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Highlights
*  Abio-based P/N-based melamine-aggregate (MPA) is prepared for use in PA6.
¢ Combination use of MPA and ADP significantly decreases the heat release of PA6.

*  Synergistic effects between MPA and ADP at certain ratio are demonstrated.
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Abstract

Engineering polyamide 6 (PA6) is preferred for its superior mechanical properties, yet the
intrinsic flammability restricts its industrial applications. As one of the biomass phosphorus-
containing chemicals, phytic acid (PA) is favorable for its high phosphorus content and
aggregation ability, making it expected to enhance the fire retardancy of PA6. Herein, a
melamine-phytate aggregate (MPA) is prepared by electrostatic interaction in aqueous
solution, and applied as a synergist for aluminum diethylphosphinate (ADP) in PA6. The
strong synergistic effect exists between ADP and MPA towards PA6, especially when their
mass ratio is 3:1 and the total loading is 18 wt%. Compared to the neat PA6, this formula
allows for remarkable decreases in peak heat relcase rate (PHRR), total heat release (THR),
and maximum average heat release rate (MARHE) by ~ 48%, ~ 27%, and ~ 30%,
respectively, as well as a high synergistic efficiency of ~ 43% in PHRR. This PA6 composite
also presents a V-0 rating in the vertical burning (UL-94) test and a high limiting oxygen
index (LOI) of 29.7%. This work offers an eco-friendly strategy for developing bio-based

P/N fire-retardant aggregates for fabricating PA6 materials with high fire safety.
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1. Introduction

Owing to the superior performances including mechanical strength, oil resistance, self-
lubrication, and attrition resistance, polyamide 6 (PA6) has been ubiquitously used as a
significant engineering material in various areas, such as electrical and electronic fields,
manufacturing, and packaging [1-3]. However, PA6 can easily cause fire due to its intrinsic
flammability, high heat release, melt-dropping, and toxic gases, thus leading to casualties and
property loss. Such fire risks significantly restrict its practical applications where high fire
safety is required, e.g., electrical appliances [4-6]. Thus, it is imperative to develop fire-
retardant PA6 materials.

As a prominent category of halogen-free fire retardants, phosphorus-based fire
retardants (P-FRs) offer a favorable solution to mitigate fire hazards of polymeric materials.
During combustion, they can act both in the condensed and gas phases, by producing
phosphorus/phosphate salts to facilitate the char formation and generating PO- radicals to
scavenge high-energy HO< and He radicals, thus suppressing the burning reaction [7—14].
Over the last decade, biomass materials have gained great attention due to their
environmental-friendly features [15—-18]. Phytic acid (PA), with a high P content (28 wt%)
and an inositol hexaphosphate structure, has been extensively explored in the preparation of
fire-retardant polymers because of its renewable feature (from beans, cereal grains, seeds,
etc.) and low cost [19-23]. Apart from promoting char-formation and trapping active
radicals, it can also enhance the anti-melting performance of polymeric matrices via
dehydration reactions to form P—O—P structures [17, 24, 25]. Nevertheless, PA is not usually

applied alone because of its strong acidity and migration, which might reduce the mechanical
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performances of matrices, in addition to the easy thermal degradation [5].

To address these issues, the metal-chelating PA-Zn [26], PA-Ni [27], and PA-Mg [28]
have been developed and applied in different polymer matrixes. Besides, amines are
considered as good candidates to ameliorate the acidity of PA as their amino groups can
easily react with —P(O)(OH); groups of PA [29-31]. Meanwhile, the fire retardancy of
polymers could be highly improved by phosphorus/nitrogen (P/N)-based fire retardants
owing to their synergistic fire-retardant effects [2, 32-36]. For example, polypropylene (PP)
with 18 wt% of phytic acid salt (PHYPI) showed an increased LOI of 25.0%, an UL-94 V-0
rating, and enhanced char-forming ability [37]. In addition, triethanolamine (TEA) was
applied as a blowing agent to adjust the acidity and enhance the fire retardancy of PA-loaded
cotton fabrics [38]. Furfurylamine phytate (PAF) was prepared in ethanol solution and 2 phr
of it endowed poly (lactic acid) (PLA) with a high LOI value of 34.2% [39]. Recently, a
phytic acid/silane hybrid sol was synthesized by using PA and silane (3-(2aminoethylamino)-
propyltrimethoxysilane (AAPTMS) as raw materials, which significantly increased the LOI
of cotton fabrics to 31.0% [19]. Although the superior charring ability of PA is highly desired
in preparing fire-retardant PA6, PA-derived fire retardants for PA6 are rarely reported.

