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ARTICLE INFO ABSTRACT
Keywords: Presently, flammability and brittleness are two major problems for EP which has restricted its development and
Cardanol application in industrial. Under the global advocacy of green and sustainable development, developing bio-based

Epoxy thermoset
Flame-retardant
Toughening

flame-retardant and toughening agents which can endow epoxy resins with high fire resistance and satisfactory
mechanical properties is of significant demand for its industrial applications. Herein, three kinds of phosphor-
ylated cardanol-formaldehyde oligomers (CF-PO(OPh)y, CF-POPhy, and CF-PPhy) were synthesized and intro-
duced into epoxy thermosets. The incorporation of CF-PO(OPh)y, CF-POPhy, and CF-PPhy can remarkably
improve the mechanical performance of EP composites, especially the tensile strength and elongation at break.
With 10 wt% of CF-PO(OPh),, CF-POPh,, and CF-PPhy, the tensile strength of epoxy thermosets reached 67.1,
74.5, and 70.3 MPa, respectively; the elongation at break of epoxy thermosets was raised by 133.3%, 162.5%,
and 150.0%, respectively, as compared to neat EP. EP composites containing CF-PO(OPh),, CF-POPhy, and CF-
PPh;, also exhibited remarkably enhanced flame retardancy simultaneously. Besides, CF-PO(OPh); exhibited the
best flame-retardant efficiency by comparison with CF-POPhy and CF-PPhy, and the results manifested that epoxy
composite with only 2.5 wt% CF-PO(OPh); could pass the UL-94 V-0 rating as well as a high LOI value of 28%,
and the LOI value of EP/CF-PO(OPh)>-10 reached up to 32%. Moreover, CF-PO(OPh), also displayed an
excellent catalytic charring effect and great suppression effect on heat and smoke release. The cone calorimeter
test results showed that EP composite containing 10 wt% CF-PO(OPh), exhibited the most significant PHRR
reduction which was 53.8% lower than pure EP, and the char yield of EP/CF-PO(OPh),-10 after the cone
calorimeter test was 14.0% which was much higher than that of pure EP (5.7%). This work opens a new vision for
the synthesis of bio-based flame-retardant and toughening agents with a special oligomeric structure combining
rigidity with flexibility, and contributes to the production of high-performance epoxy thermosets.

1. Introduction performance including high mechanical strength, good chemical resis-
tance, exceptional adhesion ability and superior electrical insulation

Epoxy resin (EP), as a prominent class of generally accepted property [1-3]. Unfortunately, epoxy resin usually behaves undesirably
commercially thermosetting resins, has an extensive demand in the brittleness with poor impact resistance ascribed to the high cross-linking
fields of adhesives, coatings, insulation materials, electronics as well as density of its backbone structure [4,5], which severely restricts its ap-
high-performance composites own to its excellent comprehensive plications in the engineering fields of high-performance materials that

Abbreviations: EP, Epoxy resin; DGEBA, Bisphenol A epoxy resin; CFR, Cardanol-formaldehyde resin; PO(OPh),Cl, Diphenyl phosphoryl chloride; POPh,Cl,
Diphenylphosphinic chloride; PPh,Cl, Chlorodiphenylphosphine; CF-PO(OPh),, CF-POPh,, CF-PPh,, three kinds of phosphorylated cardanol-formaldehyde oligo-
mers; DDM, 4,4’-diamino-diphenylmethane; TEA, Triethylamine; DMF, N, n-dimethylformamide; NMR, Nuclear magnetic resonance spectroscopy; FTIR, Fourier
transform infrared spectroscopy; GPC, Gel permeation chromatography; DSC, Differential scanning calorimetry; TGA, Thermogravimetric analysis; UL-94, Vertical
burning test; LOI, Limiting oxygen index; SEM, Scanning electron microscope; T.100, the temperature at 10 wt% mass loss; T.7s, the temperature at 75 wt% mass loss;
Tmax the temperature at the maximum mass loss rate; Tg, Glass transition temperature; TTI, Time to ignition; Tpurg, Time to PHRR; HRR, Heat release rate; THR,
Total heat release; SPR, Smoke production rate; FIGRA, Fire spread rate index.
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require outstanding toughness to prevent easy fractures and damages
during the long-term daily applications [6].

To improve the impact resistance, considerable efforts have been
made to the toughening modification of epoxy resins. At present, the
popular strategy to toughen epoxy resins is mainly through incorpo-
rating inorganic nanoparticles such as silica [7], graphene [8,9], mo-
lybdenum disulfide [10], and nanofibers [11] or organic materials
including thermoplastic polymers [12], rubber [13] and compounds
containing flexible segments [14] into EP matrix. It has been reported
that the former modification method of nanoparticles can make great
contributions to the improvement of impact resistance of EP composites
via promoting the formation of stress whitening and shear band at the
interface, which can efficiently dissipate the impact energy and decrease
the stress concentration inside the matrix, thereby inhibiting the initi-
ation and propagation of crack [15,16]. Nevertheless, the enhancement
in impact toughness is generally accompanied by the processing diffi-
culty caused by the increased viscosity of the epoxy matrix, meanwhile,
the dispersion of nanoparticles in the EP matrix is another challenging
problem that makes it difficult for nanoparticles to achieve the same
magnitude in the enhancement of impact strength as organic flexible
reinforcements [6]. The introduction of organic toughening agents into
EP matrix exhibits great compatibility and brings excellent enhance-
ments in impact resistance, which is thereby considered the more
effective toughening technique for epoxy resins.

However, the commonly used organic toughening materials are
generally derived from petroleum resources. In recent years, the
increasing depletion of petroleum resources and rising environmental
pollution appear to be two major challenges for society in the 21st
century [17,18]. In this regard, developing the bio-based sustainable
feedstock into environment-friendly chemicals and products via a clean
and convenient method to replace the petroleum-based raw materials
possesses broad application prospects to alleviate energy and environ-
mental pressure. So far, extensive publications have frequently reported
synthesizing green and sustainable toughening/reinforcing agents from
renewable bio-based raw materials [4,19-21]. Chu et al. synthesized a
renewable vanillin-based flame retardant toughening agent (PVSi) [6].
EP thermosets with PVSi presented enhanced fire safety performance
accompanied by excellent impact toughness attributed to the polar
phosphaphenanthrene and flexible phenylsiloxane groups. Qi et al. has
constructed a bio-based epoxy precursor (THMT-EP) by using an aro-
matic triazine derivative from vanillin [22], and the cured THMT-EP
exhibited remarkable integrated properties including a high flexural
modulus of 4137 MPa as well as a flexural strength of 134.2 MPa, which
were 53.9% and 14.3% higher than those of commercial DGEBA,
respectively. Xiao et al. synthesized a renewable toughening agent (TAA)
by introducing cyano groups into tung oil [14]. Epoxy resins containing
TAA displayed a significant enhancement of toughness, specifically,
impact strength, toughness, and elongation at break were capable to
reach 76.7 kJ/m?, 7.6 MJ/m5, and 25.0%, respectively (pure epoxy
resin: 21.1 kJ/mz, 3.1 MJ/m3, and 5.7%). These results above demon-
strated that bio-based toughing agents can significantly improve the
mechanical toughness which caught more and more attention in the
fields of toughening epoxy resins. Among various biomass resources,
cardanol is an inexpensive, easily available, and eco-friendly agricul-
tural byproduct extracted from cashew nut shell liquid. It has a unique
chemical structure with both rigid aromatic rings and flexible long
aliphatic chains which would afford an exceptional combination of
mechanical strength and toughness, indicating that cardanol can be an
excellent candidate in the applications of toughening epoxy thermosets
[23-26]. Additionally, the phenolic hydroxyl and unsaturated double
bond in the structure of cardanol afford a versatile platform for diverse
chemical modification [27], which not only makes it possible for the
generation of various cardanol-derived toughening agents, but also can
endow a series of new functions to cardanol-based derivatives through
multifunctional chemical modification.

