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of a composite formulated with such hybrid flame retardants being
exposed to an accelerated aging treatment condition at 160 °C. For one
thing, this given temperature is slightly higher than the glass transition
temperature (Tg) of BER (~ 135 °C, provided in Supporting Information
Fig. 1). For another, as for the research of surface pile up of silicate
lamellas upon high temperature, most treatment temperatures were
carried out within the range 180-250 °C [8,9]. Few studies employed a
lower heat treatment temperature to analyze this phenomenon. Except
that Colonna et al. [7a] pointed out no significant change in the
lamellas surface distribution of nanocomposites after aging 120 h at
90 °C. Additionally, based on our preceding study, aging at 160 °C could
make an appreciable difference in the fire behavior of flame-retarded
composites relative to the composites before aging [2]. Thus, 160 °C is
chosen as our accelerated aging temperature in this study.

Evaluations of the surface elemental concentration and the change
of surface morphology, would be performed by energy dispersive X-ray
spectrometer (EDS) and scanning electronic microscopy (SEM). The
combustion and flame retardancy would be studied by the following
tests, cone calorimeter test (CONE), limiting oxygen index (LOI) and
vertical burning test (UL-94). The morphology and structure of OMMT
would be monitored by energy dispersive X-ray spectroscopy (XRD).
And the thermal degradation kinetics would be investigated by thermo-
gravimetric analysis (TGA).

2. Materials and methods
2.1. Materials

The polyamide 6 was a standard viscosity grade product, produced
by UBE Co. Ltd, Japan (1013B). The continuous glass fiber rovings
(ECT4301H), with a diameter of 17 um, treated with a silane coupling
agent, were obtained from Chongqing Polycomp International Co. Ltd,
China. Brominated epoxy resin was supplied by Shenzhen Kemi
Chemical Co. Ltd, China (KM-HO1, Fig. 1), with a bromine content of
51-53.0% (w/w) and a molecular weight (M,,) of 22,000. Antimony
trioxide was produced by Huaxing Loudi Antimony Industry Co. Ltd,
China. For nanoparticles, organo-modified montmorillonite DK5, mod-
ified by bis-(2-hydroxyethyl)methyl tallowalkyl ammonium cations was
supplied by Zhejiang Fenghong New Material Co. Ltd, China. All the
products were used as received.

2.2. Preparation of composites

At first, all products were dried for 24 h at 80 °C in a vacuum oven
to remove any moisture before use. The LGFPA6 composites were
blended in an intermeshing counter-rotating two-screw extruder (TSE-
40A, L/D = 40, D = 40 mm, Coperion Keya Machinery, Co., Ltd.
China) in a temperature range of 205-240 °C (maintained 30 wt% glass
fiber loading) with a screw speed of 300 r/min and cooled down in an
impregnation device. Flame retardant masterbatches were prepared by
mixing 40 wt% of PA6 with 50 wt% of BER and 10 wt% of Sb,03 using
the same two-screw extruder in a range of 205-240 °C with a screw
speed of 300 r/min.> The OMMT/PA6 masterbatches were obtained by
mixing together 70 wt% of PA6 with 30 wt% of OMMT following the
same protocol as outlined above [7d]. All continuous extrudates were
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then chopped into granules with a length of 12 mm. All granules were
dried for 24 h at 80 °C under vacuum before injection molding. FR/
LGFPA6 and OMMT/FR/LGFPA6 composites were then injection-
molded (Type CJ80M3V, Chende Plastics Machinery Co., Ltd, China)
in a range of 225-270°C into various specimens for testing and
characterization (detailed process is shown in Fig. 2). The mass
percentage of each component for both composites is listed in Table 1.

Before oven aging, all samples were dried at 80 °C for 24 h under
vacuum [2]. Aging of composites was carried out in a circulating air
oven (GZX-9240 ME, Boxun, China) at 160 °C for 30 days (the
temperature fluctuation range is limited within + 1 °C). After they
were taken out, sealed in a desiccator for 24 h and then subjected to
characterizations. The changes of various properties for the aged
composites were compared with the unaged composites.

