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Abstract

The work reports a strategy based on piperazingeesti graphene oxide
(rGO)/piperazine-based DOPO-phosphonamidate (PiPDOto overcome the
challenge of the dispersion of graphene and mechhdeterioration of epoxy resin
(EP) matrix with additive-type flame retardants. af@iniene oxide (GO) was
functionalized and reduced by piperazine simultasgo and then incorporated into
PiP-DOPO through in situ reaction, resulting in tfemation of the hybrids
(PD-rGO). Subsequently, the PD-rGO was incorporated epoxy resin (EP) to
fabricate nanocomposite. The structure and thepraderties of PD-rGO were well
characterized. The presence of PD-rGO in EP imprdle char yields at 70T and
reduced the maximum mass loss rate under nitragdicating the improved thermal
stability at elevated temperature. The evaluatioh ammbustion behavior
demonstrated that the PHRR and THR values wereedsed significantly by 43.0%
and 30.2% by the addition of 4 wt% PD-rGO10 (10 wt®O in hybrid) in EP
respectively, over neat EP. The epoxy composite ivt% PD-rGO5 (5 wt% rGO in
hybrid) could pass UL-94 VO rating and the LOI w2&0%. The flame retardant
mechanism could be attributed to the synergism éstwtwo compositions in
PD-rGO hybrid: the PiP-DOPO is favorable to flanmresad inhibition in UL-94
burning test, while the barrier effect of graphé&médominant in terms of heat release
rate suppression. Moreover, the addition of PD-i@&®rid led to slightly improved
storage modulus and tensile strength, due to thh ktiffness of graphene. The

PD-rGO hybrid combines the outstanding mechanie&lblior of graphene with the



good flame retardant effect of DOPO-based compquntigh provides a promising
solution to high performance epoxy nanocompositiél imnproved flame retardant
and mechanical properties simultaneously.

Keywords: Epoxy resin; Reduced graphene oxide; Hybrids; Meah property;
Flame retardancy

1. Introduction

Epoxy resins (EPs) are one of the well-known thesetting polymers and have
been used in various fields, such as surface apatidhesives and composites
because of their superior physical and chemicapgmees [1-3]. However, the
flammability of EPs limits their application in senareas. Therefore, flame retardant
EPs have been attracting increasing attention. i@erisg the generation of toxic and
corrosive gases of the halogenated FRs during cstioioy there is a trend toward
using halogen-free FRs in EPs.

Phosphorus-containing FRs have been widely develdpeachieve the flame
retardancy of polymeric materials, due to theirhhggfficiency and less release of
toxic gases and smoke, compared with halogenates ftatardants [4-6]. These FRs
are versatile as they can exhibit both condensefdoargas phase flame retardant
action [7]. Among various types of phosphorus-ciomtg compounds, 9,
10-dihydro-9, 10-oxa-10-phosphaphenanthrene-10e0(OPO) and its derivatives
have attracted extensive attention recently foir thetable flame retardant efficiency
and versatile reactivity. DOPO-derivatives functianainly in the gas phase by flame

inhibition [8]. To date, various DOPO-derivativesttwP-C, P-N and P-O bond



functionality have been developed [9]. A majorifyRFeC bonded DOPO derivatives,
including DOPO-based curing agent [10], reactivearmmomers [11] or non-reactive
additives [12], have been applied as flame retasdfmtEPs. The DOPO derivatives
have been proved to be effective to improve thendlaetardant behavior of EPs
[13,14].

Very recently, P-N bonded DOPO derivatives havenbreported to be effective
flame retardants for polyurethane foams [9, 15]. therpreparation of DOPO-based
phosphoramidates, it is easy to convert the P-HllmdrDOPO to a P-N bond by the
Atherton-Todd reaction, leading to the formation @ésired phosphonamidate
derivatives [8]. The DOPO-based phosphonamidatéesraa exhibited high thermal
stability. However, the application of DOPO-basdwgphonamidates in enhancing
flame retardancy of EPs is rarely reported. The omego DOPO-based
phosphonamidates were mainly additive-type flamardents. To achieve required
flame retardant classification of EP, high loadih@aditive is usually required, which
will deteriorate mechanical properties. Therefagploring novel EP systems with
improved flame retardancy and mechanical propesimasiltaneously is desired.

