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The intrinsic flammability of polyamide 6 (PA6) has significantly impeded its broad application regardless of its
balanced physical properties. Aluminum diethylphosphinate (ADP), as a P-containing fire retardant, has been
demonstrated to be effective in reducing flammability of PA6 because of its dual-phase modes of action by
creating an intact protective char layer and inhibiting the burning process. However, the efficiency of ADP needs
to be further improved for creating cost-effective fire-retardant PA6, in addition to its relatively high cost. To
boost its efficiency, we, here, report a P/N/B-containing aggregate (MBA) as an effective synergist via green self-
assembly of melamine (MA), boric acid (BA) and amino trimethylene phosphonic acid (ATMP) in an aqueous
medium. The results show that the inclusion of 5 wt% MBA and 10 wt% ADP leads to a significantly reduced peak
heat release rate (PHRR) by 52.5% compared to neat PA6, in addition to a desired UL-94 V-0 rating. A synergistic
effect of 55.4 % is observed between MBA and ADP in terms of the PHRR value. This work provides a facile green
strategy for developing eco-friendly multiple elements-containing fire retardants, which can be used as fire re-

tardants alone or high-efficiency synergists for other fire retardants.

1. Introduction

Because of high mechanical strength, oil resistance, and electrical
insulating properties, polyamide 6 (PA6) has been applied in various
areas, including electronics and electricity, packaging, and automotive
industry [1-4]. Nevertheless, PA6 has been plagued by its non-negligible
drawback — intrinsic flammability, as reflected by its low limiting ox-
ygen index (LOI, <22 %) and severe melt-dripping upon burning, thus
presenting a grand fire risk and limiting its applications in industries
[5-71. For this reason, it is imperative to develop fire-retardant PA6 to
ensure its real-world application.

Incorporating flame-retardant additives has been considered as an
efficient and facile strategy to enhance the fire safety of polymers. P- and
N-containing compounds have recently emerged as promising alterna-
tives to traditional halogen-based fire retardants which can generate
toxic products [8]. P-containing fire retardants (P-FRs) generally can act
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in both gas and condensed phases during combustion due to the for-
mation of P-derived free radicals and phosphorus/phosphate salts, while
N-containing fire retardants (N-FRs) mainly act in gas phase by releasing
N-containing inert gases, e.g., NHs [9,10]. In comparison,
P/N-containing compounds usually possesses a synergistic effect be-
tween phosphorus and nitrogen elements [11,12]. In addition, other
elements, including sulfur (S) [13], silicon (Si) [14], and boron (B) [15]
can strengthen the fire retardancy efficiency by releasing inert gases or
by promoting the formation of a more compact char. Typically, boron
element is widely applied in the flame-retardant polymers due to its low
toxicity, molecular diversity, and carbonization effect. Boron oxides can
be formed when B-containing fire retardants (B-FRs) are heated, which
can melt to form a glassy char layer above 500 °C to isolate oxygen and
prevent heat transfer [16,17]. Besides, B-FRs are well-known for its
environmental friendliness and low cost [18-20]. However, boric acid
and its derivatives are prone to hydrolyzation, which impedes their
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direct use as fire retardants for polymers [21].

Synergistic effects between different fire retardants are proved as a
promising way to improve fire-retardant properties as well as to remedy
the deficiency of a single fire retardant. Boron-containing additives
usually show a synergistic effect with P-FRs or N-FRs [22-24]. For
example, besides a superior char-forming ability, melamine borate (MB)
not only reduces the burning temperature via its endothermic decom-
position, but also dilutes flammable gases via releasing non-flammable
products, such as H,O and NHj3 [25]. The thermal decomposition of
melamine can result in the formation of thermally stable substances such
as melam, melem, and melon [26,27]. Moreover, boron is found to favor
melamine condensation rather than sublimation [28]. For example, 1.5
wt% of a P/N/B-containing hyperbranched oligomer (BDHDP) enabled
epoxy resin to achieve reduced heat release and smoke generation
during combustion, as reflected by an improved UL-94 rating [29].
However, P/N/B-containing compounds has been rarely developed for
fabricating fire-retardant PA6 composites so far.

On the other hand, aluminum diethyl phosphinate (ADP) with high
thermal stability has been reported as a highly efficient phosphorous-
containing fire retardant for polyamides and other plastics [30]. It acts
mainly in gas phase through the release of diethylphosphinic acid.
However, apart from its high cost, its contribution to the
condensed-phase flame retardancy is relatively weak due to its poor
char-forming ability [5,31,32]. To date, several synergists have been
developed to improve fire retardancy by either increasing the char res-
idue or decreasing the heat release of PA6/ADP composites, e.g. phos-
phorus fire retardant diepoxide (DEP) [33], aromatic Schiff base
diepoxide (DES) [34], and bismaleimide polyalkyl phosphinate
aluminium (BPPA) [35], etc. Nevertheless, the preparation of these
synergists often involves the use of organic reagents, which can bring
out concerns on human health and the environment.