2.3. Measurements

The flame retardancy of OMMT/FR/LGFPA6 composite was eval-
uated by LOI and UL-94 tests. The LOI value was surveyed on a JF-3
oxygen index meter (Jiangning, China) with the dimensions of
80 x 10 x 4 mm® according to ASTM D2863-2006. The UL-94 test
was performed according to ISO 1210: 1996 on a SH5300 instrument
(made by HongKong Rehoboth Testing Equipment). The specimens
used for this test were of the dimensions of 130 x 13 x 3.2 mm?. The
CONE test was carried out by a FTT cone calorimeter (UK device)
according to ISO 5660:2002 under a heat flux of 50 kW/m? at
25 + 2°C and a relative humidity 50 = 5%. The specimens used
for this test were of the dimensions of 100 x 100 x 6 mm®. The
experiment was stopped as soon as the flame was extinguished. Each
specimen was wrapped in an aluminium foil and exposed horizontally
to the heater with a standard distance of 25 mm. The CONE values were
the average of three measurements and the results were considered to
be reproducible to = 10%.

SEM images obtained on KYKY-2800B (KYKY Technology
Development, China) were used to investigate the residue chars after
LOI tests and the composite surfaces for all samples with an accelera-
tion voltage of 25 KV. All samples were recorded after gold coating
surface treating. EDS (INCA 3294, Oxford Instruments, UK) was rapidly
performed in SEM, operating at 10kV and a working distance of
10 mm, for determining the elemental concentration changes in
surfaces and char residues of different samples. The samples were
surrounded with a conductive silver paint to make contact on the
surface and carbon-coated in a rotary evaporator. Each sample was
imaged by back-scattered electrons. The composition elements in
weight and atom percentages with percent errors were analyzed by
an automatic background subtraction and a ZAF correction matrix. The
whole micrograph for each sample was analyzed, except for the surface
of the aged OMMT/FR/LGFPA6 composite (Fig. 3(d)), where obviously
presents some accumulations (under the red circle), so which acted as
our selected region for the element measurement.

The thermal degradation kinetics for all composites were studied by
a TGA (TA, Q-50 instruments, Co., USA), high purity grade air and
nitrogen with 60 ml/min and 40 ml/min flow, respectively, the heating
rates were in a range of 10-40 °C/min [2,3e]. The thermal stabilities for
the commercially available BER/Sb,03 combination and all the com-

Br Br
AN C|H3 /
CHy— CH— CH;— 0—@—| @—O — CH,— CcH—CH,
\ 0 / / CH3 \ \ 0 /
Br Br

Fig. 1. Molecular structure of brominated epoxy resins.
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Fig. 2. The preparation processes of FR/LGFPA6 and OMMT/FR/LGFPA6 composites.
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Table 1 posites were performed at a heating rate of 20 °C/min. The TGA values
The mass fraction of each composition for FR/LGFPA6 and OMMT/FR/LGFPA6 compo- were the average of three measurements.
sites. X-ray diffraction patterns (XRD) were conducted using a X'Pert
Compositions OMMT (wt  BER (wt  Sb,O3 (wt  PA6 (wt  GF (wt (Phl?lps, NL) X-ray dlff%‘actometer (M(CuKa) = 1.540562 A) H.l config-
%) %) %) %) %) uration 6/6 on 3 mm-thick plates. XRD patterns were recorded in the 26
range of 2-10° with a scan rate of 2°/min. No filtering was carried out
FR/LGFPA6 - 10 2.0 58 30 on XRD spectra.
OMMT/FR/LGFPA6 3 7.5 1.5 58 30
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Fig. 3. EDS-SEM spectra and micrographs of composites surfaces obtained at 100 x magnification: (a) unaged and (b) 30-day aged FR/LGFPAG®6; (c) unaged and (d) 30-day aged OMMT/
FR/LGFPAG.
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Table 2
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Elemental concentrations obtained from SEM-EDS for different composite surfaces before and after aging.

