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In modern industries, the demand of multifunctional, transparent epoxy resin (EP) combining superior dielectric,
mechanical, and fire-safety performances is gradually increasing. However, it was difficult to realize such a
performance portfolio in current research. Herein, we fabricated an epoxidized, phosphaphenanthrene-
containing poly(styrene butadiene styrene) (ESD) for advanced fire-safe EP. ESD maintains the high trans-
parency of EP and improves the UV-blocking property. 10 wt% ESD makes EP/DDM/10ESD pass a limiting

oxygen index (LOI) of 36.0 % and a UL-94 V-0 rating. EP/DDM/10ESD displays improved mechanical properties
because of intramolecular cavities and rigid P-based groups in ESD, as reflected by 79.2 %, 68.9 %, and 67.6 %
increases in impact strength, tensile strength, and fracture toughness (Kc) relative to EP/DDM. Compared with
EP/DDM, EP/DDM/10ESD shows obviously-decreased dielectric constant and loss. EP/DDM/10ESD outperforms
many fire-safe epoxy resins due to its superior comprehensive performances. Thus, this work delivers an effective
method for developing multifunctional flame-retardant epoxy resin.

1. Introduction

EPs are widely applied in adhesives, coatings, printed circuit boards,
electronic packaging, and electrical insulating substances due to high
thermal and chemical stability, low cost, and excellent electrical insu-
lation and mechanical properties [1-3]. With the development of elec-
trical, electronic and communications industries, extremely strict
performance requirements have been put forwards for polymeric ma-
terials recently [4]. Moreover, EPs are intrinsically combustible, and
they tend to produce a mass of smoke in the burning process, limiting
their applications in electrical and electronic fields [5,6]. Adding flame
retardant is a common strategy to enhance flame retardancy, but their
addition usually leads to the increased dielectric constant and loss,
making the flame-retardant EPs fail to satisfy the requirements of elec-
trical/electronic devices [7]. Meanwhile, the high brittleness is another

major obstacle, which limits the high-performance applications of EPs
[8,9]. Therefore, it is very necessary to design multifunctional EPs with
superior mechanical properties, excellent fire safety, and low dielectric
constant and loss.

To overcome the flammability issue of EPs, different kinds of flame
retardants have been used in recent years [10,11]. Halogenated flame
retardants (HFRs) show high efficiency, but many of them have been
banned in industries due to the release of large amounts of toxic and
acidic smoke during combustion [8,12]. Phosphorus-based flame re-
tardants (PFRs) show great potential to replace HFRs because of high
thermal stability and low toxicity and smoke [2,13,14]. As a typical PFR,
9,10-dihydro-9-oxo-10-phosphaphenanthrene-10-oxide (DOPO) has
gained more and more attention for high reactivity and multiple
fire-retardant functions [15,16]. Wang et al. [17] reported a DOPO de-
rivative (DOPO-THPO) to flame retardant EPs. The as-prepared EP
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Fig. 1. (a) Synthesis of ESD, (b) 1H NMR spectra of SBS and ESD, (c) 31p NMR spectrum of ESD, (d) FTIR spectra of SBS and ESD, (e) XPS full-scan spectrum, and (f)

P2p and (g) O1s spectra of ESD.

system with a phosphorus content of 0.33 wt% reached a LOI of 30.0 %
and a UL-94 V-0 rating, indicating satisfactory flame retardancy. Jian et
al. [18] developed a nitrogen-containing DOPO derivative (DOPO-ABZ),
which was also applied in EP. Adding 7.5 wt% of DOPO-ABZ enhanced
the LOI and UL-94 classification of EP to 33.5 % and V-0, with obviously
reduced heat and smoke release. Unfortunately, these PFRs are rich in
polar groups and suffer from plasticizing effect, and thus they tend to
deteriorate the mechanical and dielectric properties of epoxy resin [19,
20]. Therefore, the development of multifunctional PFRs is critical to
address the trade-off between flame retardancy and mechanical/di-
electric properties.

