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HIGHLIGHTS GRAPHICAL ABSTRACT
® A novel bio-based hyperbranched
flame retardant was prepared from
itaconic anhydride.
® [t significantly improved both tough-
ness and flame retardancy of epoxy
resins at low phosphorus content.
® It exhibited both gas and condensed s » ITA-HBP
phase flame retardant mechanisms. Loz smoke
® Epoxy thermosets with hyperbranched
flame retardant scored V-0 rating in
the UL-94 test.
® Limiting oxygen index of epoxy resin
increased to 363% Bio-based flame-retardant
epoxy thermosets
ARTICLE INFO ABSTRACT
Keywords: A novel hyperbranched flame-retardant polymer (referred to as ITA-HBP) was synthesized from itaconic an-
Bio-based hydride as a renewable starting material. Upon the incorporation of ITA-HBP, both the toughness and flame-
Hyperbranched polymers retarding ability of epoxy resins with low phosphorus contents increased simultaneously increased the toughness

Epoxy resin
Flame retardant
Toughening

and flame retardant properties of epoxy resin with low phosphorus contents. The impact strength, fracture
toughness and fracture energy of the epoxy resins are significantly enhanced by 133.2%, 78.7% and 124.7%
respectively due to the in situ reinforcing and toughening effects induced by ITA-HBP. At the same time, the
incorporated ITA-HBP exhibited a remarkable flame-retarding activity in the gas phase due to the production of
phosphorus radicals and in the condensed phase due to the formation of a phosphorus-rich char layer of the
epoxy resin. The addition of ITA-HBP considerably reduced the peak heat release rate, total heat release and
smoke release of the epoxy resin. At a phosphorus content of 0.26 wt%, the ITA-HBP/epoxy thermosets scored V-
0 rating in the UL-94 test and showed a limiting oxygen index of 36.3%.

1. Introduction structural composites to take advantage of their excellent chemical
resistance, mechanical performance, adhesion properties, their com-

Epoxy resins are the most widely used thermosets, which are ex- paratively low cure shrinkage and high electrical insulation properties
tensively applied in adhesives, insulation materials, coatings as well as [1-3]. However, epoxy resins poorly resist crack initiation and
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propagation because of their highly cross-linked structure, which limits
their application in some high-performance engineering materials
[4,5]. Over the past few decades, several strategies, including the in-
corporation of rubbers, thermoplastics and nanofillers [6-8], have been
used to toughen epoxy resins. The added rubbers or thermoplastics can
significantly improve the toughness of epoxy resin. However, the im-
provement in toughness is usually accompanied bythe reduction of
thermal stability and modulus. The incorporated nanofillers inevitably
increase the viscosity of the epoxy matrix and dispersion of nanofillers,
which is a major problem need to be overcome. Hyperbranched poly-
mers have been shown to have great potential as modifiers of epoxy
resins [9-11]. Santiago, et al., studied the effect of hyperbranched poly
(ethyleneimine) on the thermomechanical and shape-memory proper-
ties of epoxy esins; they showed that hyperbranched poly (ethylenei-
mine) significantly improves the impact strength of epoxy thermosets
[12]. Wang et al. synthesized a series of hyperbranched epoxy resins
with a controlled epoxy equivalent weight through thiol-ene click re-
action, which could effectively toughen and reinforce DGEBA [13].

Similar to other synthetic organic polymeric materials, epoxy resins
are highly flammable, which limits their application in architectural
and electronic materials [14-16]. Various methods have been proposed
to improve the flame retardancy of epoxy resins, including the in-
corporation of boron, phosphorus, nitrogen and silicon containing
compounds and composites [17-21]. Among various additives, 9,10-
dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) and its de-
rivatives have been widely utilized as efficient flame retardants in
epoxy resins [22-24]. The P-H bond of hydrogen phosphonates or
phosphinates can react with the epoxide group and the so-formed
covalent bonds between the additive and the epoxy polymer chains
render the epoxy resins fire resistant. Shi, et al., designed a phosphorus-
containing halogen-free ionic liquid ([Dmim]Tos) as a flame retardant
for epoxy resins. The added [Dmim]Tos not only improved the flame-
retarding property of the epoxy resins but also their mechanical prop-
erties, while their transparency was maintained [25]. Zhang, et al.,
synthesized a P-P synergy flame retardant (DOPO-PEPA) and in-
corporated into an epoxy resin. The resulting blends scored UL94 V-0
rating and their limiting oxygen index (LOI) was found to be 35% [26].
Recently, several researchers have developed highly efficient flame
retardants with low phosphorus contents. Jian, et al., reported a P/N/S
containing analogue (DOPO-ABZ). The resulting epoxy/DOPO-ABZ
thermosets with 0.64 wt% phosphorus content scored UL-94 rating,
with their LOI being 33.5% [27]. Wang, et al., constructed a flame-
retardant epoxy resin with a highly efficient flame retardant compound
(DOPO-THPO). The flame retardant epoxy resin containing DOPO-
THPO with low phosphorus loading (0.33 wt%) scored V-0 rating with
its LOI being 30% [28]. Hyperbranched flame retardant is a new type of
flame retardants; which is considered as a highly effective flame re-
tardant [29]. Ma, et al., reported a hyperbranched poly (amino-
methylphosphine oxide-amine) (HPAPOA) modifier for epoxy resins
with simultaneously enhanced toughness and fire safety [30]. The
epoxy resins paseed V-0 rating and acquired LOI value of 30.7 with
3.0 wt% HPAPOA. However, some of these compounds, are synthesised
from petroleum-based materials. Therefore there is a huge interest in
developing a bio-renewable or environmentally friendly flame re-
tardants.