Graphene, a 2-dimensional one-atom thick carboerlayaterial, has attracted
great interest due to its superior electronic,tarand mechanical properties [16-18].
The attractive properties of graphene make itsedinising application in polymer
nanocomposites. Recently, graphene has been uséldnses retardant additive in
polymer nanocomposites [19-21], resulting from ii¢rinsic fire resistance and

layered characteristic. However, the strong van W&als interactions between



graphene layers make them tend to aggregationtidgntheir wider applications.
Moreover, the bare graphene is easily burnt oueuad atmosphere, which could not
act as an effective barrier to prevent the escipeganic volatiles [22]. To solve the
issue, chemical modification of graphene with flare@rdants is preferred because
graphene oxide, the precursor of graphene, possdasge amount of oxygen
functional groups (such as epoxy, hydroxyl) on sheface and edge, which provide
reactive sites [23,24]. The flame retardant elementthe surface of graphene can not
only facilitate the dispersion of graphene but ajsoerate some char layers during
combustion [25]. Liacet al. [20] prepared DOPO grafted GO with the reduced GO
structure (DOPO-rGO). Significant increases in¢har yield of 81% and LOI of 30%
were achieved with the addition of 10 wt% DOPO-r@Oepoxy, respectively.
However, the influence of inorganic/organic ratiohiybrids on the flame retardancy
of polymers has been rarely investigated. Also,pfeious work has not mentioned
the flame retardant behaviors in the industriahing tests such as UL-94 [20,26,27].
To achieve high-performance EP composites, in thirk, DOPO-based
phosphonamidates and reduced GO were combinediaRipe-based DOPO-based
phosphonamidate/piperazine-reduced graphene oxiEB-rGO) hybrids were
successfully prepared via an in situ reaction. TRBArGO was incorporated into EP
to fabricate flame retardant EP nanocomposites. @® rneduced and functionalized
in the presence of piperazine. The thermal and arechl properties, and combustion
behavior of EP nanocomposites were investigatedhiegymogravimetric analysis

(TGA), cone calorimeter, and the flame retardanthaeism was discussed.



2. Experimental section
2.1. Raw materials

Biphenol A EP was supplied by Hefei Jiangfeng Cloainindustry Co. Ltd.
(Anhui, China). DOPO (purity 98%) was obtained fr&handong Mingshan Fine
Chemical Industry Co. Ltd. (Shandong, China). Ripiere, tetrahydrofuran(THF),
carbon tetrachloride (Cg)l acetone, triethylamine (TEA), graphite powder,
potassium permanganate (KMgQOhydrochloric acid (HCI), sulfuric acid ¢80,
98%), sodium nitrate (NaN§pand hydrogen peroxide §B,, 30%) were purchased
from Sinopharm Chemical Reagent Co. Ltd. (Shangbhina). THF and TEA were
dried over 4 A molecular sieves before use. Othagents were used as-received.
2.2. Preparation of PiP-DOPO, rGO and PD-rGO

PiP-DOPO was prepared according to the method ideskin the prior literature
[8], and the synthetic route of PiP-DOPO are preseim Scheme la. Graphite oxide
was prepared from graphite powder using a modiHednmers’ method [28]. GO
was modified and reduced by piperazine and thegpagion process was as follows.
Briefly, 1.0 g of GO was dispersed in 400 ml ofatezed water by ultrasonication for
1 h at room temperature. Then, the obtained sugpenss introduced into a 1000 ml
three-necked flask equipped with a nitrogen inlegchanical stirrer and reflux
condenser. Subsequently, 3.0 g of piperazine wdsdatb the flask and the reaction
was conducted under nitrogen at £@0for 6 h. After completion of this reaction, the
slurry mixture was filtered and thoroughly washeithwdeionized water and ethyl