Elements Unaged FR/LGFPA6 30 d aged FR/LGFPA6 Unaged OMMT/FR/LGFPA6 30 d aged OMMT/FR/LGFPA6
C weight C atomic Percent error C weight C atomic Percent error C weight C atomic Percent error C weight C atomic Percent error
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
C 44.1 53.0 12.8 37.5 46.9 12.0 46.5 55.4 10.1 32.2 46.9 11.2
(0] 35.4 32.3 10.2 38.4 37.1 11.4 30.3 28.9 12.5 30.5 32.4 11.4
N 12.3 12.8 4.4 12.7 12.9 3.9 11.2 12.0 8.1 9.5 11.6 13.4
Br 6.3 1.7 0.3 9.4 2.2 0.3 5.9 1.4 4.5 11.2 2.0 6.0
Sb 1.8 0.1 0.1 1.9 0.3 0.1 1.3 0.1 1.9 3.7 0.5 2.6
Al - - - - - - 3.1 1.5 5.7 9.5 4.0 6.3
Mg - - - - - - 1.2 0.6 4.4 3.3 2.4 5.2
120 120
(a) == unaged FR/PA6/LGF (b) — unaged FR/PAG6/LGF
[ =30 d aged FR/PAG6/LGF ped =30 d aged FR/PA6/LGF
100 - =
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Fig. 4. The plots of (a) heat release rate and (b) total heat release as a function of combustion time for FR/LGFPA6 and OMMT/FR/LGFPA6 before and after aging.

3. Results and discussion
3.1. Surface morphologies

Fig. 3 shows the EDS-SEM micrographs of different composite
surfaces, underwent 0- and 30-day thermo-oxidative aging, obtained
at magnification of 100 x. The content of each element is listed in
Table 2 in detail. Fig. 3(a) and (c) exhibit the unaged surfaces of FR/
LGFPA6 and OMMT/FR/LGFPA6 composites, respectively. The white
streaks on these surfaces are microcracks caused by the process of
injection moulding. Regarding the aged FR/LGFPA6 composite
(Fig. 3(b)), much more microdefects, i.e. pits and flaws, are clearly
observed. While on the surface of the aged OMMT/FR/LGFPA6
composite (Fig. 3(d)), from which, only gained numerous sharp
micro-scale cracks, it seems that the surface morphology of FR/LGFPA6
composite is more susceptible to aging than that of the composite filled
with OMMT. The rough surface of the aged composites is caused by the
degradation of PA6 maromolecules, as polyamide is a polymer quite
sensitive to oxidation [6f]. This conclusion can be supported by the
decreasing elemental content of carbon after aging in Table 2. Ad-
ditionally, as revealed in our previous research, the intensities of the
representative peaks of PA6 recorded by means of FTIR were decreased
after aging [6g].

The exudation under the red circle in Fig. 3(d) was investigated by
EDS, typical of the elements of the fillers are Br, Sb, Al and Mg
(summarized in Table 2), wherein Si is excluded for the reason that it is
difficult to distinguish between Si-rich compositions, glass fiber and
clay. It can be found that the elemental content of the fillers obtained
from Fig. 3(d) are higher than those for the unaged OMMT/FR/LGFPA6
composite. This change is in accordance with the trend that the content
of Br and Sb elements for FR/LGFPA6 composite increases with the
prolonged aging exposure time. This clearly visible exudation is

35

recently explained by two competing assumptions: migration of the
fillers or ablation of the polymers. The migration of the clay was
principally supported by Lewin et al. [8b,9a-c] who ascribed this
phenomenon to the generated exfoliated particles, as migration of this
structure towards the surface is easier than the intercalated one.
Because of the degradation of the matrix, numerous polymer segments
intercalate into the clay, thereby forming the exfoliated particles
characteristic of high mobility, while the intercalated particles are only
arranged in the relatively large stacks [10]. Lesaffre et al. [7b]
identified that FR migrates to material surface owning to the increased
mobility of the polymer chain after aging. However, Colonna et al. [7] a
preferred the explanation that ablation of the polymers is responsible
for the phenomenon of the surface accumulation of the fillers’
compositions. Noteworthily, some researchers considered both ablation
of the polymers and migration occur and the different phenomena
depends on the appropriate time scale [11].