With growing environmental concerns, much of the research efforts
have now shifted to the use of bio-based materials for the preparation of
flame-retardant epoxy resins. A number of bio-renewable materials,
such as itaconic acid, cyclodextrins, vanillin and phloroglucinol
[31-34], have been used as flame retardants in epoxy resins. Zhao,
et al., incorporated a bio-based flame retardant derived from [-cyclo-
dextrin and phenylphosphonicdiamide into the epoxy resin and de-
monstrated improved flame retardancy and thermal stability of the
epoxy resin [35]. Wang, et al., prepared a flame retardant epoxy resin
based on a lignin derivative vanillin, which showed excellent flame
retardancy with a LOI value of 32.8% and scored UL-94VO0 rating [36].
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Further, itaconic anhydride (ITA) can be produced from renewable
resources [37,38]. Okuda, et al., synthesized poly (lactic acid) copoly-
mers with itaconic anhydride and lactic acid, with molecular weights
ranging up to 1.61 X 10° [39]. Joshua, et al., reported copolymers
based on itaconic anhydride and methacrylate-terminated poly(L-lactic
acid) with itaconic anhydride content ranging from 85 to 15mol %
[40]. Yamaguchi, et al., designed bio-based polyesters from itaconic
anhydride, which can be used as macromonomers, telechelics and
crosslinking reagents [41].

Here we present a novel bio-based hyperbranched polymer (ITA-
HBP) by employing ITA and DOPO, which simultaneously improved the
toughness and flammability of the epoxy resin at low phosphorus
contents. Flame-retardant retardant epoxy thermosets were subse-
quently prepared by introducing ITA-HBP into the epoxy resin. The
thermal properties, mechanical performance, morphology and flame
retardant mechanism of the modified epoxy resins were investigated.
The introduction of ITA-HBP substantially improved the flame re-
tardancy of the epoxy resin, with the modified resin showing significant
decreases in the total heat release and smoke production. Combustion
of the flame-retardant epoxy resin resulted in a more compact and
expanded residual char than that obtained from the parent epoxy resin.

2. Experimental
2.1. Materials

Reagent grade Reagent grade ITA (95%), DOPO (97%), diisopro-
panolamine (DIPA, 98%), 4,4’-diaminodiphenylmethane (DDM, 98%)
and p-toluenesulfonic acid (TsOH, 98%) were supplied by Aladdin
Industrial Corporation and were used without further purification. The
diglycidyl ether of bisphenol-A (DGEBA) epoxy resin (epoxide equiva-
lent weight of 196 g/eq) was obtained from the Baling Petrochemical
Company, Inc. China.

2.2. Synthesis of DOPO-ITA

ITA (0.1mol) and DOPO (0.1 mol) were dissolved in tetra-
hydrofuran (THF, 100 mL) under stirring at 50 °C and refluxed for 6 h.
Then, the reaction mixture was steamed using a rotary evaporator. The
obtained powder (DOPO-ITA) was washed with ethanol and dried
overnight at 50 °C in a vacuum oven (yield, 94.2%).

2.3. Synthesis of bio-based hyperbranched polymers (ITA-HBP)

First, 29.54 g of DOPO-ITA (0.09 mol), 13.19 g of DIPA (0.1 mol),
0.43 g of p-toluenesulfonic acid, and 50 mL of N,N-dimethylformamide
were mixed in a 250 mL three-necked round-bottom flask equipped
with a reflux condenser. The reactants were heated at 120 °C for 6 h
under overhead mechanical stirring. The resultant product ITA-HBP
(yield, 93.6%) was obtained after decompressing distillation and drying
at 80 °C overnight in a vacuum oven. The synthesis route of ITA-HBP is
illustrated in Scheme 1.

2.4. Preparation of flame-retardant epoxy thermosets

Epoxy thermosets prepared with various contents of ITA-HBP are
listed in Table 1. The epoxy thermosets were cured with DDM at a 100:
26 wt ratio. First, ITA-HBP and DDM were added to DGEBA and dis-
persed evenly at 80 °C through mechanical stirring to obtain a trans-
parent and uniform mixture. The mixture was then transferred to sili-
cone rubber moulds and cured at 80 °C for 2h and 150 °C for 2 h. After
that, all the samples were cooled to room temperature and removed
from the moulds.
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Scheme 1. Synthetic route of ITA-HBP.

Table 1
Formulations of epoxy thermosets.

Samples Composition (phr) Content of ITA-HBP Content of P (wt
(Wt%) %)
DGEBA DDM ITA-HBP