Besides the intrinsic drawback of mechanical brittleness, the high
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flammability of epoxy thermoset is another fatal defect that severely
restricts its applications in the field of electronic devices, coating, and
composites which required high flame retardancy [28,29]. Therefore, it
is imperative to construct high available, low-cost, and eco-friendly
biomass-derived products which possess excellent flame retardancy as
well as toughness. Recently, a few cardanol-based flame-retardant and
toughening agents have been developed to simultaneously enhance the
flame retardancy and toughness of epoxy resins [2,5], but high loading
of these cardanol-based agents is required to achieve a satisfactory
flame-retardant and toughening effect. Moreover, these cardanol-
derived flame-retardant and toughening agents are small-molecular
products, the oligomeric flame-retardant and toughening agents have
been rarely reported.

In an attempt to simultaneously impart flame retardancy and
toughness to epoxy resins, three kinds of phosphorylated cardanol-
formaldehyde oligomers (CF-PO(OPh),, CF-POPh,, and CF-PPhy) were
synthesized. The chemical structures of CF-PO(OPh),, CF-POPh,, and
CF-PPh, were confirmed through nuclear magnetic resonance (NMR)
and Fourier transform infrared spectroscopy (FTIR). To investigate the
influence of the types and amounts of phosphorylated cardanol-
formaldehyde oligomers on flame retardancy and toughness of epoxy
resins, a series of EP composites with different contents of CF-PO(OPh),,
CF-POPhy, and CF-PPhy were prepared by utilizing 4,4-diaminodiphenyl
methane (DDM) as a curing agent. The curing behavior, thermal, me-
chanical, and fire retardant performances of EP composites with
different contents of CF-PO(OPh);, CF-POPh,, and CF-PPh, were eval-
uated by DSC, TGA, tensile and impact test, UL-94, LOIL, and cone
calorimeter tests. Additionally, the flame-retardant mechanism of
phosphorylated cardanol-formaldehyde oligomers was also studied.

2. Experimental section
2.1. Chemicals

Cardanol was supplied by Cardolite Corporation (Zhuhai, China).
Bisphenol A-type epoxy resin (DGEBA, commercial brand: E-44, EEW:
227 g/equivalent) was obtained from Hefei Jiangfeng Chemical Industry
Co. Ltd (Anhui, China). Diphenyl phosphoryl chloride (PO(OPh),Cl),
diphenylphosphinic chloride (POPhyCl), chlorodiphenylphosphine
(PPh,Cl), anhydrous magnesium sulfate, and ammonia were purchased
from Aladdin Industrial Corporation (Shanghai, China). 4,4'-diamino-
diphenylmethane (DDM), triethylamine (TEA), aqueous formaldehyde
(37%), acetone, and chloroform were purchased from Sinopharm
Chemical Reagent Co. Ltd. (Shanghai, China). All the reagents were used
as received without further purification.

2.2. Synthesis of cardanol-formaldehyde resin (CFR)

Cardanol-formaldehyde resin (CFR) was synthesized by cardanol and
formaldehyde with a molar ratio of 1:0.7 using ammonia as the catalyst
according to the previous reports [30]. Briefly, cardanol (0.1 mol), and
ammonia (1 wt% of cardanol) were introduced into a 1L three-necked
and round-bottomed flask equipped with a condenser, mechanical stir-
rer, and thermometer. Then, formaldehyde (37%, 0.07 mol) was added
to the solution through a dropping funnel under stirring. The reaction
was carried out at 85 °C for 3 h. Subsequently, the obtained viscous
liquid was further evaporated under a vacuum to remove the remaining
water and ammonia, yielding a brown liquid product (Yield: 91.5%).
The schematic diagram of the synthetic process of CFR is illustrated in
Scheme 1.

2.3. Synthesis of phosphorylated cardanol-formaldehyde oligomers
Phosphorylated cardanol-formaldehyde oligomers were fabricated

according to the previous literature [5]. In detail, CFR (0.30 mol) and
triethylamine (0.30 mol) were dissolved in dry chloroform (200 mL) in a
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Scheme 1. Schematic diagram of the synthetic process of CFR.

three-necked round-bottomed flask equipped with a magnetic stirrer
and a reflux condenser. Furthermore, diphenyl phosphoryl chloride
(0.30 mol) was introduced dropwise into the system at 0 °C. The reaction
was then conducted at 60 °C for 6 h. After cooling down to room tem-
perature, the solution was filtered to remove the white precipitate, and
the filtrate was further washed with deionized water three times. The
organic layer was dried with anhydrous magnesium sulfate and the
solvent was removed under reduced pressure. The brown viscous
product was CF-PO(OPh), (Yield: 82.9%). The reaction completion was
checked by thin-layer chromatography (Fig. S1). Similarly, CF-POPhy
(Yield: 84.3%) and CF-PPh, (Yield: 81.5%) were synthesized by the
same procedure, just replacing diphenyl phosphoryl chloride with
diphenylphosphinic chloride and chlorodiphenylphosphine, respec-
tively. Because CF-PPhy was prone to be oxidized slowly in the air, it was
stored in a bottle filled with nitrogen. The CF-PPhy should be used
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instantly after being taken out from the stored bottle. The synthetic
route of three kinds of phosphorylated cardanol-formaldehyde oligo-
mers (CF-PO(OPh),, CF-POPh,, and CF-PPh,) are illustrated in Scheme
2.

2.4. Preparation of EP and its composites

A series of EP/CF-PO(OPh),, EP/CF-POPh,, and EP/CF-PPh, com-
posites with different contents of additives were prepared, and the for-
mulations are summarized in Table 1. Taking EP/CF-PO(OPh),-2.5
composite as an example, the preparation procedure was depicted as
follows: typically, DGEBA was firstly mixed with 2.5 wt% CF-PO(OPh),
adequately under stirring at 100 °C for 30 min. Then, DDM was mixed
into the above mixture for 2-3 min. Subsequently, the mixture was
cured at 100 °C for 2 h and post-cured at 150 °C for 2 h. Finally, the
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Scheme 2. Synthetic route of three kinds of phosphorylated cardanol-formaldehyde oligomers: (a) CF-PO(OPh),, (b) CF-POPh,, and (c) CF-PPh,.
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Table 1
Formulations of EP and its composites.
Sample EP (wt  CF-PO(OPh), CF-POPh, (Wt CF-PPh, (wt
%) (wWt%) %) %)
EP 100 0 0 0
EP/CF-PO 97.5 2.5 0 0
(OPh),-2.5
EP/CF-PO 95 5 0 0
(OPh)>-5
EP/CF-PO 90 10 0 0
(OPh)»-10
EP/CF-POPh,-2.5 97.5 0 2.5 0
EP/CF-POPh,-5 95 0 5 0
EP/CF-POPh,-10 90 0 10 0
EP/CF-PPh,-2.5 97.5 0 0 2.5
EP/CF-PPh,-5 95 0 0 S5
EP/CF-PPh,-10 90 0 0 10

cured samples were cooled down to room temperature. Pure EP and
other EP composites with different contents of CF-PO(OPh),, CF-POPh,,
and CF-PPh;, were prepared through a similar procedure.

2.5. Characterization

Nuclear magnetic resonance analysis (NMR), Fourier transform
infrared (FTIR) and gel permeation chromatography (GPC) were
employed to characterize the structure of the synthesized products. 'H
NMR, '3C NMR, and 3!P NMR spectra of samples were performed on an
AV400 Bruker spectrometer (Bruker BioSpin, Switzerland) by utilizing
deuterated chloroform (CDCl3) as the solvent; FTIR spectra were
recorded on a Nicolet 6700 spectrometer (Nicolet Instrument Co., USA);
GPC was carried out on an instrument equipped with a G1310B ISO
pump, a G1316A PLgel column, and a G1362A differential refractive
index detector. The eluent was N, N-dimethylformamide (DMF) with
1.0 g/L LiBr with a flow rate of 1.0 mL/min. A series of low-
polydispersity polystyrene standards were applied for calibration. The
carbon and oxygen elemental analysis was determined by a Vario EL
cube element analyzer (Elementar, Germany). The phosphorus content
was determined by an Opmita 7300 DV inductively coupled plasma
optic emission spectrometer (PerkinElmer, USA).