Melamine (MA) and its derivatives are regarded as favorable nitrogen sources that
produce inert gases (e.g., NHj3) to dilute oxygen during combustion, and thus they have been
used in fire-retardant PA6 widely [8, 40]. Therefore, it is expected to enhance the fire safety
of PA6 by developing an MA-PA flame retardant based on the reaction between —NH, and
—P(O)(OH)s. On the other hand, in case of the unstable char layers caused by the release of

excessive inert gases from amino-rich MA, the commercial aluminum diethylphosphinate
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(ADP) is expected to maintain partial N atoms in the condensed phase and then manipulate
the char formation, to finally enhance the quality of char layers and fire retardancy of PA6
[41-43].

This work targets at developing a plant-derived P/N-containing fire-retardant synergist
via a green reaction for the PA6/ADP system. PA and melamine are chosen to assemble a
supramolecular aggregate (MPA) via electrostatic interaction in water. The as-synthesized
MPA shows a strong synergism with ADP when used in PA6. Specifically, the combination of
4.5 wt% MPA and 13.5 wt% ADP imparts high fire safety to PA6, with an LOI of ~30%, a
UL-94 V-0 rating, and a low peak heat release rate (PHRR) (reduced by ~48% compared to
that of pure PA6). This study provides a green approach for preparing bio-based flame-

retardant system for high-performance PAG6 that is urgently needed in end-use industries.

2. Experimental section
2.1 Materials and reagents

PA6 (Durethan BC30) was provided by Lanxess Energizing Chemistry Co. (Germany).
Melamine (MA), phytic acid aqueous solution (70%), and aluminum diethylphosphinate
(ADP) were purchased from Macklin Inc. (China). All chemicals were used directly without
prior treatment. Ultrapure water (18.2 MQ) was produced by a Merck Millipore

Ultrapurification system.

2.2 Synthesis of MPA

Three different molar ratios of MA/PA (6:1, 4:1, 3:1) were used to explore the effect of
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the molar ratio of the starting materials on the structure of the final MPA products. X-ray
photoelectron spectroscopy (XPS) results (Table S1 in the Supplementary Material) and SEM
images (Fig. S1) indicate that there is no distinct difference in elemental composition and
micromorphology of MPA. To ensure the complete reaction, a reaction molar ratio of 6:1
(MA/PA) was used. Firstly, 18.9 g of MA was stirred continuously with 600 mL of ultrapure
water in a flask at 90 °C, whilst 23.6 g of phytic acid aqueous solution (70%) was diluted to
60 mL. Then, the obtained phytic acid solution was added dropwise into the MA aqueous
solution using a pressure-equalizing dropping funnel. The light greyish solid powder was
generated progressively, and the mixture was stirred for 2 h. Lastly, the powder (MPA) was
obtained by filtration, washing with hot water 3 times, and vacuum drying at 100 °C

overnight.
2.3 Preparation of fire retardant PA6/MPA/ADP (FRPA6) composite

PAG6 pellet was dried at 80 °C for 4 h before use, and then it was melt-blended with MPA
and ADP at 220 °C for 6 min with a rotor speed of 60 r/min in a torque rheometer (RM-200C,
HAPRO), followed by hot-pressing into desirable testing specimens at 230 °C under 10 MPa
for 2 min and cool-pressing. The as-prepared FRPA6 composites containing various
proportions of MPA and ADP with a total addition of 18 wt% were named PA6/MPA s,
PA6/MPA¢/ADPy,,  PA6/MPAs/ADP;3,  PA6/MPA4s/ADP13s,  PA6/MPA;¢/ADP 44,
PA6/MPA;/ADP;s, and PA6/ADP s, respectively, where the number represented the addition
amount. PA specimens were fabricated in the same process without the addition of fire

retardants.
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2.4 Characterizations and measurements

Fourier transform infrared (FT-IR) spectra were obtained by an FTIR spectrometer
(Thermofisher IS50). X-ray diffraction (XRD) was conducted on an X-ray diffractometer
(XRD-7000, Shimadzu) with Cu Ka radiation (4 = 0.1542 nm). XPS was performed on a
Thermo Scientific K-Alpha with Al Ka radiation (hv = 1486.6 eV). Thermogravimetric
analysis (TGA) was undertaken on a thermogravimetric analyzer (DSC3+/TRACE 1300-
ISQ7000, Thermo Fisher Scientific) from 25 to 800 °C with a heating rate of 10 °C/min
under nitrogen or air atmosphere. Scanning electron microscope (SEM) and energy dispersive
spectroscopy (EDS) were carried out on a Helios SCX (Thermo Fisher Scientific).
Transmission electron microscope (TEM) was conducted on a Talos F200X (Thermo Fisher
Scientific).