alcohol to remove the residual reagent. The fitkecwas dried under vacuum at



80 °C overnight. The preparation procedure of P@-ame retardant hybrids was
illustrated in Scheme 1b. Briefly, the theoretib& loading of rGO in the PD-rGO
hybrids were prepared as follows. 1.0 g of rGObI7 of DOPO, 300 ml of THF
and 8.21 g of TEA as catalyst were added to a 5DQhmee-necked flask equipped
with a reflux condenser and dropping funnel undgogen by ultrasonication for 1.0
h. The suspension obtained was stirred and cooléd°C by an external ice water
bath cooling. Subsequently, carbon tetrachlorid251 g) was added dropwise at a
rate that the reaction temperature did not exc&C1 After carbon tetrachloride has
been added, the reaction was conducted at roometamope for additional 12 h.
Finally, the mixture was filtered and washed thgfdy with THF and deionized
water to remove residual reagents. The resultamtlyat was dried under reduced
pressure at 86C overnight. The product is designated as PD-rGlying the
theoretical X% weight percentage of rGO in the IDrhybrids.
2.3. Preparation of flame retardant epoxy resin coosges

The loadings of flame retardant additives in thecBMposites are maintained at
4 wt%. Typically, the EP nanocomposite containing wt% PD-rGO5 was prepared
as follows: 2.0 g of PD-rGO5 was dispersed in 30frdcetone by sonication for 0.5
h. Then, the GO suspension as-obtained was mixidB# (40.0 g), and the blending
was stirred, followed by sonication for another inta three-necked flask. Next, the
acetone was completely evaporated off by heatiegntixture at 100°C for 12 h,
followed by opening the bottleneck of the flask.eiftards, 8.0 g of DDM was added

into the EP/PD-rGO mixture and then poured intotainkess steel mold. This



blending was pre-cured in an oven at £@0for 2 h and post-cured at 158G for
another 2 h. Other samples were synthesized bypitheedure similar to the one
described above. The formulations of EP and itspmsites are listed in Table 1.

2.4. Characterizations

Fourier Transform Infrared Spectroscopy (FTIR) weeeorded on a Nicolet
6700 spectrophotometer (Nicolet Instrument Co., YSA

'H and*!P nuclear magnetic resonance (NMR) (400 MHz) spegére obtained
on a Bruker AV400 NMR spectrometer, using dimethljtsxide-ds as solvent.

X-ray photoelectron spectroscopy (XPS) was performe a VG Escalab Mark
Il spectrometer (Thermo-VG Scientific Ltd., UK), ngi Al K, excitation radiation
(hv = 1486.6 eV).

X-ray diffraction patterns (XRD) of the samples were recordedan X-ray
diffractometer (Rigaku Co., Japan), using a Guuke and a Ni filterl(= 0.1542 nm)
at 40 kV and 20 mA.

Transmission electron microscopy (TEM) analysis w@sducted using a JEOL
JEM-2100 instrument (JEOL Co., Ltd., Japan) wittaaceleration voltage of 200 kV.

UL-94 vertical burning test was performed on a QERerizontal and vertical
burning tester (Jiang Ning Analysis Instrument Camyp China) according to ASTM
D3801-2010. The dimensions of specimens were 1PZ.% x 3 m.

LOI values were measured using a HC-2 oxygen ingheter (Jiang Ning
Analysis Instrument Company, China) according to TS D2863-2010. The

dimensions of samples were 100 x 6.7 x 3’ mm



TGA measurement was performed on a Q5000 thernadyzer (TA Co., USA)
with a heating rate of 2&C/min.

Combustion performance under forced-flame combusitenario was evaluated
by a cone calorimetry (Fire Testing Technology, UKider an incident flux of 35
kW/m? according to 1ISO 5660. The dimensions of samples w80 x 100 x 3 mn

The micro-scale combustion performance was measuedan MCC-2
micro-scale combustion calorimeter (Fire Testinghf®logy, UK), according to
ASTM D7309-2007 (Method A). About 5 mg of samplergvbeated up to 650 °C at a
linear heating rate of 1 °C/s under a nitrogen @80 cni/min. The volatile and
anaerobic thermal degradation products in the gatnostream were mixed with a 20
cm’min N,/O, stream (20% §) prior entering the combustion furnace at 900 °C.
Each sample was run in three replicates.