Differential scanning calorimetry (DSC) was performed on a DSC
Q2000 (TA Instruments Inc., USA) under nitrogen. To study the curing
behaviors of EP and its composites, a small amount of uncured mixtures
(7-10 mg) was subjected into DSC cell and heated from 30 °C to 300 °C
with different heating rates (5, 10, 15 and 20 °C/min) under nitrogen
atmosphere. To measure the glass transition temperature (Tg), EP and its
composites were tested at a heating rate of 10 °C/min.

Thermogravimetric analysis (TGA) was conducted on a Q5000
thermal analyzer (TA Co., USA) under both air and nitrogen atmo-
spheres with a heating rate of 20 °C/min.

The mechanical properties of EP and its composites were studied by
tensile and impact tests. The tensile tests were carried out on criterion 43
universal testing machine (MTS, USA) according to the ASTM D3039-08
method, and the test for each sample was repeated for at least five runs
with a speed of 2 mm/min. The Charpy impact test of the samples
without notch was performed on a ZBC1400-A pendulum impact testing
machine (MTS Systems, China) following the GB/T 1043.1-2008 stan-
dard, and at least five runs were repeated for each sample (80 mm x 10
mm X 4 mm) under impact energy of 4 J.

Limiting oxygen index (LOI), vertical burning test (UL-94), and cone
calorimeter tests were employed to measure the flame retardancy of EP
and its composites. LOI measurement was conducted on an HC-2 oxygen
index meter according to ASTM D2863-2010 standard, and the dimen-
sion of specimens was 100 x 6.5 x 3.0 mm?; UL-94 tests were conducted
on a CFZ-2 type instrument referring to the ASTM D3801-1996 standard
and the samples were in the dimension of 130.0 x 13.0 x 3.2 mm?; EP
and its composites were also subjected to cone calorimeter following the
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ASTM E1354/ISO 5660, the size of specimens is 100 x 100 x 3 mm?>
while the heat flux is 50 kW/m?.

The microstructures of char residues of EP and its composites after
cone calorimeter tests were investigated on a JEOL JSM-6700 scanning
electron microscope (SEM) and a LabRAM-HR Confocal Raman Micro-
probe applying a 514.5 nm argon-ion laser.

3. Results and discussion
3.1. Structural characterization

To verify the successful synthesis of CFR, CF-PO(OPh),, CF-POPhj,
and CF-PPhy, the NMR measurements were employed to study the
structures of the products. In the 'H NMR spectrum of CFR (Fig. 1a), the
peaks at 7.11, 6.74, and 6.63 ppm are attributed to the protons (b, c and
a, d) of the benzene ring. The peaks at 5.82 ppm (k) and 5.01 ppm (1) are
assigned to the terminal vinyl protons of the triene moiety. The peak at
5.36 ppm is due to the double-bond protons (i) of the monoene, diene,
and triene moieties. The signals in the range of 0.8-2.8 ppm are ascribed
to the methylene groups, whereas the allylic protons (h) of the monoene,
diene, and triene moieties resonated at 2.03 ppm, the strong signal at
around 1.32 ppm is ascribed to the long aliphatic chains and the peak at
0.88 ppm is the terminal methyl groups of pentadecyl, monoene and
diene moieties [5]. Moreover, the protons of the methylene units
bridging to phenyl groups can be observed at around 2.03 ppm [30].
Fig. 1b shows the 3C NMR spectrum of CFR. The feature of novolac resin
can be verified by the resonance related to the bridging methylene
carbons, which can be evidenced by the appearance of ortho-ortho
bridge carbon observed at 30.4 ppm, and it is also in good agreement
with the previous report [30]. Additionally, the signal at 155.63 ppm is
ascribed to the aromatic carbon attached to the oxygen atom (Ph — OH,
a), and the chemical shift of the carbons at 144.82 ppm results from the
aromatic carbon of Ph-R; (b). The unsaturated carbon atoms originate
from the benzene ring and the side chain can be observed in the range of
137.0-112.3 ppm, while the signals at 36.0-13.97 ppm are assigned to
the methylene carbons originates from the long aliphatic side chains.
Moreover, the signal observed at 77.19 ppm is due to the deuterated
chloroform. All these data from 'H NMR and '3C NMR indicate the
successful synthesis of CFR. The 'H NMR pattern of CF-PO(OPh),
(Fig. 1c) is very similar to that of CFR, but the aromatic protons
(7.35-7.03 ppm) show a different chemical shift as compared to that of
CFR (7.11-6.63 ppm), which is due to the substitution of -PO(OPh),
group. The 'H NMR spectrum of diphenyl phosphoryl chloride (Fig. S2a)
shows a similar chemical shift of the protons of benzene ring as that of
CF-PO(OPh),, which indicates the successful substitution reaction be-
tween CFR and diphenyl phosphoryl chloride. Additionally, the 3'P
NMR spectrum of diphenyl phosphoryl chloride exhibits a single signal
at —5.09 ppm (Fig. S2b), which shifts to —17.78 ppm in the 3'P NMR
spectrum of CF-PO(OPh), (Fig. 1d) after the reaction of PO(OPh),Cl and
CFR. These results are well consistent with the expected chemical
structure of CF-PO(OPh),, implying the successful substitution reaction
between PO(OPh),Cl and CFR. Analogously, similar results can be
observed in the '"H NMR and 3'P NMR spectra of CF-POPh; and CF-PPhy,
respectively. The 'H NMR of both CF-POPh, (Fig. 1e) and CF-PPh,
(Fig. 1g) display a similar pattern as that of CFR, except for a different
chemical shift of their aromatic protons’ peaks. Moreover, there is a
single peak in the 3!P NMR spectra for both CF-POPh,, (Fig. 1f) and CF-
PPh;, (Fig. 1h), and the chemical shift is 29.86 and 21.41 ppm, respec-
tively. By comparison, the chemical shift in the 3'P NMR spectra of
POPh, (Fig. S2c) and CF-PPh, (Fig. S2d) is 44.50 and 81.54 ppm,
respectively. All these results indicate the successful synthesis of CF-
POPhg and CF—Pth.

To further prove the chemical structure of the products, FTIR spec-
troscopy was also measured, and the spectra are shown in Fig. 2. In the
FTIR spectrum of CFR, the broad peaks at 3404 and 1347 cm™! are
assigned to the stretching vibration of phenol hydroxyl [31,32]. The
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Fig. 1. (a) 'H NMR and (b) '3C NMR spectra of CFR, 'H NMR and 3!P NMR spectra (c, d) CF-PO(OPh),, (e, f) CF-POPhs, and (g, h) CF-PPh,,

absorption peak at 3008 cm™! is ascribed to the unsaturated double
bonds (C = C) stretching of the long aliphatic side chains. The signals
located at 2922 cm™and 2850 cm™! are attributed to the antisymmetric
and symmetric stretching vibration of -CH3 and —CH; groups, respec-
tively. The peaks at 1589 cm™and 1459 cm ™! are owing to the skeleton
deformation vibrations of the aromatic ring [33]. The bands located at
1263 and 1153 cm ™! belong to the stretching vibration of C-O, which is
between phenolic hydroxyl and benzene ring groups [33]. The appear-
ance of the peak at 986 cm ! indicates the ortho substitution of CH,OH,

which demonstrates the methylation of cardanol [34,35]. The signals at
776 and 697 cm ™~ correspond to the bending vibrations of C-H adjacent
to the benzene ring, which implies that the benzene ring is meta-
substituted with phenolic hydroxyl and alkyl chains [33]. The FTIR
spectrum of PO(OPh),Cl (Fig. 2a) presents several characteristic groups,
such as P = O (1173 cm’l), P-O-Ph (958-1130 cm’l), and P-Cl
(542-587 cm’l), After the substitution reaction between CFR and PO
(OPh),Cl, the P-Cl peak disappears and other characteristic peaks of PO
(OPh),Cl can be observed in the FTIR spectrum of CF-PO(OPh),y
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(Fig. 2a). Moreover, compared to the spectrum of CFR, the signal at
1347 em™! disappears, the strong broad peak of the phenolic hydroxyl
group shifts from 3404 to 3376 cm™!, and the intensity of the signal
weakens. The results confirmed that the successful synthesis of CF-PO
(OPh),. In the case of CF-POPh; (Fig. 2b) and CF-PPh, (Fig. 2¢), similar
results can be concluded from their FTIR spectra. Additionally, the new
peak of P-O-Ph appears in the FTIR spectra of CF-POPh;, and CF-PPh; at
1036 and 1034 cm ™, respectively, demonstrating the successful syn-
thesis of CF-POPh; and CF-PPhs.