Given the advantages of boron element, here a P/N/B-containing
aggregate (MBA) was synthesized using low-cost melamine (MA),
boric acid (BA) and amino trimethylene phosphonic acid (ATMP) in an
aqueous solution and used as a synergist for fire-retardant PA6/ADP
system. As expected, the introduction of MBA promoted the carboniza-
tion of PA6/ADP composites during combustion. Because of the rela-
tively lower cost of MBA than ADP, as-prepared ternary PA6/ADP/MBA
shows an advantage than binary PA6/ADP in terms of production costs.
The fire-retardant performances were assessed via vertical burning (UL-
94), LOJ, and cone calorimetry tests, and the mechanical properties were
also investigated in detail.

2. Experimental section
2.1. Materials

PA6 (Durethan BC30) was purchased from Lanxess Energizing
Chemistry Co., Ltd (German). Melamine (MA), boronic acid (BA), and
aluminum diethylphosphinate (ADP) were supplied by Macklin Co., Ltd
(China). Amino trimethylene phosphonic acid (ATMP, 95%) was pro-
vided by Shandong Taihe Water Treatment Technologies Co., Ltd
(China). All chemicals were used directly without further treatment.
Ultrapure water (18.2 MQ) was generated by a Merck Millipore Ultra-
purification system.

2.2. Synthesis of MBA

Firstly, to optimize the molar ratio for synthesizing MBA, a pre-
experiment was conducted by employing various molar ratios (MA:BA:
ATMP = 2:1:1; 2:1:2; 2:2:1; 3:1:1; 3:1:2; and 3:2:1) of MA, BA, and
ATMP to produce a series of MBA products. These products were char-
acterized by scanning electron microscopy (SEM), X-ray diffraction
(XRD), and X-ray photoelectron spectroscopy (XPS) to explore their
morphology, crystallinity, binding modes, and elemental composition.
All as-prepared MBA compounds possess almost the same chemical
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compositions, including B1s (~20.7 at%), Ci5 (—~27.6 at%), N1 (~25.5at
%), O15 (~20.0 at%), and Py, (6.6 at%), as demonstrated in Table S1.
Three kinds of MBA products with molar ratio of 3:2:1, 3:1:2 and
2:2:1are further investigated by SEM and XRD. All of them possess
micro-scale flakes appearance (Fig. Sla) and similar XRD diffraction
with the peaks at 12.5 °, 18.8 °, 25.1 °, 27.1 ° (Fig. S1b). The results
showed few differences among these MBA compounds, indicating that
the chemical structure/composition of the final MBA product is inde-
pendent on the feeding ratios of raw materials.

Moreover, all these MBA products display similar thermal degrada-
tion behaviors, as shown in thermogravimetric analysis (TGA) curves in
Fig. Slc. The molar ratio of 3:1:2 was chosen as the most suitable one
regarding its highest yield (~70 %). Typically, 18.9 g of MA was thor-
oughly dissolved in 600 mL ultrapure water at 90 °C in a round flask,
and 3.1 g of BA and 31. 5 g of ATMP were dissolved in 100 mL ultrapure
water. The obtained BA-ATMP solution was then added dropwise into
the MA solution via a pressure-equalizing dropping funnel under mag-
netic stirring and stirred at 90 °C for 2 h. The white solid powder was
generated progressively. Finally, the MBA powder was obtained after
filtration, washing and vacuum-drying at 100 °C overnight.

2.3. Preparation of PA6/MBA/ADP (FRPA6) composites

PAG6 pellets were dried at 80 °C for at least 4 h before use. FRPA6
containing MBA and ADP with a total flame retardant addition of 15 wt
% are denoted as MBA15, MBAg/ADPg, MPAs/ADP;, and ADP;5, where
the number in the subscript represents the loading level of fire re-
tardants. The dried pellets were melt-blended with or without flame
retardants at 220 °C for 6 min with a rotor speed of 60 r/min in a HAPRO
torque rheometer (RM-200C). Then, the resultant PA6 and FRPA6
products were molded into desired shapes via hot-pressing at 230 °C
under 10 MPa for 2 min, followed by a quick cool-press.

