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ARTICLE INFO ABSTRACT
Keywords: The combustible defects of polyamide 6 (PA6), especially the flammable melt-dripping behavior,
Polyamide 6 have greatly limited its application in some particular fields. In this work, a halogen-free
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hyperbranched polysiloxane (PBDSi) containing DOPO and Schiff base was designed via Mi-
chael’s addition reaction and dehydration-condensation reaction. Results showed that the char
yield (Y,) of PBDS:i attained 37.9 wt%, confirming the satisfactory charring behavior of PBDSi for
preparing flame-retardant PA6. Just by adding 3 wt% of PBDSI, the serious melt droplets of PA6
were suppressed effectively. The prepared PA6/PBDSi-3 with 5 wt% of PBDSi could achieve the
highest value of limited oxygen index (LOI) of 27.2 %, while that of PA6 is 21.0 %. Meanwhile,
PA6/PBDSi-3 obtained an apparent reduction in the peak heat release rate (PHRR) value of 31.1
% compared with pure PA6. The cooperated effect of DOPO, Schiff base, and polysiloxane that
contributed to generating a silicon-phosphorous-rich char layer and releasing incombustible
volatiles that were determined to be the essential factor for the improved fire safety of PA6/PBDSi
were explored intensively. Inspiringly, PA6/PBDSi composites exhibited a slight mechanical loss
concerning PA6, overcoming the great challenge of developing additive flame-retardant materials
to balance mechanical properties and fire safety.

1. Introduction

Polyamide 6 (PA6) as an indispensable material is widely used in the textile, aerospace, and packaging fields. However, the severe
fire risk of fast burning speed, high heat release, and terrible melt droplets for PA6 dramatically limit the application of PA6 in some
particular fields [1,2]. Especially the melt droplets, even if they effectively stop the burning of materials by removing heat quickly, they
pose an enormous threat in causing scalding and extending the fire-spreading area. Therefore, the flame-retardant modification of PA6
for good anti-dripping behavior simultaneously is still of great challenge.

Considering the features of convenience, efficiency, and easy processability, melt-blending is the most popular method for fabri-
cating flame-retardant materials. Up to now, a variety of halogen-free flame retardants, such as intumescent flame retardants [3],
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graphene [4], phosphorus [5], and silicon flame retardants [6], have been developed for flame-retardant PA6 with a satisfactory
anti-dripping behavior. Nevertheless, flame-retardant additives, mainly inorganic additives, invariably cause serious physical dete-
rioration of the modified matrix owing to the large particle size, poor dispersion, and high addition of these additives [7]. The tricky
problem of achieving a balance between less mechanical loss and higher fire safety of the modified matrix still exists, and how to work
out the problem above is another challenge in developing flame-retardant PA6.

In this case, organic polysiloxane, with non-toxicity, excellent thermal stability, and good interfacial compatibility, is a promising
halogen-free flame retardant [8,9]. In the combustion process, the pyrolysis silicon fragments can form a stable carbonaceous-silicate
layer to insulate the matrix from heat and combustible gases and restrain the melt droplets of the matrix [10,11]. Cai etal. [12,13] and
Hsieh et al. [14] have synthesized two hyperbranched polysiloxanes (HPSi, PSiN) and benzoxazine-containing polysiloxanes,
respectively. These organic polysiloxanes reduce the fire risk of the matrix materials efficiently. In our previous studies [15], a Schiff
base-based organic polysiloxane was also designed. With the unique C=N structure, the Schiff base unit can cause a self-crosslinking
reaction at a lower temperature and strengthen the formed carbonaceous-silicate layer [16,17]. This prepared polysiloxane of PCNSi
significantly improves the anti-dripping behavior of PA6. Moreover, the PCNSi exhibits good interfacial compatibility with the PA6
matrix, and a relatively small mechanical loss is achieved for the modified PA6 in relation to PA6, which conquers the great defects of
the majority of additive flame retardants. However, it is unfortunate that satisfactory flame retardancy is hard for the matrix when the
PCNSi is used alone with a small content according to the defective flame-retardant function of organic polysiloxane. As the addition of
PCNSi is 6 wt%, the LOI value of PA6/PCNSi-3 is only 24.9 %. In general, polysiloxane typically works on the condensed phase rather
than the gas phase in the combustion process. Therefore, a synergistic agent that powerfully works as a reinforcer in the gas phase is
urgently necessary to develop polysiloxane-based flame retardants.