The molecular weight of CFR, CF-PO(OPh),, CF-POPhy, and CF-PPh,
is determined by GPC, as summarized in Table S1. The number average
molecular weight (Mp) of CFR is 1679 g/mol with the polydispersity
index (PDI) of 1.23, demonstrating the oligomeric structure of CFR [36].
After phosphorylation, CF-PO(OPh), (My: 2204 g/mol, PDI: 2.01), CF-
POPh; (My,: 2160 g/mol, PDI: 1.87), and CF-PPh, (M;: 2089 g/mol, PDI:
1.96) exhibit larger M, and PDI than those of CFR, implying that the
phosphorus-containing structure has been successfully bonded to
cardanol-formaldehyde resin. The elemental analysis results of CF-PO
(OPh),, CF-POPhy,, and CF-PPh, are listed in Table S2. It can be found
that the measured values of carbon, oxygen, and phosphorus contents
correspond well with the theoretical ones, implying the successful syn-
thesis of the target products with high purity.

3.2. Curing behavior of EP and its composites

The cure kinetics of EP and its composites were investigated using
DSC analysis. The information about the theoretical background is given
in the supporting information in detail. The non-isothermal DSC tests
were conducted under multiple heating rate scans (5, 10, 15, and 20 °C/
min) and the corresponding curves are shown in Fig. S3. The charac-
teristic temperatures such as the initial curing temperature (Topset), the
peak curing temperature (Tp), and the final curing temperature (Tepq) of
EP curing systems can be obtained from the DSC curves, and the relevant
results are summarized in Table S3. According to the equation (S1), the

relationship between the extent of conversion («) and temperature could
be obtained by integrating the DSC curve, as shown in Fig. S4. The
curing process conditions of a specific curing system can be prelimi-
narily estimated according to the relationship between the curing
characteristic temperature (Tonset, Tp, and Tenq) and p for each curing
system. Fig. S5 presents the linear fitting plot of Tonset, Tp, and Tend
versus f of each curing system. The characteristic curing temperature
can be acquired by extrapolating the fitting curves (B = 0) as summa-
rized in Table S4.

According to Kissinger’s and Ozawa’s equations, the linear fitting
plots of ln([S/T%,)-l/TlD and Inp-1/Tj, are depicted in Fig. 3a and Fig. 3b,
respectively. The E,s calculated by Kissinger’s and Ozawa’s methods and
the reaction order (n) obtained according to Crane’s equation is listed in
Table S4. As depicted in Fig. 3, the data points of In(/T, 12,)-1 /Tp and Inp-
1/Tp, for all curing systems have a good linear correlation. Although the
Egs calculated by Ozawa’s method are slightly higher than those ac-
quired by Kissinger’s method, the overall changing trend of E,s calcu-
lated by the two methods is the same. Moreover, all the E, values of six
curing systems are between 47 and 65 kJ/mol, which is within the range
of the reported values for epoxy-amine curing systems, manifesting that
the fitting results are reliable. Taking E, calculated by Kissinger’s
method as an example, the E, of pure EP is 47.59 kJ/mol. After modi-
fication, the E, of EP/CF-PO(OPh),-2.5 is enhanced to 51.27 kJ/mol.
With increasing the amount of CF-PO(OPh); in the curing system, the E,
value gradually increases, which is mainly caused by three factors:
Firstly, the apparent viscosity of CF-PO(OPh), is higher than that of
epoxy resin. The incorporation of CF-PO(OPh), into epoxy matrix could
increase the viscosity of the system, thereby hindering the molecular
movement of epoxy and curing agent; Secondly, CF-PO(OPh); possesses
a large number of aromatic rings, and the steric hindrance effect could
cause the increased E, [37]. Thirdly, the P = O structure in CF-PO(OPh),
is a strong electron-withdrawing group, which could reduce the electron
cloud density of the curing agent to obstruct the nucleophilic substitu-
tion reaction between amino and epoxy groups [37]. Similarly, CF-
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Fig. 3. The linear fitting plots of (a) ln(ﬁ/Tg)—l/Tp and (b) Inp-1/T;, of EP and its composites according to Kissinger’s and Ozawa’s equations, respectively.

POPh; has a hindering effect on the curing process of EP composites, and
the E,; of EP/CF-POPh,-10 is 56.22 kJ/mol. Notably, CF-PPh, has no
significant influence on E, as compared to CF-PO(OPh), and CF-POPh,,
because there is no strong electron-withdrawing group in its structure.
Thereby, the hindering effect of CF-PPhy on the curing reaction is
weaker than that of the other two cardanol-derived oligomers. Besides,
the incorporation of CF-PO(OPh),, CF-POPhjy, and CF-PPh; has a slight
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effect on the reaction order (n) and n of all the curing systems is
approximately 0.92, which is a first-order reaction. These results indi-
cate that the incorporation of three kinds of phosphorylated cardanol-
formaldehyde oligomers into the EP matrix does not show obvious ef-
fects on the curing reaction.

——EP air
204, EP/CF-PO(OPh),2.5
—+— EP/CF-PO(OPh),-5 b)

—— EP/CF-PO(OPh),-10

100 200 300 400 500 600 700
Temperature ("C)

—EP air
209 EP/CF-POPh 2.5
1.6 —— EP/CF-POPh,-5 d]

—— EP/CF-POPh,-10

100 200 300 400 500 600 700
Temperature (°C)

air
20{ —EP

—v— EP/CF-PPh,-2.5

1.6 —— EP/CF-Pth-S

- EP/CF-PPh,-10

100 200 300 400 500 600 700
Temperature (°C)

Fig. 4. TGA and DTG curves of (a, b) EP/CF-PO(OPh),, (c, d) EP/CF-POPh,, and (e, f) EP/CF-PPh, composites under air atmosphere.
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3.3. Thermal performances of EP and its composites

The influence of CF-PO(OPh),;, CF-POPh,, and CF-PPh; on the
thermal degradation process of epoxy composites was evaluated by TGA
under both air and nitrogen atmosphere. Several typical temperatures
such as T.5y, (the temperature at 5 wt% mass loss), T.1py, (the temper-
ature at 10 wt% mass loss), T.309, (the temperature at 30 wt% mass loss),
and Tpax (the temperature corresponding to the maximum mass loss
rate) are summarized in Table S5. As illustrated in Fig. 4a, under air
atmosphere, the thermal-oxidative degradation process of pristine EP
could be chiefly divided into two stages: the first stage corresponds to
the thermal degradation caused by the fracture of the epoxy resin cross-
linking network (355-470 °C, approximately 55 wt% weight loss); the
second stage (480-650 °C, about 42 wt% weight loss) is mainly the
process of further thermal oxidative degradation of the formed unstable
char layer [2,38,39]. The thermal oxidative degradation behaviors of
EP/CF-PO(OPh),, EP/CF-POPh,, and EP/CF-PPh, composites are very
similar to that of EP. Whereas, the T_jgy, and Tpax1 of the composites
present varying degrees of reduction as compared to pure EP. Taking
EP/CF-PO(OPh); composites as an instance, the T_1go, and Tpax1 of pure
EP are 379.1 and 384.7 °C, respectively. After the introduction of CF-PO
(OPh)s,, the T.109 and Tax1 of EP/CF-PO(OPh)»-2.5 reduce to 355.0 and
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383.4 °C, respectively. With further augmenting the addition CF-PO
(OPh),, the T.j09 and Tyaxy of EP/CF-PO(OPh),-5 and EP/CF-PO
(OPh),-10 are further decreased, which are mainly ascribed to the early
degradation of CF-PO(OPh); in the EP composites. In the initial heating
stage, CF-PO(OPh), with phosphate structure decomposes in advance to
produce polyphosphoric acid or metaphosphoric acid which possesses a
strong dehydration effect. These compounds could easily dehydrate the
hydroxyl-rich EP matrix and catalyze the degradation of the matrix to
form a char layer [40,41], which could well inhibit the escape of
combustible gas, reduce the thermal decomposition rate, and improve
the thermal stability of EP in the high-temperature stage. The Tpax2 and
char residue at 700 °C of all the EP composites are higher than those of
pure EP. Notably, EP/CF-PO(OPh)»-10 displays lower Tp,ax2 and char
residue at 700 °C than EP/CF-PO(OPh),-5. The heat resistance index
temperature (Tygy) is further calculated using the following equation
[42] and listed in Table S5 The Tyg; decreases gradually with the in-
crease of the CF-PO(OPh); loading.