The highly cross-linked network of EPs is responsible to their poor
toughness [8,21]. Introducing block copolymers is an effective method to
toughen epoxy resins [22,23], which will form ‘sea-island separation’
structure within the EP matrix, thus contributing to the dissipation of
energy under external forces [24,25]. Poly(styrene-butadiene-styrene)
(SBS) is a commercial copolymer, which has the advantages of both
plastic and rubber [26]. However, the unmodified SBS is incompatible
with epoxy resins, making it impossible to toughen EPs directly. The
epoxidation of SBS is an effective way to enhance its compatibility with
EP, and some relevant works had been reported [24,26,27]. George et al.
[24] successfully synthesized epoxidized styrene-butadiene-block-styrene
(eSBS) triblock copolymers using a hydrogen peroxide/dichloroethane

biphasic system. The impact strength and fracture toughness of
EP/eSBS/DDM system were significantly improved compared with the
unmodified system. However, the current research only focused on the
toughening modification of EPs, which ignored the importance of flame
retardancy and dielectric properties.

The dielectric properties of polymers mainly originate from dipole
relaxation and orientation. Reducing the dipole strength of polymer is
an effective way to decrease the dielectric constant and loss [28].
Introducing another polymer network in the EP can form many bound
regions, thus reducing the dipole strength [29,30]. Obviously, the
epoxidized SBS can form many binding areas with EP through covalent
linkage, thus enhancing the dielectric properties. Therefore, combining
PFR and epoxidized SBS is expected to create multifunctional flame
retardants for EP.

A DOPO-containing, epoxidized SBS (ESD) was created successfully
in this work for the preparation of multifunctional epoxy resins. The
impacts of ESD on the thermal, optical, mechanical, dielectric, and
flame-retardant performances of EP were investigated in detail. In
addition, the reinforcing, toughening and fire-retardant mechanisms of
ESD were studied. This work offers a reasonable design for creating
multifunctional EPs with superior optical, mechanical, dielectric, and
fire-retardant performances, which are of great prospect in various
industries.
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Fig. 2. (a) UV-Visible spectra, (b) light transmittances at 800 nm, and (c) XRD patterns of EP samples.

2. Experiment section
2.1. Materials

SBS with a butadiene/styrene proportion of 6/4 (126S) was obtained
from Asahi Kasei Corporation (Japan). 4,4-Methylenedianiline (DDM),
DOPO and azobisisobutyronitrile (AIBN) were purchased from Energy
Chemical Co., Ltd. (Shanghai, China). Xylene, hydrogen peroxide (30 %
aqueous solution), formic acid (88 % aqueous solution), and methanol
were provided by Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). Diglycidyl ether of bisphenol A (DGEBA, CYD-127, epoxide
equivalent: 0.53 mol/100 g) was offered by Yueyang Baling Huaxing
Petrochemical Co., Ltd. (Hunan, China).

2.2. Synthesis of phosphaphenanthrene-derived epoxidized SBS (ESD)

The synthesis route of ESD is shown in Fig. 1a. SBS (10.5 g), DOPO
(4.8 g) and xylene (100 mL) were stirred continuously at 100 °C in a
flask. The AIBN/xylene (0.0246 g/30 mL) solution was added dropwise
to the flask, and then stirring for 15 h. The flask temperature was
reduced to 70 °C, and formic acid (4.54 g) was introduced. After that,
hydrogen peroxide (60 mL) was added slowly, and the mixture was
stirred for 3 h. Anhydrous sodium carbonate was used to adjust the pH of
the mixture to neutral after the flask temperature was reduced to about
30 °C. Then, the organic phase was separated and washed with plenty of
H>0 to remove hydrogen peroxide. Finally, methanol was introduced to
precipitate the product, and the light-yellow powder (ESD, yield: 89 %)
was gained after filtration and drying under reduced pressure at 100 °C
for 10 h.

2.3. Fabrication of EPs

The formula of EPs is listed in Table S1. DGEBA and ESD were stirred
intensely in a flask at 70 °C for 30 min until transparent. After the
addition of DDM, the mixture was stirred for 15 min and defoamed for 5
min under reduced pressure. The obtained solution was injected into the
pre-heated moulds, and it was cured at 100 °C for 2 h and 150 °C for 4 h,
respectively. Based on the ESD content (5, 8 and 10 wt%), the as-
prepared sample was named as EP/DDM/5ESD, EP/DDM/8ESD, and
EP/DDM/10ESD. The EP/DDM specimens were prepared via the same
method without introducing ESD.