EPO 100 26 0 0 0

EP5 100 26 5 3.82 0.26

EP10 100 26 10 7.35 0.48

EP15 100 26 15 10.64 0.72

EP20 100 26 20 13.70 0.93

2.5. Characterization

'H NMR spectra were acquired using a Bruker Avance I11-400 NMR
spectrometer in DMSO-de. >'P NMR spectra were measured on a JEOL
JNM-ECZ600R spectrometer (600 MHz). Fourier- transform infrared
(FTIR) spectra were collected on a Bruker Vertex 70 FT-IR spectrometer
in the range of 400-4000 cm ~'. The molecular weight was recorded on
a gel permeation chromatography system consisting of a Waters 1525
pump. DMF was used as the eluent. Thermogravimetric analysis (TGA)
was performed on a NETZSCH 209F3 thermogravimetric analyzer
(NETZSCH Gerdtebau GmbH.) under air atmosphere. The samples were
heated from room temperature to 700 °C at a heating rate of 10 °C/min.
Dynamic mechanical analysis (DMA) was carried out using a DMA
Q800 (TA Instrument, USA) at the frequency of 1 Hz and amplitude of
20 um. The samples were heated from 35 to 300 °C in the single can-
tilever mode at a heating rate of 10 °C/min. The samples used for these
measurements were 60.0 mm-long, 4.0 mm-thick, and 8.0 mm-wide.
Tensile properties were evaluated using a universal tester (GOTECH Al-
700 M, GOTECH testing Machines Inc., China) according to ASTM D638
at a crosshead speed of 2 mm/min. Flexural tests were conducted using
GOTECH AI-700 M (GOTECH testing Machines Inc., China) according
to ASTM D790. The impact properties were evaluated using a GT-7045-
MDL impact tester (GOTECH, China) with a 2.75J pendulum. The
single-edge notched bend test was performed using a universal tensile
machine (AI-700 M, Gotech Testing Machines Inc., China), according to
ASTM D5045 at a loading rate of 1 mm/min. A sharp crack was

introduced at the notch tip by tapping it with a fresh razor blade. The
fracture toughness (Kic) and strain energy release rate (Gic) were ex-
amined based on ASTM D5045 and calculated as follows:

Kie = (Bwl/z)f(x) )
)
Tw (2)
(1 - v)Ki
Ce="% 3)

where P is the applied load, B and W are the thickness and width of the
specimen, respectively, a is the crack length of the sample, v is the
Poisson’s ratio (v = 0.3 in the present work), and E is the tensile
modulus, andf (x)is the constant related to the crack length:

[1.99 — x(1 — x)(2.15 — 3.93x + 2.7x2]
1+ 200 —x)*? ()]

fx) = 6x

The value of X should be selected such that 0.45 < a/W < 0.55.
All the mechanical properties were evaluated at 25°C and relative
humidity of 50 + 10%. The mechanical performance of at least ten
replicate specimens was evaluated and the average results are reported.

The LOI values were determined using a JF-3 oxygen index appa-
ratus (Nanjing Jiangning Instrument Factory, China) according to
ASTM D2863 using samples with dimensions of
130mm X 6.5mm X 10 mm. The UL-94 vertical burning tests were
conducted according to ASTM D3801 on a CZF-2 burning tester
(Nanjing Jiangning Instrument Factory, China)using specimens with
dimensions of 130 mm X 13mm X 3 mm. The combustion properties
of samples (100 mm X 100 mm X 3 mm) were evaluated using a cone
calorimeter (Fire Testing Technology, East Grinstead, U.K) according to
ISO 5660. The samples were exposed under a radiant cone at a heat flux
of 35kW/m?2 Two parallel tests were conducted on each sample. To
analyze the evolved gas species, a TGA (Q5000 IR thermogravimetric
analyzer) was connected to a Nicolet 6700 FTIR spectrophotometer
operated under nitrogen atmosphere. The measurements were heated
from 40 to 700 °C at a heating rate of 10 °C/min with a flowing rate of
50 mL/min. Py-GC/MS analysis was conducted using a Perkin-Elmer
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Fig. 1. FTIR (a) and 1H NMR spectra (b) of DOPO, DOPO-ITA and ITA-HBP.
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Fig. 2. TGA curves of ITA-HBP and epoxy thermosets under air atmosphere.

Table 2

Thermal decomposition parameters of ITA-HBP and epoxy thermosets under air
atmosphere.

Sample Tsoe (°C)  Tso9% (°C)  Tmaxi (°C)  Tmaxe (°C)  Residue at 700 °C (wt
%)

ITA-HBP 270 452 299 562 27.05

EP 360 435 383 550 1.23

EPS5 330 417 382 554 1.47

EP10 320 414 376 557 1.89

EP15 320 409 370 557 2.27

EP20 311 406 362 561 2.88

Clarus 680 GC-SQ8MS gas chromatography-mass spectrometer and a
pyrolyzer (CDS 5200) under helium atmosphere. The injector tem-
perature was first maintained at 40 °C for 3 min Then, the temperature
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was increased to 280 °C (10 °C/min) and held there for 5 min. The in-
terface temperature was 280°C and the cracker temperature was
500 °C. The fractured surfaces of the samples after impact tests and
morphology of residues after cone calorimeter tests were observed on a
SU8010 scanning electron microscope (SEM; Hitachi, Japan). X-ray
photoelectron spectroscopy (XPS) was conducted on a VG Multilab
2000 spectrometer (VG Inc.) with Al Ka excitation source.

3. Results and discussion
3.1. Structural characterizations of ITA-HBP
The FTIR spectra of DOPO, DOPO-ITA and ITA-HBP are presented in

Fig. 1a. The P—O—Ph, P = O, and P-Ph stretching vibrations are de-
tected at 922, 1230, and 1118 cm ™!, respectively, in the FTIR spectrum

b
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Fig. 3. Effect of ITA-HBP content on the dynamic mechanical properties of epoxy thermosets (a. storage modulus and b. tan3).
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strength and flexural modulus, and d. fracture toughness and fracture energy.

Table 3
PALS data and free volume fractions of epoxy thermosets.