THRI = 049[’1‘!5% Jr 0.6(T,30% - T,5rz)]

Moreover, EP composites containing CF-POPh; or CF-PPh; also show
a similar phenomenon as EP/CF-PO(OPh), composites. This is principal
because of the special structure of cardanol which is composed of the
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Fig. 5. TGA and DTG curves of (a, b) EP/CF-PO(OPh),, (c, d) EP/CF-POPh,, and (e, f) EP/CF-PPh, composites under nitrogen atmosphere.
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rigid benzene ring and flexible long aliphatic chain. In the case of lower
additive amounts, the influence of benzene ring plays a leading role in
the degradation process which could promote the thermal stability of
the epoxy matrix; with the increasing additive amounts, the effect of the
flexible long aliphatic chain becomes prominent, which could reduce the
cross-linking density of the epoxy network, resulting in a slight decrease
of thermal stability of EP composites, but the char yield of EP/CF-PO
(OPh)»-10 is still higher than that of pure EP.

The thermal degradation processes of EP and its composites under a
nitrogen atmosphere were further studied. Several typical temperatures
such as T_s50, T-10%, T-309%, THRI, and Tmax are summarized in Table S6. As
observed in Fig. 5, EP and its composites exhibit a single-stage degra-
dation process ranging from 320 to 520 °C. Similar to the thermal-
oxidative degradation process, the influence of CF-PO(OPh),, CF-
POPhy, and CF-PPh; on the thermal degradation processes of EP com-
posites also exhibits the following behaviors including earlier degrada-
tion, catalyzing carbonization, and enhancing the char yield of EP
composites. But it is worth noting that the carbonization effect of EP
composites in the thermal degradation process is more significant than
that of the thermal-oxidative degradation process. Taking EP/CF-PO
(OPh), composites as an example, the char residue of neat EP is about
13.1% at 700 °C, while the residual yield of EP/CF-PO(OPh),-2.5, EP/
CF-PO(OPh),-5 and EP/CF-PO(OPh),-10 is improved to 18.8%, 20.1%,
and 20.0%, respectively. Additionally, the residual yield of EP/CF-PO
(OPh), composites is significantly higher than that of EP/CF-POPh, and
EP/CF-PPh;, composites. This is because that the phosphate structure in
CF-PO(OPh); is apt to decompose to produce phosphoric acid com-
pounds than CF-POPh; and CF-PPh,, which promotes the dehydration
and carbonization of the epoxy matrix to form a char layer. The formed
char layer is beneficial to inhibit the escape of volatile combustible
gases. Meanwhile, it can isolate the external combustion heat and oxy-
gen from diffusing to the inside, thereby restraining further degradation
of the matrix and improving the flame retardancy of epoxy composites.
This conclusion would be further verified by the results of the following
combustion performance tests.

DSC was then employed to study the effect of the type and content of
phosphorylated cardanol-formaldehyde oligomers on the Tg, as depicted
in Fig. 6. Taking CF-PO(OPh), as an example, the T of pure EP is 145 °C,
while EP/CF-PO(OPh),-2.5 displays a Ty of 144 °C, which is very close
to that of pure EP, indicating that the introduction of a small amount of
CF-PO(OPh); slightly changes the T, of the EP matrix; However, with
increasing the addition of CF-PO(OPh),, the Tg of EP composites grad-
ually decreases. This is mainly because that the incorporation of CF-PO
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Fig. 6. DSC thermograms of epoxy composites with different types and con-
tents of phosphorylated cardanol-formaldehyde oligomers.
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(OPh); into EP could reduce the cross-linking density of the matrix to a
certain extent; moreover, the flexible long aliphatic chain in the struc-
ture of cardanol has a plasticizing effect on EP composites. Notably, the
Tg values of EP/CF-PO(OPh),-10, EP/CF-POPh»-10, and EP/CF-PPh»-10
are nearly the same but all lower than that of neat EP, manifesting that
all these three types of phosphorylated cardanol-formaldehyde oligo-
mers have a plasticizing effect on EP.

3.4. Mechanical property

These three phosphorylated cardanol-formaldehyde oligomers
combining rigidity and flexibility are anticipated to impart excellent
mechanical property to EP composites. Typical stress—strain curves of EP
and its composites are shown in Fig. 7, and the tensile strength, elastic
modulus, and elongation at break are given in Table S7. It can be
observed that the addition of CF-PO(OPh);, CF-POPh,, and CF-PPh,
could remarkably improve the tensile strength, tensile modulus, and
elongation at break of EP composites. The pristine EP shows a tensile
strength of 50.1 MPa and an elongation at break of 2.4%. For EP com-
posites containing different contents of CF-PO(OPh), (Fig. 7a), the
tensile strength and elongation at break are enhanced, and EP/CF-PO
(OPh),-5 exhibits the maximum tensile strength (68.8 MPa), which is
37.3% higher than that of EP. However, when the additive amount of
CF-PO(OPh);, increased to 10 wt%, the tensile strength and tensile
modulus of EP composites do not show further enhancement, but the
tensile strength of EP/CF-PO(OPh),-10 (67.1 MPa) is still higher than
that of neat EP and it displays the highest elongation at break (5.6%)
which is raised by 133.3% as compared to pure EP. It is mainly because
that CF-PO(OPh); is composed of both rigid aromatic structure and
flexible long alkane segment. In the case of low addition amount, these
two structures could synergistically enhance the strength and toughness
of EP composite. However, with the increase of the addition amount, the
introduction of a large number of flexible segments could reduce the
cross-linking density of the EP matrix [5], resulting in a decline of tensile
strength and elastic modulus, but the elongation at break is steadily
improved. Analogous to EP/CF-PO(OPh), composites, the tensile
strength of EP/CF-POPh, composites (Fig. 7b) displays a similar trend,
and EP/CF-POPh;-5 presents the maximum increment in tensile strength
which is 74.2% higher than that of pure EP. Moreover, EP/CF-POPh,-10
shows the most striking enhancement in elongation at break which is
increased by 162.5% compared with that of pristine EP. Regarding the
tensile strength of EP/CF-PPh;, composites (Fig. 7c), the tensile strength
and elongation at break of EP/CF-PPh,-10 are 70.3 MPa and 6.0%,
respectively, which are increased by 40.3% and 150.0% relative to neat
EP. The above results indicate that these three phosphorylated cardanol-
formaldehyde oligomers display excellent reinforcing and toughening
effects. To better illustrate the toughening effect, a possible stretch-
fracture model is proposed as shown in Fig. 7d. Pure EP exhibits brit-
tleness due to its high cross-linking density, after the incorporation of
phosphorylated cardanol-formaldehyde oligomers, the unique rigid-
flexible structure of cardanol-based derivatives can impart excellent
strength as well toughness to the epoxy matrix. Once EP composites
suffer from stress, the flexible long aliphatic chain could extend firstly to
transfer and absorb part of the energy during the stretching process. SEM
images of the fractured sections after the tensile test have been taken for
the EP/CF-PO(OPh),-10, EP/CF-POPhy-10, and EP/CF-PPhy-10 to
further evaluate the reinforcing mechanism of these composites (Fig. S6
in the supplementary materials). Pristine EP displays a mirror-like
fractured surface, implying its brittleness nature. By comparison, the
fractured surfaces of the EP/CF-PO(OPh),-10, EP/CF-POPh,-10, and
EP/CF-PPh,-10 composites become much rougher, manifesting strong
interaction between CF-PO(OPh),;, CF-POPh,, and CF-PPh, with EP
substrate. Additionally, there is no visible phase separation that is
observed in the TEM micrographs of the EP/CF-PO(OPh),-10, EP/CF-
POPh;,-10, and EP/CF-PPh,-10 (Fig. S7 in the supplementary materials),
indicating good compatibility of CF-PO(OPh),, CF-POPhy, and CF-PPh,
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formaldehyde oligomers in epoxy composites; (e) Tensile strength and elongation at break, and (f) impact strength of EP and its composites.

