig. 1) but they provide higher perfor-
mance than TSP POSS in terms of UL-94 when combined
with OP 1200 and OP 1240. OM POSS does not modify
UL-94 classification and LOI (same behavior with AEIP
POSS) while it favors pHRR reduction especially when
combined to OP 1240 (AEIP POSS has not been evaluated
in FR GF-PBT by mass loss calorimetry). Those results
suggest therefore that POSS compounds are synergists to
be considered to be combined with phosphinate salts in
GF-PBT. It extends works done by Vannier et al. [28, 29]
pointing out the large increase of fire performance in
poly(ethylene terephthalate) containing phosphinate
salts with OM POSS.

Use of kaolin as synergist also shows interesting
effects increasing dramatically LOI values of GF-PBT/OP
1200. UL-94 classification is not modified and the mate-
rial still achieves V-0 rating (without further modification
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of the total burning time) when the total loading in OP
1200/kaolin drops down from 20 wt. % to 18 wt. %. It is
assumed that the enhancement of the performance is due
to a release of water (evolving from kaolin) when the
polymer starts to decompose (as suggested by TGA). By
mass loss calorimetry, the use of kaolin leads to weak
PHRR reduction when combined with OP 1200 while no
reduction is observed in OP 1240 based material. The
better performance achieved for OP 1200/kaolin compo-
site compared with OP 1240/kaolin composite could be
partially explained by a closer range of degradation tem-
perature for the kaolin and PBT/GF/OP 1200 material. We
may also assume such difference of performance by po-
tential interactions between kaolin and melamine cya-
nurate. Those aspects will be further examined and it will
be published in a separate paper. Taking into considera-
tion UL-94 results, none of the other (nano)fillers permits
enhancing the fire performance compared to the refe-
rences. LOI and pHRR are moderately modified (with the
exception of the OP 1200/graphite containing material in
mass loss calorimeter).
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