2.4. Characterizations

Fourier transform infrared (FT-IR) spectra were recorded by a FT-IR
spectrometer (Thermofisher IS50). XPS was performed on a Thermo
Scientific K-Alpha equipment with Al Ko radiation (hv=1486.6 eV). XRD
was conducted with Cu Ko radiation (A=0.1542 nm) on an X-ray
diffractometer (XRD-7000, Shimadzu). SEM and energy dispersive
spectroscopy (EDS) were presented on a Helios5CX (Thermo Fisher
Scientific). Transmission electron microscope (TEM) and EDS mapping
were conducted on a Talos F200X (Thermo Fisher Scientific). TGA was
performed on a thermogravimetric analyzer (DSC3+/TRACE 1300-
ISQ7000, Thermo Fisher Scientific) from 25 °C to 1000 °C with a
heating rate of 10 °C/min, under nitrogen and air atmosphere,
respectively.

2.5. Measurements

Vertical burning test (UL-94) was conducted on a CZF-2 instrument
(Jiangning), with the specimen size of 130 mm x 13 mm x 3.2 mm.
Limiting oxygen index (LOI) values were obtained by a JF-3 type oxygen
index meter (sample dimensions: 80 mm x 10 mm x 4 mm) in accor-
dance with ASTM D2863-2009. Cone calorimetry test was carried out
on a calorimeter (FTT, UK) with a heat flux of 50 kW/m? in accordance
with ISO 5660, with the specimen dimension of 100 mm x 100 mm x
3.0 mm. Thermogravimetric-infrared spectrometry (TG-IR) was per-
formed on a thermogravimetric analyzer (TGA8000, PerkinElmer)
linked to a FT-IR spectrometer (Spectrum 3, PerkinElmer) under N at-
mosphere at a ramp up of 20 °C/min from 50 to 800 °C. Mechanical
properties were explored via an electronic universal testing machine
(UTM2503, Sans) with a crosshead rate of 5.0 mm/min based on GB/T
1040.

2.6 Fire safety assessment

To evaluate the fire safety of PA6 and FRPAG®, fire growth index (FGI)
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and fire performance (FPI), are used to evaluate the fire performance
with equations (1) and (2) [36,37], implying the fire propagation and
flashover inclination, respectively. The low value of FGI and high value
of FPI indicate the slow fire propagation and low flashover possibility.

FGI = PHRR /tpurr (€9)]
where tpyrr refers to time to reach PHRR.
FPI = TTI/PHRR 2)

Meanwhile, the fire retardancy index (FRI) is defined as the ratio of
THR x (PHRR/TTI) of the neat PA6 to that of FRPA6 as shown in Eq. (3)
[38,39], where THR, PHRR, TTI mean total heat release, peak heat
release rate and time to ignition, respectively. The value indicates the
tendency of the fire retardancy of polymer, specifically, the values <1,
1~10, >10 are taken as “Poor”, “Good”, “Excellent” performance,
respectively.

FRI = [THR x (PHRR/TTI)| s /[THR X (PHRR/TTI)|;mpne 3

The term synergistic effect (SE) is a typical tool for characterization
of the synergistic system. It is defined as the ratio of the fire-retardant
efficiency of the additive plus the synergist to that of the additive
alone. The fire-retardant efficiency involves various parameters,
including LOI, char yields, heat release reduction, etc. [40]. Herein, the
following Egs. (4) and (5) are used to evaluate the synergistic effect
between MBA and ADP in PA6 [41].

G

Pcatcuared = Pupa X Prpa + Papp X Papp

SE = (P Calculated — P, E)q)erbnenml) / P, Calculated (5)
where SE refers to the synergistic effect, P refers to the value of PHRR,
THR, and AEHC, ¢ refers to the ratio of MBA or ADP in FRPAS6,
respectively [37].

The quantitative assessment of the fire-retardant mechanism is
investigated regarding the flame inhibition (gas phase), charring effect
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and barrier-protective effect (condensed phase) based on the theory and
Egs. (6-9) from literatures [36,42,43].

Flame inhibition = THE/TML 6)
or

Flame inhibition = 1 — AEHCprppe/AEHCppe 7)
Charring effect = (Residuergpas — Residuepss) /(1 — Residuepag) (€)]

Barrier — protective effect = 1
— (PHRRgrpas / PHRRps6) /(THRprpae / THRpag)
(C)]

Where THE is the total heat evolved, also deemed as the THR at the time
to flame-out, TML is the total mass loss, AEHC is the average effective
heat of combustion, respectively.

3. Results and discussion
3.1. Characterization of MBA

The green synthesis route of MBA is illustrated in Fig. 1a, where a
supramolecular aggregate (MBA) is formed by reacting MA, BA and
ATMP in an aqueous medium. The SEM (Fig. 1b), TEM images, and EDS
mappings (Fig. 1c and d) confirm that MBA possesses a micro-sized plate
structure and contains B, C, N, O, and P elements.