2.4. Characterizations

This is provided in the Supplementary data.
3. Results and discussion
3.1. Characterization of ESD

The structure of ESD was characterized using 'H and *'P nuclear

magnetic resonance (NMR), Fourier transform infrared spectroscopy
(FTIR) and X-ray photoelectron spectroscopy (XPS) techniques. The 'H
NMR spectra of SBS and ESD are shown in Fig. 1b. Regarding SBS, the
chemical shifts at 7.10 and 7.05 ppm belong to the protons of phenyl
group from styrene unit, and those at 4.98-5.41 ppm correspond to the
olefinic protons of 1,2- and 1,4-butadiene [26]. For ESD, the signals at
4.98-5.41 ppm of olefinic protons disappear, while that corresponding
to -P-CHy- appears at 3.80 ppm, and those assigned to the protons of
phenyl groups from DOPO unit appear at 7.27-7.95 ppm [19]. More-
over, only one peak appears in the 3'P NMR spectrum of ESD, which is
located at 9.69 ppm (see Fig. 1c). All these results confirm that the DOPO
molecule has been chemically linked to SBS in ESD. In addition, a signal
of epoxy group appears at 2.56 ppm [26]. This proves the successful
epoxidation of SBS. The NMR results indicate that the DOPO-containing
epoxidized SBS (ESD) is synthesized successfully. The FTIR spectra of
both SBS and ESD are presented in Fig. 1d. The characteristic bands at
964 and 910 cm ™! belong to C-H groups in cis-1,4-polybutadiene and
trans-1,4-polybutadiene of SBS, respectively [24,26]. The peak at 3005
cm™! belongs to the stretching vibration of C-H in polybutadiene [25].
The bands at 1670 and 1450 cm ™! correspond to -CH—=CH- and aro-
matic ring. Regarding to ESD, the peak disappearance at 1670 cm
demonstrates that the reaction between DOPO and ~-CH—CH- of SBS is
successful. The characteristic bands at 1120 and 1230 cm ™ are assigned
to P-Ph and P—=O0 groups, further indicating the existence of DOPO
group in ESD [31,32]. Moreover, the stretching vibration of C-O in
epoxide group is detected at around 910 cm™?, and those of epoxide
group are observed at 879 and 809 cm ™. Thus, the FTIR result further
proves the successful epoxidation and P-modification of SBS.

To further investigate the structure of ESD, the XPS measurement
was performed, with the spectra shown in Fig. 1e-g and S1. As presented
in Fig. le and Table S2, ESD contains carbon (83.23 wt%), oxygen
(15.50 wt%), and phosphorus (1.27 wt%). In the C1s spectrum of ESD
(see Fig. S1), there are two peaks at 284.1 and 285.4 eV, corresponding
to C-C and C-O structures. In the P2p spectrum of ESD (see Fig. 1f), the
peak at 133.2 eV belong to P-O/P=—0 of DOPO group [1,33]. Notably,
two peaks appear at 532.5 and 531.2 eV in the O1s spectrum of ESD (see
Fig. 1g), corresponding to O-C and O-P structures. In brief, a
DOPO-containing epoxidized SBS (ESD) was synthesized in this work.

3.2. Optical performances

EPs are extensively applied as optical and electronic packaging ma-
terials due to their high transparency and cost effectiveness [34,35].
Therefore, the influences of ESD on optical performances of epoxy resin
were investigated by digital camera and UV-Visible spectrophotometer
(see Figs. S2 and 2). The EP/DDM film exhibits a transmittance of 74.2 %
at the wavelength of 800 nm, while the transmittances of EP/DDM/ESD
films are 75.3 %, 72.2 % and 71.5 %, respectively (see Fig. 2a and b).
Such result reveals that ESD maintains the visible light transmittance of
EP well. As presented in Fig. 2a, EP/DDM/ESD samples display better
UV resistance than EP/DDM sample, as proved by the lower
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Fig. 3. (a) Storage modulus (E), (b) tan §, (c) tensile stress-strain curves, (d) impact strength and (e) fracture toughness (Kic) values of EP samples, (f) variations in
tensile strength (Ac), elongation at break (48) and impact strength (Aay) of EP/DDM/10ESD and previous flame retardant EP/DDM samples with a UL-94 V-0 rating,
and SEM and P-mapping images of the fractured surfaces for (g;, g») EP/DDM, (h;, hy) EP/DDM/8ESD, and (iy, i) EP/DDM/10ESD samples obtained from the Izod

notched impact tests.