Vertical burning (UL-94) test was performed on a Jiangning CZF-2 instrument, with a
sample dimension of 130 mm X 13 mm X 3.2 mm. Limiting oxygen index (LOI) was
obtained by using a JF-3 type oxygen index meter, and the sample dimension was 80 mm x
10 mm % 4 mm in accordance with ASTM D2863-2009. Cone calorimetry test was performed
on a calorimeter (FTT, UK) with a heat flux of 50 kW/m? according to ISO 5660, with a
specimen size of 100 mm x 100 mm x 3.0 mm. Thermogravimetric-infrared spectrometry
(TG-IR) was carried out on a thermogravimetric analyzer (TGA8000, PerkinElmer) and FT-
IR spectrometer (Spectrum 3, PerkinElmer). Mechanical properties were investigated by an
electronic universal testing machine (UTM2503, Sans) with a cross-head rate of 5.0 mm/min.
All samples were prepared based on GB/T 1040.

To assess the fire safety of FRPAG, fire performance index (FPI) and fire growth index
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(FGI) are calculated by the following Egs. 1 and 2.

FPI = TTI / PHRR
)
FGI = PHRR / Time to reach PHRR
2)

where TTI is abbreviated for time to ignition.
To explore the synergistic effect (SE) between MPA and ADP with various ratios in
FRPA6 composites, here the SE values referring to PHRR, total heat release (THR), and

effective heat of combustion (EHC) are calculated based on Egs. 3 and 4 [44]:

Pcalculated = Pypa X Pmpa + Papp X Papp
3)
SE= (Pcalculated > PExperimental) / Pcalcutated
“)

where P is the parameter obtained from the cone calorimeter test, referring to PHRR, THR,
and EHC. ¢ is the ratio of MPA or ADP in FRPAG6 containing 18 wt% of MPA and ADP.

To explore the fire-retardant mechanism of FRPA6, the flame inhibition, charring effect,
and barrier-protective effect are calculated by Eqgs. 5, 6, and 7 based on the data obtained

from cone calorimetry tests:

Flame inhibition = 1 - EHCrrpas/EHCpas
(5)
Charring effect = 1 - TMLgrpas/ TMLpag

(6)
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Barrier -protective effect 1 — (PHRRFRPA6/ PHRRPA6)/ (THRFRPA6/ THRPA6)

()

where TML represents total mass loss during the cone calorimetry test.

3. Results and discussion

3.1 Characterization of MPA

Fig. 1(a) illustrates the synthesis route of MPA. The aggregate MPA is formed via the
electrostatic interaction between —NH, of MA and —P(O)OH of PA in aqueous solution. The
FTIR spectra of MA, PA, and MPA are depicted in Fig. 1(b). For MA, the absorption peaks at
3470, 3417, 3334, and 3127 cm ' are attributed to the stretch vibration of the —NH, group,
while the peaks at 1652, 1553, and 1026 cm’’ belong to the N—H bending, C=N, and C—N
vibrations, respectively [44]. The FTIR spectrum of PA demonstrates the absorption of P=O
and P—O at 1364 and 778 cni |, respectively. Upon the formation of MPA, the absorption
peaks of the —~NH, group shift to 3360 and 3147 cm ', and those of N—H, C=N, and C-N
slightly shift to 1675, 1510, and 1060 cmﬁl, respectively, owing to the electrostatic interaction
of MA and PA. Additionally, the absorption peaks of P=O and P—O appear at 1180 and 778
cm respectively. More importantly, the distinct peak at 1675 cm ' indicates the formation

of -NH3". These results verify the successful synthesis of MPA.
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Fig. 1. Synthesis and characterization of MPA: (a) synthesis route of MPA, (b) FTIR spectra
of MPA, PA, and MA, (c¢) XPS full-scan spectrum of MPA, (d) high-resolution XPS N 1s
spectrum of MPA, (e) XRD patterns of MPA and MA, (f) SEM image of MPA, and (g) EDS
graph of MPA.