As shown in Fig. 2a, for MA, the characteristic absorption peaks at
3470, 3417, 3334 and 3127 cm ™! in its FTIR spectrum belong to the
stretch vibration of —NH; groups, and those at 1652, 1553 and 1026
cm ™! are ascribed to N — H bending vibration, C = N vibration, and C —
N vibration, respectively. For ATMP, the characteristic peaks at 1145
and 933 cm™! are attributed to the vibration of P = O and P—OH,
respectively [5]. For BA, the absorption peaks at 3201 and 1193 cm!
are assigned to the stretch vibration of B—OH, while that at 1459 cm ™! is

Fig. 1. Synthesis and characterization of MBA: (a) Schematic illustration, (b) SEM image, (c) TEM image, and (d) EDS mapping of MBA.



Y. Lu et al.
d
MBA
3380 3906
A 1505
c
™ 16821156 083350
3
& 320 <
£ |aTMp ! 1459 1193
Pl S
M 1145 933
3470 (
341733343127 1653 1553 1026

3600 3000 2400 1800 1200 600

Wavenumber (cm™)

Polymer Degradation and Stability 229 (2024) 110949

12.5
- 18.8 25.127.1
S
&
2>
@
c
Q ((BA) 146149
= 26.1
28.7
MA) 13.0 17.6 22.0 29.7
10 20 30 40
2-Theta (°)

Fig. 2. (a) FTIR spectra and (b) XRD patterns of MA, ATMP, BA, MBA.

attributed to B — O [24,44]. For MBA, there are weak peaks at 3360 and
3096 cm ™!, which belong to the vibrations of —NH from triazine ring
after complexation reaction. The peaks of N — H, C = N and C — N shift
to 1682, 1505, and 1080 cm’l, further confirming the complexation
reaction between MA, ATMP and BA. There are two sharp peaks at 1150
and 920 cm ™!, which are presumably assigned to the vibration of O — B
— O/P = O and P-OH derived from BA and ATMP, respectively.
Noticeably, the peak at 1682 cm ™! is assigned to the vibration of NHZ.
These results imply the successful synthesis of MBA.

Fig. 2b presents the XRD patterns of MA, BA, and MBA. The crys-
talline structure of MA is clearly confirmed by the peaks at 13.0° (—101),
17.6° (—111), 22.0° (210), 26.1° (—301), 28.7° (—311) and 29.7° (310),
which are in compliance with the standard JCPDS card No 24-1654
[45]. BA features a typical crystalline structure with a sharp peak at 28°
(002) and two weak peaks at 14.6° (010) and 14.9° (100). In compari-
son, multiple peaks can be observed for MBA, indicating that it contains
different crystalline structures. Notably, the diffraction peaks at 12.5°,
18.8°, 25.1°, and 27.1° reveal the successful formation of MBA.

The elemental composition of MBA was determined by XPS, as
shown in Fig. 3a. One can see the binding energy (BE) peaks of boron
(B1s, 190.1 eV, 20.6 at%), carbon (Cys, 288.2 eV, 27.3 at%), nitrogen
(N1s, 399.0 eV, 25.5 at%), oxygen (O, 531.7 eV, 20.0 at%), and
phosphorus (P2, 133.1 eV, 6.6 at%). Clearly, boron element is present in
the newly synthesized MBA in the form of B — O group, as shown in the
XPS high resolution spectrum of B element (Fig. 3b). The high resolution
01 spectrum (Fig. 3c) can be divided into the peaks at 532.8 eV (O — B),
531.6 eV (O = P), 530.3 eV (O — H) and 529.6 eV(O — P), indicative of
the existence of oxygen-containing groups.

The thermal properties of MBA were investigated by TGA in both air
and nitrogen atmospheres (Fig. 4a and Table 1). The T (the temperature

where 5 wt% mass loss occurs) value of MBA is about 292 °C (under air
and Ny atmosphere). Additionally, its temperature at maximum weight
loss rate (Tiay) is 358 °C (air) / 371 °C (Ny), with the mass loss rate (R
of 0.35 wt%/ °C in both air and Ny atmosphere. MBA leaves many res-
idues after heating to 800 °C (35.5 wt% in air and 46.6 wt% in Nj).
Clearly, MBA shows satisfied thermal stability that can meet the melt
processing of PA6 and has a high charring ability at high temperatures.

