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1. Introduction

Epoxy resin is a significant member of a class of thermosetting
polymers. These materials are endowed with outstanding properties
and great versatility and are widely applied in the areas of encapsula-
tion, laminate formation, coatings, adhesives and insulating materials
(Auvergne et al., 2013; Gu et al., 2016). Nonetheless, EPs exhibit high
flammability, a major limitation, which greatly restricts applications in
many areas such as transportation, construction, aerospace and elec-
tronics (You et al., 2015; Wan et al., 2012; Jian et al., 2016; Wan et al.,
2015). Moreover, the formation of toxic gases and visible smoke during
combustion present challenges to people escaping from fires and lead to
mass casualties and property damage. Herein, a considerable number of
research efforts of reducing the fire hazard for EP are vital to human
society.

Multiple methods have been utilized for reducing the flammability
of epoxy resin. These include incorporating of various flame retardant
species such as phosphorus- (Shi et al., 2018), nitrogen- (Xu et al.,
2018), silicon- (Mercado et al., 2006; Zhou et al., 2018) and boron-
containing (Dogan and Unlu, 2014; Yu et al., 2016) compounds into the
resin. Over the years, phosphorus-containing flame retardants have
attracted increasing attention. Some of these can improve flame re-
tardance by action both in gaseous and condensed phases (Zang et al.,
2011; Ma et al., 2017). Among these compounds (Ren et al., 2007; Chen
et al., 2010; Jeng et al., 2002; Kandola et al., 2010), the simultaneous
incorporation of various phosphorus-containing groups is a very effec-
tive way to impart good flame resistant properties (Zhang et al., 2017).
Braun et al. (2006) presented a comparative study of the impact of the
presence of phosphorus-containing species in epoxy resin has been
presented. A mode of action for these compounds based on the thermal
decomposition behavior of two EPs was proposed. The flame retardants
differed in the nature of bonding to phosphorus atoms. Both P—C and
P—0O—C bonds were present and the prominence of condensed-phase or
gas-phase activity depends somewhat on the reactions and interactions
between the EP substrate and the flame retardants. However, it largely
determined by the level of oxygenation at phosphorus. Phosphates are
generally active in the condensed-phase while phosphonate and phos-
phinates are often active in the gas-phase (Howell et al., 2018).

Branched polymers with a high density of active terminal groups
and imperfect tree-like structure, in comparison with linear counterpart
with similar molecular weight (Huang et al., 2009; Liu et al., 2009),
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have received extensive attention due to the extraordinary architecture
and unique physicochemical performance (Wang et al., 2006a; Tauber
et al.,, 2014). It is notable that widespread applications of branched
polymers have been found in diverse fields, such as flame retardance
(Chen et al., 2011; Wang and Shi, 2006a; Feng et al., 2018a; Li et al.,
2014), resin tougher (Choi and Kwak, 2007) and plasticizer (Boogh
et al., 1999) due to low vilscosity and melting point (Pinto et al., 2001).
Herein, it is of great interest to modify novel branched phosphorus-
containing additives are attractive because of simple preparation and
easy-to-tailor structures of branched polymers.

To overcome the intrinsic high flammability and smoke toxicity of
EPs during combustion, it is proposed to design novel and submicro-
scale aluminium branched oligo(phenylphosphonate) (AHPP) has been
prepared with different oxidation states (-1, + 3) via polycondensation.
This report presents impressive results regarding the enhancement of
flame retardance and smoke toxicity suppression performance for EP/
AHPP blends. Fourier transform infrared spectroscopy (FTIR), X-ray
diffractometry (XRD), nuclear magnetic resonance spectroscopy (‘H
and 3P NMR), scanning electron microscopy (SEM), and transmission
electron microscopy (TEM) were applied to verify the chemical struc-
ture and morphology of obtained samples. Furthermore, a mode of
reduction of fire hazards for the EP/AHPP system has been proposed.
The findings reported suggest that submicro-scale phosphorus-con-
taining flame retardant to be a potential candidate as a new efficient
agent with enhanced fire hazards suppression performance for poly-
meric materials.