Fig. 1(c) shows the elemental constitution of MPA by XPS, including carbon (Cs, 288.2
eV), nitrogen (N, 399.0 €V), oxygen (Oys, 531.7¢V), and phosphorus (P,,, 133.1 eV). In the
high-resolution N spectrum (Fig. 1(d)), the binding energy peaks at 399.1 and 398.4 eV are
ascribed to the C—N and C=N bonds of the triazine ring from MA, and that at 400.8 eV is
attributed to the —NH, group, indicating that partial —NH, groups are unreacted in MPA.
Additionally, the peak at 400.3 eV reveals the existence of the -NH;" group. The XPS results

are in line with the FTIR ones, demonstrating the formation of MPA.
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XRD is another technique to explore the material structure. As shown in Fig. 1(e), the
peaks at 13.0°, 17.6°, 22.0°, 26.1°, 28.7°, and 29.7° belong to (—101), (—111), (210), (-301),
(=311), and (310) planes of MA, which is in consistent with the standard JCPDS card No. 24-
1654 [45]. Upon the reaction with PA, new peaks appear at 6.4°, 14.3°, 17.2°, 18.2°, 27.1°,
and 27.7° in the XRD pattern of MPA, which reveal the crystal structure difference between
MPA and MA. Additionally, MPA exhibits a typical two-dimensional supramolecular
aggregated structure, as reflected by the micro-scale flakes with sizes of 0.5-3 um and
thicknesses of 30-60 nm in Fig. 1(f). As shown in EDS spectrum (Fig. 1(g)), MPA contains
41.1% of C, 15.4% of O, 30.2% of N, and 13.3% of P. In brief, all these results demonstrate

the successful synthesis of MPA via a facile and green approach.
3.2 Thermal decomposition behaviors

TG and derivative TG (DTG) results (see Fig. 2 and Table 1) illustrate the thermal stability
of MPA under air and nitrogen atmosphere, respectively. The temperature at 5% mass loss
(T5) of MPA is 236 °C (N,)/254 °C (air), which is above the melt-blending temperature of
PA6 composite (220-230 °C), indicating it keeps stable during melt-blending. In addition, the
temperature at maximum weight loss rate (7i.x) of MPA is 570 °C (N,)/580°C (air), and its
maximum mass loss rate (Ry) is 0.19 wt%/°C (N2)/0.22 wt%/°C (air). Notably, the char yield
of MPA at 800 °C reaches up to 27.4 wt% (N;)/24.4 wt% (air), demonstrating its desirable
charring ability. In summary, MPA exhibits high thermal stability in both nitrogen and air
conditions, and its excellent charring ability is highly needed in the preparation of fire-

retardant PAG6.
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Tablel. TGA results of MPA, PA6 and FRPA6 under nitrogen atmosphere.

Residue at 800 °C

Sample Ts (°C) “Tinax (°C) "Run (W%/°C) (Wt%)
MPA 235.7 (N,) 570.0 (N) 0.19 (N) 27.4 (N,)
/253.5 (Air) /579.3 (Air) /0.22 (Air) /24.4 (Air)
PAG6 393.2 461.8 2.0 0.7
PA6/MPA 5 308.7 381.4 1.4 9.9
PA6/MPA¢/ADP, 304.9 452.1 1.3 59
PA6/MPAs/ADP 3 2937 4470 1.3 4.8
PA6/MPA,s/ADP3 5 299.7 442.1 1.4 5.7
PA6/MPA; /ADP 4 4 302.5 437.7 1.6 5.3
PA6/MPA;/ADP;5 318.7 438.6 1.6 6.3
PA6/ADP;5 376.2 436.0 1.7 43

* Ts and T,y refer to the temperature at 5% mass loss and the maximum mass loss rate, respectively.

b .
Ry refers to the maximum mass loss rate.

Pure PA6 shows satisfactory thermal stability with a 75 0of 393.2 °C and a T},.x 0f 461.8 °C,
but poor charring ability, as confirmed by a char yield of only 0.7 wt%. With the
incorporation of MPA, as expected, the char yield of the resulting PA6/MPA 5 increases to 9.9
wt%, but the 75 and Tax decrease to 308.7 and 381.4 °C, which is due to the lower
decomposition temperature of MPA itself. For commercial ADP, although its sole addition
cannot bring a high char residue for PA6 as MPA does, it largely maintains the thermal
stability of the PA6 matrix. For instance, PA6/ADP,g shows a 75 of 376.2 °C and a T, of
436.0 °C. Clearly, the combination of MPA and ADP (18 wt%, totally) is expected to make
the FRPA6 composites achieve moderate thermal stability and char-forming ability. For
example, PA6/MPA4s/ADP 35 shows a char yield of 5.7 wt% with a T, of 442.1 °C. As the
ADP/MPA addition proportion increases to 5, the PA6/MPA3/ADP,s shows balanced thermal
stability, as evidenced by its high 75 (318.7 °C) and char residue (6.3 wt%), and a slightly