3.2. Thermal stability of PA6 and FRPA6

As presented in Fig. 4 and Table 1, PA6 shows a T5 value of 393 °C
and a Tpyey value of 462 °C, with a R,y of 2.0 wt%/ °C, and a poor
charring ability (0.5 wt% at 800 °C). Upon the addition of 15 wt% MBA,
the T5 value of MBA15 reduces to 290 °C, whilst its R, decreases to 1.3
wt%/ °C and char residue increases to 11.2 wt%. In comparison, 15 wt%
of ADP enables PA6 to retain its onset decomposition temperature (T5),
with slightly declined Trqx and Ry, and an increased residue of 6.1 wt%
at 800 °C. Surprisingly, the combination use of MBA and ADP enables
PA6 to maintain its thermal stability and to improve its charring ability,
as evidenced by the increased Tpq (— 450 °C), decreased Ry (1.4 ~ 1.6
wt% / °C), and increased char residues (7.4 ~ 7.6 wt%) relative to
ADP;5. Moreover, by comparing the theoretical residue (the sum of the
individual contributions) to the experimental data of the FRPA6, the
latter gives higher values, specifically, MBAg/ADPy and MBAs/ADP;
leave 6.6 wt% (experimentally) and 2.8 wt%/3.0 wt% (theoretically) of
residues at 1000 °C, respectively, while ADP;5 gives 6.1 wt% and 3.5 wt
% correspondingly. The results indicate an enhanced high-temperature
stability and a charring ability of ternary PA6/ADP/MBA composites
relative to binary ADP;s.

Intensity (a.u.)

a b C
B1s C1s N1s O1s P2p (o)
Atomic % 205 273 255 200 6.6
O1s N - -
1s | >
s s -
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By 2 532 5296 eV

600 500 400 300 200 100 200 196 192
Binding Energy (eV)

Binding Energy (eV)
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Binding Energy (eV)
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Fig. 3. (a) Full-scan XPS spectrum of MBA and high-resolution spectra of (b) By and (c) Oss.
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Fig. 4. TG (a) and DTG (b) curves of PA6 and FRPAG6 in N, atmosphere.
Table 1
TGA results of MBA, ADP, PA6 and FRPA6 under nitrogen atmosphere.
Sample Ts“(°C) Trax © (°C) R ” (Wt% / °C) Residue at 800 °C (wt%) Residue at 1000 °C (wt%)
Experimental Theoretical Experimental Theoretical

MBA 292 (air, Ng) 358 (air)/ 371 (N3) 0.35 (air, Ny) 35.5 (air)/46.6 (N3) - 22.5 (air)/ 10.0 (N2) -
ADP 419 481 1.9 21.8 - 21.2 -
PA6 393 462 2.0 0.5 - 0.4 -
MBA;5 290 375 1.3 11.2 7.4 7.5 1.8
MBAg/ADPgy 300 445 1.6 7.6 5.2 6.6 2.8
MBAs5/ADPo 309 454 1.4 7.4 4.9 6.6 3.0
ADP;5 380 429 1.7 6.3 3.7 6.1 3.5

“Theoretical values refer to the sum of the individual contributions to residues.

@ Ts and Ty refer to the temperature where 5 % mass loss and the maximum weight loss rate occur, respectively;.

b R,y refers to the mass loss rate;.

3.3. Fire retardancy of FRPA6

The fire retardancy of PA6 and its composites were assessed by UL-94
vertical burning, LOI, and cone calorimetry tests, with the results pre-
sented in Fig. 5 and Table 2. PA6 is highly flammable, as reflected by its
low LOI of 23.2 % and a UL-94 V-2 rating. The addition of 15 wt% MBA
reduces the LOI value to 22.3 % and does not contribute to the UL-94
rating, revealing its limited fire-retardant efficiency. In comparison,
the incorporation of 15 wt% ADP imparts satisfactory fire retardancy to
PA6 with an UL-94 V-0 classification and a high LOI value (32.2 %). By
contrast, the introduction MBA and ADP also endows PA6 with satis-
factory fire retardancy (Fig. 5a). For instance, the LOI and UL-94 clas-
sification of MBA5/ADP; can reach 26.8 % and V-0, respectively.

Cone calorimetry testing, as one of bench-sale fire tests, has been
extensively used to evaluate the combustion behaviors of polymers [46].
As shown in Fig. 5b-e and Table 3, neat PA6 exhibits a high PHRR (522.1
kW/m?), THR (106.5 MJ/m?), AEHC (29.7 MJ/Kg), maximum average
heat release rate (MARHE, 275.4 kW/m?) and a low residue (3.7 wt%),
revealing its high flammability and poor charring ability. Upon the
addition of 15 wt% MBA, the PHRR and MARHE values increase to
849.0 kW/m? and 405.4 kW/m?, respectively, despite a much higher
residue of 11.4 wt%, reflecting its significantly improved charring
ability but an unsatisfactory effect in reducing heat release. On the
contrary, the introduction of 15 wt% ADP into the PA6 matrix brings
about decreased PHRR (410.1 kW/rnz, by 21.5 %), THR (96.3 MJ/mz,
by 9.6 %), AEHC (25.3 MJ/Kg, by 10.5 %), and almost unchanged
MARHE value, accompanied by an increased residue (7.5 wt%),
implying an improved fire safety. In comparison, the combination of
MBA and ADP improves the fire retardancy of PA6 to a larger extent. For
example, the PHRR value declines to 318.2 KkW/m?> (by 39.1 %) for
MBAg/ADPq, and to 248.1 kW/m? (by 52.5 %) for MBAs/ADP;. The
same trend is also found in THR, AEHC and MARHE values, which in-
dicates significant heat inhibition and thus superior fire retardancy for

PAG.