Besides, it is worth noting that the microdefects in Fig. 3(b) (d)
make the underlying fillers directly expose under air, accounting for the
more fillers’ compositions at the surface of the aged composites as well.

3.2. Flame retardancy and burning behaviors

CONE is an effective bench-scale test for the analysis of quantitative
material burning under a continuous burning condition. The combus-
tion behaviors of FR/LGFPA6 composite with and without OMMT,
before and after aging, are plotted by heat release rate (HRR) and total
heat release (THR) versus combustion time in Fig. 4 (detailed para-
meters are collected in Table 3).

In Fig. 4(a), concerning the FR/LGFPA6 composite before and after
aging, both HRR curves are characterized by presenting a sharp pHRR
at the early stage of combustion. This is one of the burning features of
the GF reinforced materials, is assigned to formation of the protective
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Table 3
Results from LOI, UL-94 and CONE for different samples.
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Composites TTI (s) PHRR (KW/m?) THR (MJ/m?) TSP (m?) Residue (%) LOI (%) UL-94
Unaged FR/LGFPA6 26 + 3 115 + 9 456 = 3 283 = 1.4 30.2 + 0.2 25.3 FV-0
30 d aged FR/LGFPA6 60 * 6 95 * 8 959 * 8 19.6 = 0.4 30.5 + 0.3 32.3 FV-0
Unaged OMMT/FR/LGFPA6 27 + 2 82 + 7 1023 = 8 12.4 = 0.5 323 = 0.5 25.8 FV-0
30 d aged OMMT/FR/LGFPA6 43 + 4 83 + 6 69.6 = 5 13.2 = 0.9 35.8 + 0.6 48.5 FV-0

char and generation of the hydrogen halide [2,3]. The pHRR value of
the unaged FR/LGFPA6 composite reaches 115 + 9 KW/m? at 70,
after aging, decreasing to 95 + 8 KW/m? at 225 s due to the higher
content of the fillers’ compositions at surface. So, the more hydrogen
bromides would be generated to catalyze the carbonization reaction
and capture the radicals with the incorporation of Sb,O3 [2,11].

The pHRR of the unaged FR/LGFPA6 composite is followed by a
lower peak at 500s (is the other specific feature of the burning
behaviors of the GF reinforced materials), is assigned to damage of
the aforementioned protective layers by diffusion of the volatile
products [2,3], while there is no new peak appearing in the HRR curve
of the aged FR/LGFPAG6. Furthermore, after 140 s, the HRR values are
much greater than those of the unaged composite, meanwhile, in
Fig. 4(b), the THR curve of the aged composite owns greater values
after 300s, and, in Table 3, the THR value of the aged composite
(95.9 + 8 MJ/m?) calculated after TTI is more than twice the unaged
composite (45.6 = 3MJ/m?). These changes imply the protective
shield formed by the aged FR/LGFPA6 composite is not as effective
as the before aging one. However, aging is possible to increase the TTI
of FR/LGFPA6 composite from 26 = 3s to 60 = 65, to reduce the
total smoke production (TSP) from 28.3 + 1.4m? to 19.6 + 0.4 m?
to keep the pHRR at a lower value, and, to provide a high protection at
the early stage of burning.

The pHRR of the unaged OMMT/FR/LGFPAG6 appears at 85 s with a
value of 82 + 7 KW/m? After that, the curve is displayed as a plateau
where the heat release is roughly constant versus time, indicating the
development of a stable shield. After being ignited (27 * 2s), the
duration of combustion lasts more than 2000 s, therefore leading to a
relatively greater THR value (102.3 * 8 MJ/m?) than the other
composites.