Phosphorus, as an eco-friendly flame retardant, is widespread in flame-retardant modification, which possesses the capacity to
quench the pyrolysis free radicals and promote carbonaceous layer formation in the gases and condensed phase, respectively [18].
These merits neatly can make up for the deficiencies of polysiloxane, and phosphorus is thus considered a suitable synergistic
candidate. Now, several phosphorus-silicon synergistic flame retardants have been designed. Representative works include a P-N-Si
polymeric flame retardant by Wang [19], a polyborosiloxane microencapsulated ammonium polyphosphate by Ran [20], and a
polydimethylsiloxane-wrapped aluminum diethylphosphinate flame retardant by Pan [21]. Therein, 9, 10-
Dihydro-9-oxa-10phosphaphenanthrene-10-oxide (DOPO) is a well-established organic phosphorus flame retardant, which can act as
both gas and acid source in intumescent flame retardants [22-24]. A series of DOPO-silicon flame retardants are reported. Wang [25]
synthesizes two novel DOPO-silicon flame retardants of PSAP and DPP-Si, and the LOI of epoxy containing 15 wt% of either DPP-Si or
PSAP can reach 27.6 %. J. Sahyoun group [26] designs an organophosphorus alkoxysilane (SiDOPO), and a reduction of 33 % for the
peak of heat release rate (PHRR) is achieved for the modified PA66/PA6 copolymer with 10 wt% content of SiDOPO. In addition, He
[27] prepares two phosphonate oligomers containing Schiff-base units (PSA, POSC), and the PA6-PSA20 and PA6-POSC20 composite
achieve the LOI of 27 % and 32 %.

Based on the above works, the synergistic flame-retardant functions of DOPO with polysiloxane or Schiff-base for PA6-based
materials can be supposed. In this study, a hyperbranched polysiloxane (PBDSi) containing DOPO and Schiff base is synthesized via
Michael addition reaction and dehydration-condensation to build a “gas-condensed phase” flame-retardant system. Then, the PBDS;i is
blended into PA6 matix to prepare flame-retardant PA6/PBDSi composites by the melt-blending method. Thermal stability, com-
bustion behavior, and mechanical properties of PA6/PBDSi composite are investigated systematically, and the possible flame-
retardant working mode of PBDS;i is then proposed and illustrated.
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Fig. 1. The synthesis route of PBDSi.
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2. Experiment
2.1. Materials

3-aminopropyl! triethoxysilane (APTES, 98 %), diphenylsilanediol (DPSD, 98 %), DOPO (97 %), and benzaldehyde (AR, 98.5 %)
were from Sinopharm Chemical Reagent Co., Ltd (Beijing, China). Anhydrous ethanol (99.7 %) was from Shanghai Macklin
Biochemical Technology Co., Ltd. (Shanghai, China). PA6 pellets were from Yuyao Chihong Plastics Co., Ltd. (Zhejiang, China).

2.2. Synthesis of PBDSi

PBDSi was synthesized via a dehydration condensation reaction. In detail, 200 mL of anhydrous ethanol, 100 mL of Schiff base-
contained triethoxysilane solution (BD-TES, 0.050 mol, Fig. S1), 2.7g (0.0125 mol) of DPSD and 9.2 g (0.0425 mol) of DOPO were
mixed in a three-necked flask. The flask was equipped with a magnetic stirrer and a reflux condenser. Afterwards, the mixture was
purged by nitrogen for air replacement and then heated to 80 °C for the reaction of 8 h. Finally, the mixture was cooled to room
temperature, and the product of PBDSi was achieved after drying in a vacuum. The route of synthesizing PBDSi is shown in Fig. 1.

2.3. Preparation of PA6/PBDSi composites

The PAG6 pellets were blended with PBDSi using a twin-screw extruder. Before blending, all pellets were dried in a tumbling drier at
120 °C for 12 h. Finally, PA6/PBDSi composites (PA6/PBDSi-1, PA6/PBDSi-2, and PA6/PBDSi-3) were prepared according to the 1 %,
3 %, and 5 % weight ratio. Table 1 lists the composition of the prepared PA6/PBDSi composites.