2. Experimental section
2.1. Materials

Benzene phosphorous oxydichloride (BPOD) was purchased from Sun
Chemical Technology Co., Ltd., Shanghai, China. Tetrakis(hydro-
xymethyl)phosphonium sulfate (THPS, 75% aqueous solution) was ob-
tained from Aladdin Chemistry Co. Ltd., China. DGEBA type epoxy resin
was provided by Jiangfeng Chemical Industry Co. Ltd. (Anhui, China).
Barium hydroxide (Ba(OH),.8H,0), hydrogen peroxide, 4,4’-diaminodi-
phenylmethane (DDM), aluminum sulphate (Al5(SO4)318H50), ethyl
acetate, anhydrous sodium sulfate and sodium chloride were all supplied
by Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China).
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Scheme 1. Synthetic Route for AHPP via the polycondensation of THPO with BPOD.
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2.2. Synthesis of THPO

Ba(OH),.8H,0 (0.35 mol) was firstly dissolved in 300 mL of distilled
water at 70 °C and then added into 75% THPS (0.35 mol) aqueous so-
lution. Subsequently, the reaction was kept at 25 °C for 2h with con-
tinuous agitation. After the white precipitate was separated by cen-
trifugation, hydroperoxide aqueous solution (0.7 mol) was dropwise
added to the supernatant at 0 °C for 3 h, followed by removing water
under reduced pressure. Herein, the high-yield final product THPO (a
colorless liquid) was obtained.

2.3. Synthesis of the intermediate product

The synthetic route of the branched oligo(phenylphosphonate)
precursor was displayed in Scheme 1. Typically, a three necked round-
bottomed flask was flushed with 0.3 mol of BPOD, which was equipped
with reflux condenser, nitrogen inlet and mechanical stirrer, followed
by slowly adding THPO (0.15 mol). The reaction kept going at 100 °C
for 5h under mechanical stirring in an inert atmosphere. The reaction
temperature was then declined to 70 °C with 60 mL of deionized water,
and the mixtures were further agitated for 1.5 h. After hydrolyzation of
the precursor and removing of the water, Ethyl acetate was added to
dissolve, and the solution was then washed three times with a saturated
sodium chloride. After that, the mixture was dried and evaporated to
dryness to obtain a white solid which was collected for testing.

2.4. Synthesis of submicro-scale target product
The above intermediate was dissolved in 50 mL of deionized water

with mechanical stirring in a three necked reaction vessel. The acidic
solution was adjusted to neutral with sodium hydroxide. After the
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mixture was heated to 65 °C, a solution of Al,(SO4)3-18H,0 (0.05 mol)
in 25 mL of H,O was added dropwise and the resulting mixture was
kept for 2 h. After cooling to 25 °C, the target product was collected by
filtration at reduced pressure and washed repeatedly till the PH value of
the filtrate was 7. The obtained white powder was dried at 90 °C for
20 h and the yield was > 90.0%.

2.5. Preparation of flame-retardant EP and the control sample

Submicro-scale aluminium branched oligo(phenylphosphonate)
(AHPP) was firstly dispersed in DGEBA uniformly with constant agita-
tion at 100 °C for 1.5h, followed by the dispersion into acetone. After
removing the solvent for 2h, the DDM was added. Subsequently, the
mixture was quickly poured into a preheated mould, curing at 100 °C
for 2.5h and postcuring at 150 °C for another 2.5h. The final samples
with 0, 2.5, 5 and 7.5wt % AHPP were labeled as EP/AHPP-0, EP/
AHPP-2.5, EP/AHPP-5 and EP/AHPP-7.5.

2.6. Characterization

Nuclear magnetic resonance (NMR) spectroscopy was conducted
using an AVANCE 400 Bruker spectrometer with DMSO-dg and D20 as
the solvent.

Fourier transform infrared spectroscopy was recorded on a Nicolet
6700 spectrometer (Nicolet Instrument Company, USA) with KBr pel-
lets.

The crystal-phase property of the EP composite was studied by a
powder X-ray diffractometer (Japan Rigaku D Max-Ra) using a rotating
anode X-ray diffractometer accompanied with a Ni filtered Cu-Ka tube
(A=1.54178 A) in the 26 range from 10° to 70° with a sweep speed of 4

min~ 1.
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Fig. 1. The 'H NMR spectrum (a) and *'P NMR spectrum (b) of THPO with D,0 as the solvent, the 'H NMR spectrum (c) and >'P NMR spectrum (d) of HPP with

DMSO-d6 as the solvent.
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The element composition and morphology of submicro-scale AHPP
were investigated by a KYKY1010B scanning electron microscope
(SEM) and a JEOL2010 transmission electron microscopy with an ac-
celerating voltage of 200kV. Prior to observation, the samples were
dispersed in ethanol with adequate ultrasound and then dropped on
copper grids.

Gel permeation chromatography (GPC) was measured with an in-
strument equipped with a G1310B ISO pump, a G1316A PLgel column,
and a G1362A differential refractive index detector.