in EP substrate. Since these three phosphorylated cardanol-
formaldehyde oligomers have good compatibility with the EP matrix,
the long side chains of phosphorylated cardanol-formaldehyde oligo-
mers tangle with EP chains which could strengthen the matrix chains to
escape from initial crack propagation. Hence, the incorporation of
phosphorylated cardanol-formaldehyde oligomers can enhance me-
chanical property significantly (Fig. 7e).

Besides, the toughness of EP and its composites was further assessed
by Izod impact tests. As depicted in Fig. 7f, the pure EP shows an impact
strength of 16.2 kJ/m?, implying intrinsic brittleness. After adding 2.5
wt% of CF-PO(OPh),, the impact strength of the epoxy composite is
slightly improved to 16.9 kJ/m?2. With the increase of the amount of CF-
PO(OPh),, the impact strength of EP composites is increased gradually.
The maximum enhancement in the impact strength is observed in EP/
CF-PO(OPh)2-10, corresponding to a 30.8% increment relative to the
pure EP. Moreover, the impact strength of EP composites containing CF-
POPh;, or CF-PPh; displays similar trends as that of EP/CF-PO(OPh),
composites. Specifically, the impact strength of EP/CF-POPh,-10 and
EP/CF-PPh,-10 is 22.0 and 21.7 kJ/m?, respectively. These results also
demonstrate that these three phosphorylated cardanol-formaldehyde
oligomers have a good toughening effect on epoxy composites. The
simultaneous enhancements in the strength and toughness make EP/CF-

10

PO(OPh),, EP/CF-POPh,, and EP/CF-PPhy composites suitable for en-
gineering applications.

3.5. Flame retardancy of EP and its composites

LOI and UL-94 tests are widespread methods to characterize the
flame retardancy of materials [43]. As contrastive samples, the EP/CFR
composites containing different contents (2.5, 5, and 10 wt%) of CFR
were also tested by the UL-94 vertical burning method. However, all the
EP/CFR composites exhibit no rating in the UL-94 vertical burning test
(Fig. S8), demonstrating the poor flame-retardant effect of CFR. Thus, it
is necessary to modify CFR with phosphorus-based compounds. As
shown in Fig. 8, after incorporation of CF-PO(OPh), into EP matrix, the
LOI value of EP/CF-PO(OPh),-2.5 increases to 28% from 25% for pure
EP. Furthermore, the LOI value is increased gradually with the
increasing content of CF-PO(OPh),. EP composites containing 5 and 10
wt% of CF-PO(OPh), exhibit higher LOI values of 30% and 32%,
respectively. The other two phosphorylated cardanol-formaldehyde
oligomers (CF-POPh, and CF-PPhj) show a similar effect on the LOI
value of EP composites, and the LOI value of EP composites containing
10% CF-POPh, and CF-PPh; is 32% and 30%, respectively, manifesting
that the LOI value of EP composites is significantly improved after
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Fig. 8. LOI and UL-94 test results of EP and its composites.

incorporation of phosphorylated cardanol-formaldehyde oligomers. The
UL-94 vertical burning test results are shown in Fig. 8 and the real-time
images captured during the UL-94 tests of EP and EP/CF-PO(OPh),
composites are depicted in Fig. 9, in which “I” represents the first
ignition and “SI” represents the second ignition; besides, the time in
Fig. 9 includes the ignition time and the ignition time is 10 s each time.
The flame spreads rapidly after pristine EP is ignited, and the molten
dripping of EP ignites the cotton wool at the bottom (Fig. 9a). Ulti-
mately, only a small amount of char residue is retained. For EP/CF-PO
(OPh)2-2.5, the flame could be quickly extinguished after twice igni-
tions, the total burning time after removing the ignition source is 9 s, the
burning length is only 3.5 cm (Fig. 9b), manifesting that epoxy com-
posite with only 2.5 wt% of CF-PO(OPh); could reach UL-94 VO rating;
with the increase of CF-PO(OPh),, EP/CF-PO(OPh)»-5 can still pass UL-
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94 VO rating. The total burning time is shortened to 5 s, and the burning
length was only 3.2 cm (Fig. 9c); Nevertheless, EP/CF-PO(OPh),-10
could only reach UL-94 V1 rating, and the total combustion time after
twice ignitions is extended to 17 s (Fig. 9d). This phenomenon is mainly
caused by the special structure of CF-PO(OPh),; which is composed of
both phosphate structure (-PO(OPh)2) and flammable long alkyl chain
structure. In the case of a lower amount, the flame-retardant perfor-
mance is gradually improved with the increase of the addition amount.
However, when the addition amount exceeds a certain proportion, the
increased amount of the flammable long alkyl chain could worsen the
flame retardancy of EP composites to some extent.

Moreover, for the EP/CF-POPh,; and EP/CF-PPh, composites, the
real-time images captured during their combustion processes are dis-
played in Fig. S9. It can be observed that all the EP/CF-POPh, and EP/
CF-PPh, composites could be self-extinguished without dripping during
their combustion processes in the UL-94 tests, implying that CF-POPh,
and CF-PPh; also have good flame-retardant property. However, epoxy
composites containing 2.5 wt% of CF-POPh, or CF-PPh; have no rating
in the UL-94 tests. As the content of CF-POPh; increases, EP/CF-POPhy-5
could pass the UL-94 VO rating. Further increasing the amount of CF-
POPhy, EP/CF-POPh,-10 could only pass the UL-94 V1 rating. Besides,
EP/CF-PPhy-5 and EP/CF-PPh,-10 also just passed the UL-94 V1 rating.
Based on the results of UL-94 vertical burning tests, it can be prelimi-
narily judged that CF-PO(OPh); has more efficient flame-retardant
performance than CF-POPh, and CF-PPhj, because of a higher effi-
cient charring ability induced by a higher phosphorus oxidation state
[44].

The effect of the type and amount of phosphorylated cardanol-
formaldehyde oligomers on the flame-retardant performance of epoxy
composites was further evaluated by a cone calorimeter [45-47]. Fig. 10
gives the heat release rate (HRR), total heat release (THR), weight loss,
and smoke production rate (SPR) versus time plots of EP and EP/CF-PO
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Fig. 10. The (a) heat release rate (HRR), (b) total heat release (THR), (c) weight loss, and (d) smoke production rate (SPR) versus time plots of EP and EP/CF-PO

(OPh), composites.