2.4. Characterization

Fourier transform infrared (FTIR) spectrum was collected on a Nicolet 6700 Spectrometer (Thermo Fisher, USA). Wavenumbers
range is 400-4000 em L.

Nuclear magnetic resonance (\H NMR and 2°Si NMR) spectrum was recorded by a Bruker AVANGCE III HD 600 MHz Spectrometer
(Bruker, USA). The deuterated solvent is DMSO (d6).

The degree of branching (DB) value of the hyperbranched structure of polymers was determined by Frechet’s equation:

(D+T)

DB=—"—"
(D+T+1L)

x 100%

L is linear structure; T is terminal structure; D is dendritic structure.

Differential scanning calorimetry (DSC) curve was obtained from a PerkinElmer DSC 4000 instrument (PerkinElmer, USA). Firstly,
a6 + 0.5 mg tested sample was heated to 250 °C under the heating rate of 20 °C-min~!. Afterwards, the sample remained in isothermal
conditions at 250 °C for 3 min and then cooled to 20 °C. Finally, the sample was reheated to 270 °C under the heating rate of
10 °C-min~!. The whole process is in a nitrogen atmosphere.

The degree of crystallinity (X.) was calculated according to the equation:

AH,

X, = - x 1
A x 100%

AHj, is the melting enthalpy of the tested PA6; AHp* is the melting enthalpy of PA6 with complete crystallization, 190.6 J g~ *.

Thermogravimetric analysis (TGA) curves were recorded on a PerkinElmer 4000 instrument (PerkinElmer, USA). A 7 &+ 0.5 mg
tested sample was directly heated from 30 to 700 °C under the heating rate of 10 °C-min"".

Microscale combustion colorimeter (MCC) test was conducted with PX-01-008 colorimeter (Suzhou Phinix Instrument Co., Ltd.,
China) to study the heat release behavior of samples, ASTM D7309-11. 8 mg of sample was heated from 30 to 800 °C under the heating
rate of 1 °C s~ 1. The total heat release (THR) values were calculated by the heat release rate (HRR) curve.

Limiting oxygen index (LOI) test was carried out on a ZR-01 instrument (Qingdao Ruixinjie Instrument Co., Ltd., China) with a
sample dimension of 100 x 10 x 4 mm?, ASTM D 2863.

The tensile test was measured on a universal testing machine 68TM Series in accordance with GB/T 1040.2-2018. The samples
were processed into a dumbbell shape with 150 x 10 x 4 mm® dimensions. The impact strength was tested in ST-XBL-5.5D Digital

Table 1
Thermal properties of PA6 and PA6/PBDSi composites.

Sample PA6 (Wt%) PBDSi (wt%) Tm (°C) X, (%) Nitrogen atmosphere Air atmosphere

Tsy (°C) Tinax (°C) Y. (wt%) Tsy, (°C) Tinax (°C) Ye (Wt%)

PA6 100 - 220 24.5 393 468 0.2 380 451 0.1
PA6/PBDSi-1 100 1 218 23.8 332 400 2.6 325 397 2.1
PA6/PBDSi-2 100 3 214 23.2 313 408 5.3 310 403 6.3
PA6/PBDSi-3 100 5 208 21.3 318 390 7.4 317 380 8.5



astm:D7309

S. Fan et al. Heliyon 9 (2023) 22877

IZOD Impact Tester according to GB/T 1843-2008 with a 5.5 J, and the dimension of the sample was 80 x 10 x 4 mm®.

Scanning electron microscopy (SEM) was performed in a VEGA3 GMH/GMU SEM instrument (Tescan, Czech Republic).

Raman spectra were recorded on a LabRam HR Evolution instrument (HORIBA, France), A = 532 nm.

X-ray photoelectron spectroscopy (XPS) was measured in an Escalab 250Xi spectrometer (Thermo Fisher, USA). Al-Ka excitation
radiation, hv = 1361.0 eV.

Pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS) was collected on a GC/MS-QP-2010 Ultra spectrometer (Shimadzu,
Japan).