Sample Lifetime of ortho-positronium 3 (ns) Intensity I3 (%) R A) Free volume fraction, Fv (%)
EP 2.064 + 0.024 10.878 = 0.235 1.2423 + 0.024 1.57
EP5 2.067 + 0.023 11.164 + 0.231 1.2433 + 0.023 1.62
EP10 2.084 = 0.020 11.579 + 0.194 1.2489 + 0.020 1.70
EP15 2.098 + 0.021 12.12 = 0.212 1.2533 += 0.021 1.80
EP20 2.130 + 0.020 13.031 + 0.219 1.2633 + 0.020 1.98

of DOPO-ITA confirm the presence of the phosphaphenanthrene groups
in DOPO-ITA. The peaks at 1780 and 1850 cm ™! are assigned to the
C=O0 stretching and 5-member anhydride unit, respectively. The
spectrum of DOPO-ITA does not have, the characteristic peaks re-
presenting the P-H stretching absorption observed for DOPO at 1430
and 1710 cm ™! (related to C=C double bonds. In the spectrum of ITA-
HBP, the peaks at 1730 and 1640 cm ™! correspond to C=O stretching
and cyclic anhydride groups, respectively; the C—N stretching
(0O=C—N-) appears at 1450 cm ', and the peak at 1640 cm ™! is at-
tributed to the amide deformation.

The 'H NMR spectra of DOPO, DOPO-ITA and ITA-HBP are shown
in Fig. 1b. Comparison of the spectra of DOPO and ITA-HBP indicates,
the peak at 8.89 ppm corresponding to —PH=0 disappears in the
spectrum of ITA-HBP. The peaks at 7.10-8.30 ppm confirm the presence
of the phosphaphenanthrene rings. The peaks of the protons of the
—CH—O— group appear at 4.40-5.20 ppm (H;) and those of the
—CH—OH appears at 3.60-4.10 ppm (H;). The peaks of the protons of
—CO—CH— appear at 2.90-3.10 ppm (Hy), —CH,—CO— appear at
2.50-2.90 ppm (H4) and —N—CH,— appear at 1.60-2.50 ppm (Hy). The
peaks of the —CHj3 protons appear at 0.40-1.20 ppm (H;). Fig. Slis the
3P NMR spectra of DOPO, DOPO-ITA, ITA-HBP. Further, the *'P NMR
spectra of DOPO, DOPO-ITA, and ITA-HBP are presented in Fig. S1. The
3P NMR spectrum of DOPO-ITA clearly shows a new peak at 36.08 ppm
from the P-CH, group, being related to the addition reaction between

DOPO and ITA. Meanwhile, the *'P NMR spectrum of ITA-HBP shows a
single peak at 35.52 ppm. The molecular weight of ITA-HBP measured
by GPC (M,,) is 1698 g'mol ~* with a polydispersity of 2.67 (Fig. S2). All
these results demonstrate the successful formation of ITA-HBP.

3.2. Thermal analysis of ITA-HBP and epoxy thermosets

Fig. 2 shows the TGA curves of ITA-HBP and ITA-HBP/epoxy ther-
mosets and the related parameters are presented in Table 2. Obviously,
ITA-HBP decomposed in the range of 220-456 °C, which matches with
the decomposition temperature range of epoxy resin. The residual
weight of ITA-HBP was found to be ~8.28 wt% at 700 °C, indicating
that the majority of the additive decomposed into volatile products.
This result indicates that ITA-HBP produced volatiles with gas-phase
flame retardant activity during the combustion of the epoxy resin. The
degradation of neat epoxy resin typically occurs in two stages. The first
stage of decomposition occurs in the temperature range of 330-460 °C;
it is related to the scission of the epoxy resin and the formation of chars
at the end of the specified temperature range. In the second stage of
decomposition occurring between 460 and 650 °C, thermal oxidative
decomposition of the chars formed in stage 1 takes place. The ITA-HBP/
epoxy thermosets also exhibit a two stage degradation behavior, similar
to that of the neat epoxy resin. However, the Tso, and Tyax1 Of the ITA-
HBP/epoxy thermosets are lower than those of neat epoxy resin,
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Table 4

UL-94 rating and LOI values of epoxy thermosets.
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Fig. 5. SEM images of the fractured surfaces of epoxy thermosets after impact tests (a. EP, b. EP5, c. EP10, and d. EP20).

Sample LOI (vol%) Vertical buring test
After-flame time Dripping UL-94 rating
t; (5) tz (s)

EP 26.4 52.3 - Yes No rating

EP5 36.4 3.3 3.0 No V-0

EP10 37.4 2.6 1.4 No V-0

EP15 41.6 1.8 1.1 No V-0

EP20 42 0.8 0.8 No V-0

indicating that ITA-HBP/epoxy thermosets could decompose at a lower
temperature. In general, the earlier initial decomposition of the phos-
phorus-containing additives acilitates the formation of a protective char
that protects the polymer matrix from flame [42]. This conclusion is
supported by the increase in the char yield of the composite 700 °C (see
Table 2). Compared with that of neat epoxy resin (1.23%), the char
yield of the ITA-HBP/epoxy thermoset increased to 2.88% at an ITA-
HBP loading of 20 phr. Furthermore, the maximum mass loss rate of
ITA-HBP/epoxy thermosets was higher than that of the neat epoxy
resin, and it decreased with increasing content of ITA-HBP, which is
consistent with the condensed-phase flame retardant mechanism. The
incorporated ITA-HBP promoted the formation of the char layer of

Fig. 6. Photographs of the samples captured during the UL-94 burning tests (a. EP, b. and c. EP20).
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Table 5
Burning parameters of epoxy thermosets obtained from cone calorimeter tests.