(OPh), composites, and Table 2 lists the relevant data. As shown in
Fig. 10a, pure EP burns violently with a time to ignition (TTI) of 50 s,
showing a sharp combustion exothermic peak with an intense peak of
heat release rate (PHRR) value of 985 kW/m?. After the introduction of
CF-PO(OPh),, the PHRR value of EP/CF-PO(OPh),-2.5, EP/CF-PO
(OPh),-5, and EP/CF-PO(OPh)>-10 composites is gradually reduced to
892, 595 and 455 kW/m?, respectively. The maximum PHRR reduction
of up to 53.8% is observed for EP/CF-PO(OPh),-10 composite. In
Fig. 10b, all the THR curves show a similar upward trend with the
extension of radiation time and gradually becomes flat as burning ends.
The THR value of pure EP is 87.1 MJ/m2. The THR value of EP com-
posites gradually decreases with the increase of CF-PO(OPh); content.
Notably, the THR reduction of EP/CF-PO(OPh),-2.5, EP/CF-PO
(OPh),-5, and EP/CF-PO(OPh)»-10 is approximately 4.6%, 9.2%, and
13.8%, respectively, as compared to that of pristine EP. From the weight
loss curve (Fig. 10c), it can be observed that with the increase of CF-PO
(OPh), addition, the weight loss rate of EP/CF-PO(OPh), composites
during the combustion process is lower than that of pure EP, and the
final char yield of EP/CF-PO(OPh),-2.5, EP/CF-PO(OPh),-5 and EP/CF-
PO(OPh),-10 is significantly improved to 8.6%, 12.2%, and 14.0%,
respectively, from 5.7% for neat EP. This phenomenon accords well with
the results of TGA tests which is mainly due to the excellent charring
ability of CF-PO(OPh), with a higher phosphorus oxidation state. The
formed char layer can block the escape of internal combustible gases and
the supply of external heat and oxygen, thereby inhibiting further
combustion of epoxy matrix and enhancing the fire safety of EP com-
posites. Besides the heat-related parameters, smoke is an important non-

Table 2
Cone calorimeter data of EP and its composites.

heat factor for flame-retardant materials. From Fig. 10d, it can be
observed that a large amount of smoke is emitted during the combustion
process of pristine EP, owing to its rich aromatic structures. With
increasing the addition of CF-PO(OPh),, the peak smoke production rate
of EP/CF-PO(OPh), composites gradually decreases, which is attributed
to the excellent char-forming capacity of EP/CF-PO(OPh), composites.
The formed dense char layer has a good physical barrier effect, which
can suppress the escape of volatile smoke and flammable products
generated by the degradation of the internal matrix, thereby suppressing
the smoke release rate.

As shown in Table 2, with the increase of CF-PO(OPh), content, the
TTI value of EP/CF-PO(OPh); is lowered gradually while the Tpyrr
shifts to a higher zone. This is mainly ascribed to the superior catalytic
carbonization effect of CF-PO(OPh): in the early stage of combustion,
CF-PO(OPh); first decomposes to produce strongly dehydrated phos-
phoric acid compounds, which could catalyze the dehydration of the
matrix into char. Consequently, the TTI of all the EP/CF-PO(OPh),
composites becomes earlier than pure EP, which is well consistent with
the TGA results; More importantly, the thermal degradation of the ma-
trix in advance could form a stable phosphorous-containing protective
char layer which could be beneficial to inhibiting heat and mass transfer
and suppressing flame spread. As a result, the Tpyrgs of EP/CF-PO
(OPh), composites are delayed gradually. Moreover, the fire growth rate
index (FIGRA) is another important index for evaluating the fire pro-
pensity of polymeric materials, which is obtained through dividing
PHRR by time to PHRR (Tpygrg). The lower the FIGRA value, the higher
the fire safety of polymer materials [48]. After the incorporation of CF-

Sample TTI (s) Tpurr (5) PHRR (kW/m?) THR (MJ/m?) Reduction in PHRR (%) FIGRA (kW/ (m?s)) Char yield (%)
EP 50 95 985 87.1 - 10.4 5.7
EP/CF-PO(OPh),-2.5 47 100 892 83.9 9.4 8.9 8.6
EP/CF-PO(OPh),-5 48 123 595 79.3 39.6 4.8 12.2
EP/CF-PO(OPh),-10 37 134 455 75.0 53.8 3.4 14.0
EP/CF-POPh,-10 42 98 769 77.5 21.9 7.8 6.4
EP/CF-PPh,-10 43 109 818 79.4 17 7.5 6.6
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PO(OPh)s,, the FIGRA value of EP/CF-PO(OPh), is reduced significantly.
The maximum reduction of FIGRA is observed for EP/CF-PO(OPh)»-10,
which is 67.3% lower than that of pure EP, indicating the significantly
reduced fire risk of EP/CF-PO(OPh), composites. Based on the above
results, it can be speculated that the introduction of CF-PO(OPh), into
the EP matrix significantly inhibits the heat and smoke release rates,
reduces the flame spread rate, and consequently improves the fire safety
of epoxy composites.

Besides, the influence of the phosphorylated cardanol-formaldehyde
oligomers on the fire risk features of epoxy composites is also studied by
cone calorimeter. Fig. S10 shows the HRR, THR, weight loss, and SPR
versus time plots of EP and EP composites containing three types of
phosphorylated cardanol-formaldehyde oligomers. Compared with pure
EP, the PHRR value of EP/CF-PO(OPh),-10, EP/CF-POPh,-10, and EP/
CF-PPh,-10 is decreased by 53.8%, 21.9%, and 17.0%, respectively
(Fig. S10a). From the THR curves (Fig. S10b), it can be found that the
THR curves of EP/CF-PO(OPh)5-10, EP/CF-POPh,-10, and EP/CF-PPh,-
10 all show an obvious backward trend, indicating that these three
phosphorylated cardanol-formaldehyde oligomers can well inhibit the
rapid heat release of the epoxy matrix. The THR reduction sequence of
these three flame retardant epoxy composites is as follows: EP/CF-PO
(OPh)2-10 (13.9%) > EP/CF-POPh,-10 (11.0%) > EP/CF-PPh,-10
(8.8%). Based on the PHRR and THR reduction results, it can be found
that CF-PO(OPh), exhibits better flame-retardant efficiency than CF-
POPh; and CF-PPh,. This is mainly attributed to the phosphate structure
in CF-PO(OPh),, which is more conducive to generate phosphoric acid
compounds that could better catalyze the carbonization of the EP matrix
to form a stable protective char layer. Compared to CF-PO(OPh),, there
are fewer oxygen atoms connected to phosphorus in the structure of CF-
POPhy, and phosphorus is only connected to carbon atoms in the
structure of CF-PPhy. Therefore, these two phosphorylated cardanol-
formaldehyde oligomers cannot produce phosphoric acid during ther-
mal decomposition, leading to their inferior catalytic charring ability.
This conclusion could be supported by the weight loss curve during
combustion processes (Fig. S10c). The char yield follows the order of

25 mm

. !
f& LP/CF-PO(OPh),-2.5 '}

Chemical Engineering Journal 423 (2021) 130192

EP/CF-PO(OPh)>-10 (14.0%) > EP/CF-POPhy-10 (6.4%) =~ EP/CF-
PPhy-10 (6.6%) > EP (5.7%), indicating the best charring ability of CF-
PO(OPh)s,. Fig. S10d shows the SPR curves of EP composites with three
phosphorylated cardanol-formaldehyde oligomers. It can be observed
that the peak SPR value of EP/CF-PO(OPh),-10 is significantly
decreased compared to that of pure EP, while the SPR value of EP/CF-
POPh3-10 and EP/CF-PPh,-10 do not display obvious reduction. Based
on the above results, it can be inferred that all these three phosphory-
lated cardanol-formaldehyde oligomers can improve the flame-
retardant performance of epoxy composites, and CF-PO(OPh), exhibits
the best flame-retardant efficiency among them since the phosphate
structure in CF-PO(OPh), possesses superior charring ability.

Based on the results aforementioned, the flame-retardant efficiency
of phosphorylated cardanol-formaldehyde oligomers is compared with
the reported flame-retardant toughening agents, as shown in Table S8. It
can be observed that the EP/CF-PO(OPh),-5 could achieve the UL-94 VO
rating with only a 5 wt% flame-retardant toughening agent, which ex-
hibits better efficiency than most of the reported flame-retardant
toughening agents [2,5,6,49-51]. Besides, the reduction in PHRR for
the EP/CF-PO(OPh),-5 achieves 39.6% at a relatively low loading of the
flame-retardant toughening agent. The higher flame-retardant efficiency
of the EP/CF-PO(OPh),-5 could be attributed to the unique oligomeric
structure and phosphorus-containing group.