Thermogravimetric analysis-infrared spectrometry (TG-IR) spectrum was conducted in STA 449 F5 analyzer (NETZSCH, Germany).
The samples were heated from 30 to 650 °C with a heating rate of 10 °C-min"! in a nitrogen atmosphere. Wavenumbers range is
600-4000 cm ™.

3. Results and discussion
3.1. Characterization of PBDSi

FTIR and NMR characterize the chemical structures of PBDSi. As shown in the FTIR spectrum of PBDSi from Fig. 2(a), the char-
acteristic peak of P-H at 2433 cm ! belonging to DOPO units disappears, indicating the Michael addition reaction occurs between the
Schiff base and DOPO. Meanwhile, a broad absorption peak assigned to the stretching vibration of Si-O-Si at 1053 cm ™ is observed
from the FTIR spectrum of PBDSi, while the absorption peak at 3200 cm ™! of the hydroxyl group attached to silicon atoms (Si—-OH)
originated from DPSD almost disappears distinctly, which suggests that BD-TES reacts with DPSD via a dehydration condensation
reaction. Moreover, the peak at 1645 cm™! assigned to C=N still exists in the FTIR spectrum of PBDSi. These results show strong
evidence that the branched polysiloxane containing Schiff base and DOPO unit is prepared successfully [28,29]. The chemical
structure of PBDSi is further confirmed by the results from *H NMR in Fig. 2 (b). Herein, the signals in 7.0-7.9 ppm belonging to the
phenyl group (Ar-H) from DPSD and DOPO structure, and the chemical shifts (-CH-, —-CHy-) at (a) 4.37, (c) 8.02, (d) 3.53, (e) 1.71,
and (f) 0.58 ppm, appear as expected.

295i NMR is then applied to determine the hyperbranched structure of PBDSi. In Fig. 2(c), three resonance peaks resulting from the
3 + 3 + 2 condensation polymerization are observed at § = —48 ppm, § = —60 ppm and § = —67 ppm, which can be assigned to the
silicon in the Do, Ty, and T3 structures of [-Si(0Si)2], [-Si(OH) (0Si)2], and [-Si(0Si)s3], respectively. As reported [30,31], the DB value
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Fig. 2. (a) FTIR spectra of BD-TES, DOPO, DPSD, and PBDSi, (b) 'H NMR and (¢) 2°Si NMR spectra, and (d) TGA curve of PBDSi in a nitro-
gen atmosphere.
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is the essential index for assessing the hyperbranched structure of polymers. Accordingly, Do, To, and T3 are classified as linear (L),
terminal (T), and dendritic (D) structures, and the DB value of PBDS;i is determined to be 0.81 via calculating the 295i-NMR. This DB
value of PBDSi is higher than other conventional hyperbranched polymers.

TGA is carried out to explore the thermal properties of PBDSi. As shown in the TGA curve under a nitrogen atmosphere of PBDSi
(Fig. 2 (d)), the initial degradation temperature (Tsq,) and char yield (Y,) of PBDSi is 237 °C and 37.9 wt%, respectively. This result
confirms that PBDSi presents satisfactory thermal stability and charring behavior for preparing flame-retardant PA6.

3.2. Interfacial morphology and thermal properties of PA6/PBDSi composites

Generally, interfacial compatibility plays a crucial action in the inherent properties of composites, and mechanical properties in
particular. SEM is thus adopted to monitor the interfacial compatibility between PBDSi and PA6. The correlated SEM images of the
fracture section for PA6 and PA6/PBDSi are displayed in Fig. 3. It is apparent that almost no difference is observed among PA6 and
PA6/PBDSi, and all samples exhibit an analogous homogenous phase, which reflects the good interfacial compatibility in PA6/PBDSi
composite.

The thermal properties of PA6 and PA6/PBDSi are studied. According to the DSC curves in Fig. 4(a), a reduction of approximately
10 °C in the melting temperature (Tp,) is obtained for PA6/PBDSi composites compared with PA6. In addition, the X, values of
composites are calculated in Table 1. It is seen that the X, values of PA6/PBDSi composites also decrease gradually as the amount of
PBDSi increases, explicitly suggesting the negative impact of PBDSi on the crystallization behavior of PA6. Meanwhile, it is seen that
multiple melting peaks are observed for PA6/PBDSi composites. According to reports [32], the above result is probably ascribed to the
co-existence of good crystallization and incomplete crystallization in composites.