Combustion properties of EP and its composites were performed on
a microscale combustion calorimeter (MCC, GOVMARK) and thermal
stability was analyzed with thermogravimetric analysis (TGA) using a
Q5000IR thermo-analyzer instrument with approximate 3.6 mg samples
at a linear heating rate of 20 °C/min from room temperature to 800 °C.

The thermo-oxidative degradation of EP composite was determined
by Real-time Fourier transform infrared spectroscopy, which was per-
formed in the range of room temperature to 600 °C at a heating rate of
around 10 °C/min under air on a MAGNAIR 750 spectrometer equipped
with a heating device and a temperature controller.

Limiting oxygen index (LOI) test was conducted using a HC-2
oxygen index meter according to ASTM D2863. Size of the specimen for
the measurement was 100 X 6.5 X 3.0 mm®,

The vertical burning (UL-94) test was performed on a CFZ-II hor-
izontal and vertical burning tester with a sample dimension of
127 x 12.7 x 3 mm® on the basis of ASTM D3801.

Cone calorimeter (Stanton Redcroft, UK) test was conducted ac-
cording to ISO 5660 standard. Each specimen was wrapped with alu-
minum foil and burned at an external heat flux of 35kW/m? with the
size of 100 X 100 x 3 mm?>.

The smoke toxicity test was assessed and performed according to
ISO TS 19,700 using a steady state tube furnace tests (SSTF). 20 g of
samples in the form of granules, which were spread evenly along the
combustion quartz boat in the tube furnace with 825 °C at a constant air
flow rate.

The quantitative measurement of the evolved gases was conducted
by the tubular furnace method. 0.5 g of samples loaded into the crucible
are fed into the furnace with 800 °C for at least 18 min. The combustion
gases were continuously extracted using a pump with 2L min~ 1.

Thermogravimetric analysis/infrared spectrometry (TG-IR) of EP
and EP composites was carried out through a TGA Q5000 thermo-
gravimetric analyzer using approximate 3 mg samples, which used a
stainless steel transfer pipe to combine with a Nicolet 6700 spectro-
photometer. Thermal analyzer was conducted in the range from 25 °C to
700 °C with a heating rate of 20 °C/min under a nitrogen condition.

The char residue of EP composite after cone calorimeter test was
observed by a KYKY1010B scanning electron microscope. The sample
was coated with gold/palladium alloy.

Raman spectra of the char after cone calorimeter tests were re-
corded on a SPEX-1403 laser Raman spectrometer (SPEX Co., USA).
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3. Results and discussion
3.1. Structural characterization and morphology

Fig. 1 presents (a) "H NMR and (b) 3'P NMR spectra of THPO. The
peak at 4.72 ppm is characteristic of O=P—CH,—O0, and the single peak
at 4.08 ppm corresponds to hydroxyl proton (C—OH) in the 'H NMR
spectrum. Fig. 1b displays only one sharp signal for phosphorus which
appears at 49.95 ppm.

Fig. 1c and d show 'H and 3'P NMR spectra of HPP, the signals
between 7.39-8.30 ppm is ascribed to the hydrogen on aromatic ring.
The peak at 10.45 ppm corresponds to proton of O=P—OH and the
chemical shift at 5.5 ppm is characteristic of hydroxyl proton on P—®
CH,—OH. The signal at 4.06 ppm is contributed to the methylene
proton of O=P—-CH,—OH. Moreover, signals between 4.10 and
4.24ppm is caused by the methylene proton of Ph—P(=0)-0—-©
CH,—P=0, which verifies the reaction between THPO and BPOD.

The structure and molecular weight of HPP is determined by 'H
NMR, 3'P NMR spectrums and GPC. The molecular weight of AHPP was
acquired from GPC, and the number-average molecular weight is
2100 g/mol with the polydispersity index of 1.3. In a branched
polymer, The peaks situated at 43.2, 37.4, and 16.8 ppm are due to the
O=P(—CHy—)3; with one, two, and three hydroxyls reacted, respec-
tively, which are identified as terminal (T), dendritic (D) and linear (L)
units (Xie et al., 2008). As shown in Fig. 1d, peak i, h and g are cor-
responding to D, L and T units, respectively. The ratio between linear
and branching units refers to the ratio of integral area of peak h to i is
4.3. The structural perfection of a branched polymer can be analyzed by
DB, and the following equation was presented:

DB=

The DB value can be estimated by the integral intensity of peak i and
h in *'P NMR spectrum of HPP to be 0.32. Therefore, the oligomeric
structure of HPP is verified.