3.6. Flame-retardant mechanism analysis

Fig. 11. shows the digital photos of char residues from both top and
side views for EP and its composites after cone calorimeter tests. There is
only a very small amount of char residue left after the violent combus-
tion of pure EP (Fig. 11a). With the increased amount of CF-PO(OPh),,
the remaining amount of char residues of EP composites increases
significantly. It can be observed from the top view that as the amount of
CF-PO(OPh); increases, the surface morphology of the char layer for EP/
CF-PO(OPh), composites gradually changes from fluffy and porous to
dense and intact. Moreover, it can also be discovered from the side-view

Fig. 11. Digital photos of the char residues from both top and side views for (a) EP, (b) EP/CF-PO(OPh),-2.5, (¢) EP/CF-PO(OPh),-5, (d) EP/CF-PO(OPh)»-10, (e)

EP/CF-POPh,-10 and (f) EP/CF-PPh,-10 after the cone calorimeter test.
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photos that EP/CF-PO(OPh), composites show excellent charring abil-
ity, and the thickness of the char layer increases gradually with
increasing the content of CF-PO(OPh),. Notably, EP/CF-PO(OPh)»-10
(Fig. 11d) exhibits the densest char layer among all EP composites,
indicating that the char layer of EP/CF-PO(OPh),-10 has the best barrier
effect, which is well consistent with the analysis results of the cone
calorimeter test. By comparing the char residues of EP composites with
10 wt% three phosphorylated cardanol-formaldehyde oligomers, it is
found that the char layers of EP/CF-POPh»-10 (Fig. 11e) and EP/CF-
PPh,-10 (Fig. 11f) not only present a loose and porous structure but also
have a poorer intumescence as compared with that of EP/CF-PO
(OPh),-10, implying that CF-PO(OPh), has a superior catalytic
carbonization effect over CF-POPhy and CF-PPh,, which can signifi-
cantly improve the char formation ability of EP composites.

SEM was further employed to study the char morphology of EP and
its composites. As shown in Fig. S11a, there are many cracks and large
open pores in the char of pure EP, which cannot hinder the permeation
of oxygen into the inner and accelerate fire propagation. By contrast, the
cracks and holes on the surface of the chars of EP/CF-PO(OPh),-2.5
(Fig. S11b), EP/CF-PO(OPh),-5 (Fig. S11c), and EP/CF-PO(OPh),-10
(Fig. S11d) are decreased gradually, and the char surface of EP/CF-PO
(OPh)2-10 becomes more compact and denser. This featured surface
morphology is ascribed to the higher charring ability and the less release
of volatile gases. However, the char surfaces of EP/CF-POPh,-10
(Fig. S11e) and EP/CF-PPh,-10 (Fig. S11f) have some small holes which
are not so tight and dense as that of EP/CF-PO(OPh),-10. The char layer
with compact and thick morphology is favorable to retard the heat and
mass transfer, thus could effectively suppress the degradation and pro-
tect the underlying materials.

The graphitization degree performs a great important role in
reducing the fire risk of polymers, and the higher graphitization degree
indicates higher thermal resistance and greater protective effect
[48,52-54]. Raman spectroscopy is one of the most commonly
employed tools to study the graphitization degree of residual chars after
combustion. The Raman spectra of the char residues of EP and its

&
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Capture free radicals
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composites are shown in Fig. S12. It can be found that all the samples
display two prominent peaks at around 1364 and 1596 em™?, corre-
sponding to the D and G bands, respectively. The intensity ratio of the D
to G band (Ip/Ig) is usually applied to evaluate the graphitization degree
of the char residues [48,55]. The lower Ip/Ig means a higher graphiti-
zation degree. The Ip/Ig of pure EP is about 3.10, and the Ip/Ig of EP/CF-
PO(OPh); composite shows a gradually decreasing trend with the
increased addition of CF-PO(OPh),, implying that CF-PO(OPh), has a
positive effect on improving the graphitization degree of residual chars
of EP composites. Besides, the Ip/I value of EP/CF-POPh5-10 (2.94) and
EP/CF-PPh,-10 (2.92) is higher than that of EP/CF-PO(OPh)»-10 (2.59),
indicating that the char residue of EP/CF-PO(OPh)»-10 has a higher
graphitization degree, namely higher thermal stability and better
shielding effect, which is beneficial to enhance the fire safety of EP
composites.

Based on the degradation and combustion behaviors analysis afore-
mentioned, a possible flame-retardant mechanism of EP composites
containing CF-PO(OPh),, CF-POPh;y and CF-PPh; is proposed in Fig. 12.
Generally, phosphorus-based flame-retardants function in both
condensed and gaseous phase mechanisms. As reported previously, the
catalytic charring ability improved and the emission of PO- radicals
decreased as the phosphorus oxidation states increased [44]. Once
exposed to heat and fire sources, CF-PO(OPh), could decompose to
generate phosphoric acid species, which can catalyze the degradation of
the EP matrix to form a compact and intumescent char layer. The more
compact and intumescent char layer is beneficial to inhibiting heat and
mass transfer and suppressing the release of volatile flammable products
to feed the flame. Compared to CF-PO(OPh),, there are fewer oxygen
atoms connected to phosphorus in the structure of CF-POPhj,, and
phosphorus is only connected to carbon atoms in the structure of CF-
PPh,. Thus, the CF-POPh; and CF-PPh;, cannot decompose to produce
phosphoric acid species, resulting in poorer catalytic charring ability.
Besides, the flame-retardant effect relates closely with the char yield for
the epoxy composites with different loadings of the phosphorylated
cardanol-formaldehyde oligomer. The EP/CF-PO(OPh)»>-10, EP/CF-
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POPh,-10, and EP/CF-PPh,-10 show poorer flame-retardant property in
terms of UL-94 than the EP/CF-PO(OPh),-5, EP/CF-POPh,-5, and EP/
CF-PPh,-5, because the former samples possess lower char yield. Thus,
the EP composites with CF-PO(OPh); exhibit the highest efficient fire
safety characteristics, implying that the catalytic charring ability plays a
predominant role over the radical scavenging effect in these three
phosphorylated cardanol-formaldehyde oligomers.

4. Conclusions

In this work, three kinds of phosphorylated cardanol-formaldehyde
oligomers (CF-PO(OPh),;, CF-POPh,, and CF-PPhjy) were synthesized
and introduced into epoxy thermosets. Comparison of the effect of CF-
PO(OPh),, CF-POPh,, and CF-PPhy on the mechanical, thermal, and
flame-retardant properties of the epoxy thermosets was investigated.
The incorporation of CF-PO(OPh),, CF-POPh,, and CF-PPhy showed
toughening effect on the EP composites in terms of the increased impact
strength and elongation at break, owing to the presence of flexible long
alkyl chain structure. EP composites containing CF-PO(OPh),, CF-
POPh,, and CF-PPh, also exhibited enhanced flame-retardant behavior.
Among them, CF-PO(OPh), exhibited the highest flame-retardant effi-
ciency, because of the superior catalytic charring effect over CF-POPh,
and CF-PPh,. Specifically, epoxy composite with only 2.5 wt% CF-PO
(OPh); could pass the UL-94 V-0 rating as well as a high LOI value of
28%, and the LOI value of EP/CF-PO(OPh),-10 reached up to 32%. Cone
calorimeter tests indicated that EP composite containing 10 wt% CF-PO
(OPh), exhibited a significant PHRR reduction up to 53.8% compared to
pure EP. This work demonstrates cardanol can serve as a promising
platform for the synthesis of bio-based flame-retardant and toughening
agents combining rigidity with flexibility and contributes to the pro-
duction of high-performance epoxy thermosets.
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