reduced T (438.6 °C). It is also noted that MPA is helpful in alleviating the thermal
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degradation of the PA6 matrix at elevated temperatures. For instance, the Ry, value is 1.6
wt%/°C for PA6/MPA;3/ADP;; (close to that of PA6/ADP 5), but it reduces to 1.2 wt%/°C for
PA6/MPA/ADPj,. Such trend probably results from the good charring ability of MPA.
Consequently, the introduction of MPA into FRPAG is expected to enhance high-temperature

stability and suppress heat release during combustion [46].

a b
1004 _¥Air, T5(253.5 °C)
5 0.00 A
o ! N, S -0.05-
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2 ‘ 4
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Fig. 2. (a) TG and (b) DTG curves of MTP under air/N, atmosphere; and (c) TG and (d) DTG
curves of PA6 and FRPA6 composites in N, condition.

3.3 Fire retardancy and synergistic mechanism

UL-94 and LOI tests were carried out to evaluate the fire safety of FRPA6 composites. As
presented in Table 2, pristine PA6 is highly flammable with an UL-94 V-2 rating and a LOI

value of 23.2%. The addition of 18 wt% MPA fails to suppress the intrinsic flammability of
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PAG6, and even slightly reduces its LOI, although MPA can promote the char-formation of
PAG6. On the contrary, the addition of ADP (18 wt%) enables PA6 to pass V-0 rating in the
UL-94 test and obtains a high LOI of 34.1%. With the combination of MPA and ADP, the
resulting FRPA6 composites still present satisfactory fire retardancy. For instance, when 5
wt% MPA and 13 wt% ADP are introduced, the PA6/MPAs/ADP,; sample exhibits a LOI of
26.8% and a UL-94 V-0 rating. Then, as the ADP proportion increases to 15 wt%, the burning
time of PA6/MPA3/ADP;s during the UL-94 test further shortens to 3/0 s and the LOI value

rises to 30.5%.

Table 2.
UL-94 ratings and LOI values of PA6 and FRPAG6.
UL-94

Sample 7 . )

ta/t; %(s) Dripping/Cotton ignition Rating LOI (%)
PA6 19/7 Yes/Yes V-2 23.2
PAG6/MPA 15 17137 Yes/Yes V-2 215
PA6/MPA¢/ADP, 15/4 No/No V-1 235
PA6/MPAs/ADP 5 9/6 No/No V-0 26.8
PA6/MPA, 5/ADP3 5 8/5 No/No V-0 29.7
PAG6/MPA; /ADP 44 6/3 No/No V-0 30.4
PA6/MPA;/ADP 5 3/0 No/No V-0 30.5
PAG6/ADP3 3/0 No/No V-0 34.1

“ t) and t, refer to the burning time after the first and second ignition, respectively.

Table 3.

Cone calorimetry test results of PA6 and FRPAG6.

AEHC®
a b THRS . Mean Mean
sample T(TS; (T(Wriz) (MIm?>  ( MJ/Kg e'\?kAV\?;:E) T&Z‘%e coy' co,y'
) (ka/kg)  (kg/kg)
PAG 102 5221 1065 20.7 275.4 3.7 0.02 1.87
PAG/MPA 15 40 597.7 85.9 26.0 331.1 12.0 0.02 1.64
PA6/MPA(/ADP;, 58 334.2 83.7 24.3 228.7 10.9 0.10 1.39

PA6/MPAs/ADP;; 60 280.9 86.3 25.0 1931 10.8 0.10 1.40
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PAG6/MPA, s/ADP;

58 2729 783 24.2 1943 135 010  1.38
5
PAO/MPA;/ADPl o5 o975 go1 24.7 193.6 143 009 141
4
PAG/MPAYADP;s 60 3139 837 245 2068 133 040  1.39
PAG/ADP 61 4426 912 253 2905 82 010 146

“ TTL: Time to ignite; > PHRR: Peak heat rate release; © THR: Total heat release; ¢ AEHC: Average
effective heat of combustion; * MARHE: Maximum average heat release rate; and /Mean COY and Mean
CO,Y: mean CO and CO, yields.
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Fig. 3. Flammability performances of PA6 and FRPA6 evaluated by cone calorimeter tests:
(a) HRR curves, (b) THR curves, (c) ARHE curves, and (d) mass loss curves.