transmittances between the wavelength of 200-400 nm. Obviously, the
UV absorption effect of phosphaphenanthrene group in ESD is respon-
sible to the enhanced UV resistance of EP/DDM/ESD samples [36]. The
excellent compatibility of ESD and EP/DDM is the essential factor to
maintain high visible light transmittance. In the digital photos of EP
films (see Fig. S2), the underlying school logos are still clearly visible
although covered by EP films. These results further verify that ESD
effectively maintains the high transparency of EP/DDM/ESD samples
and enhances the UV-shielding properties.

In accordance with previous works [37,38], the high visible light
transmittance of EPs is mainly due to their non-crystalline structure. The
influence of ESD on the crystalline structure of EP film was studied via
X-ray diffraction (XRD) technique (see Fig. 2¢). EP/DDM and EP/DD-
M/ESD samples have only one peak at 20 = 10°-30°, revealing that ESD
has almost no impact on the non-crystalline structure of EP. The high
transparency and improved UV resistance of EP/DDM/ESD make it
promising for applications in covering precision optics, semiconductor

packaging, and electronic and instrument enclosures.

3.3. Mechanical properties

As presented in Fig. 3a and b, the storage modulus (E') and tan & plots
of epoxy thermosets were gained by dynamic mechanical analysis
(DMA). The E' at 30 °C and glass transition temperature (Tg) are shown
in Table S3. In accordance to the typical theory of rubber elasticity, the
crosslink density (v) of EP sample is calculated based on the equation: v
= E/3RT, where R is the gas constant, and E is the E' at the temperature
(T) that is 30 K higher than T; [39]. The E values at 30 °C of EP/DD-
M/ESD thermosets are higher than that of EP/DDM thermoset,
demonstrating the enhanced rigidity due to the introduction of the
benzene-rich ESD. Meanwhile, the E’ at 30 °C gradually decreases with
the increasing loading level of ESD because of the reduced v of
EP/DDM/ESD (see Table S3). The Ty values of EP/DDM/ESD samples
are lower than that of EP/DDM sample (see Fig. 3b and Table S3). The T,



C. Wang et al.

a
5.0 4
E4S 'M
©
2
[
S 4.0
1]
835 -W
2 —o— EP/DDM
o EP/DDM/5ESD
3.04 ——EP/DDM/S8ESD
—v— EP/DDM/10ESD
2.5 T T T T
10° 10* 10° 10° 107
Frequency (Hz)
c 0.8
P 0.60
2064
§' 0.6 0.54
e e 0.46
k]
2
3 0.4+
73
k-l
©
&
© 0.2 1
H
00 oM ) gsD €SO
8 15 19 A0
EPTE oM o oW EPIDDN“

b 0.06

Composites Part B 268 (2024) 111075

—o—EP/IDDM
0.05 EP/DDM/SESD
1 ——EPIDDM/BESD
—v— EP/DDM/10ESD
®0.04+
°
8
£ 0.031
Qo
2
°
& 0.02-

0.01 -M

0.00 r r . ;
10° 10 10° 10° 107
Frequency (Hz)
d 0.4
BDAHDP Previous works
0.3 1 ETP
(73
7]
-]
-g 0.24
I FPI
Q
] ¢ OBN-P-PA
e 0.1 1 Fe@POSS-COOH
°
This work EP-DPIS
0.0 4 *
3.0 3.5 4.0 4.5 5.0

Dielectric constant

Fig. 4. The curves of (a) dielectric constant and (b) dielectric loss vs. frequency of EP/DDM and EP/DDM/ESD samples, (c) water absorption of EP/DDM and EP/
DDM/ESD thermosets, and (d) dielectric performance comparison of EP/DDM/10ESD and previous EP thermosets with low dielectric constant/loss and UL-94 V-

0 classification at 10° Hz.

of EP/DDM is 176.7 °C, and those of EP/DDM/5ESD, EP/DDM/8ESD
and EP/DDM/10ESD are 165.6, 161.6 and 147.8 °C, respectively.
Obviously, the reduction in the » of EP/DDM/ESD is responsible for the
decrease in the Ty. During curing, the epoxide group in ESD react with
amino group of DDM, enabling ESD to covalently link to the EP/DDM
network, bringing about the incomplete curing of DGEBA and reduced v.
In addition, ESD, as a modified SBS, forms the unique ‘sea-island’ phase
separation structure and numerous cavities within the EP matrix [9,10],
thus enhancing the polymer chain mobility and reducing the Ty of EP.