Dynamic mechanical thermal analysis (DMTA) was meeg using a DMA
Q800 apparatus (TA Instruments Inc., USA) in begdimodes at a heating rate of
5 °C/min. The frequency of dynamic oscillatory loagpiwas 1 Hz.

The tensile tests were carried out on a CMT6104arsal testing system (MTS
Systems, China) according to ASTM D3039-08 metlady crosshead speed of 1.0
mm/min. At least five runs were repeated for eaain@e and the average value was
reported.

Scanning electron microscope (SEM) micrographsaaies were acquired on
a FEI Sirion 200 scanning electron microscope aceleration voltage of 10 kV.

Raman spectra were obtained on a LabRAM-HR ConfBeahan Microprobe



(JobinYvon Instruments, France) using a 514.5 rgoraron laser.
3. Results and discussion
3.1. Characterization of PD-rGO

Fig. 1a presents the FTIR spectra of GO, rGO, PD5@nd PD-rGO10. The
FTIR spectrum of GO shows some typical absorptieakp of oxygen-containing
groups: O-H stretching vibration (3400 ¢n C=0 stretching vibration (1725 ¢
C=C or HO vibration (1620 ci), C-O-C stretching vibration (1055 ¢in[29]. After
the reduction of GO with piperazine, there is anthic decrease in the peaks
intensity of oxygen functionalities, suggesting tpartial reduction of GO. The
appearance of new peaks at 2923 and 2855 &865 cnit are attributed to C-H and
C-N vibrations, respectively. These results indictitat GO have been successfully
functionalized and reduced. The FTIR spectrum oP-BOPO reveals some
characteristic peaks at 3060, 2966, 2856, 15967,12F2 and 755 crh) which is in
accordance with the prior report [15]. The FTIR&pe of PD-rGO5 and PD-rGO5
are similar to that of PiP-DOPO, indicating theni@tion of PiP-DOPO/rGO hybrids.

The chemical structure of PiP-DOPO and its hybaidsfurther confirmed by the
'H and*P NMR spectra. In théH NMR spectrum of PiP-DOPO (Fig. 1b), the
resonance peak at 3.13 ppm is attributed to theopsoof -CH-. In addition, the
resonance peaks in the range of 7.10-8.50 ppm @responding to the aromatic
protons in DOPO structures. In ti# NMR spectra (Fig. 1c), PiP-DOPO and its
hybrids present a single sharp resonance peakapp+#h, indicating the formation of
PD-rGO hybrids.

10



Fig. 1d shows the XRD patterns of GO, rGO, PiP-DO#&d its hybrids. The
characteristic diffraction peak of GO is located2at= 10.5°, corresponding to the
(002) reflection of GO [30]. The weak peak & 2 42° is ascribed to the (100)
reflection of GO. Upon chemical modification of Gi@th piperazine, rGO exhibits a
diffraction peak at a smaller diffraction angle 8f5°, suggesting a significant
enlargement in interlayer spacing. This is attefoluto the intercalation of piperazine
into GO via ring-opening reaction. No visible diffition peak is observed in the XRD
patterns in the range of 3-<10indicating that the rGO sheets are exfoliated or
dispersed disorderly in the flame retardant viatinreaction

The structures of GO, rGO, PD-rGO5 and PD-rGOl1Cevimvestigated by XPS,
as shown in Fig. 2. The element content of GO, RBD;rGO5 and PD-rGO10
measured from XPS analysis is listed in Table 2. (G{g. 2a) has a considerable
degree of oxidation with a C/O atomic ratio of 858/30.6%. rGO exhibits increased
intensity in Ns peak relative to GO, while PD-rGO5 and PD-rGO1l1(ileits
increased intensity in,Pand B, peaks relative to rGO. The increase in the intgnsi
of Nis peak is attributed to the doping of nitrogen igt@aphene lattice during the
reduction and modification reaction [31]. The appeae of Bs and B, peaks is
originating from the wrapped PiP-DOPO on the swfatrGO. From Fig. 2b, it can
be observed that the;CXPS spectrum of GO is deconvoluted into four typés
carbon, including C-C (284.6 eV), C-O (286.6 eVx@(287.8 eV) and C(O)OH
(288.9 eV) [32]. After the reduction reaction, thes spectrum of rGO (Fig. 2c)
exhibits significant decrease in the relative peaias of these oxygen-containing