The cone calorimetry test was conducted to further investigate the fire behaviors of PA6
and FRPA6. As demonstrated in Table 3 and Fig. 3(a, b), pure PA6 exhibits high
flammability, as reflected by a high PHRR of 522.1 kW/m® and total THR of 106.5 MJ/m?,
which are the two key parameters to evaluate the fire risk of polymer materials [47]. For
PA6/MPA 3, it shows a higher PHRR (597.7 kW/m?), implying a negative effect of MPA on

the suppression of heat release. Such results are also in line with the lower LOI (21.5%). On
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the other hand, in addition to reducing the THR to 91.2 MJ/m? the addition of 18 wt% of
commercial ADP successfully decreases the PHRR to 442.6 kW/m”. Upon combining MPA
with ADP, excitingly, the FRPA6 composites present even lower combustion intensity than
that of the PA6/ADP g sample, which is mainly due to the synergism of MPA and ADP. For
example, when the weight ratio of ADP/MPA reaches 2.6, the PHRR and THR values of
PA6/MPAs/ADP;5 drop to 280.9 kW/m?and 86.3 MJ/mz, respectively. As the ADP/MPA ratio
is up to 3, the PHRR and THR values of PA6/MPA,s/ADP;35 further decrease to 272.9
kW/m® and 78.3 MJ/m® by 47.8% and 26.5% relative to those of PA6. Moreover, the
maximum average rate of heat emission (MARHE) of PA6/MPA,s/ADP35 remarkably
reduces to ~193 kW/mZ, as compared to 290.5 KW/m’ of PA6/ADP;g and 275.4 kW/m? of
pristine PA6. Such an incredible decline in combustion intensity is associated with the
obviously increased char residue from 3.7 wt% of PA6 to 13.5 wt% of PA6/MPA4 s/ADPj3s.
Besides, the average effective heat of combustion (AEHC) of FRPA6 samples presents a
distinct decline as compared to that of pure PA6, revealing good flame inhibition in the gas
phase. Particularly, for PA6/MPA4s/ADP3 5, its EHC reduces from 29.7 MJ/kg of pure PA6
to 24.2 MJ/ka. Obviously, the significant reduction in combustion intensity of FRPAG6

composites results from the synergistic effect between MPA and ADP.
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Fig. 4. (a) FGI & FPI values of PA6 and FRPA6; and (b) synergistic efficiencies of FRPA6 in
PHRR, THR, and EHC.

Table 4.
Fire performances and synergistic efficiencies of PA6 and FRPA6.
Sample FPI az FGI " ((m? PHRR SE ¢ THR SE EHC SE
(kwi(m”s)) s)/kW) (%) (%) (%)
PAG 0.20 1.58 - - -
PA6/MPA 15 0.07 3.23 - - -
PA6/MPA¢/ADP/, 0.17 1.34 32.4 6.4 4.6
PA6/MPAs/ADP 3 0.21 3.12 422 3.9 1.8
PA6/MPA4s/ADP3 5 0.21 0.99 42.9 12.4 4.4
PA6/MPA; ¢/ADP14.4 0.18 3.72 37.2 9.0 2.8
PA6/MPA;/ADP 5 0.19 3.14 33.0 7.3 3.6
PA6/ADP; 0.14 1.84 - - -

“ FPI: Fire performance index; » FGI: Fire growth index; “ SE: Synergistic effect.

The FPI and FGI values are presented in Fig. 4(a) and Table 4. Generally, a high FPI
indicates low flashover inclination and a low FGI represents slow fire propagation [48].
Apparently, PA6/MPAs/ADP; and PA6/MPA,4 s/ADP,; 5 exhibit the highest FPI value (0.21
kW/(m? s)) and the latter presents the lowest FGI value (0.99 (m® s)/kW), indicative of its

better fire safety.
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The synergistic effect (SE) in terms of PHRR, THR, and EHC are presented in Fig. 4(b)
and Table 4. PA6/MPA4s/ADP 3 s achieves the highest synergistic efficiency, such as an SE of
42.9% for PHRR and an SE of 12.4% for THR. Though its EHC SE is slightly lower than
that of PA6/MPA4/ADP,, its value remains higher than those of the other three FRPA6
composites. When the appropriate proportion (especially 3:1) of ADP and MPA is added with
a total loading level kept at 18 wt%, the outstanding synergistic effects on reducing the