As shown in Fig. 4(b), a remarkable reduction of approximately 60-80 °C for the Tso, values is observed for PA6/PBDSi by
comparing the TGA curves of PA6 and PA6/PBDSi in a nitrogen atmosphere, which is mainly ascribed to the prior degradation of
PBDSi. Conversely, the Y. value of PA6/PBDSi composites increases when rising the addition of PBDSi. PA6/PBDSi-3 reaches the
highest Y, value of 7.4 wt%, much higher than the Y. values of PA6 of 0.2 wt%. Meanwhile, it is noteworthy that a similar variation is
also observed in the TGA curves under the air atmosphere (Fig. 4(c)). The Y. value of PA6/PBDSi-3 approaches 8.5 wt%, while the Y,
value of PA6 is only 0.1 wt%. These inspiring increased Y, values indicate the positive function of PBDSi on improving the char-
forming capacity of PA6. Generally, the formed char residue is an excellent protective barrier for insulating the matrix from oxy-
gen and heat [33,34].

3.3. Mechanical properties

The tensile and impact strength of samples are evaluated, and the relevant data are summarized in Fig. 4(d) and Fig. S2. It is seen

{b)| PA6/PBDSI-1

{€) PA6/PBDSi-2 {d) PA6/PBDSI-3

Fig. 3. SEM images of fracture sections for (a) PA6, (b) PA6/PBDSi-1, (c) PA6/PBDSi-2 and (d) PA6/PBDSi-3.



S. Fan et al. Heliyon 9 (2023) e22877

—_
Q
—
—

=2
S—

o~ 100+
D | —PA6
2 | — PA6/PBDSI-1 80-
2 | —— PA6/PBDSI-2 3
g | —PA&/PBDSI3 g 604
c —~
s £ 40{ —PBDSi
o S —— PAG/PBDSI-1
- = 20/ — PA6/PBDSI-2
P | — PA6/PBDSI-3
- = o{ —PAs
50 100 150 200 250 100 200 300 400 500 600 700
Temperature (°C) Temperature (°C)
(c)1°0_ (d) 1z 120
8 Tensile strength [l Elongation at break
— 1004 100 =
80 g 843 s
§ ?_ 78.8 75.3 §
§ o § §
= ¢ -
£ 40{ —PBDSi % $
] —— PAB/PBDSI-1 2 g
2 0] — PA6/PBDSI-2 € £
—— PA6/PBDSI-3 = B
0] —PAs
100 200 300 400 500 600 70 PA6  oagPBOSV, (pBOSIZ | (oBDSHS

Temperature (°C)

Fig. 4. (a) DSC, (b) TGA (nitrogen atmosphere), (c) TGA (air atmosphere) curves, and (d) Mechanical properties of PA6 and PA6/PBDSi composites.

that a relatively small decrease is observed for both tensile and impact strength of PA6/PBDSi composites. PA6/PBDSi-3 maintains the
value of tensile and impact strength of 48.9 MPa and 4.15 kJ/m?, respectively, which are close to these values of 55.2 MPa and 4.57 kJ/
m? of PA6. These results may be closely related to the lower addition of flame retardant and good interfacial compatibility in PA6/
PBDSi composites.

3.4. Combustion behaviors

LOL as a typical method, is applied to explore the ignition behavior of PA6 and its composites and the related data are displayed in
Table 2. The LOI value enormously increases to 27.2 % for PA6/PBDSi-3 with 5 wt% content of PBDSi from 21.0 % for PA6. Moreover,
the melt droplets of PA6/PBDSi-2 are suppressed completely during combustion as only 3 wt% of PBDSi is added, whereas PA6 burns
quickly with serious flaming melt droplets produced. These results determine the cheerful efficiency of PBDSi in increasing the fire
safety of PA6, especially in anti-dripping behavior.

