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The synthesis of a novel linear polyphosphazene-based epoxy resin (LPN—EP) was performed via a six-
step reaction pathway, and the chemical structures of the intermediate and target products were
characterized by 'H and 3'P NMR spectroscopy and Fourier transform infrared spectroscopy. A series of
thermosetting systems consisting of diglycidyl ether of bisphenol—A and LPN—EP were prepared, and
their mechanical properties, thermal stabilities, and flame retardant properties were investigated. The
resulting thermosets exhibited excellent flame resistance with the UL—94 V-0 rating but also achieved a
significant improvement in impact toughness as a result of the incorporation of rubbery LPN—EP. The
thermosets also showed a good thermal stability highlighted for high char yields. The mechanism study
indicates that the synergistic effect from the combination of phosphorus and nitrogen in poly-
phosphazene segments could effectively enhance the flame retardancy by acting in both condensed and
gaseous phases to promote the formation of intumescent phosphorus-rich char on the surface of the
thermosets. Such a char layer plays a role of insulating protective shell to prevent the volatiles from
transferring to the surface of the thermosets as well as to shield the heat and oxygen diffusion, thus

resulting in a self-extinguishing flame rating.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

There is a greatly concern about the emission of hazardous
substances and the resulting environmental pollution with an
increasing demand for new fire-resistant materials for the indus-
trial and civil applications. As one of the most important functional
materials with immanent flame retardancy, the brominated epoxy
resin has been widely used for the electronic and electrical man-
ufactures because of its outstanding characteristics such as high
mechanical strength, good thermal and chemical stabilities, high
flame resistance up to UL—94 V-0 rating, superior electrical insu-
lating performance, and low shrinkage on cure [1-3]. Although
such a traditional flame-retardant epoxy resin was well developed
to meet the considerable secure requirements against the fire
hazard, it unfortunately generated an environmental impact
because of the production of super toxic brominated dibenzo-
dioxins and dibenzofurans during combustion [4,5]. These
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halogenated substances with potential carcinogenicity not only are
very harmful to human health but also bring pollution disasters
when released into the environment [6,7]. In recent years, the use
of halogen-containing materials in electrical appliances and elec-
tronic equipments has been legislatively restricted by the European
Union according to the Restriction of Hazardous Substances (RoHS),
and some of the brominated flame retardants were banned from
the European Union market. Meanwhile, the World Health Orga-
nization and the US Environmental Protection Agency also rec-
ommended exposure limits and risk assessment of halogenous
compounds to promise meeting the global sustainable develop-
ment goals [8,9]. Therefore, the research and development of
halogen-free fire-resistant epoxy resin have been attracting the
increasing attention from both the scientific and industrial
communities.

The design and synthesis of the epoxy resins containing
phosphorus- or nitrogen-containing or both were considered as
an effective pathway to gain flame retardancy for the resultant
polymers as well as to avoid the use of halogenated components
[10—12]. In past decades, many studies declared the realization of
such a strategy through tailoring the epoxy-based macromole-
cules from backbones to side groups by incorporation of
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phosphine oxide, phosphates, and the other phosphorylated and
phosphonylated derivatives [13—18], because organophosphorus
moieties are efficient radical scavengers and flame quenching
agents. These studies also indicated that the combination of
phosphorus-containing epoxy resins and nitrogen-based hard-
eners could lead to a dramatically high flame-resistant efficiency
due to the phosphorus—nitrogen synergistic effect based on a
condensed-phase mechanism involving polymer charring and a
gaseous-phase flame-inhibition mechanism by removing the heat
and diluting the combustible materials during fire process
[19—24]. There is no doubt that the synthesis of reactive flame-
retardant polymers can provide permanent flame retardancy for
the epoxy curing system as well as maintains the original physical
properties in a better way [13,19]. However, these phosphorus-
containing epoxy systems hardly gain a high weight fraction of
phosphorus, resulting in a low degree of flame retardancy [25,26].
There is still a challenge involving the achievement of high me-
chanical performance and effective flame retardancy at the same
time. Therefore, the increasing focus on these issues has drawn
the attention to the redesign of the epoxy macromolecules with
more effective flame retardancy as well as better mechanical
properties.

The epoxy resins containing cyclotriphosphazene group have
recently attracted a great interest. It is well known that the
phosphazenes present the alternating phosphorus and nitrogen
atoms in a conjugative mode [27,28]. Such a unique chemical
structure offers the synergism of the phosphorus—nitrogen
combination resulting in outstanding flame retardancy and thus
causes the originally highly flammable organic materials with
auto-extinguishing [29,30]. This feature makes phosphazenes
particularly good candidates as the flame-retardant materials for
electric and electronic applications. A literature survey indicates
that there are several investigations focused on the design and
synthesis of the flame-retardant epoxy polymers with cyclo-
triphosphazene moieties in star-like, cyclolinear, spirocyclic, and
cyclomatrix structures [31—35]. Nevertheless, the chemical
incorporation of cyclotriphosphazene rings into the epoxy resins
hardly achieved a high phosphorus/nitrogen content because of
their steric effect, which may also lead to a high brittle nature of
the resultant polymers [36]. The goal of this work is to design a
novel epoxy curing system containing linear polyphosphazene
moieties for halogen-free flame resistance. The linear poly-
phosphazene segment not only has the high phosphorus/nitrogen
content resulting in excellent flame retardancy but also can
generate a toughening effect for the resultant epoxy thermosets
due to its rubbery nature. The synthesis and characterizations of
the intermediate and final products were described, and the non-
isothermal curing behaviors, mechanical performance, thermal
stability and flammability characteristics of this epoxy systems
was also investigated.