The FT-IR spectrum (Fig. 2a) was used to further confirm the
structure of target product AHPP. It is noticeable that the presence of
absorption peaks due to multiple functional groups, such as O—H
(3414cm™ 1), C-H (2923, 2853 cm ™ '), P—CH, (692, 746 cm ™ "), P-Ph
(1440 cm ™) (Daasch and Smith, 1951). The peak at 1150 em ™! cor-
responds to the O=P—C and P=0 stretching vibrations (Yuan et al.,
2016). Moreover, the absorption at 1080 cm ™! (Wang and Shi, 2006b),
which is caused by the P—O—C bond in AHPP, verifies the successful
linkage between THPO and BPOD. The XRD pattern for aluminum
branched oligo(phenylphosphonate) (AHPP) submicro-particle is
shown in Fig. 2b, the final product of AHPP exhibits major sharp peaks
at 20 = 31.8°% 45.6°, 56.7° and 66.2°, suggesting the creation of a crystal
structure.

The morphologies of the AHPP submicro-particles are presented in
Fig. 3 by SEM and TEM measurements. It is noted that the as-synthe-
sized AHPP displays submicro-scale and uniform particles. Generally,
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Fig. 2. FTIR spectrum and XRD pattern of AHPP.
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reducing the particle size and increasing the morphological homo-
geneity of the powders plays an increasingly important role in synthesis
and processing. Meanwhile, all of the particles are mutually well-se-
parated, producing well-dispersed and homogeneous AHPP submicro-
particles. Additionally, EDX was applied to reveal the surface element
information in the AHPP submicro-particles. The signals of P, O and Al
can be discovered in the EDX spectrum (Fig. 3d), further indicating the
successful generation of AHPP submicro-particles.

3.2. Thermal properties of EP and EP/AHPP composites

The influence of AHPP on thermal behavior of cured EP was ana-
lyzed by TGA under different atmospheres. TGA and DTG curves of EP
and EP/AHPP samples are depicted in Fig. 4. In addition, Table 1 lists
sample descriptions, Tqg, Trayx, as well as the flame retardant content and
char yield at 800 °C of the final materials. It is noticeable that the EP
displays single-step thermal decomposition process under nitrogen
(Fig. 4a), and a two-stage steps in air condition (Fig. 4b) refer to the
DTG profile (Camino et al., 1984). As seen in Fig. 4a, the AHPP has
lower initial decomposition temperature in contrast to EP (378 °C). The
reduced T4 value (364 °C) of EP/AHPP-7.5 composite is mainly due to
the point that the weak P-O—C and O=P—O bonds in AHPP (Wang
etal.,, 2011; Xu et al., 2015). Nevertheless, increasing the AHPP content
can enhances the volume of char residues at 800 °C, and 21.6 wt% is
obtained for EP/AHPP-7.5 while EP only lefts residue of 11.2 wt%. To
investigate the enhancement of submicro-scale AHPP particles on the
thermal resistance of the EP composites, it is assumed that the Y% of
EP/AHPP-7.5 follow the linear mixing rule, as shown in Eq. (1) (Shi
et al., 2019).

Y = Ygp X fwgp + Yaupp X fw,anpp (@]

Where Ygp, Yaupp, fw,ep and fi, anpp represent the residual yield and the
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weight fraction of EP and AHPP. The large deviation between the ex-
perimental and calculated value indicates that the incorporation of
AHPP could enhance the thermal stability of the EP composites.
Moreover, the lowest maximum mass loss rate is possessed for EP/
AHPP-7.5, suggesting that EP/AHPP functions as an effective barrier to
restrain the mass loss during the thermal decomposition (Wu et al.,
2009; Shieh and Wang, 2001).

3.3. Flame retardance analysis of cured epoxy resin and EP/AHPP
composites

3.3.1. LOI and UL-94

The influence of AHPP on the flame retardance of EP and EP/AHPP
was characterized by LOI and UL-94. Compared with the data from
Table 2, EP is flammable with a low LOI value of 23.5% and has no UL-
94 rating. Nevertheless, the LOI value rises gradually from 23.5% to
30.5% with increasing AHPP content from 0 to 7.5 wt%. The inset of
Fig. 5 shows the digital images of EP and EP/AHPP-7.5, revealing that
the intumescent char residues from EP/AHPP-7.5 hinder heat transfer
and protect the matrix from decomposition. Moreover, the EP/AHPP-
7.5 composite reaches V-0 rating, which suggested that the introduction
of AHPP can reduce the inflammability of the EP.