Sample TTI(s) pk-HRR av-EHC THR av-COY av-CO,Y TSR (m?%/
kwW/ wJ/ mJ/ (kg/kg) (kg/kg) m?)
m?) m?) m?)
EP 120 678.7 24.6 157.9 0.073 1.788 14,441
EP5 102 618.6 22.1 135.7 0.104 1.559 13,570
EP10 96 564.5 22.0 135.3 0.108 1.452 12,751
EP15 91 534.0 20.4 125.9 0.112 1.411 12,129
EP20 90 468.0 19.2 110.2 0.120 1.328 11,159

epoxy thermosets, and also inhibited the heat and oxygen permeation,
which restrained the thermal degradation process and mitigated the
mass loss rate. Thus, the decomposition of ITA-HBP initiated the
thermal degradation of epoxy thermosets and the decomposed products
of ITA-HBP catalyzed the degradation of epoxy thermosets. The release
of decomposition products is essential for efficient gas-phase flame re-
tardancy. These results explain the gas-phase fire-inhibition mechanism
of the epoxy resin incorporated with ITA-HBP.

3.3. Mechanical and dynamic mechanical properties of epoxy thermosets

The plots of storage modulus and tand of the epoxy thermosets as a
function of temperature are shown in Fig. 3, and the results of DMA are
summarized in Table S1. The ITA-HBP/epoxy thermosets exhibit higher
storage modulus than that of the neat epoxy resin. The storage modulus
of the ITA-HBP/epoxy thermosets first increased and then decreased
with increasing ITA-HBP content. This result is attributed to the com-
bined effect of their intramolecular cavities and cross-linking density
[43]. On one hand, the storage modulus increases due to the in-
corporation of rigid DOPO units and the increase in the crosslinking
density of the cured epoxy network. On the other hand, intramolecular
cavities have a negative effect on the storage modulus of epoxy ther-
mosets. Owing to their combined effect, the storage modulus of ITA-
HBP/epoxy thermosets first increases up to an ITA-HBP loading of 10
phr and then decreases with a further increase in the ITA-HBP loading.
However, the T, of ITA-HBP/epoxy thermosets decreased continuously
with the introduction of more aliphatic flexible chains and in-
tramolecular cavities with increased ITA-HBP loading.

The mechanical properties of epoxy thermosets with different ITA-
HBP contents are shown in Fig. 4. The ITA-HBP had a definite effect on
toughness and tensile strength of the epoxy resin. The tensile strength,

Fig. 8. Digital photographs of char residues (a. EP, b. EP5, c. EP10, d. EP15, and e. EP20).
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impact strength, flexural strength and toughness of epoxy thermosets
followed the same pattern; they first increased and then decreased with
an increase the ITA-HBP content. When ITA-HBP loading reached 10
phr, the maximum values of mechanical properties were maximized.
The tensile strength, flexural strengths, impact strength, Kic and Gyc of
ITA-HBP/epoxy thermosets are respectively 37.8, 55.6, 133.2, 78.7,
and 124.7% higher than those of the neat epoxy resin. The addition of
ITA-HBP with intramolecular cavities increases the fractional free vo-
lume of epoxy thermosets. The increasing fractional free volumes of
epoxy thermosets contributed to the enhancement of the toughness of
epoxy thermosets [44,45]. The improvement in mechanical properties
of epoxy thermosets may be partially also attributed to the engagement
of partial -NH- groups during curing epoxy matrix. Furthermore, the

crosslinking density of epoxy thermosets increased with an increase in
the added ITA-HBP, which led to higher tensile and flexural strength. As
the intramolecular cavities and cross-linking density have the opposite
effects, the mechanical properties of ITA-HBP/epoxy thermosets are
maximized at an optimum content of ITA-HBP, 10 phr.

3.4. Toughening mechanism

In general, the incorporation of hyperbranched polymers with mo-
lecular-scale cavities into epoxy resins can lead to an e effective in-
crease of their free volumes. PALS measurements have been performed
to quantify the free volumes of hyperbranched polymer-modified epoxy
thermosets [46]. The free volume fraction (F,) can be expressed as
[47-48]:

F, = cVL 5)

where I3 is the lifetime of the intensity, V is the total volume of a single
site of free volume or cavity, which can calculated from 3 (lifetime of
ortho-positronium) and c is an empirical constant, which is usually set
to 0.018 + 0.002nm ™3 for polymers. The t3 values correspond to the
size of the individual free volume sites and the relevant results are listed
in Table 3. The addition of ITA-HBP leads to an increase in the size and
concentration of free volume sites in epoxy thermosets. Increasing the
ITA-HBP leads to an content leads to a monotonic increase in the in-
crease the free volume fraction of epoxy thermoset, owing to the mo-
lecular-scale intramolecular cavities of ITA-HBP. The free volume size
and the number of free volume units of epoxy resins incorporated with
ITA-HBP are much larger than those of the neat epoxy resin. That is, the
incorporated ITA-HBP increases the free volume of epoxy thermosets.
The free volume fraction reaches the maximum value (1.98%) at an
ITA-HBP content of 20 phr, with the corresponding free volume fraction
being 26.1% higher than that of the neat epoxy resin. In general, an
epoxy resin with a higher free volume fraction has more space for
segmental motion, and the segmental motion of epoxy chains is thus