2. Experimental section
2.1. Chemicals

Phosphorus pentachloride (PCl5), ammonium sulfate
[(NH4)2S04], 4-hydroxybenzaldehyde, sodium hydride (NaH, 70%
suspension in mineral oil), phenol, sodium borohydride (NaBH4),
hexadecyl trimethyl ammonium bromide (CTAB), epichlorohy-
drin, 4,4’-Diamino-diphenylmethane (DDM), tetrahydrofuran
(THF), tetrachloroethane (TCE), methyl alcohol (MA), and
n-hexane were all purchased from Beijing Chemical Reagent Co.,
Ltd., China. Diglycidyl ether of bisphenol—A (DGEBA) with an
epoxy equivalent weight (EEW) of 187 g/equiv. was kindly pro-
vided by Wuxi Resin Factory of BlueStar New Chemical Materials

Co., Ltd., China. The solvent, THF, was distilled from sodium
benzophenone ketal prior to use, and the other chemicals and
reagents were used as received.

2.2. Synthesis and reactions

The linear polyphosphazene-based epoxy resin (LPN—EP) was
synthesized via six-stage reactions. In a typical process: a 1000-mL
four-neck round-bottom flask equipped with a thermometer, a
reflux condenser, a nitrogen inlet, and a mechanical stirrer was
charged with 440 mL of TCE, 166.4 g of PCl5, and 21.6 g of
(NH4)2S04, and the mixture was heated to 145 °C with stirring for
1.5 h. After the reaction was completed, the reactant mixture was
filtered, and the solvent was removed on a reduced pressure rotary
evaporator, leaving a colorless oil of N-(dichlorophosphoryl)-P-tri-
chloromonophosphazene (87.48 g, yield 99.4%) as product 1.

The product 1 was added into a three-neck round-bottom flask
to perform polymerization at 245 °C for 2 h under a nitrogen
atmosphere. A dark brown rubbery poly(dichlorophosphazene) as
product 2 was obtained after removing by-products. The product 2
(40.0 g) was dissolved in 500 mL of THF to form a clear solution, and
then sodium 4-formylphenolate (19.88 g) obtained from the reac-
tion of 4-hydroxybenzaldehyde with NaH was added to this solu-
tion to perform a reaction at 65 °C for 6 h under a nitrogen
atmosphere. Then, the reactant mixture was filtered, and the sol-
vent was removed on a reduced pressure rotary evaporator, leaving
a brown rubbery polymer of [NP(OCgH4CHO)Cl)g 4(NPCl2)os]n as
product 3. In succession, the product 3 (51.8 g) was dissolved in
500 mL of THF, and then sodium phenoxide was added into this
solution to perform a reaction at 70 °C for 24 h. After the reaction
was completed, the resultant mixture was filtered, washed
repeatedly with the aqueous solution of NaHCO3 and hot water, and
then dried with anhydrous Na,;SO4. After the solvent was removed
by rotatory evaporation under reduced pressure, a off-white
rubbery polymer of [NP(OCgH4CHO) (OPh))g.4(NP(OPh),)osln as
product 4 was obtained.

The product 4 (40.0 g) was dissolved in 500 mL of THF/methanol
(1:1) mixture, and then 2.6 g of NaBH4 was added. The reaction
suspension was stirred at room temperature for 24 h. After the
reaction was completed, the solvent was removed by rotatory
evaporation, and then the resultant suspension was filtered,
washed repeatedly with hot water, and then dried with anhydrous
Na,SO4. After the solvent was removed by rotatory evaporation
under reduced pressure, a off-white rubbery polymer of
[(NP(OCgH4CH>0H)(OPh))g.4(NP(OPh)5)o.6]n Was obtained as prod-
uct 5. A 500-mL three-neck round-bottom flask equipped with a
mechanical stirrer, a reflux condenser, and a nitrogen inlet was
charged with 99.9 mL of epichlorohydrin, 75.0 g of product 5, and
1.9 g of CTAB as a catalyst. The mixture was heated to 70 °C with
stirring for 3 h, and then an aqueous solution of NaOH (12.6 mL,
40 wt.%) was added. The reaction was continuously performed with
stirring at 85 °C for 3 h. After the reaction was completed, the
rotatory evaporation was performed under reduced pressure to
remove the solvents and unreacted reagents. The resultant mixture
was washed repeatedly with hot water, filtered, and then dried
under vacuum. Finally, a light yellow solid was obtained as LPN—EP.