3.3.2. Microscale combustion calorimeter

MCC is a dependable measurement to evaluate EP and its compo-
sites for the flame retardant performance, and excludes physical factors
unrelated to combustion test results, such as swelling, dripping, and
masking. Heat release rate (HRR) curves of EP, EP/AHPP-2.5, EP/
AHPP-5 and EP/AHPP-7.5 samples are depicted in Fig. 5, It is worth
noting that a decrease of 41.9% in the peak heat release rate (PHRR) for
EP/AHPP-7.5 composite is achieved compared to EP, while the corre-
sponding value of EP/AHPP-2.5 composite is a little lower. It could be
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LEI 10.0kvV  X5,000

Fig. 3. SEM observations of submicro-scale AHPP: low-magnification (a) and magnified image (b); TEM image of submicro-scale AHPP (c); EDX spectrum of

submicro-scale AHPP (d), and the inset is the corresponding TEM image.
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Table 1
Thermal decomposition data for AHPP, EP and EP/AHPP composites.
Samples Air Nitrogen
Ta Tmaxti  Tmaxz  Char (%) T4 Tmax  Char (%)
AHPP 185 273 273 73.7 237 232 79.1
EP 372 384 604 0.85 367 391 11.8
EP/AHPP-2.5 371 385 573 5.5 365 388 15.6
EP/AHPP-5 366 384 563 6.8 350 390 19.7
EP/AHPP-7.5 364 381 564 11.9 331 387 21.1

explained that MCC is based on anaerobe pyrolysis and the needed
sample tested by MCC contained only a few milligrams weight (Wang
et al., 2011).

3.3.3. Cone calorimeter

To evaluated the combustion behaviors of EP composites, HRR and
THR curves of EP and EP/AHPP samples are plotted in Fig. 6, and the
relevant cone calorimeter data are recorded in Table 2. It is found that
the average EHC (av-EHC) values of EP/AHPP composites decreased
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Fig. 5. The heat release rate versus temperature curves of EP and EP/AHPP
composites using the microscale combustion calorimeter. Inset: images of EP

and EP/AHPP-7.5 after combustion (from left to right corresponding to EP and
EP/AHPP-7.5).

Table 2

LOI and UL-94 Rating and cone calorimeter data of EP and EP/AHPP composites.
Samples LOI (%) UL-94 TTI (s) PHRR THR (MJ/ TSP Av-EHC cYy

(kW/m?) m?) (m?) (MJ/kg) (%)

EP 23.5 = 0.5 NR 49 = 2 1425 + 4 1129 = 1.2 44.5 28.36 = 0.4 10.2
EP/AHPP-2.5 26.5 = 0.5 NR 66 + 2 907 £ 5 89.6 = 1.0 36.8 29.94 = 0.2 19.3
EP/AHPP-5 28 = 0.5 V-1 67 = 3 744 = 3 69.1 = 0.6 27.1 3247 = 0.3 22.5
EP/AHPP-7.5 30 = 0.5 V-0 73 £ 2 454 + 4 66.4 = 0.8 16.9 3418 £ 0.1 24.3
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partly, which indicates a condensed phase effect (Feng et al., 2012).
Moreover, it is noticeable that EP burns rapidly and thus reaches the
first main peak at 160 s, presenting a sharp PHRR (1425 kW/m?). When
2.5wt % AHPP is added, the PHRR value decreases significantly to
907 kW/m?. Moreover, the PHRR value of EP/AHPP composite is re-
duced rapidly when the AHPP content increases. Nevertheless, as
shown in Fig. 6a, the faster decomposition of AHPP, the earlier EP
substrate to decompose, this is consistent with TGA results in different
conditions (Horrocks and Davies, 2000), revealing a formation of pro-
tective char and a dramatically enhanced fire retardance of cured epoxy
resins.

The curves of THR versus time (Fig. 6b) display that EP burns very
fast and fierce, with a maximum value of 112.9 MJ/m? reached upon
ignition. Meanwhile, the addition of AHPP can prevent the heat release
rate gradually with the increment of the AHPP content. For instance,
the THR value of EP/AHPP-2.5 sample was reduced to 89.6 MJ/m?,
approximately 20.6% decrease in comparison with EP. The decrease in
the THR illuminates that more EP moieties participate into the carbo-
nization process (Wang et al., 2017). All these results clarify that AHPP
can availably suppress the combustion and significantly improve the
flame resistance of EP composites.