11



groups, indicating that most of the oxygen funcilogroups have been successfully
removed. Moreover, a new peak at 285.6 eV corredipgrio C-N bond [33], is also
observed in the spectrum of rGO. In the case of80; C-C at 284.8 eV and C-N &
C-O-P at 286.1 eV are observed in thg €pectrum (Fig. 2d) [23]. These results
demonstrate that GO has been reduced and funeéziedaland formation of flame
retardant hybrids.

The morphological features for GO and rGO are tiyesbserved by TEM. Fig.
3a reveals that GO presents transparent and ttordimvensional nanosheets. The
apparent wrinkles and ripples on the GO are duéhéoextreme thinness of the
nanosheets. After reduction, more wrinkles andlegppn the surface are observed for
rGO (Fig. 3b).

SEM images of the fracture surface provide thermfdion concerning the
interfacial interactions between the matrix andpbgemne sheetRelatively smooth
fractured surfaces are observed for the pure B &&), due to the typical fracture
behavior of homogeneous material. However, thedrad surfaces of EP composites
are much rougher than those of EP (Fig. 4b-d). SIB®I image of EP/PiP-DOPO (Fig.
4b) is similar to that of EP/PD-rGO5 without obvsoagglomeration of additives on
the surfaces. It should be noted that no apparaphgne sheets are distributed on the
surface for EP/PD-rGO5 (Fig. 4c). This is probatiye to the reason that graphene
sheets are wrapped by PiP-DOPO through in situicads the content of graphene
in PiP-DOPO increases, graphene sheets are embigdidelde matrix without pulling
out. These results indicate that the rGO is welpdised in the matrix, as well as

12



forming superior interfacial adhesion with the matr

Fig. 5 presents the (a) TG and (b) DTG curves of, @G0, PiP-DOPO,
PD-rGO5 and PD-rGO10 under nitrogen. The initiagrdelation temperature is
defined as the temperature at 5 wt% mass loggsTThe temperature of maximum
weight-loss rate (fan) is obtained from the peak maxima of DTG curvdsisl
observed that GO starts to lose weight below 100dG€ to evaporation of water
molecules held in the samples [34]. The mass loss 850 °C is attributable to the
decomposition of oxygen-containing groups. The chesidues at 800C are
approximately 44.1 wt%. Reduced by piperazine, riSQmore stable than GO,
exhibiting higher thermal stability and char regdu65.0%). PiP-DOPO exhibits a
high T.0.05 of 304°C and low char residues of around 3.5%. After to®iiporation of
rGO, the thermal stability of PD-rGO is loweredgdo the lower thermal stability of
rGO. However, the residual char for PD-rGO5 and rB@10 at 800°C are
remarkably increased, which are 9.5% and 13.1%erdtvely. DTG curves reveal
that the presence of rGO decreases the degradatienof PiP-DOPO, due to the
barrier effect of graphene sheets.
3.2. Thermal properties and flame retardancy

Fig. 6 shows the TG and DTG curves of EP and itapmsites under nitrogen
and air atmosphere, and the corresponding dathsted in Table 3. Under nitrogen
atmosphere, neat EP undergoes one-stage thermahddégn process in the
temperature range of 350-480, which is attributed to the degradation of priadi
EP networks. The Jos and Thax of neat EP are 360 and 378, respectively, and the

13



char yield at 700C is 13.6 wt%. EP composites show similar one-stigradation
behaviors to the control EP. The ok and Thax of EP composites shift to lower
temperature compared to those of pure EP, dueetedhlier decomposition of the
flame retardant additives. Generally, the earlieregrddation of the
phosphorus-containing additives could catalyzedbgradation of polymers to form
the protective char. The char could shield polyniess flame in the early stage of
ignition; thereby, the lowered.glos and Thax is likely necessary rather than a defect of
the EP composites [35]. Moreover, the flame retdrddditives have little influence
on the char yield at 700C. From Fig. 6b, it can be seen that the additibn o
PiP-DOPO increases the mass loss rates of EP, Wialgoresence of rGO slightly
reduces the value, probably due to the barriecefiegraphene.