2.3. Preparation of thermosetting systems

A conventional epoxy resin (DGEBA) was homogeneously mixed
with different loadings of LPN—EP in THF at room temperature, and
then DDM as a hardener was added according to a stoichiometric
amount of 1:1 for epoxy curing systems. 2,4,6-Tris(dimethylami-
nomethyl) phenol (0.3 wt.%) as a curing accelerator was also added
into the curing system. The resultant mixtures were kept in a
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vacuum oven at 50 °C to remove the solvent. The thermal curing
was performed at 150 °C for 3 h and then at 180 °C for 2 h. The
resulting thermosets were cooled gradually to the ambient tem-
perature to avoid stress cracking. Ultimately, the thermosets were
achieved as some brown specimens with different shapes required
for the mechanical and flame-retardant tests.

2.4. Characterization

'H and 3'P Nuclear magnetic resonance (NMR) spectroscopy
was performed on a Bruker AV-400 400 MHz spectrometer using
deuterochloroform (CDCl3) as a solvent. Solid-state 3C NMR
spectrum of the residual char after vertical burning experiment was
obtained on a Bruker AV-300 300 MHz spectrometer. Fourier-
transform infrared (FTIR) spectroscopy was performed on a Nicolet
iS5 FTIR spectrophotometer at a scanning number of 32 using a KBr
sampling sheet. The average molecular weight was obtained
through steric exclusion chromatography (SEC) using a Water
GPC515—2410 gel permeation chromatographer with THF as sol-
vent at a flow rate of 1.0 mL/min. The weight per epoxy equivalent
(WPE) of the synthesized LPN—EP was determined by the
perchloric acid/tetra-athylammonium bromide method according
to the Chinese national standard of GB/T 4612—2008.

The non-isothermal curing study was performed on a TA
Instruments Q20 differential scanning calorimeter at different
scanning rates under a nitrogen atmosphere. Thermogravimetric
analysis (TGA) measurement was performed on a TA Instruments
Q50 TGA analyzer at a heating rate of 10 °C/min under both ni-
trogen and air atmospheres. TG—FTIR spectroscopy combined
measurement was performed on a Mettler Toledo TGA/DSC 1 STARe
System coupled with a Nicolet 6700 FTIR spectrometer equipped
with an IR gas cell. Limiting oxygen index (LOI) measurement was
performed on an HD—2 oxygen index apparatus with a magneto-
dynamic oxygen analyzer according to ASTM D—2863. The verti-
cal burning tests were performed according to UL—94 standard, and
the specimens were tailored in accordance with the dimensions as
described in ASTM D—618 standard. The notched Izod impact test
was performed on a SANS ZBC—1400A impact tester equipped with
a pendulum of 1.25 J according to ASTM—D256 standard. The crit-
ical stress intensity factor as a fracture toughness parameter was
measured and calculated by a three-point bending method using a
SANS CMT—4104 universal test machine according to ASTM E—399
standard. Tensile and flexible tests were measured using the SANS
CMT—-4104 universal testing machine with a load cell of 10 kN
capacity according to ASTM—D638 and D790 standards, respec-
tively. Scanning electron microscopy (SEM) was performed on a
Hitachi S—4700 scanning electron microscope coupled with an
energy-dispersive X-ray (EDX) spectrometer. The fracture surfaces
of the impact-fractured bars and the residual char after vertical
burning tests were made electrically conductive by sputter coating
with a thin layer of gold—palladium alloy before the SEM
observation.

3. Results and discussion
3.1. Synthesis and characterizations

The synthesis of LPN—EP was performed through six step
reactions, and the overall reaction sequences were illustrated in
Schemes 1—6. The 3P NMR spectroscopy was performed to
monitor the reaction processing and also to confirm the expected
chemical structures of the intermediate and final products. Fig. 1
shows the corresponding 3'P NMR spectra. The product 1 was
obtained from the reaction of PCl5 with (NH4)>SO4 (see Scheme 1),
and its 3'P NMR spectrum presented two doublet resonance signals

Cl
146°C,1.5h | ”
PCls + (NH4),SO4y ———— > CI—P=N—P—CI
5+ (NH;)2S04 p——
Cl Cl
Product /
Scheme 1.

at 8 = —11.22, and —3.28 ppm. The further polymerization of
product 1 gave product 2, whose 3!P NMR spectrum showed an
intensive singlet resonance signal at 8 = —18.2 ppm corresponding
to the phosphorus atom on the (—'P=N-—) units of the linear
polymer. The SEC characterization indicates that this linear poly-
mer has a number-average molecular weight of 101,607. As shown
in Scheme 3, the product 3 was synthesized through the partial
substitutions of chloride atoms on product 2 with —(OCgH4CHO)
groups. The different chemical environments at the phosphorus
centers for product 3 resulted in four resonance signals in the 3'P
NMR spectrum. The assignments for these resonance signals are
explicated in the inserted graph of Fig. 1. The product 4 was ob-
tained by the substitutions of remainder chloride atoms on product
3 with phenolic groups (see Scheme 4). Two resonance signals were
observed in the 3'P NMR spectrum of product 4 and were well
assigned to the phosphorus atoms on the linear polymer with
different substituent environments as marked in the inserted graph
of Fig. 1. The product 4 was reacted with NaBH4 to give product 5
(see Scheme 5), and then the target product was achieved by the
reaction of product 5 with epichlorohydrin in the presence of CTAB
as a catalyst (see Scheme 6). Own to the minor change in the
substituent environment of phosphorus atoms, the resonance sig-
nals for the target product and product 5 are almost identical in
their 3'P NMR spectra. Products 4 and 5, and target product were
also confirmed by 'H NMR spectroscopy. Although the resonance
signals for these three products are complicated in the '"H NMR
spectra as shown in Fig. 2, they are assigned well to all the protons
on the molecular chains of these products as labeled and depicted
the inserted graphs of Fig. 2.