flammability of PA6 can be achieved.
3.4 Fire-retardant mechanism

3.4.1 Char residue analysis

To better understand the mechanism of MPA in the condensed phase, the morphologies of
FRPAG char residues recorded by digital photo and SEM are presented in Fig. 5. Pure PA6
produces very few char residues due to its high flammability (see Fig. 5(a;, a;). The addition
of 18 wt% MPA enables PA6 to generate much swollen char residue as presented in Fig. 5(by,
b,). Although the char height reaches ~4.7 cm, there are many cavities in external and internal
layers (see Fig. 5(b;, bs)), which are conducive to gas and heat exhalation, leading to the
increased PHRR and MARHE values. As expected, PA6/MPA4s/ADP;35 generates more
compact char residue after combustion as shown in Fig. 5(c;—c4), which is responsible for the
obviously reduced heat release rate. Similar to PA6/MPA 3, there are many holes in the char
layer of PA6/ADP;g (Fig. 5(di—d4)). All these results indicate that MPA and ADP

synergistically function in the char formation, bringing about superior fire retardancy.
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PA6/MPA4s/ADP35, and (d) PA6/ADP ;g from top and side views, and SEM images and
element compositions obtained from EDS of external (bs;—ds) and internal (bs—d4) chars after
cone calorimeter tests for (b) PA6/MPA 15, (c) PA6/MPA4s/ADP 55, and (d) PA6/ADP 3.
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Fig. 6. (a;—c;) XPS survey spectra, (a,—c;) high resolution N3 XPS spectra, and Raman
spectra of PA6/MPA 3, PA6/MPA,4s/ADP35 and PA6/ADP;g chars after cone calorimetry
tests.

EDS and XPS were also used to study the difference in char quality from the perspective of
elemental composition (see Figs. 5 and 6 and Table S2) [49]. For PA6/MPA g, although its
char contains a certain amount of N and P in both inner and external char layers, it is difficult
to form a dense char barrier due to the mass release of the inert gas (proved by TG-IR). For
PA6/MPA4s/ADP3s and PA6/ADP;3, the Al element participates in the char-formation,
besides C, N, O, and P (see Fig. 6(b;, c;)). Although the PA6/MPA,4s/ADP35 char shows

lower (or close) Al and P proportions, it has a higher C/O ratio (0.79) and a lower P/O ratio

(0.16) in its inner structure than PA6/ADP;g (0.69 and 0.19). This suggests that the
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PA6/MPA4s/ADP3 5 char has more (poly)phosphate but fewer C—O structures, thus enabling
it to achieve higher compactness (see Fig. 5(c3, c4)). It is also noted that more N element
(4.1%) gets involved in char-forming for the synergistic formula compared to PA6/ADP g
(1.6%). Apart from the C—N and Al—-N bonds, the C=N (from triazine rings) structure exists
in the char (see Fig. 6(b,, c,)), which also contributes to the generation of a denser char layer
[23, 50, 51]. The high-quality char is also demonstrated by its higher graphitization degree,
which can be reflected by the intensity proportion of D peak to G peak (/p/lg) in the Raman
spectrum. The lower Ip/lg value indicates a higher graphitization degree [13, 52]. As
presented in Fig. 6(az—c3), the PA6/MPA4 s/ADP3 5 char possesses the lowest Ip/Ig value (2.1)
than the PA6/MPA 5 (3.6) and PA6/ADP 5 (2.7) chars, illustrating that it has the best barrier
effect in the condensed phase.
3.4.2 Pyrolysis product analysis

The evolved thermal degradation profiles of FRPA6 composites are demonstrated by TG-
IR. For PA6/MPA 5 (see Fig. 7(a;, ay)), it begins to thermally decompose at 350 °C, and then
the typical absorption peaks of the degradation production from the PA6 matrix appear when
the temperature reaches 400 °C, such as 2980, 2865, and 1440 cm ! for C-H and 1708 cm™!
for C=0 [53]. The characteristic absorption peak of NH; (967/928 cm™) also emerges at
400 °C, and then becomes strong at 450 °C, indicating the mass release of the decomposition
fragments from MPA into the gas phase. This NH3 peak still exists even at 500 °C and above,
which implies that abundant NH; is released during the decomposition of PA6/MPA ;.
However, excessive gas source (ammonia) damages the char layers, reducing the

compactness (see Fig. 5(b—bs)) and then leading to higher heat/gas release during
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combustion. Meanwhile, the weak P=0 absorption at 1110 cm™' during the whole thermal

decomposition explains the reason why the PA6/MPA 3 sample is flammable (few radical-

trapping effect).
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Fig.7. TG-IR spectra (2D and 3D) of gaseous products of (a;, a;) PA6/MPA;g, (b, by)
PA6/MPA4s/ADP3 5, and (¢, c) PA6/ADP ¢ at different temperatures.