What is noteworthy is that, for the aged OMMT/FR/LGFPA6
composite, the occurrence of pHRR is much later than all the measured
composites, appearing at 585s with a value of 83 + 6 KW/m?
Additionally, whose HRR and THR curves are appreciably lower than
those of the aged FR/LGFPA6 composite almost over the whole
combustion, thus, the obtained THR value (69.6 = 5MJ/m?) is
relatively low. Similarly, aging is possible to increase the TTI of
OMMT/FR/LGFPA6 composite from 27 = 2s to 43 * 4s, to render
it less flammable at the preliminary and late stages of burning,
respectively, and, to have less influence on the TSP (from
12.4 + 0.5m? to 13.2 + 0.9 m?). It can be found that even if aged
FR/LGFPAG6 composite becomes more flammable after 140 s of combus-
tion, while substitution of a certain content of BER-Sb,0O3; with OMMT
markedly offsets this problem.

Fig. 5 shows the digital morphologies of the residues after CONE.
After this sustaining combustion test, there is almost no char left in both
Fig. 5(a) and (b). The white substances are glass fibers, their final
weight fluctuates within 30-31%. With respect to OMMT/FR/LGFPA6
composite, a thin inorganic-film covers the whole residue surfaces in
both Fig. 5(c) and (d), for which the residue amount is equal to
32.4 = 0.5% and 35.8 = 0.6%, respectively. In addition, in Fig. 5(d),
a few chars can be found, implying that the residues of the aged
OMMT/FR/LGFPA6 composite mainly consist of silicate layers and
chars.

The residues of the composites before and after aging, collected
after LOI tests, are presented in Fig. 6. There is only a few sparse chars
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adhering on the GF surfaces of the unaged FR/LGFPA6 composite
(Fig. 6(a)). This phenomenon can be attributed to the “candle-wick
effect”, that is, for one thing, much more heat would be conducted into
underlying matrix compared to the neat polymer at the same burning
time, because GF (1.1-1.5W/(m'K) [13]) has a greater thermal
conductivity than PA6 (0.23-0.29 W/(m'K) [13a,14]). For another,
the ablation of matrix and combustible products as fuels would be
transmitted into burning zone along the GFs. Hence, the combustion
would be more severe, and the LOI value is only 25.3% for the unaged
FR/LGFPA6 composite.

It appears that the residue morphology of the aged FR/LGFPA6
composite (Fig. 6(b), with a LOI value of 32.3%) is basically consistent
with the unaged OMMT/FR/LGFPA6 composite (Fig. 6(c)): some
residue chars can be obtained. However, the LOI value of the unaged
OMMT/FR/LGFPA6 composite has not an appreciable increase in
comparison with the unaged FR/LGFPA6 composite, only 25.8%. In
Fig. 6 (d), much denser chars are apparently observable for the aged
OMMT/FR/LGFPA6 composite, accompanied by a greatly increased
LOI value, 48.5%.

Remarkably, all composites in the UL-94 tests, regardless of their
forms (aged or unaged, with or without OMMT), their burning ratings
all meet the optimal V-0 rating, and none of them exhibits any dripping
phenomenon, since the disordered dispersion of glass fibers in matrix is
the counterpart of the bracket to hold up the melt dripping [2].

It is worth mentioning that the aged FR/LGFPA6 composite per-
forms well in the short period of burning tests, i.e. LOI and UL-94, the
combustion duration of both tests are virtually less than 300 s, which is
the point of demarcation for the THR curves of the unaged and aged
FR/LGFPAG6 composites (Fig. 4(b)). Before this, the phenomena that the
higher content of the flame retardants’ compositions and the micro-
cracks at surface are beneficial to obtain the favorable LOI value and
the relatively thick residue chars. After this, the aged FR/LGFPA6
composite becomes more flammable owning to the poor quality of char
layers and the generation of inflammable polymer segments. As for
OMMT/FR/LGFPA6 composite, whose flame retardancy are also heav-
ily improved after aging. Except the same explanations that, for one
thing, the combustion duration of LOI and UL-94 tests is less than 460 s
(achieved from Fig. 4 (b)), for another, the surface accumulation of
fillers’ compositions and the surface microcracks contribute to the
barrier effect. This phenomenon can also be explained by the formation
of more strongly acidic proton sites caused by the decomposition of clay
during aging, which plays a significant role in charring [16].