Furthermore, the chemical structure of the target product was
confirmed by FTIR spectrum shown in Fig. 3. The spectrum of the
target product shows a characteristic absorption at 1243 cm™~! due
to the P=N group. The two characteristic peaks at 1180 and
830 cm! are attributed to the vibrations of P—O—Ar and P—N
bonds, respectively. Two intensive absorption peaks at 937 and
763 cm~! corresponding to C—O—C stretching vibration provide the
evidence for the introduction of epoxy groups. The absorption band
at 3452 cm~ ! is attributed to the hydrogen-bonded O—H stretching,
indicating that ring-opening reaction of partial epoxy groups. As an
important feature of the spectrum, the characteristic peaks about
—CH,— and —CH- stretching vibrations were observed at 2964,
2922, and 2865 cm™ . In addition, the characteristic absorptions at
3047,1607,1508 cm ™! are representative of the aromatic C—H, C—C,
and C=C stretching vibrations. The characteristic absorption peaks
in the spectrum indicated that the chemical compositions of the
target product were expected as LPN—EP. The analysis of the target
product by SEC shows that LPN—EP has a number-average

o] o] cl
| | 245°C, 2h [ ]
Cl—P=N—P—ClI > P=N
L ],
Cl Cl Cl
Product 2
Scheme 2.
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Fig. 1. >'P NMR spectra of intermediate products and LPN—EP.

molecular weight no more than 186,325 and a weight-average
molecular weight of 374,514. The WPE of LPN—EP were also
determined by the perchloric acid—tetraathylammonium bromide
method and presented a value of 671.4 g/equiv.

3.2. Curing kinetics

The resultant LPN—EP was mixed with a conventional epoxy
resin, DGEBA, and DDM as a harder to constitute a series of ther-
mosetting systems, and the dynamic DSC scans were performed to
investigate their curing behaviors. Fig. 4 shows the non-isothermal
DSC curves for these curing systems at different scanning rates.
Both DGEBA and DGEBA/LPN—EP thermosetting systems exhibit a
single exothermic peak at a low scanning rate of 5 °C/min, indi-
cating that the curing reactions originated from a single chemical
process of the epoxy groups on DGEBA and LPN—EP with the
hardener. It is interestingly observed that the thermosetting sys-
tems containing 10 and 20 wt % of LPN—EP show a bimodal curing
behavior at higher scanning rates. This is attributed to the non-
isochronous curing between LPN—EP and DGEBA caused by
different reactivity of epoxy groups on the two polymers. However,

the thermosetting systems containing 30 wt % of LPN—EP presents a
single curing peak on its DSC curve. This may be due to the heat
release of thermal curing of LPN—EP in advance of the curing
reaction of DGEBA, which accelerates the curing of DGEBA with the
hardener and results in a shift of exothermic peak temperature (Tp,)
toward a low temperature. The dynamic DSC results could optimize
the curing technology for the manufacturing process of these
curing systems, and the optimal curing temperatures could be
determined by a linear fitting method in terms of the T, [31].

The curing kinetics of DGEBA/LPN—EP curing systems were
also investigated in order to develop and optimize the curing
technology for the manufacturing process of this new epoxy
material. Assuming the heat flow is proportional to the change in
the extent of curing reaction for an epoxy thermosetting system,
the curing extent (o) can be expressed by a single step kinetic
equation:

da 1 dH
dt ~ aH, dt (1)
where da/dt is the curing reaction rate, dH/dt the rate of heat, and
AHp the curing heat of overall curing reaction, which can be
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calculated through the integral of the curing DSC curve. In this case,
most curing processes is commonly described by the following
equation [37,38]:

G = Aexp (g1 (@ @

where A is the frequency factor, Ei the activation energy of curing
reaction, R the gas constant, T is the absolute temperature, and
fla) the function representing the kinetic model. For the DGEBA/
LPN—EP systems under the non-isothermal curing condition,
their activation energy could be deduced from the slope of the

1607

Transmittance (%)

— 1508

L e L U
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 3. FTIR spectrum of LPN—EP.

plot of ln(ﬂ/Tﬁ) versus 1/T, on the basis of the well-known
Kissinger—Akahira—Sunose (KAS) method [39]:

8\ E AR
ln<T2> R, lnE—k (3)

where ( is the heating rate. Fig. 5 shows the curves of ln(ﬂ/Tﬁ)
versus 1/T, for the DGEBA/LPN—EP curing systems at different
weight ratios, and calculated kinetic parameters are listed in
Table 1. It is noted that the activation energy of the DGEBA/LPN—EP
curing systems are significantly higher than that of the DGEBA one.
Although the LPN—EP has a flexible molecular chain, there are
numerous aromatic groups on its chain, which can generate the
steric hindrance. In this case, the potential barrier of the curing
reaction for the DGEBA systems was increased in the presence of
LPN—EP, thus resulting in the higher activation energy. Malek
method was usually used to find an appropriate kinetic model,
which can describe the conversion function of the curing reaction
in a best way [37,40,41]. According to malek method, it is necessary
to appeal to the functions of y(«) and z(«):