The effects of ESD on tensile properties, impact strength and fracture
toughness of EP were investigated in detail (see Fig. 3b—e and Table S3).
The tensile strength, elongation at break, and impact strength of virgin
EP sample are 50.8 MPa, 5.7 %, and 5.3 kJ/m? respectively. ESD
effectively enhances the mechanical properties of epoxy thermoset. For
example, the tensile strength, elongation at break, and impact strength
of EP/DDM/10ESD reach 85.8 MPa, 9.4 %, and 9.5 kJ/m?, which are
68.9 %, 64.9 %, and 79.2 % higher than those of EP/DDM, respectively.
Meanwhile, the Kjc value of EP/DDM/ESD also exhibits an increasing
trend as the ESD content increases. For example, the K¢ of EP/DDM is
1.05 MPa m'/2, while that of EP/DDM/10ESD is up to 1.76 MPa m'/?,
with an increase of 67.6 % (see Fig. 3e), indicative of the enhanced
fracture toughness. The improved mechanical strength and toughness of
EP/DDM/ESD samples are probably because the introduction of ESD
endows the EP matrix with numerous rigid aromatic ring and cavities
and reduced crosslinking density. In Fig. 3f and Table S4, the mechanical
performances of EP/DDM/10ESD (achieving a UL-94 V-0 rating, see
Section 3.7) are compared with those of previous EP/DDM systems with
a UL-94 V-0 classification [3,6,11,19,20,40-45]. Obviously, EP/DD-
M/10ESD shows superior mechanical properties to the
previously-reported EP systems, as confirmed by the higher enhance-
ments in elongation at break and tensile and impact strengths. Such
results further confirm the superior mechanical performances of
EP/DDM/ESD, making it an ideal polymeric material for various
high-tech applications.

To analyze the reinforcing and toughening mechanisms of ESD, the
fracture surfaces of epoxy samples after the Izod notched impact tests
were studied using scanning electron microscopy (SEM) and energy
dispersive X-ray spectrometry (EDS) techniques. The obtained SEM and
elemental mapping images are presented in Fig. 3g-i. The cross section
of EP/DDM is smooth with a few linear cracks (see Fig. 3g; and g»),
exhibiting typical brittle fracture characteristics. On the contrary, the
cross sections of both EP/DDM/8ESD and EP/DDM/10ESD are very
rough, and there are many wrinkles and folds (see Fig. 3h and i). The
formation of these rough and wrinkled morphologies is probably
because ESD induces the plastic deformation of the substrate under
external forces. In addition, the P-element mapping photos of EP/DDM/
8ESD and EP/DDM/10ESD surfaces demonstrate that ESD is evenly
distributed within the matrix via forming covalent bonds with the cross-
linking network, which contributes to the improved mechanical strength
and toughness.

3.4. Dielectric properties

Owing to the development of modern electrical and electronic de-
vices, epoxy resins with low dielectric constant and loss are increasingly
important [46,47]. The dielectric constant describes the charge storage
capacity of material on each surface. Dielectric loss is the phenomenon
of dielectric power consumption in the form of heat in an alternating
electric field. The effects of ESD on dielectric properties of epoxy ther-
moset were evaluated (see Fig. 4a and b). All EP samples exhibit stable
dielectric constants at 10°-10” Hz. The dielectric constant at 107 Hz
decreases from 4.3 for EP/DDM to 3.3 for EP/DDM/10ESD. Addition-
ally, all EP/DDM/ESD samples present lower dielectric losses in the
range of 10°-107 Hz compared with EP/DDM sample, and the dielectric
loss gradually decreases as the ESD content increases. For instance,
EP/DDM/10ESD shows a dielectric loss of 0.005 at 107 Hz, with a 77.3
% decrease relative to that of EP/DDM (0.022). Moreover, the dielectric
constant and loss of EP/DDM/10ESD are all lower than those of previous
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low-dielectric, flame-retardant EPs at 10° Hz (see Fig. 4d and Table S5),
indicative of superior dielectric performances [4,7,46-50]. The dielec-
tric performances of epoxy thermosets are closely related to their free
volume and polarization rate. ESD suppresses the polarizability of polar
groups and limits the orientation of polymer chains under external
electric fields [28]. In addition, ESD with many rigid aromatic rings as
well as intramolecular cavities is chemically connected to the
cross-linking network, which enlarges the free volume of epoxy ther-
moset. Thus, incorporating ESD reduces the dielectric constant and loss
of EP.