The X-Ray diffractograms of OMMT and aged OMMT/FR/LGFPA6
composite before and after UL-94 tests are shown in Fig. 7. OMMT has a
characteristic signal at 20 = 4.32° that corresponds to an interlayer
distance of 2.04 nm. Before UL-94 test, the interlayer distance of the
aged OMMT/FR/LGFPA6 composite shifts to 26 = 4.12° (2.14 nm),
indicating the formation of the intercalated structure for the clay
lamellas, by means of intercalation of the polymer chains. However,
no clear characteristic signal can be found for the aged OMMT/FR/
LGFPA6 composite after UL-94 test, indicating the formation of the
exfoliated lamellas in the char residues, by means of ablative reassem-
bling of the silicate layers during combustion. From the summarized
data in Table 4, we are aware that the content of Al and Mg obtained
from the residues of the aged OMMT/FR/LGFPA6 composite after UL-
94 test are higher than those for the unaged composite. These results
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Fig. 5. Digital morphologies of the residues produced from different composites after CONE: (a) unaged and (b) 30-day aged FR/LGFPA6 composites; (c) unaged and (d) 30-day aged

OMMT/FR/LGFPA6 composites.

demonstrate that combustion prompts more clay lamellas to intercalate
into the chars of the aged composite, so that a more protective
multilayered structure would be formed during the combustion of the
aged composite. After aging, the higher mobility of clay lamellas could
be attributed to either the numerous aging-provoked degraded seg-
ments intercalate into the lamellas, or, the decreased size of the gallery
of the internal clay layer caused by the aging-provoked disaggregation/
de-crystallization or melting of the long chain tails of the surfactants
[7b,9a,17]. Therefore, except for the above-mentioned causes, the
formation of more multilayers also accounts for the improved flame
retardancy of the aged OMMT/FR/LGFPA6 composite, by obstructing
the further penetration of heat emission and limiting the oxygen
diffusion and degradation products [8a,18].

3.3. Thermal stability

The thermal decomposition performed in oxidative atmosphere of
pristine OMMT is shown in Fig. 8(a) and (b). The liberation of free
absorbed water, residing between montmorillonite crystallites, acts as
the dominant weight loss for OMMT until 150 °C. Beyond this, the main
degradation can be divided into three regions. The loss of an uncon-
fined fraction of alkylammonium halide surfactant corresponds to the
first degradation event: 150-350 °C (with a maximum decomposition
rate T, at 297 °C) [11]. The second and third regions of degradation
take place in a temperature range of 350-450 and 450-650 °C, with a
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T, at 422 and 568 °C, respectively, referring to the evolution of organic
substance and structural water [11,12]. Considering that specimen
preparation was carried out within 205-280 °C and that the weight loss
of OMMT was about 8% before 280 °C, the indication is that during the
processes of extrusion and injection molding, a release of free absorbed
water and a loss of unconfined organic fraction would take place in
OMMT.

Fig. 8(c) and (d) shows the typical TGA and differential thermo-
gravimetry (DTG) curves of the neat BER/Sb,05 at 10 °C/min, 20 °C/
min and 30 °C/min, respectively. All the curves in Fig. 8(c) recorded at
different heating rates are characterized by a drastic change in slope of
the curve, ascribable to the interaction between BER and Sb,Os,
subsequently in a higher temperature range, followed by a pretty small
change in slope of the curve, which correlates with the degradation
behavior of the resultant of oxibromide, SbOBr, that would be further
decomposed into SbBr; in a broad temperature range [6a,b]. Fig. 8(d)
presents the Tj, shifts to a high temperature range with the increase of
heating rate.

Fig. 8(e) and (f) display the unaged FR/LGFPA6 and OMMT/FR/
LGFPAG6 composites degrade rapidly between 320 and 450 °C and have
two degradation peaks. The first peak is linked to the decomposition of
fillers, the other one corresponds to the rupture of PA6 main-chain
backbone. After aging, the degradation rate maxima for FR/LGFPA6
composite drop from 1.16 (364 °C) and 0.96 (398 °C) to 0.77%/ °C
(366 °C), suggestive of a decreased thermal stability, due to the