As shown in Fig. 5b, the shapes of curves reflect the heat release rate
tendency as the burning proceeds. Specifically, the addition of 15 % of
MBA leads to a sharp PHRR peak, indicating its poor heat release inhi-
bition effect. Meanwhile, the early start of heat release of the FRPAG6 is
ascribed to the early decomposition of MBA and the catalysis of ADP
[30]. The plateau of the curves implies the formation of a thermally
stable char layer [36], among which MBA/ADP-based samples generate
more residues than ADP;s. As a result, the heat release slows down to a
large extent and the burning time is extended. Additionally, two
PA6/MBA/ADP composites generate abundant residues (10.7 wt% and
8.9 wt%), conducing to the isolation of heat and air during burning. In
comparison, MBA;5 leaves a high char residue (11.4 wt%) with a char
height of 3 cm (Fig. 5g), while MBAs/ADP; (Fig. 5h) leaves a more char
residue than ADP;5 (Fig. 5i).

FGI, FPI, and FRI are further calculated to evaluate the fire perfor-
mance of as-prepared FRPA6. As shown in Table 3, MBAg/ADPqg gives
rise to the lowest FGI value of 1.22 m2.s/kW, indicating the lowest
possibility of fire propagation among all composites. On the other hand,
MBAs/ADP brings about the highest FPI of 0.31 kW/m?s, implying
the best fire safety compared to virgin PA6. This is also evidenced by the
highest FRI of 1.84, strongly indicating its “good” fire retardancy as the
index value is over 1.0 [38,39]. These results further imply that the
combination of MBA and ADP can provide better fire protection for the
underlying PA6 matrix.

Consequently, it is reasonable to conclude that there is a synergy
existing between MBA and ADP in improving the fire safety of PA6. The
term synergistic effect (SE) is a typical tool for characterization of a
synergistic system. It is defined as the ratio of the FR efficiency of the
additive plus the synergist to that of the additive alone [40]. The FR
effectivity involves various parameters, including LOI, char formation,
heat release, etc. Herein, Egs. (4 and 5) are used to evaluate the SE, as
demonstrated in Section 2.6. As exhibited in Fig. 6a and Table S2, the
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Table 2

Vertical burning ratings and LOI values of PA6 and FRPAG.
Sample UL-94

t1/tz (s) Dripping/Cotton ignition Rating LOI (%)

PA6 19/7 Yes/Yes V-2 23.2
MBA;5 20/18 Yes/Yes V-2 22.3
MBAg/ADPg 13/11 No/No V-1 25.2
MBAs/ADP; 9/6 No/No V-0 26.8
ADPq5 8/5 No/No V-0 32.2

@ t; and t, refer to the burning times after the first and second ignition,
respectively.

combination use of MBA and ADP devotes marginal synergistic effect in
terms of THR and EHC (5.7 ~ 10.2 %) relative to those calculated from
the individual contributions in fire assessment. However, both
MBAg/ADPg and MBA5s/ADP; show an evident synergy in terms of
PHRR reduction (45.7 %, 55.4 %). The proportion control of additives is
vital (resulting in 10 % synergy promotion) even if there is an only 1 %
deviation.