The thermal degradation of EP and its compositekemuair behaves differently
from that under nitrogen. In the case of neat Rhermal degradation process could
be mainly divided into two stages: the first stémgates the temperature range of 360
—480°C corresponding to the scission of the cured epwtworks, while the second
one in the temperature range of 5660 ° C can be ascribed to the thermal
oxidative degradation of the char. In contrast, tttermal degradation process of EP
composites displays the similar two-stage behaamrthe neat one, excepting the
lower Too0s and Thax This finding is similar to the phenomenon undérogen.
Furthermore, from DTG curve, it can be seen thatmtfaximum mass loss rate the EP
composites is higher than that of the neat epoxganmimg that the addition of
PiP-DOPO and PD-rGO could catalyze the thermalatkgron of epoxy matrix.

14



The flame retardancy of EP and its composites wakiated by UL-94 and LOI
measurements, and the results are presented ie Talure EP displays no rating
(NR) in the UL-94 vertical burning test and showkwa LOI value of 22.0%. The
addition of PiP-DOPO and PD-rGO imparts significlatme retardant effect to EP:
with the loading of 4 wt% PiP-DOPO, its EP compesihows V-1 rating and its LOI
value is increased to 27.5%. At the equivalent ilogdthe EP/PD-rGO5 could pass
the UL-94 V-0 rating while the EP/PD-rGO10 only pes the UL-94 V-1 rating,
indicating the superior flame retardant efficierafyPD-rGO5 over PD-rGO10. The
LOI values of both the EP/PD-rGO5 and the EP/PD-tG@re beyond 28.0%. In
general, polymeric materials with LOI value greatlean 26% are regarded to be
difficult to be ignited [36]. The LOI results implhat PD-rGO imparts good flame
retardant effect to EP composites.

The combustion behavior of epoxy and its composiess assessed by
micro-scale combustion calorimetry (MCC) experinserithe relevant parameters
obtained from the MCC include peak heat release (@HRR), total heat released
(THR), and temperature at PHRR-(kRr), as listed in Table 4. Fig. 7 displays the heat
release rate versus temperature plots of epoxytamdmposites. The HRR curve for
the pure epoxy resin shows a sharp peak, and soeiated PHRR and THR are 322
W/g and 28.1 kJ/g, respectively. After incorporgtRPiP-DOPO into epoxy, the PHRR
and THR are reduced by 20% and 14%, respectivelyrther reduction in PHRR
and THR is achieved by the incorporation of PD-rG@Bomparison with the sample
containing PiP-DOPO. The maximum reduction in PHER%Y%) and THR (26%) is

15



achieved by incorporation of PD-rGO10 into the gpomatrix. The Fuyrr Of the
epoxy composites shifts to lower temperature duinéoearlier degradation of flame
retardant additives, which is in accordance withe tATGA experiments
aforementioned.