(e = exp(w) () )

z(a) = m(u) (%) % (5)

where u is E/RT, w(u) the expression of temperature integral, and u
can be approximately calculated by the fourth-order rational
expression proposed by Yang et al. [42]. with the following
equation :

(u® + 18u? + 88u + 96)
(u? + 20u3 + 120u2 + 240u + 120)

w(U) = (6)

Fig. 6 shows y(a) and z(«) versus « for the DGEBA/LPN—EP
curing systems at a heating rate of 5 °C/min. According to the
curves shown in Fig. 6, ay and a*p are the values of « corre-
sponding to the maximum of y(«) and z(«), respectively, and these
values are collected in Table 1. It is noteworthy that the value of «
shows a variation trend ofaf;’ > ap > 0, and meanwhile, the values
of ay for these curing systems is lower than 0.632. This value was
considered as a characteristic ‘fingerprint’ and could test the
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Fig. 4. DSC curves of the thermal curing for DGEBA/LPN—EP thermosetting systems at weight ratios of (a) 100/0, (b) 90/10, (c) 80/20, and (d) 70/30.

applicability of this model according to Malek's experience [35].
The above results implied the curing reactions of the DGEBA/
LPN-EP systems could be described by the Sestak—Berggren (m,n)
model as follows [43]:

da

Aexp (—E—l;) ™1 — )t

10.8
m  pure DGEBA
A with 10 wt % of LPN-EP
4 with 20 wt % of LPN-EP
10.4 4 v with 30 wt % of LPN-EP
— 10.0
-
=
=
T 9.6+
9.2+
88 T T T T T
2.1 2.2 2.3 24 25 2.6
1T, x1 0’

Fig. 5. The Kissinger's plots of —ln(ﬁ/Tﬁ) versus 1/T,, for DGEBA/LPN—EP thermosetting
systems.

where m and n are the kinetic exponents contributed by autocat-
alytic and non-autocatalytic reactions, respectively. According to a
nonlinear least-squares fitting method, the kinetic parameters
derived from the Sestak—Berggren model are summarized in
Table 1. It should be pointed out that A, m, and n are almost
independent of the heating rate, which is an indication that the
curing mechanisms are independent of the heating rate [44]. The
calculated results show the value of m is close to n, which means
the contribution of non-autocatalytic reaction similar with auto-
catalytic reaction. Fig. 7 shows the plots of the experimental curing
reaction rates and calculated fitting ones at different heating rates.
It is demonstrated that most of the pure DGEBA and DGEBA/
LPN—EP curing systems obtained a good agreement between the
experimental and calculated data, and nevertheless, the deviation
is also found in the DGEBA/LPN—EP curing systems at weight
ratios of 90/10 and 80/20. This indicates that the employed
Sestak—Berggren model could well describe the non-isothermal
DGEBA/LPN—EP curing systems but is not so perfect to simulate
the bimodal exothermic curing process. The maximum reaction
rates under different scanning rates were all found to shift to lower
temperatures with increasing the LPN—EP loading in the curing
systems. This phenomenon indicates that the epoxide rings on the
multifunctional LPN—EP as side groups have much higher chemical
reactivity compared to those on the bifunctional DGEBA as end
groups. Therefore, the increase of LPN—EP loading can enhance the
curing reaction and reduce the curing temperature [45]. These
investigated results will provide the necessary processing
parameters for the thermal curing of the DGEBA/LPN—EP ther-
mosetting systems.
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Table 1
The curing kinetic parameters obtained from DSC analysis for the DGEBA/LPN—EP thermosetting systems.
Thermosetting system 6 (°C/min) T, (°C) Ex (kJ/mol) am Mean ay op Mean o InA (1/min) m n R
Pure DGEBA 5 150.09 52.30 0.5065 0.5039 0.5429 0.5342 0.5186 1.138 1.115 0.9993
10 168.18 0.5072 0.5537 0.8224 1.005 0.9847 0.9994
15 179.33 0.5010 0.5268 1.129 1.010 0.9808 0.9992
20 187.86 0.5008 0.5135 1414 0.9782 0.9830 0.9992
DGEBA + 10 wt % LPN—EP 5 123.22 71.36 0.4055 03105 0.4338 0.4139 0.7492 0.9986 1.134 0.9923
10 134.44 0.3185 0.3531 0.7721 0.7399 0.8622 0.9844
15 142.06 0.2597 0.3208 09114 0.6808 0.7922 0.9871
20 147.88 0.2584 0.5479 1.051 0.6596 0.7549 0.9880
DGEBA + 20 wt % LPN—EP 5 127.09 73.27 0.4557 0.3262 0.4817 0.3531 0.7539 0.9873 1.096 0.9944
10 138.99 0.2984 0.3418 0.8467 0.7832 1.1323 0.9901
15 145.96 0.2921 0.3038 0.8252 0.6699 0.8970 0.9854
20 151.68 0.2565 0.2849 1.017 0.6576 0.8814 0.9861
DGEBA + 30 wt % LPN—EP 5 120.03 70.85 0.6003 0.5381 0.6174 0.5703 0.9457 1.267 0.9442 0.9987
10 131.53 0.5452 0.5891 1.801 1.241 0.9777 0.9987
15 138.70 0.5226 0.5583 2.771 1.230 1.063 0.9986
20 144.56 0.4843 0.5163 3.534 1.176 1.129 0.9978