J. Zhang, et al.

Table 6
Structural assignments for the main fragments observed in the Py-GC/MS of
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Table 6 (continued)

epoxy thermosets. No. m/z  Assigned structure Relative area (%)
No. m/z  Assigned structure Relative area (%) EP EP10
EP EP10 t 240 g g 5.20 3.70
A 4  0=C=0 1.49 2.90 - ~
B 44 AO 3.33 2.24
C 58 [0) 2.22 1.26 u 254 | | 9.64 2.40
I N N
D 118 [0) 1.39 3.22
Y
¢ o @OH 043 105 promoted. Thus, more impact energy can be absorbed or dissipated
when the material is subjected to mechanical stress [49,50]. These re-
f 121 / 3.02 3.55 sults imply that the toughness of epoxy resins can be significantly im-
@N proved by incorporating ITA-HBP.
¢ 107 \ 2.40 296 Fig. 5 shows the fractured surfaces of epoxy thermosets after impact
ONHZ tests. The neat epoxy resin shows a smooth and featureless surface
(Fig. 5a), reflecting a typical brittle fracture. On the other hand, the
h 135 / 1.26 0.20 ITA-HBP/epoxy samples show fractured morphologies, with surface
ON\ characteristic ranging from smooth to rough with visible protonemata.
i 136 417 11.06 The protonema are indicated by red circles. This is the evidence that the
>—©—OH improvement in the toughness of epoxy thermosets is due to the in-situ
reinforcing and toughening mechanism described in our previous work
J 134 10.26 14.34 [51]. The nano-sized cavities introduced into the epoxy resin by the
%@701‘1 incorporation of ITA-HBP increase the fractional free volume of the
Kk 154 _ 155 epoxy thermosets, and in turn increase the shear yielding of the epoxy
matrix surrounding ITA-HBP. The plastic deformation of the epoxy
matrix led to the dissipation of the strain energy and absorption of the
1 168 - 1.29 crack energy induced by the shear yielding. Thus, the introduction of
O O ITA-HBP into the epoxy resin led to effective improvement of the
o toughness of the epoxy thermosets.
m 170 - 0.93
3.5. UL-94 and LOI analysis
OH The results of LOI and UL-94 tests are presented in Table 4. The neat
n 183 NH, 2.22 0.24 epoxy resin exhibited intrinsic inflammability with a LOI of 26.4% and
O O failed the UL-94 test. The incorporation of ITA-HBP led to a significant
increase in the LOI of the epoxy resin up to 42%. The LOI increased
o 212 OH 10.25 1.89 with increasing content of ITA-HBP in the epoxy resin. Therefore, the
flame retardancy of epoxy thermosets was significantly enhanced at low
phosphorus contentS. The incorporation of as little as 5 phr ITA-HBP
(phosphorus content of 0.26 wt%) increased the LOI of the epoxy
p 216 _ 1.89 thermoset from 26.4 to 36.4%, and the material scored V-0 rating. With
O O a further increase in the ITA-HBP content to 15 phr lifted the LOI value
to 41.6%. However, when the ITA-HBP content was increased to 20 phr,
0=P-0 there was little further increase in the LOI
H The burning behaviors of epoxy thermosets were recorded with a
d 242 HO O\ 6.10 214 digital camera to further investigate the flame retardancy of epoxy
O O thermosets. Fig. 6 shows some video screenshots obtained during the
combustion of the epoxy thermosets. The neat epoxy resin (Fig. 6a)
failed to self-extinguish in 10s after ignition and showed severe
r 228 HO OH 17.09 26.31 smoking and melt dripping. Thus, the neat epoxy resin did not pass the
O O UL-94 test. On the other hand, the ITA-HBP/epoxy thermoset con-
taining 0.26 wt% phosphorus (5 phr ITA-HBP) self-extinguished within
10s after the fire source was taken away, and scored a UL-94 V-0 rating
s 252 8.79 5.59 with no melt dripping and lesser smoking. These results suggest that

o
:
X

ITA-HBP significantly improves the self-extinguishing performance of
the epoxy resin.

3.6. Cone calorimetric analyses

Fig. 7 presents the curves of heat release rate (HRR), total heat
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Fig. 12. SEM micrographs of the exterior and interior char residues after the cone calorimeter test of EP (a and a’), EP10(b and b’) and EP20 (c and ¢").

release (THR), residue weight, and total smoke release (TSR) of the ITA-
HBP thermosets, and Table 5 summarizes the characteristic parameters.
The HRR curves in Fig. 7a indicate that the neat epoxy resin burned
quickly immediately after being sparked and the heat release rate
sharply increased to a maximum value of 678.7 kW/m?, while the total
heat rate (THR) increased a maximum of 157.9MJ/m? The in-
corporation of ITA-HBP led to a significant reduction in the HRR, THR
and TSR of ITA-HBP/epoxy thermosets, indicating the high flame-re-
tarding effect of ITA-HBP. The TTIs of ITA-HBP/epoxy thermosets de-
creased with an increase in the content of ITA-HBP from 5 to 20 phr, all
the TTIs were shorter than that of the neat epoxy resin. During the
initial degradation, free radicals are produced by the decomposition of
ITA-HBP at a lower temperature. The so-produced free radicals induce
the pyrolysis of the epoxy matrix and the release of volatile species.
Thus, the ignition-resistance of ITA-HBP/epoxy thermosets weakens
and the TTIs decrease. The av-EHC value of ITA-HBP/epoxy thermosets
is lower and the char yield after combustion is higher compared to
those of the neat epoxy. The lower heat of combustion during the
burning process can be attributed to the incomplete combustion of
volatile products because of the gas-phase fire-inhibition activity of