MCC is utilized to directly evaluate the heat-release properties of PA6 and PA6/PBDSi. HRR curves are shown in Fig. 5. PA6 and
PA6/PBDSi present the same single peak in HRR curves, but the ignition temperature of PA6/PBDSi is earlier than that of PA6 due to
the preferential thermal degradation of PBDSi. Meanwhile, there is also a remarkable reduction of approximately 60 °C for the
temperature at PHRR (Tpear) of PA6/PBDSi compared with PA6. This variation trend is consistent with the thermal degradation change
of PA6 composites. Conversely, a continuous reduction for the PHRR of PA6/PBDSi composites is attained with the increasing addition
of PBDSi. In particular, when the amount of PBDSi reaches 5 wt%, the maximum reduction in the PHRR value of 31.1 % is achieved for
PA6/PBDSi-3. In general, PHRR is critical to assessing the fire risk of materials, and a lower PHRR is an indication of a lower fire risk
[35,36]. According to the results of THR values from Table 2, there is still a distinct decrease of PA6/PBDSi in the THR values when

Table 2

The combustion data for PA6 and PA6/PBDSi composites.
Sample LOI (%) Dripping® PHRR (W/g) Tpeak (°C) THR (kJ/g)
PA6 21.0 £ 0.2 Yes 990.3 465.0 27.8
PA6/PBDSi-1 21.0 £ 0.2 Yes 917.2 416.1 23.3
PA6/PBDSi-2 25.7 £0.1 No 761.1 405.8 22.2
PA6/PBDSi-3 27.2+0.2 No 682.2 403.4 22.0
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Fig. 5. HRR curves of PA6 and PA6/PBDSi composites.

raising the addition of PBDSi. PA6/PBDSi-3 approaches the THR value of 22.0 kJ/g, much lower than that of PA6 (27.8 kJ/g). These
results reveal the positive efficiency of PBDSi as flame retardants for PA6 materials.

3.5. Residues and pyrolysis volatiles analysis

Residue analysis is vital for illustrating the working mechanism of PBDSi in the condensed phase. Firstly, by comparing the digital
photos of the residues for PA6 and PA6/PBDSi-3 after burning from Fig. 6(a and b), almost no char remains for PA6 after burning,
whereas a black and intumescent char layer is seen for PA6/PBDSi-3. SEM is then performed to monitor the detailed superficial
morphologies of the residues, and more complete and denser residues are seen in PA6/PBDSi-3 than PA6 in the corresponding SEM
images.

In order to evaluate the graphitization degree of char residues of PA6 and PA6/PBDSi-3, Raman spectra are employed. In Fig. 6(c
and d), the Raman spectra of these residues can be divided into two peaks, which are assigned to the G (1571 em ) andD (1370 cm ™))
bands. As reported [37,38], the graphitization degrees of these residues are then assessed by calculating the integrated intensities ratio
of the D to G band (Ip/Ig). The experimental result indicates that the Ip/Ig value of the residues of PA6/PBDSi-3 (1.68) is lower than
that of PA6 (2.17), meaning the residues of PA6/PBDSi-3 presents a higher graphitization degree. The higher graphitization degree
reflects better thermal stability of residues, which contributes to strengthening the melt-droplets and heat-release suppression
behavior of the matrix.

XPS measurements further investigate the detailed chemical structure of the residues of PA6/PBDSi-3, and the relative spectra are
displayed in Fig. 6(e and f). In the Si 2p XPS spectrum of residues (Fig. 6(e)), four characteristic peaks at 102.1, 102.7, 103.4, and
103.1 eV are ascribed to the D, T, and Q structures of organic polysiloxane and the stable inorganic SiOs-like structure, which are
generated by the thermal decomposition of polysiloxane units [39,40]. In Fig. 6(f), the P2p XPS spectrum of residues divides into two
peaks of P-O-C (134.3 eV) and P-O-P (133.2 eV) that resulted from the formed phosphorus oxides during combustion. To sum up, the
above results indicate the generation of a silicon-phosphorous-rich char layer with good thermal stability during the combustion of
PA6/PBDSi.