3.3. Mechanical performance

It is well known that the most commercial epoxy thermosets
have a brittle nature despite of its high rigid feature due to a high
crosslinking density. Therefore, in order to overcome this drawback
and extend its application areas, the toughness of the epoxy resins
is expected to be properly enhanced through some feasible path-
ways. The mechanical properties of the DGEBA/LPN—EP thermosets
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Fig. 6. Plots of the functions of y(a) and z(«) versus « for DGEBA/LPN—EP thermo-
setting systems at a heating rate of 5 °C/min.

were evaluated and the obtained results were presented in Figs. 8
and 9. It is observed from Fig. 8 that the impact toughness of the
thermosets exhibits a remarkable enhancement due to the incor-
poration of LPN—EP, and the notched impact strength of the ther-
moset containing 30 wt % of LPN—EP achieves an increment of 250%
over the pure DGEBA thermoset. The three-point bending experi-
ment reveals that the critical stress intensity factor (Kic) is also
significantly improved, and the values of Kjc indicated that the
higher loading of LPN—EP leads to much better toughness for the
thermosets. The LPN—EP was found to present rubbery state, and
therefore, such a rubbery domain in the epoxy thermosets could
toughen the brittle matrix by initiating the crazing or deformation
or both. However, the presence of the rubbery LPN—EP inevitably
reduced tensile and flexural strength of the thermosets as well as
Yang's and flexural moduli as demonstrated by Fig. 9. It is under-
standable that the incorporation of LPN—EP into thermosetting
systems not only can result in a decrease in elastic modulus of the
thermosets but also generate some new interfaces between the
rubbery domain and DGEBA matrix. This may lead to a reduction of
the fracture stress when the tensile and bending loads are applied.
Fig. 10 shows the morphologies of fracture surfaces of the impact
specimens. The pure DGEBA thermosets was founded to presents a
considerable smooth fracture surface, indicating a typical brittle
fracture behavior under the notched impact. However, the impact-
fractured surfaces the DGEBA/LPN—EP thermosets exhibit a rippling
feature due to the matrix deformation, and such deformation
become more and more significant with increasing the LPN—EP
loading. Nevertheless, it is noteworthy that the LPN—EP domains as
some small particles were homogeneously distributed in the epoxy
matrix. These rubbery LPN—EP domains could initiate the remark-
able matrix deformation when the matrix shear yielding occurred
due to applied impact force, resulting in the dissipation of impact
energy and further enhancing the impact toughness.

3.4. Thermal stability

The thermal stability is considered as one of the most essential
properties for an epoxy thermosetting system because it estab-
lishes a service environment for the designed thermosetting
composites. The thermal stabilities of the DGEBA/LPN—EP ther-
mosets were investigated by TGA under both nitrogen and air
atmospheres. The obtained TGA thermograms are illustrated in
Fig. 11, and the characteristic data of thermal degradation are
collected in Table 2. Both the pure DGEBA and DGEBA/LPN—EP
thermosets were found to exhibit a typical one-step degradation
behavior in nitrogen but a two-stage decomposition in air. This is an
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Fig. 7. Plots of the experimental curing reaction rates and calculated fitting ones for DGEBA/LPN—EP thermosetting systems at heating rates of 5, 10, 15, and 20 °C/min.

indication that these thermosetting systems underwent the
pyrolysis in different ways under different atmospheres. The onset
decomposition temperature (Tonset) defined as the temperature
corresponding to 5% mass loss is usually considered as an indicator
of thermal stability for a polymer. It is observed from Table 2 that all
of the thermosets shows lower Typset's in air than in nitrogen as a
result of the thermo-oxidation induced by the oxygen in air.
Furthermore, the pure DGEBA thermoset shows a higher Topget than
the DGEBA/LPN—EP ones in all the cases. This is attributed to the
decomposition of the less stable P—O—C bond in the side groups
of LPN—EP [46,47]. Meanwhile, the characteristic temperature

45 1.50
—4&— Izod impact strength {
—~ 404
£ -1.25
2
& —
2 35+ &
2 ©
5 -1.00 %
k3] =
g 304 o
3 } L0.75
N 254
E —m— K, value
20 L . T . T T - 0.50
0 10 20 30

LPN-EP content (wt %)

Fig. 8. Notched Izod impact strength and K;¢ values of DGEBA/LPN—EP thermosets.

corresponding to the weight loss occurred at a maximum rate
(Tmax) also presents a similar variation trend with Topset for all the
thermosets. The lower Tyax is due to the major degradation from
the main chains of LPN—EP occurring prior to that of the DGEBA
network. On the other hand, it is surprisingly noted that the
DGEBA/LPN—EP thermosets achieved much higher char yields both
in nitrogen and in air compared to the pure DGEBA one which
almost obtained little residual char at the end of TGA test. More-
over, the char yield was found to increase with increasing the
LPN—EP loading in the curing systems. It is understandable that a
dense phosphorus-rich char is easily formed during the thermal
and thermo-oxidative decompositions when the polyphosphazene
segments are incorporated into the thermosetting system in a
covalent way [48,49]. Such a feature can significantly promote the
char formation of thermosets and thus increases the char yields of
the resulting thermosets.