10

ITA-HBP. The ITA-HBP as gas-phase flame retardancy of ITA-HBP may
be explained by the vapor-phase flame retardant mechanism. The lower
heat of combustion in the burning process is associated with gas-phase
fire-inhibition activity and could be attributed to the incomplete com-
bustion of volatile species. Thermal analysis suggested that volatile
products are produced by the decomposition of ITA-HBP. The produc-
tion of volatile species is very important in the oxygen-capture and
oxygen-dilution processes, which improve the ignition-resistance of
epoxy thermosets. This is responsible for the increase in the av-COY and
decrease in the av-CO,Y. The pk-HRR, THR and av-EHC values of ITA-
HBP/epoxy thermosets loaded with 20 phr ITA-HBP decreased sig-
nificantly to 468.0 kW/m?, 110.2 MJ/m? and 19.2 MJ/m?, respectively,
and the TSR decreased from 14,441 to 11,159 m?/m?. These results
indicate effective reduction of the amount of noncombustible gases
released from ITA-HBP. The noncombustible gases contribute to the
generation of an intumescent char layer, while the released gases take
away volatile fragments from the surface of the burning matrix. In
addition, ITA-HBP could promote the decomposition of the epoxy ma-
trix into phenol, toluene, and other small fragments, which exist in
gaseous state rather than as particles. Thus, the fire-inhibition activity
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Table 7
The elemental contents of the residues of epoxy thermosets after cone calori-
meter tests.

Samples. Element concentration (%)

C o N P
EP 80.81 14.43 4.76 0.00
EPS5 78.89 13.52 6.94 0.66
EP10 78.70 13.75 6.78 0.77
EP15 78.04 14.42 6.38 1.15
EP20 77.07 15.10 6.75 1.09

of ITA-HBP/epoxy thermosets in the gas phase was improved.

Photographs of the residual chars of epoxy thermosets after cone
calorimeter tests are shown in Fig. 8. The fragmentary residue of the
neat epoxy resin was thin and could not cover the underlying foil (Fig.
S4a), whereas ITA-HBP/epoxy thermosets produced larger volume of
residual char, which was thicker and more intumescent (Fig. 8b-d). The
residual char of epoxy thermosets could essentially shield the under-
lying epoxy matrix from the radiated heat.

3.7. TGA-FTIR analysis

Fig. 9 presents the 3D TG-FTIR spectra of the gaseous phases
evolved during the thermal decomposition of epoxy thermosets. The
characteristic spectra at different temperatures are shown in Fig. 10.
The major components of degradation products were methyl-sub-
stituted compounds (2940 cm™!) and aromatic ones (1612 and
1510 cm ™~ 1). The major thermal degradation products of the neat epoxy
resin are compounds containing —OH (3500-3650 cm™ Y, CO,
(2360 cm 1) and aromatic compounds (1510 cm ™ 1). The FTIR spectra
of the gases evolved from the ITA-HBP/epoxy thermosets displayed
characteristic bands of H,O or phenol (3652 cm ™ 1), CO, (2360 cm ™ 1),
C=O0 stretching vibration of the ester group (1730 cm™'), bands of
compounds containing aromatic rings (3034, 1510 and 826 cm 1) and
hydrocarbons —CH,- and —CHj3 vibrations of hydrocarbons (1100-1300
and 2800-3100 cm™1). The new peak observed at 1034 cm ™! in the
spectra of EP10 between 350 and 380 °C corresponds to -P-O-P vibra-
tion. Other vibrational peaks, such as 1606 cm ™! (-P-O-Ph), 1258 cm !
(PO), 1176 cm~ ! (-P-O-P-0O) and 754 cm ™! (o-phenylphenol), are also
observed. These results suggest that the degradation of ITA-HBP results
in polyphosphate structures, and forms P-O-Ph bonds are formed
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through their reaction with other degradation products (phenol or bi-
sphenol).

3.8. Pyrolysis behaviors of epoxy thermosets

The Py-GC/MS spectra of epoxy thermosets are shown in Fig. 11 and
the products of pyrolysis are listed in Table 6. The proposed pyrolysis
routes for ITA-HBP/epoxy thermosets are shown in Scheme 2. The m/z
value of fragments at 94 (phenol), 134 (4-isopropenylphenol). 136 (4-
isopropyl phenol), 212 (4-(2-phenyl propan-2-yl)) and 228 (4-(2-(4-
hydroxyphenyl)propan-2-yl)phenol) in the Py-GC/MS spectra are de-
rived from the aromatic ring opening reaction and rearrangement re-
action of the bisphenol A chanis. The peaks at m/z 107, 183, 240, and
254 are attributed to the volatiles, N-methylbenzenamine, 4-(4-(me-
thylamino)benzyl)-N,N-dimethylbenzenamine, and 4-(4(dimethyla
mino)benzyl)-N,N-dimethylbenzenamine, resulting from the pyrolysis
of 4,4’-diaminodiphenylmethane. As the epoxy thermosets contain
phosphaphenanthrene group, the m/z values of the fragments at 154,
168 and 170 are attributed to diphenyl, dibenzofuran and o-phenyl-
phenol, respectively [52,53]. The decomposition of ITA-HBP results in
the liberation of PO, and PO radicals during the combustion process,
and these radicals could capture H and O radicals in the gas phase and
effectively delay the decomposition and burning of the epoxy matrix.
Meanwhile, the produced nonflammable gases such as CO5, N,, NH;
and NO, dilute ignitable gases, cut off the supply of oxygen, and take
away the heat during the combustion of the epoxy thermosets. The
residual phosphorus in the condensed phase favors carbonization, thus
promoting the formation of a higher amount of residual char. Conse-
quently, the intumescent char layer prevents the underlying material
from continuously degrading, which results in increased flame re-
tardancy and residual char of ITA-HBP/epoxy thermosets.