3.4. Smoke toxicity analysis of cured epoxy resin and its composites

Epoxy resins, being inflammable polymers with plenty of organic
chains, are easily combustible and generate larger numbers of smoke
particles and toxic gases (especially CO) (Feng et al., 2018b), which
would dramatically enhance the death rate in fire disaster. Therefore,
to meet the requirement of saving lives in the fire, the intensity of
attention with efficient flame retardant additive should be drawn to
increase. As a fairly useful instrument, the cone calorimeter gives
other combustion parameters’ values of EP and its composites, such as
smoke production rate (SPR) and total smoke production (TSP).
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Fig. 7c and d provide the smoke evolution information of epoxy
composites filled with submicro-scale AHPP particles. It is worthy to
note that the smoke particles escaping from combustion of EP com-
posites are distinctly suppressed after introducing 7.5 wt % AHPP
submicro-particles (62% reduction for TSP, Fig. 6d). The above-
mentioned facts illustrates that the synthesized AHPP submicro-par-
ticles endows the epoxy resin with simultaneous higher flame re-
tardance and lower smoke evolution.

The N-Gas model, one of the standards calculating a measure for the
toxicity, has been used for toxicity study. To investigate the smoke
toxicity suppression behavior of submicro-scale AHPP particles for
epoxy resin composites, the amounts of toxic gases were gathered and
measured. According to the present work (Yuan et al., 2019), the fire
safety of polymer will reduce when the N-Gas value increases (Liu et al.,
2016a). Furthermore, the evolution of principal toxicants and the re-
sults are presented in Table 3, which indicate that the addition of AHPP
particles for reducing the fire hazards is enhanced.

To further investigate the effect of the submicro-scale AHPP
particles on the smoke toxicity suppression of epoxy resins, the SSTF
test, as a dependable and internationally apparatus for measurement
of the smoke toxicity, was recorded in EP and EP/AHPP composites.
In the following research, SSTF was applied to inspect CO,, CO
products and smoke density originated from the EP and EP/AHPP
composites. As depicted in Fig. 7, the significant decrement in CO,
CO, and smoke evolution is obtained by the introduction of AHPP
submicro-particles, owing to the catalytic carbonization effect of
AHPP in EP matrix. These results demonstrate that the earlier de-
gradation of AHPP can catalyze and accelerate the char formation of
EP and improve quality and quantity of char layers, which effectually
inhibit the mass and heat exchange (Feng et al., 2015; Wang et al.,
2013; Li et al., 2017).

TG-FTIR analysis was employed to study the gaseous product in
thermal degradation of cured epoxy resin and its composites and further
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Fig. 6. The heat release rate (a), total heat release (b), SPR (c) and TSP (d) versus time curves of EP and EP/AHPP composites using the cone calorimeter.
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Fig. 7. CO curves (a, b), CO, curves (c, d), and total smoke density (e, f) of EP and EP/AHPP-7.5 composite obtained from SSTF tests.

Table 3

Quantitative analysis of gaseous products of degradation of EP and EP/AHPP-
7.5 composite by tubular furnace method at 825 °C.

Samples Products N-Gas
value
HCN NOy CO (ppm) CO (ppm) O (ppm) Eqgn.(2)
(ppm)  (ppm)
EP 286 135 9000 105000 19.6 2.31
EP/AHPP-7.5 257 112 7200 100000 19.4 1.89

explore the thermal degradation mechanism. The FT-IR analysis at the
maximum decomposition rates in a single-stage and the evolution of total
gaseous products are displayed from Fig. 8. The decomposition products
are distinguished by characteristic FT-IR intensity signals: hydroxide
groups (3650-3400 cm ~ 1), hydrocarbons (C—H structure at 2930 cm ™ 1),
unsaturated C—H stretching (3108 cm™!) and compounds containing
aromatic ring (1605-1450 cm™ !, 1260-927 cm™Y). It is evident that the
typical degradation compounds of different samples are similar whereas
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Fig. 8. FT-IR spectrum of pyrolysis products at the maximum decomposition

rate of EP and EP/AHPP-7.5 composite.
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they have different absorption intensities. As illustrated in Fig. 9, the et al., 2014; Zhou et al., 2017). Specifically, the signal at 2360 and

intensity of gas emission of EP/AHPP-7.5 composite have markedly re- 2180 cm ! deriving from CO, and CO decreases conspicuously during
duced, compared to those of the EP, including aromatic compounds, degradation of EP composites, implying the higher char yield and the
hydrocarbons, which can be aggregated to create smoke particles (Feng lower smoke toxicity for EP/AHPP composite. The results of the
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Fig. 10. Photographs (a-d) of the residual char and SEM micrographs (e-h) of surfaces residues of EP, EP/AHPP-2.5, EP/AHPP-5 and EP/AHPP-7.5 after cone
calorimeter tests, and elemental distribution from EDX mapping of the EP-AHPP-5 composite (j: P Kal, k: O Kal and 1: Al Kal).