3.4. Fire-retardant mechanism

The fire-retardant mechanism regarding the gas phase and
condensed phase was explored, such as the flame inhibition acts in gas
phase, while the charring effect and barrier-protective effect act in
condensed phase. The three effects can be quantitatively calculated
according to the Eqs. (6)-(9), with results listed in Table S2 and Fig. 6b.
The total heat released at the time to flame-out per released volatiles,
which can be regarded as the reduction in the effective heat of com-
bustion of the volatiles (THE/TML), acts as the main flame inhibition
effect [42,47]. The quotient value of THE/TML (Eq. (6)) is inversely
proportional to the effect of the flame inhibition. For example,
MBA5/ADP; o possess the lowest THE/TML value (2.8 MJ/mZg), and thus
the best flame inhibition. This phenomenon is attributed to the high
reactivity of phosphorus free radicals degraded from MBA and ADP. This
result can also be verified by its higher CO yield (0.09 kg kg™!) than pure
PA6, implying the incomplete combustion of the sample MBAs/ADP;
resulted from the flame inhibition effect. As AEHC is deemed as the
average heat release by unit mass loss and can be calculated as the mean
ratio of HRR to mass loss rate in a certain burning time, another simple
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Table 3
Cone calorimetry testing results and fire performances of PA6 and FRPA6.
Sample TTI® PHRR " (kw/ THR © (MJ/ AEHC ¢ mJ/ MARHE ¢ Residue Mean COY ' Mean CO,Y FGI ¢ FPI" FRI
) m?) (A%) m?) (A%) Kg) (A%) &W/m?) (A%)  (Wt%) (kg kg™ " (kg kg (m? s/ (kW/ (category) |
kw) m?s)
PA6 102 522.1 106.5 29.7 275.4 3.7 0.02 1.87 1.58 0.20 -
MBA, 5 46 849.0 (162.6  97.0 (18.9 26.0 (13.3 405.4 (147.2 11.4 0.02 1.82 5.31 0.05 0.30 (Poor)
%) %) %) %)
MBAg/ 58 318.2(139.1 867 (1186 243 (J144  218.1 (J20.8 10.7 0.09 1.44 1.22 0.18 1.15 (Good)
ADPgy %) %) %) %)
MBAs/ 76 248.1(52.5 91.0 (114.6 25.0 (115.3 175.8 (136.2 8.9 0.09 1.44 1.60 0.31 1.84 (Good)
ADP;, %) %) %) %)
ADP;5 68 410.1 (121.5 96.3 (19.6 25.3 (110.5 277.8 (10.9 %) 7.5 0.09 1.52 1.52 0.17 0.94 (Poor)
%) %) %)
# TTI: Time to ignition;.
b PHRR: Peak heat rate release;.
¢ THR: Total heat release;.
4 AEHC: Average effective heat of combustion;.
¢ MARHE: Maximum average heat release rate;.
f Mean COY and Mean CO,Y: mean CO and CO» yields.
8 FGI: Fire growth index;.
b FPI: Fire performance index;.
! FRI (category): Fire retardant index and the category of fire retardancy.
a b
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Fig. 6. (a) Synergistic effect of MBAg/ADPgy and MBAs/ADP;, and (b) quantitative assessment of fire-retardant mode of FRPA6 samples.

method to evaluate the flame inhibition is developed by calculating the
AEHC reduction ratio [I— AEHCprpas/AEHCpsg] in Eq. (7) [43]. The
ratios are proportional to the flame inhibition effect, among which
MBAs5/ADP; manifests superior (15.3 %) to the other samples.
Similarly, the charring effect is investigated by the difference per-
centage of the total mass loss ratio between FRPA6 and PA6 [(Residue-
rrrac-Residuepag)/ (1 Residueppe)], as shown in Eq. (8) [43]. The highest
value of 8.1 % for sample MBA;5 indicates its good charring ability, yet
poor fire retardancy attributed to its incompact char layers, as demon-
strated in the SEM images (Fig. 7). Nevertheless, as the amount of ADP
increases, the charring effect weakens (from 7.3 % for MBAg/ADPy to
4.0 % for ADP;5), confirming the insufficient charring ability of ADP.
The introduction of MBA into PA6/ADP composites can enhance the
charring ability (by 35 % to 82.5 %), confirming a synergistic effect
between MBA and ADP. The char residue, as a barrier for heat and fuel
transfer, affects the heat release. Thus, the barrier-protective effect can
be evaluated by using the relatively hindered heat release
[1-(PHRRgrpa6/PHRRpas)/(THRrrpA6/THRpAG)] in Eq. (9). As a result,
the sample MBA5/ADP;o shows the best barrier-protective effect with
the value of 44.4 %, followed by the sample MBAg/ADPg (25.1 %).
ADP;5 manifests a poor barrier-protective effect mainly because of its
small amount of residue. The minus value (—78.5 %) of MBA;5 eluci-
dates a negative barrier-protective effect as its char is slightly intumes-
cent but porous and incompact, and thus cannot act as an effective
thermal barrier for heat exchange (see digital photo and SEM image in

Fig. 5g, Fig. 7as_4). Above results and discussion clearly indicate that the
MBA/ADP combination plays a key role in both gas and condensed
phases.

To further investigate the fire-retardant mechanism, Raman spec-
troscopy, XPS analysis, and SEM imaging of chars and TG-IR spectros-
copy were conducted, as depicted in Fig. 7. Clearly, all Raman spectra of
the char residue present D peak (at ~1380 cm V) and G peak (at ~1600
em™ ) (Fig. 7a;-c1). The char of MBAs/ADP gives the lowest area ratio
of D band to G band (Ap/Ag) (2.6) compared to the chars of MBA;5 and
ADP;5 (3.5 and 3.0), indicating the highest graphitization degree [48].
Both chars of MBA;5 and MBAs/ADP;o contain boron element (Big,
190.9/191.6 eV) besides carbon (Cy5, 284.0 eV), oxygen (O15, 531.9 V),
nitrogen (N5, 400.0 eV), and phosphorus (P2p, 133.5 eV and Py, 191
eV) elements, whilst the char of MBAs/ADP; includes aluminum (Alys,
119.0 eV; Alap, 74.9 eV) element. Besides, aluminum can also be found
in the char residue of ADP;5 (Fig. 7az-c3).