3.9. Morphologyand chemical structure of the residual char

Fig. 12 presents the morphology of the residual char obtained from
the epoxy thermosets after the cone calorimeter test. Many micro-sized
cracks and pits can be observed on the char layer of the neat epoxy
resin. On the other hand, the exterior char layers of the ITA-HBP/epoxy
thermosets show continuous compact structures, which reflect the
strong quenching effect and dilution of the released free radicals. Some
holes were formed on the surface of ITA-HBP/epoxy thermosets. Sev-
eral bubbles separated by thin layers can also be observed in the in-
terior char residues, which have intumescent characteristics and a
honeycomb structure; they enhance heat exchange and oxygen-ex-
change. Therefore, the combination of the barrier effect and quenching
effect enhanced the flame retardancy of the epoxy thermosets.

The chemical components of the external char layer of the epoxy
thermosets were analyzed by XPS (Fig. 13). The atomic percentages of
the various elements are given in Table 7. Owing to the highly oxidized
exterior of the char in the rich oxygen environment, the carbon element
content in the char of the ITA-HBP/epoxy thermosets was found to be
lower than that in the char of the neat epoxy resin. Further, the oxygen
content in the char residue of ITA-HBP/epoxy thermosets was found to
be lower than that of the neat epoxy resin, indicating that ITA-HBP
promoted the formation of char residues and increased the thermal
oxidative resistance of the char layer. Numerous P species were ob-
served in the char of ITA-HBP/epoxy thermosets, indicating its high
flame-retarding performance in the condensed phase and the quenching
effect of ITA-HBP. The phosphorus-based free radicals are released into
the gas phase during combustion. At high temperatures, ITA-HBP pro-
motedthe formation of char yield and enhanced the thermal oxidative
stability of the formed char layer on the surface. The formed char layer
could effectively slow down the heat transfer and isolate oxygen from
the underlying epoxy substrate, thus restraining further combustion of
the material.

The high-resolution Ci,, Ny, and P, XPS of the external char of
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Fig. 14. XPS spectra of the external char of EP10 after the cone calorimeter test (a. Cys, b. Ny, c. Oy and d. Pyp).

EP10 are displayed in Fig. 14. The C;5 spectrum could be deconvoluted
into three main peaks at 288.7 (carbonyl groups), 286.1 (C-O in ether
and/or hydroxyl group) and 284.6 eV (C-C in aliphatic and aromatic
species). In the O3, spectrum, the deconvoluted peaks at 533.7, 532.4
and 530.8 eV can be assigned to C—OH, —O— in C—O—C or C—O—P and
=0 in phosphate or carbonyl groups, respectively. The N 1s spectral
peak could be resolved into two components at 400.1 and 398.5¢eV,
corresponding to oxidized nitrogen compounds and imide nitrogen,
respectively. In the Py, spectrum, the single peak at 133.3 eV can be
assigned to polyphosphate and pyrophosphate. The results indicate that
ITA-HBP could produce polyphosphorus acid and phosphorus during
the combustion of epoxy thermosets, which contributes to the forma-
tion of carbonaceous protective layers through dehydration and ester-
ification of the epoxy thermosets.

3.10. Mechanism of flame retardancy

Essentially, the flame retardancy of the resulting epoxy thermosets
can be attributed to the efficient flame-retarding effect of ITA-HBP in
both gas and condensed phases, and the flame retardant mechanism
was shown in Scheme 2. Phosphorus radicals, PO2 and PO free radicals
are produced during the degradation of ITA-HBP. As the combustion
continues, more phosphorus species are generated in the carbon layers,
which catalyze the dehydration of epoxy thermosets. This supposition is
supported by the fact that the char residues of ITA-HBP/epoxy ther-
mosets contain higher phosphorus contents than that of the neat epoxy
resin. The PO2 and PO free radicals quench the active free radicals and
thus restrain the intensity of burning. The free radical chain reactions
during the combustion are rapidly quenched by PO and phenol free
radicals formed by the pyrolysis of P groups. The ignitable gas is diluted
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with nonflammable gases decomposed from the N groups. The flame-
retardant effect of ITA-HBP is induced in two phases. In the gas phase,
the quenching effect of phosphorus-based free radicals formed from the
decomposition of ITA-HBP plays a major role. In the condensed phase,
aromatic char layers are generated by the dehydration of phosphorous
fragments. An excellent flame retardancy is achieved through the
combined effect of ITA-HBP in both gaseous and condensed phases.

4. Conclusion

In summary, flame-retardant epoxy thermosets were fabricated
from novel bio-based hyperbranched polymers (ITA-HBP) derived from
itaconic anhydride. At a loading of 10 phr ITA-HBP, the impact
strength, K;c, and Gyc of the resulting epoxy thermosets were improved
by 133.2%, 78.7% and 124.7%, respectively. When the content of ITA-
HBP was increased to above 15 phr, no further enhancement of the
mechanical performance occurred. The simultaneous increase in the
tensile strength, flexural strength, impact strength and fracture tough-
ness can be attributed to the in-situ reinforcing and toughening me-
chanism. The ITA-HBP also induced a remarkable improvement in the
flame retardancy and smoke suppression of the epoxy thermosets at low
phosphorus-contents. With the incorporation of 5 phr ITA-HBP (0.26 wt
% phosphorus content), the ITA-HBP/epoxy thermoset scored a V-0
rating with the LOI being 36.3%. The ITA-HBP also effectively reduced
the pk-HRR, av-EHC values and CO,Y amount and increased the COY
amount of epoxy thermosets. The significant improvement in the flame
retardancy is ascribed to the flame-retarding effect of ITA-HBP in both
gas and condensed phases.
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