Water has a very high dielectric constant (close to 80). Thus, the
moisture has an obvious adverse effect on dielectric stability of poly-
mers, and the water adsorption of EPs is critical for their electronic/
electrical applications [46]. The water absorption of EP/DDM and
EP/DDM/ESD samples was measured (see Fig. 4c). It is obvious that the
introduction of ESD decreases the water absorption of EP. In particular,
the water absorption of EP/DDM/10ESD reduces to 0.46 wt%, with a
23.3 % decrease compared with that of EP/DDM. The decreased water
absorption of EP/DDM/ESD is mainly due to the barrier and hydro-
phobic effects of the evenly-dispersed ESD with abundant aromatic
groups. Hence, ESD endows EP/DDM/ESD with low water absorption
and dielectric constant/loss, enabling it to find ubiquitous applications
in electronic/electrical fields.

3.5. Thermal stability

The thermogravimetric (TG) and derivative TG (DTG) plots of ESD
and EP thermosets are shown in Figs. S3 and 5. The temperature at 5 %
weight loss (Tsq,), temperature at maximum mass-loss rate (Tyax) and
char yield at 800 °C (CY) are listed in Table S6. The Ts, values of ESD in
N and air conditions are 249 and 242 °C, which are much higher than
the curing temperature of EP/DDM (150 °C), demonstrating that ESD
does not degrade during curing. Meanwhile, the CY values of ESD are
10.2 % and 5.0 % under nitrogen and air atmosphere, and both higher
than those of SBS, demonstrating the improved char-forming ability due
to the introduction of DOPO.

All epoxy samples display a one-step thermal degradation under Ny
atmosphere. The Tsy, and Thax1 values of EP/DDM/ESD samples are
slightly decreased with the introduction of ESD (see Fig. 5a and b and
Table S6) because of the catalytic degradation of DOPO group towards
the EP matrix [17,51]. Meanwhile, the CY of EP/DDM/ESD gradually
increases as the ESD addition increases. The CY of EP/DDM/10ESD in-
creases from 12.4 % of EP/DDM sample to 14.7 %, with an enhancement
of 18.5 %. All experimental CY values of EP/DDM/ESD thermosets are
higher than the calculated ones, indicative of the catalytic carbonization
function of ESD. Such facilitation function was also reported in many
literatures on PFRs [52,53].

The thermal oxidation decomposition of EP/DDM and EP/DDM/ESD
samples consists of two steps (see Fig. 5¢ and d). The first step is the
network degradation, and the second one is the char oxidative decom-
position [11]. As presented in Table S6, the Tso, Tmax1 and Tpaxe of all
EP/DDM/ESD thermosets are close to those of EP/DDM thermoset,
while the CY is significantly higher and increases with the increasing
ESD content. Notably, the experimental CY values of EP/DDM/ESD
samples are also much higher than the theoretical ones in air condition,
further verifying that ESD promotes the charring of EP/DDM under
heating. In summary, ESD effectively maintains the thermo-oxidative
stability and enhances the char-formation ability of EP.

3.6. Fire safety of EP samples

The fire safety of EP/DDM and EP/DDM/ESD samples was charac-
terized via LOIL, UL-94 and cone calorimetry tests (see Fig. 6 and
Table S7). The LOI values and UL-94 ratings of EP samples are shown in
Fig. 6a. EP/DDM is highly flammable, and it shows a LOI of 26.5 % and
fails the UL-94 test, demonstrating the significance of the flame-
retardant modification. Adding ESD obviously increases the LOI value
and UL-94 classification of EP/DDM/ESD sample. For example, EP/
DDM/8ESD sample passes a UL-94 V-0 classification and a LOI of 34.5
%, demonstrating that it can be classified into self-extinguishing mate-
rial. Meanwhile, the LOI of EP/DDM/10ESD reaches up to 36.0 %.
Therefore, such results confirm that ESD effectively improves the flame-
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retardant performances of EP/DDM.