Table 4
Assignments of the peaks in FTIR spectra of EP and EP/AHPP composites.
FTIR (cm ™ 1) Assignments
3412 Stretching vibration of O—H groups
2875-2966 Stretching vibration of —CH, and —CH3
1090 Stretching vibration of P—O—C
1603 Stretching vibration of C=Cj;om
1110 O—H bending
1502 fingerprint (Cyrom—O stretching, —CHs, —CH,- and —CMe,—
deformations)
1250 Stretching vibration of P=0
1090 Stretching vibration of O=P—0
820,747 Carom-H bending, rocking

measurement are in good agreement with cone and SSTF analyses, which
confirms that the incorporation of AHPP submicro-particles simulta-
neously decreases both the flame retardance and smoke toxicity sup-
pression for EP composites.

1603

()

2930 2294
. |
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300°C 4
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550°C

(b)

3.5. Analysis of the char residue and potential flame-retardant mechanism

3.5.1. Macroscopic and microscopic morphologies

Basically, the char residues of cured epoxy resin and its composites
after ignition can transmit indispensable information associated with
the flame-retardant mechanism. Fig. 11a-d present photographs of char
residues of EP/AHPP-0, EP/AHPP-2.5, EP/AHPP-5 and EP/AHPP-7.5. It
can be depicted that EP burns severely, leaving little, fragmentary and
loose char residue that disclosed the underlying foil papers (Fig. 10a).
In contrast, EP/AHPP composites present obviously abundant and in-
tumescent char (Fig. 10b—d). The larger volume of residues can afford
better shielding action of the underlying material from exposure to heat
and oxygen.

The microcosmic views from the EP char residues were further in-
vestigated by SEM. As can be seen in Fig. 11a-d, the residue of EP ex-
hibits obvious surface cracks after ignition (Fig. 10a), which cannot act
as a shielding effect against heat diffusion. Simultaneously, the heat can
easily penetrate through these surface cracks, which is the reason that
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Fig. 12. RT-FTIR spectra of EP (a) and EP/AHPP-7.5 (b) at different pyrolysis temperatures.
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Fig. 13. XRD patterns and FT-IR spectra of the char residue of EP and EP/AHPP-7.5 from cone test.

EP exhibits the lowest LOI value and the highest PHRR and THR.
Meanwhile, after AHPP is incorporated, EP composites obtain a much
more compact and continuous residues. It is inferred that the drama-
tically improvement of flame retardance for the EP/AHPP composites,
is probably caused by the continuous and compact residues (Wang
et al., 2017; Liu et al., 2016b).

3.5.2. Char residue analysis

The graphitic structure of condensed-phased products of EP com-
posites is characterized by Raman spectroscopy (Wawrzyn et al., 2012).
Fig. 11 exhibits the Raman spectra of the exterior residues of EP and
EP/AHPP composites. The spectra present similar shape including two
remarkably overlapping peaks at 1590 and 1360 cm™'. The peak at
1360 cm ! belongs to D band and the peak at 1590 cm ™! is named as G
band (Fang et al., 2010). Generally, the graphitization degree of the
char is estimated by the intensity ratio of the D to G band (Ip/Ig). The
Ip/Ig value follows the sequence of EP/AHPP-0 (2.70) > EP/AHPP-2.5
(2.64) > EP/AHPP-5 (2.57) > EP/AHPP-7.5 (2.48), the changes in the
Raman ratio is not very large, showing similar graphitization degree.
However, Raman spectroscopy analysis and photographs of char re-
sidues concluded that the introduction of AHPP is beneficial to pro-
ducing the compactness of the protective char residues.