To understand the degradation mechanisms of the DGEBA/
LPN—EP thermosets, the TG—FTIR spectroscopy was performed to
investigate the evolution of gaseous products during their thermal
decomposition. Fig. 12 shows the FTIR spectra of the evolved gases
recorded at different temperatures during the TGA test in air. It is
highlighted that two intense characteristic bands were observed at
677 and 2250—2380 cm ™}, indicating the formation of CO; in the
entire pyrolysis process. This is attributed to the scission and the
following thermo-oxidative decomposition of main segments of
the thermoset. The presence of the N—H and O—H stretching
vibrations at 3500—3800 cm™! indicates the release of the amine-
containing gases and oxidative fragments like water vapor as a
result of the pyrolysis of phosphazene and hydrocarbon segments,
respectively. The multiple absorption peaks at 1510—1550 cm™!
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Fig. 9. Tensile and flexural properties of DGEBA/LPN—EP thermosets.

also confirm the release of the amine-containing gases. Moreover,
the absorption peaks correspond to CO gas could be found at 2110
and 2180 cm ! in the temperature range of 500—650 °C, which was
ascribed to the lack of oxygen in the specimen cell during the rapid
thermal decomposition of the thermosets at high temperatures.

3.5. Flame retardant property

The flame retardant properties of the DGEBA/LPN—EP thermo-
sets were assessed by LOI and UL—94 vertical burning tests, and the
obtained results were summarized in Table 2. As an indicator cor-
responding to the minimum oxygen concentration maintaining
combustion of a material, the LOI can well describe the flamma-
bility characteristics of the thermosets. The pure DGEBA thermoset
was found to have a low LOI of 22.3 vol %, and it also failed in the
UL—-94 vertical burning test, indicating a highly combustible
nature. However, the DGEBA/LPN—EP thermosets were found to
present the increasing values of LOI with increasing the LPN—EP
loading, and the thermoset containing 30 wt % of LPN—EP obtained
a high LOI up to 31.8 vol %. The UL—94 vertical burning tests also
indicated that the thermosets achieved the V-1 rating at LPN—EP
loadings of 10 and 20 wt % and further gained a self-extinguishing
V-0 rating with increasing the LPN—EP loading to 30 wt %. More-
over, the flaming drippings were no longer observed due to the
presence of LPN—EP. It is important to note that the flame-retardant
performance of the thermosets is essentially dependent on the
phosphorus content within the thermosets as indicated by the data
in Table 2. Many studies show that the flame-resistant performance
not only depends on the phosphorus content but also has a struc-
tural dependency of flame-retardant polymers [50—52]. Schafer
et al. reported that the epoxy thermosets containing 5,10-dihydro-
phenophosphazine-10-oxide needed 2.69 and 3.20 wt % of phos-
phorus element to reach the V-1 and V-0 ratings, respectively [53].
However, they found that the thermosets containing 9,10-dihydro-
9-oxa-10-phosphaphenanthrene-10-oxide obtained the V-1 and V-
0 rating at a phosphorus content of 2.15 and 2.63 wt %, respectively
[53]. In this study, to reach the V-1 rating, the thermoset only
needed a phosphorus content of 1.15 wt %, whereas, the thermoset
containing 3.46 wt % phosphorus element could achieve the V-
0 rating. In deed, we found that the thermoset containing 2.31 wt %
of phosphorus element was standing on the border of the V-0 and
V-1 ratings through the observation from the UL—94 vertical
burning test. These results suggested that the incorporating small
amount of LPN—EP could impart the elementary flame retardancy
to the DGEBA thermosetting systems. Such a flame-resistant

Fig. 10. SEM micrographs of impact-fractured surfaces of (a) the pure DGEBA thermoset and DGEBA/LPN—EP ones containing (b) 10 wt %, (c) 20 wt %, and (d) 30 wt % of LPN—EP.
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Fig. 11. TGA thermograms of DGEBA/LPN—EP thermosets.

feature assuredly results from the synergistic effect of phosphorus—
nitrogen combination from polyphosphazene segments in the
cured network [31—33]. Nevertheless, the phosphorus content is
still necessary to be greatly increased within the thermosets for a
high level of flame resistance.