The characteristic burning data from the cone calorimetry test are
shown in Fig. 6b—e and Table S7. The time to ignition (TTI) of EP/DDM
sample is 63 s, and its peak heat release rate (PHRR) and total heat
release (THR) are the highest among all EP samples, reaching 1403 kW/
m? and 80.4 MJ/m?, respectively. The TTI of EP/DDM/ESD sample re-
duces with the addition of ESD because of the catalytic degradation
effect of DOPO. In addition, the PHRR and THR of EP/DDM/ESD sam-
ples are much lower than those of EP/DDM sample (see Fig. 6b and c).
For instance, the PHRR and THR of EP/DDM/10ESD are 933 kW/m? and
68.8 MJ/m?, respectively, with 33.5 % and 14.4 % decreases compared
with those of EP/DDM. Therefore, ESD is effective in suppressing the

heat release of EP/DDM in the burning process. Meanwhile, the fire
performance index (FPI) and fire growth rate (FIGRA) are widely used to
evaluate the fire safety of material, and the FPI and FIGRA of EP/DDM
and EP/DDM/ESD samples are shown in Table S7. The lower FIGRA and
higher FPI demonstrate the higher fire safety [54,55]. Obviously, the
EP/DDM/ESD samples have lower FIGRA and higher FPI in comparison
to EP/DDM sample, further proving their higher fire safety.

In addition to intrinsic flammability, the EP/DDM sample suffers
from poor smoke suppression, and its peak smoke production rate
(PSPR) and total smoke production (TSP) are up to 0.47 m?/s and 34.6
m?, respectively (see Fig. 6d and Table S7). Introducing ESD effectively
improves the smoke suppression of EP/DDM/ESD. The PSPR and TSP of
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calorimetry tests.

EP/DDM/10ESD are reduced by 23.4 % and 10.4 %, relative to those of
EP/DDM. Furthermore, the average effective heat of combustion
(AEHC) and residue char after test (RC) of EP/DDM and EP/DDM/ESD
samples are presented in Fig. 6e and Table S7. According to previous
works [39,56], AEHC is used to analyze the combustion degree of
gaseous volatiles quantitatively. All AEHC values of EP/DDM/ESD
samples are lower than that of EP/DDM sample due to the radical
capturing effect of DOPO-based fragments. Additionally, all EP/DD-
M/ESD thermosets exhibit higher RC values than EP/DDM thermoset,
which is consistent with the thermogravimetric analysis result and
further proves the catalytic carbonization effect of ESD. In Fig. 6g1-84,
compared with the EP/DDM residue, the EP/DDM/ESD chars become
denser and more intumescent with the addition of ESD, which indicates
that ESD significantly enhances the char compactness and expansion
height, contributing to the inhibition of heat and smoke release. Hence,
the gas/condensed-phase functions of ESD are responsible for the
enhanced flame retardancy and smoke suppression of EP/DDM/ES.
The fire-safe durability of polymeric materials usually determines
their practical application and service life [1,19]. Therefore, the ther-
mal/hydrothermal aging, and acid/alkali resistance tests of EP/DDM
and EP/DDM/10ESD were conducted, with the results displayed in
Fig. 6f and S4 and Table S8. After different durability tests, EP/DD-
M/10ESD still achieves a UL-94 V-0 rating and high LOI values (>33.5
%), and its weight loss rates are close to those of EP/DDM (see Fig. 54

and Table S8). Such results demonstrate that EP/DDM/10ESD features
outstanding flame-retardant durability, which is probably because of the
covalent linkage between ESD and cross-linked network and the
macromolecular structure of ESD.