To study the flame-retardant working mode of PBDSi in the gas phase, Py-GC/MS was measured to identify and investigate the
pyrolysis products of samples. Fig. 7(a and b) and Tables S1-S2 list the relative chromatograms and main pyrolysis products.
Caprolactam and carbon dioxide (CO2) are two major release volatiles during the pyrolysis process of PA6 and PA6/PBDSi-3. However,
the release proportion of caprolactam, a recognized combustible fragment, of PA6/PBDSi-3 during the pyrolysis process is reduced in
relation to PA6, indicating that PBDSi inhibits the thermal degradation reaction of the PA6 molecular chain. Moreover, some new
silicon-containing fragments with m/z = 222, 296, and 370 g/mol are produced for PA6/PBDSi-3 according to Table S2. These
incombustible fragments originating from the polysiloxane unit in PBDSi are conducive to reducing the combustible volatiles con-
centration during the pyrolysis process.

TG-IR is applied to explore the release evolution of pyrolysis products further evolved from PA6/PBDSi-3 to testify to the positive
function of PBDSi in the gas phase. The relevant 3-dimensional TG-IR and the detailed FTIR spectra at different temperatures of
pyrolysis products for PA6/PBDSi-3 are recorded in Fig. 7(c and d). Basis on the FTIR spectra, the peaks ascribed to water (3500-4000
cm’l), CO, (2360 cm’l), carbonyl (1800-1650 cm’l), and aromatic (1600-1400 cm ™) compounds are observed for PA6/PBDSi-3,
owing to the degradation of PA6 backbones [23,41]. As the temperature increases to 430 °C, some organic phosphorus fragments,
including P-C, P-0, and P—O stretching vibration in 776, 1096, and 1228 cm ™, are released by the degradation of PBDSi, which play
the quenching effect on the gas phase and then promote the carbonization of the matrix [23,42]. Meanwhile, the peak of incombustible
NH3 (969, 930 cm 1) appears, which will help lower the matrix’s fire risk by diminishing the combustible gas concentration and the
ambient temperature to inhibit the combustion process of the matrix in the gas phase.

In summary, the possible flame-retardant working mode is illustrated in Fig. 8. In the initial pyrolysis stage of PA6/PBDSi com-
posites, HoO and CO5 are the two main pyrolysis volatiles. With the increase in temperature, the Schiff base unit in PBDSi will be self-
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Fig. 6. The digital photos, SEM images (the images near the surface of top edge samples being exposed to the flame) of residues after burning
monitored from (a) PA6 and (b) PA6/PBDSi-3. Raman spectra of residues from (c) PA6 and (d) PA6/PBDSi-3. (e) Si 2p, and (f) P2p XPS spectra of the
residues of PA6/PBDSi-3.

crosslinked to form a hexatomic ring structure, which is beneficial to inhibiting the thermal degradation process and the melt-dripping
behavior of the matrix [16]. As the temperature rises to 430 °C, the PA6 backbone begins to break, and many combustible pyrolysis
fragments are released. In this stage, PO- free radicals originating from the phosphorus unit in PBDSi are also released, which can
quench the released free radicals from PA6 to suspend the pyrolysis process of PA6 in the gas phase. Meanwhile, the accompanied
pyrolysis volatile of NH; effectively dilutes the combustible volatiles concentration and further decreases the fire risk of the matrix. In
addition, the produced silicon-containing volatiles resulting from the thermal degradation of siloxane unit in PBDSi cooperated with
PO- are conducive to forming a stable silicon-phosphorous-rich intumescent char layer. Moreover, inorganic SiO; particles with good
thermal stability are also formed during this pyrolysis process, further strengthening the intumescent char layer.

4. Conclusions

In this work, a PBDSIi is designed via Michael’s addition reaction and dehydration-condensation reaction to improve the fire safety
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Fig. 8. Possible illustration of the flame-retardant working mechanism.

of PA6. A satisfactory anti-dripping behavior is achieved with a low PBDSi of 3 wt% in PA6 composites. As the PBDSi increases to 5 wt
%, PA6/PBDSi-3 attains the LOI value of 27.2 %, while the value of PA6 is only 21.0 %. Meanwhile, the PHRR and THR values of PA6/
PBDSi-3 are reduced to 682.2 W/g and 22.0 kJ/g, reducing by about 31.1 % and 20.8 % compared with pure PA6, respectively. The
improved fire safety of the modified PA6 originates from the cooperated functions of the generated silicon-phosphorous-rich char layer
and released incombustible volatiles of PBDSi. More importantly, a relatively small mechanical loss of PA6/PBDSi is essential for the
post-application of PA6.
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