According to the mechanisms of enhanced flame retardant
performance by means of the phosphazene-based moieties [54,55],
the presence of these polyphosphazene segments can promote the
formation of residual char as an insulating protective layer pre-
venting the volatiles from transferring to the surface of the mate-
rials and increases the thermal stability of char at higher
temperatures. Meanwhile, the polyphosphazene can also release

Table 2
The TGA data and flammability characteristics of the DGEBA/LPN—EP thermosets.
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Fig. 12. FTIR spectra of the DGEBA/LPN—EP thermoset containing 30 wt % of LPN—EP
recorded at different temperatures from TG—FTIR measurement.

non-flammable nitrogen-containing gases or decompose endo-
thermically to cool the pyrolysis zone at the combustion surface. In
order to understand these mechanisms, the morphologies and
chemical structures of residual char were intensively investigated.
Fig. 13 shows the SEM micrographs of the residual char obtained
from the test bar after vertical burning tests. The aspects of the
residual char are observed to present not only a dense and compact
surface but also a porous structure with seldom pores breaking-
through, indicating the formation of intumescent char. It is note-
worthy that the charring layer becomes more perfect with
increasing the LPN—EP loading in the thermosets. Such a structural
feature could impart a temperature grad to char layer during
combustion and thus made the char layer well serve as a barrier
against heat and oxygen diffusion to the surface of burning item
[56]. Fig. 14 shows the FTIR spectra of the residual char left from the
vertical burning tests. The characteristic absorption bands corre-
sponding to P—O—P bonds could be observed at 1106, 996 and
520 cm~}, indicating that the residual char contains phosphate or
other phosphorus oxides [57]. The absorption peaks at 1639, 1300
and 759 cm™! are assigned to P—O—Ph bonds in carbonized net-
works [10]. This implies the formation of heteroaromatic and pol-
yaromatic compounds, where the phosphorus atoms play a role of
crosslinking point to connect with different aromatic species and

Thermosetting Phosphorus N, atmosphere Air atmosphere LOIvalue Flammability from vertical burning tests
system (c\c/\)/l;t;;lt Tonset Trmax Charyield  Topset Tmax Char yield (vol %) UL—94 ) Fla‘ming Tota! Max%mal
Q) (°C) at 750 °C (°C) (°C) at 750 °C classification  drips flaming flaming
(wt %) (wt %) time (sec) time (sec)

Pure DGEBA 0 34345 384.54 3.70 304.59 375.09 0.63 2231 Failed Yes >250 >50

DGEBA +10wt% 1.15 285.14 329.71 21.08 284.83 333.13 9.73 26.24 V-1 None 130.7 28.9
LPN—EP

DGEBA + 20wt % 231 27351 317.71 2434 271.83 31193 1437 28.45 V-1 None 72.8 171
LPN—EP

DGEBA +30wt% 3.46 260.27 306.63 31.45 259.62 312.08 21.32 31.82 V-0 None 275 7.2
LPN—EP

Error — +1.0 +1.0 +0.5 +1.0 +0.5 +0.50 — — +2.5 +0.5
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Fig. 13. SEM micrographs of the residual char collected from the burning-tested
specimens of the DGEBA/LPN—EP thermosets containing (a) 10 wt %, (b) 20 wt %,
and (c) 30 wt % of LPN—EP.

thus reinforce the char layer. The EDX spectrum determined an
abundant elemental composition of carbon and phosphorus for the
residual char as shown in Fig. 15. Furthermore, the solid-state >C
NMR spectrum of the residual char presents a strong singlet reso-
nance signal at 128 ppm, which is assigned to multi-aromatic C—C
bonds as shown in Fig. 16. These results confirm the formation of
phosphorus-rich carbonaceous char layers. In summary, the
LPN—EP significantly improved the flame retardant properties of
the epoxy thermosets in the ways of both condensed and gaseous
phases. In the condensed phase, the thermo-oxidative reaction of
polyphosphazene segments with the other ones can form the
intumescent and phosphorus-rich carbonaceous char layers to
prevent gaseous products from diffusing to the flame and to shield
the polymer surface from heat and air during combustion. Mean-
while, the pyrolysis of the polyphosphazene segments produces
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Fig. 14. FTIR spectra of the residual char for the DGEBA/LPN—EP thermosets.
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Fig. 16. Solid-state '>*C NMR spectrum of the residual char for the DGEBA/LPN—EP
thermoset containing 30 wt % of LPN—EP.
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phosphoric or polyphosphoric acid, which can promote the char
formation. In the condensed phase, the polyphosphazene segments
can release the nonflammable gases such as CO;, NHs, and N,
during combustion to dilute the hot atmosphere, to cut off the
supply of oxygen, and to cool the pyrolysis zone at the combustion
surface. As a result, the DGEBA/LPN—EP thermosets achieved
excellent flame-resistant performance.

4. Conclusions

The novel LPN—EP was successfully obtained through six-step
reactions, and its chemical structures were confirmed by 'H and
31p NMR spectroscopy and FTIR. The halogen-free flame-retardant
thermosetting systems consisting of DGEBA and LPN—EP were
prepared, and their curing conditions were derived from the non-
isothermal curing behaviors obtained by dynamic DSC scans. The
resulting thermosets achieved good flame retardant properties
with a self-extinguishing UL—94 V-0 flame rating. Such an
extraordinary nonflammability is attributed to the synergistic
effect from the unique phosphorus—nitrogen combination in
LPN—EP segments. The thermosets also obtained a remarkable
improvement in impact toughness due to the incorporation of
rubber LPN—EP. With the features of high impact toughness and
excellent flame resistance, the LPN—EP designed in this work
shows a highlighted potential for electronic and microelectronic
applications.
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