The SEM images of the external chars (Fig. 7as-c3) and the internal
chars (Fig. 7a4-c4) show that MBA;5 only leaves a porous and incompact
char after combustion, while the char of MBAs/ADPyq is dense both
internally and externally. However, ADP;5 leaves a compact external
char layer with a tunnel-like internal structure after burning. Therefore,
the P/N/B-containing MBA imparts enhanced fire retardancy to PA6/
ADP composite by its condensed-phase effect. TG-IR spectra (Fig. 7d)
depict the released fragment in gas phase at 450 °C. The sharper peaks at
2940 cm ™! (C—H),1710cm ™! (C=0) and 1150 cm ™! (P = 0) of ADP;5
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than those of MBA;5 and MBAs/ADP;( indicate more free radicals
released into the gas phase, and thus the residue of ADP;5 contains less
related components, confirming its poor charring ability. MBA;5 and
MBAs/ADP release a lot of incombustible N-containing gases (sharp
peaks at 930 and 970 em™ ) [49]. Consequently, the inclusion of MBA
enhances the gas-phase fire retardancy of PA6/ADP composite.

3.5. Mechanical performances

The mechanical properties, including tensile strength, elongation at
break and tensile modulus, of PA6 and FRPA6 were also studied (Fig. 8
and Table S3). Neat PA6 exhibits excellent mechanical performances,
such as a tensile strength of ~ 47 MPa, an elongation at break of ~ 150%
and a tensile modulus of ~ 847 MPa [49]. The fracture cross-section of
PA6 looks rather rough, and many vacancies can be observed with a
certain orientation due to the deformation of PA6 chains in the tension
direction, indicative of a ductile fracture mode (Fig. S2a). The addition
of fire retardants induces substantial reductions in both tensile strength
and elongation at break to 33 ~ 36 MPa and 14 % ~ 19 %, but an
increased elastic modulus to 1206 MPa. In comparison with ADP, MBA
can better preserve the mechanical strength of PA6. For instance, The
MBAg/ADPg sample possesses the best mechanical properties among all
FRPA6 composites (tensile strength: ~38 MPa, tensile modulus: ~1206
MPa, and elongation at break: ~19 %), followed by MBAs/ADP; . This
can be reflected by their SEM images. For instance, the MBA5/ADP;
shows a rough fracture surface with many wrinkles due to the polymer
matrix deformation (Fig. S2b). In comparison, the ADP granules
(Fig. S2e) scattered in the PA6 matrix severely restrict the deformability
of the polymer matrix, leading to a nearly brittle fracture mode without
any matrix deformation traces (Fig. S2¢). The EDS mapping (Fig. S2d) of
MBAs/ADP; also shows that MBA and ADP are evenly dispersed within
the PA6 matrix. As a consequence, the synergistic MBA/ADP system
endows PA6 with better mechanical strength and rigidity than PA6/ADP
composites.

4. Conclusion

In this study, a P/N/B-containing aggregate (MBA) has been syn-
thesized via a green strategy by using water as the solvent. MBA is then
employed as a synergist for fire-retardant PA6/ADP composites.
Regardless of its poor fire-retardancy efficiency, MBA possesses a strong
carbonization ability. The use of MBA to replace an equal loading level
of ADP can significantly improve the fire performance of PA6 with
significantly decreased heat release and increased residue yields, apart
from the well-retained UL-94 V-0 rating and increased LOL. Specifically,
the incorporation of 5 wt% MBA and 10 wt% ADP brings about 52.5 %,
18.6%, 15.3 % and 36.2 % reductions in PHRR, THR, AEHC and MARHE
compared to neat PA6 in the cone test, respectively, while only 21.5 %,
9.6 %, 10.5 % and minus reductions in them are achieved by ADP;s.
Besides, this combination formula leads to the highest FRI value (1.84),
implying a better fire retardancy. Furthermore, MBA shows an ability to
boost the fire retardancy of PA6/ADP composite via synergy, as reflected
by a high synergisitc effectivity of 55.4 % in terms of PHRR reduction,
and a more significant heat inhibition effect during combustion.
Regarding the mode of action, the MBA and ADP combination performs
the flame inhibition in the gas phase and plays a barrier-protective role
in the condensed phases. Besides, MBA and ADP also shows a synergy in
improving mechanical properties of PA6. This work provides a multi-
element and synergistic strategy for improving the fire safety of PA6,
and is expected to significantly expand the application of PA6 in the
indsutry.
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