3.6. Potential flame retardant mechanism

To further analyse the decomposition behavior, RT-FTIR technique
was performed to measure the chemical structural changes in the
condensed phase during the thermally oxidative degradation of EP and
EP/AHPP-7.5 samples. The residue originated from thermal decom-
position under different typical temperatures (R.T., 200 °C, 250 °C,
300 °C, 350 °C, 400 °C, 450 °C and 550 °C) is confirmed by the dynamic
FT-IR in the range of 4000-500 cm ~ !, and the primary bands and peaks
of EP and EP/AHPP composites are summarized in Table 4. As por-
trayed in Fig. 12, the peaks located at 3510, 2930, 2860, 1603, 1502,
1360, 1110, and 820 cm ™! belong to EP (Perret et al., 2011). The ab-
sorbance of the bands at 2930 and 2860 cm ™! is attributed to CH,
asymmetric and symmetric vibrations and 1502 cm ~ ! corresponding to
CH, deformation vibration decrease gradually and disappear thor-
oughly above 550 °C, implying the complete thermal oxidative de-
composition of EP main chains (Xiao et al., 2006). As temperatures rise,
only the signals at 1603, 1502, 1110, and 820 cm ™ ! are retained, which
should be caused by the formation of char residues with multiaromatic
structure (Wang et al., 2006b). It is noteworthy that the absorption
peaks attributed to the O=P—0O— bond, P—O—C and P—O—P vibration
at 1250 and 1090 cm ™' for EP/AHPP are found in the FT-IR spectra
(Liu et al., 2016b; Yuan et al., 2018). However, no obviously changes
can be found for the EP, implying that the EP/AHPP composite pro-
motes the formation of the aromatic structure and phosphorous-rich
residue during decomposition (Xi et al., 2015). Especially, the absorp-
tion at 820cm ™' corresponding to aromatic structure for EP/AHPP

11

composite is remained above 550 °C, implying that the addition of
AHPP can enhance the thermo-oxidative stability of the char residue
which exhibits a strong barrier action (Liu et al., 2016b).

The char residue of EP and EP composites was further analyzed by
XRD and FT-IR. As seen in Fig. 13a, the visible peaks at 31.8°, 45.6°,
56.7° and 66.2° correspond to the diffraction peaks of AHPP, and the
others are ascribed well to the Al,O3. Accordingly, AHPP submicro-
particles thermally degrade to Al,O5 (Feng et al., 2017) and cover on
the epoxy surfaces. Meanwhile, as exhibited in Fig. 12i-], the elemental
analysis performed by energy dispersive X-ray mappings shows that O,
P and Al elements (i.e. the residual char constituents, apart from C) are
homogeneously distributed and confirmed the presence of small-scale
aggregates. Additionally, from Fig. 13, The FT-IR spectra exhibit a large
number of sharp peaks centered at around 1550 to 750 cm ™! and can
be caused by P—-O—C, O=P—0O— and P—O—P vibrations (Liu et al.,
2016b). Moreover, the peak at 817 cm ™ ! reveals the aromatic structure
in the residue of EP-AHPP-7.5 composite, implying that the introduc-
tion of AHPP promotes the formation of the aromatic structure and
phosphorous-rich residue during decomposition, which is well compa-
tible with the results of RT-FTIR technique.

Based on the results above, the potential flame retardant pathway
through charring and intumescence of EP/AHPP binary has been pri-
marily proposed. Firstly, the phosphorus-containing moieties obtained
from decomposition of AHPP can catalyze the formation of protective
char during degradation of EP, which is beneficial to protecting un-
derlying material from further degradation. By this process, AHPP
promotes the formation of char residue with P—O—C and P—O—P
moieties, resulting in the formation of the phosphorous-rich residues
during thermal degradation. Meanwhile, the much more compact and
continuous residues are primarily obtained, as presented in Fig. 10. The
char residues act as a useful barrier against the heat and mass transfers
thus protect the underlying material from further thermal degradation.
According to these facts, the more efficient flame retardance and ex-
cellent smoke toxicity suppression performance of EP/AHPP composite
exhibits the condensed phase mechanism for its fire resistance.

4. Conclusions

A novel and submicro-scale aluminum branched oligo(phenylpho-
sphonate) (AHPP), successfully synthesized via polycondensation and
well characterized, was incorporated into epoxy thermosets in different
ratios. The results indicate that the introduction of AHPP submicro-
particles can accelerate the thermal degradation of EP composites,
which contributed to the formation of compact and protective char
residues. The LOI value of EP/AHPP-7.5 was raised to 30.5% from
23.5% for EP and could reach UL-94 V-0 rating. In comparison to pure
EP, the cone results displayed that the PHRR and THR values of EP/
AHPP-7.5 were decreased by 68.1% and 41.2%, respectively. The
higher char yield and larger volume of char residues with stable gra-
phitic structure determined the fire behavior and were beneficial to
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improving the flame retardance and smoke toxicity suppression per-
formance of EP composites. Moreover, RT-FTIR analysis exhibited that
the char formation containing P—O—P and P—O—C compounds per-
formed a stronger barrier action to protect the EP/AHPP composites.
The epoxy resin obtained in this study enabled AHPP to be a potential
candidate as a new efficient additive for reducing smoke toxicity of fire
safety EP composites, and can be extended to other polymeric material
systems
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