3.7. Flame-retardant mode-of-action

3.7.1. Condensed-phase action

To investigate the condensed-phase mode-of-action of ESD, the de-
gree of graphitization and elementary content of char residues from the
cone calorimetry tests were studied using Raman and XPS techniques
(see Fig. 7). All Raman spectra in Fig. 7a present D and G peaks at 1364
and 1592 cm™}, respectively. The D band belongs to the vibration of
amorphous carbon, and the G band is assigned to the stretching vibra-
tion of graphitized carbon in the sp? hybridization plane. The integral
area ratio of D to G bands (Ip/Ig) is inversely proportional to the
graphitization degree of the carbonaceous material [57,58]. The
EP/DDM char has the highest Ip/Ig value, while that of EP/DDM/ESD
char gradually reduces as the ESD loading level increases. Therefore,
adding ESD increases the degree of graphitization for residue, further
confirming the condensed-phase effect of ESD.

The XPS spectra of EP/DDM and EP/DDM/10ESD residues are pre-
sented in Fig. 7b-i. As shown in Fig. 7b, both chars consist of carbon,
oxygen, and nitrogen, while phosphorus is observed in the EP/DDM/
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10ESD char, indicating that part of DOPO-derived groups functions in
the condensed phase during combustion. The Cl1s, N1s and O1s spectra
of EP/DDM/10ESD residue are similar to those of EP/DDM residue. In
detail, the C1s spectra of both chars are deconvoluted into three peaks
around 284.2, 285.6 and 288.4 eV, corresponding to C=C/C-C, C-O
and C—=0 bonds (see Fig. 7c and f) [59,60]. The peaks around 397.9 and
399.7 eV in the N1s spectra are assigned to -NHCO- and -N-O- structures
(see Fig. 7d and g) [61]. In the O1s spectrum of EP/DDM/10ESD residue,
the peaks at 531.1, 533.1 and 535.9 eV belong to O—=C/P, O-C/P, and
C-OH bonds (see Fig. 7h) [62]. In addition, the EP/DDM/10ESD char
shows P-C/P-O and P—O peaks at 133.5 and 134.3 eV in the P2p
spectrum (see Fig. 7i). Such result further proves that part of
phosphorus-based fragments derived from ESD are involved in charring
during combustion [1,63]. Hence, the condensed-phase flame-retardant
effect of ESD mainly originates from its DOPO group.

3.7.2. Gaseous-phase action

The TG-IR tests were performed on EP/DDM and EP/DDM/10ESD
samples in nitrogen condition to study the effects of ESD on the
decomposition gas products of EP/DDM when heated, with the relevant
spectra in Fig. 8. In Fig. 8a—c, the decomposition gaseous fragments of
EP/DDM and EP/DDM/10ESD are similar, mainly including water
(3652 cm’l), hydrocarbons (2823-3154 cm’l), carbonyl derivatives
(1770 cm’l), aromatics compounds (1511, 1610 and 830 cm’l), and
ester derivatives (1176 cm’l) [1,20,64]. As presented in Fig. 8d,
introducing ESD increases the absorption intensity of HO peak because
the phosphorus-containing radicals derived from ESD captures the
active OH- and H- radicals to produce H2O molecule under heating. In
addition, EP/DDM/10ESD shows lower peak intensities of hydrocarbons
and aromatic compounds than EP/DDM (see Fig. 8e and f), confirming
that ESD retards the thermal degradation of EP/DDM and promotes the
char formation at elevated temperatures.

4. Conclusions
A novel DOPO-modified epoxidized SBS (ESD) was prepared via a

one-pot process and applied to fabricate multifunctional epoxy ther-
moset. The impacts of ESD on comprehensive performances of EP were

studied by different experiments. The EP/DDM/ESD samples show high
optical transparency and enhanced UV resistance because of the uniform
dispersion of ESD and the UV absorption of its DOPO group. In addition,
the EP/DDM/ESD samples show superior fire safety. The LOI and UL-94
classification of EP/DDM/10ESD can be up to 36.0 % and V-0, and its
PSPR is 33.5 % lower than that of EP/DDM. EP/DDM/10ESD achieves
durable flame retardancy because of the chemical connection between
ESD and EP/DDM. Compared with previous flame-retardant EP/DDM
systems, the EP/DDM/10ESD sample exhibits better mechanical and
dielectric properties, as confirmed by 68.9 % and 79.2 % increases in
tensile and impact strengths, and low dielectric constant and loss of 3.5
and 0.01 at the frequency of 10° Hz. Thereby, this study provides a novel
design for the fabrication of multifunctional epoxy resins that are ur-
gently needed in modern industry.
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