In comparison, PA6/MPA4 s/ADP 35 and PA6/ADPg present higher thermal stability. As
shown in Fig. 7(b;—¢,), PA6/MPA4s/ADP;3s and PA6/ADP;gs do not present distinct
decompose products until the temperature reaches 400 °C. Moreover, their NH; production
gradually reduces above 450 °C and the corresponding IR absorption disappears above
500 °C. Such limited inert gas release facilitates the formation of intact and dense char
residues (see Fig. 5(ci—ds)). Particularly for PA6/ADP;g, it shows clear P=O absorption,
implying the existence of POe in the gas phase. Obviously, the mass production of PO« with
flame inhibition effect in the gas phase is responsible for the excellent fire resistance of
PA6/ADP;g (a LOI of 34.1% and a UL-94 V-0 rating).

3.4.3 Calculational mechanism assessment
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Fig. 8. Fire retardant mechanism of FRPA6 samples in terms of flame inhibition, charring,
and barrier & protective layer effects.

The flame inhibition, charring effect, and barrier-protective effect are obtained from
cone calorimetry tests (see Fig. 8 and Table S3). Approximately parallel flame inhibition
values of FRPA6 composites reveal their similar gas-phase modes of action.
PA6/MPA4s/ADP 35 composite presents superior charring effect (9.9%) and barrier-
protective effect (28.9%), apart from the high flame inhibition (18.5%). The undesired
charring effect (—1.1%) for PA6/ADP;g reveals the moderate charring ability of ADP, which is
compatible with the above results. PA6/MPA 3 shows an extremely low barrier-protection
effect (—41.9%), which is ascribed to the incompact char residue. Accordingly, MPA can exert
a certain flame inhibition effect by releasing inert gases (NHj3) and P/O-containing free
radicals into the gas phase during combustion, but it suffers from the adverse effect on

increasing the char compactness in the condensed phase. Hence, the single use of ADP or



Journal Pre-proof

MPA cannot simultaneously achieve fire-retardant effect in both condensed and gas phases,

and the combination of ADP and MPA contributes to exerting dual-phase fire-retardant effect.
3.5 Mechanical performances

The mechanical properties of pristine PA6 and FRPA6 composites are displayed in Fig. S2
and Table S4. Pristine PA6 exhibits high mechanical performances with a tensile strength of
~47.1 MPa, an elastic modulus of ~847 MPa, and an elongation at a break of ~150%. The
addition of fire retardants inevitably reduces the mechanical properties of PA6 to some
extent. For example, the addition of 18 wt% commercial ADP substantially decreases the
tensile strength and elongation at break to 32.8 MPa and 13.6%, respectively. By comparison,
PA6/MPA g presents a higher tensile strength of 37.1 MPa but is more brittle with an
elongation at a break of 7.8%. Expectedly, combining MPA and ADP endows PA6 with
moderate tensile strength (such as 36.0 MPa for PA6/MPA,s/ADPi35), but improved
ductility. For instance, the ¢longation at break of PA6/MPA4 s/ADP3 5 is up to 27.3% (nearly
twice as high as that of PA6/ADPs). Besides, the elastic modulus of all FRPA6 composites
significantly rises, e.g., ~1500 MPa for PA6/MPA, s/ADP 3 5 (almost 80% higher than that of
pure PA6). In summary, the synergistic system (MPA/ADP) allows FRPA6 composites to

realize acceptable mechanical strength and superior rigidity.
4  Conclusion

A bio-based MPA is prepared via a facile and environmentally friendly reaction in this
study. MPA presents strong fire-retardant synergism with ADP towards PA6. Specifically, the

combined addition of 4.5 wt% MPA and 13.5 wt% ADP (weight ratio of MPA/ADP = 1/3)
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allows PA6 to achieve 47.8% and 26.5% reductions in PHRR and THR, respectively,
compared to those of pristine PA6. Meanwhile, such formula shows the highest synergistic
efficiencies in PHRR (42.9%) and THR (12.4%), as well as a high LOI value (29.7%) and an
UL-94 V-0 rating. The excellent fire safety of FRPA6 is ascribed to the exceptional barrier
effect of the compact char residue and the flame inhibition effect in the gas phase. This study
offers a facile and green approach to designing bio-based flame-retardant synergists for
creating high-performance PA6 materials with superior fire safety and desired thermal

stability.
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