The fire behavior of the samples was further suidig the cone calorimeter,
which can provide various fire-related parametexduiding time to ignition (TTI),
PHRR, THR, smoke produce rate (SPR), and time tBRRH-ig. 8 presents the (a)
HRR and (b) THR versus time curves of EP and itapmsites, and the related data
are summarized in Table 5. Fig. 8a reveals thaptlre EP burns very rapidly after
ignition and the PHRR is as high as 1736 kW/with the addition of 4 wt%
PiP-DOPO, the PHRR of EP/PiP-DOPO is decreasedfisantly to 1159 kW/m. At
the same loading, the PHRR of EP/PD-rGOS5 is furtteetuced to 1050 kW/m
Among the flame retardant samples, EP/PD-rGO10béshihe lowest PHRR. The
PHRR values for EP/PiP-DOPO, EP/PD-rGO5 and EPBOI0 are reduced by
33.2%, 39.5% and 52.6% relative to that of pure réBpectively. Similar to HRR
curves, the EP/PD-rGO10 exhibits considerably redu¢HR (47.4% reduction),
which is lower than those of EP/PD-rGO5 and EPMP®RO. The significant
reduction of PHRR and THR for EP/PD-rGO10 is attréal to the insulating barrier
function of a cohesive and compact char layer dudombustion, delaying and
reducing the permeation of oxygen and the escapelafile degradation products.

From Table 5, it can be seen that addition of flastardant additives results in a
slightly reduced TTI. As mentioned in TGA resulise earlier degradation of flame

16



retardant additives catalyzes the epoxy matrixotonfthe protective char, which is
responsible for the lowered TTIl. The SPR is alsorefsed after the addition of
PD-rGO hybrids, indicating that PiP-DOPO or PD-r@Qs as a smoke suppressant
during combustion. The fire growth rate index (FIRs calculated from the ratio of
PHRR/time to PHRR [35]. All the EP composites sheduced FIGRA in contrast to
pure EP. The FIGRA value is decreased dramatifaiy 31.9 kW/(ni-s) for neat EP
to 15.5 kW/(nf-s) for EP/PD-rGO10, a 51% reduction in FIGRA iek&to neat EP,
implying the significantly enhanced flame retardantthe material.
3.3. Mechanical property

The viscoelastic properties of cured epoxy andadtmposites were evaluated by
dynamic mechanical thermal analysis. Fig. 9 presthd (a) storage modulus and (b)
Tand curves of EP and its composites as a functiorewiperature. All the samples
show the typical viscoelastic behaviors of therntosg polymers, from glassy
plateau, transition region to rubbery plateauatt be seen that the storage modulus of
EP/PD-rGO composites at both the glassy and thieemybplateau is slightly higher
than that of neat EP, demonstrating that additibthe PD-rGO hybrids induces a
favorable impact on the storage modulus of the gpmmposites. Generally, the
storage modulus for the polymer composites is dégmnstrongly on the inorganic
phase, the interfacial interaction and the crasiefig density of the polymer matrix
[37]. The slightly enhanced storage modulus coulespmably be attributed to the
high specific surface area and high stiffness adpgene. The glass transition
temperature (J) is determined from the peak of Tan- T curve. Pure EP displays a

17



Ty of 174 °C, while the T of EP/PiP-DOPO, EP/PD-rGO5 and EP/PD-rGO10
composite is 173, 175 and 17, respectively. The change ig i€ really negligible,
which indicates that no interactions between thelifreml nanofiller and the epoxy
matrix occur in the systems investigated.

Static tensile loading tests were also measuredssess the effect of flame
retardant additives on the tensile properties ofcBRposites. The tensile strength,
elongation at break and tensile modulus are listedlable 6. Tensile modulus
increases after incorporating PD-rGO hybrids intoxy. An increase of 7% for EP/
PD-rGO5, 11% for EP/PD-rGO10, at a 4 wt% contenelleis observed. The
enhanced modulus can be directly ascribed to tfiershg effect of PD-rGO hybrids
since the graphene has a much higher modulus fh@y.€This finding is consistent
with the storage modulus results. Neat EP showsisile strength of 50.6 MPa and a
low elongation at break of 2.6%, indicating a rielgy brittle material. There are no
significant change in the tensile strength and gddion at break for epoxy composites
containing flame retardant additives. The PiP-DCG#»@ PD-rGO hybrid used in this
work do not lead to the deteriorated mechanicap@mies of epoxy matrix, and the
good mechanical behaviors are retained simultatgowsth improved flame
retardancy.

3.4. Char residue analysis

Fig. 10 shows the SEM images of the residual q@rEP, (b) EP/PiP-DOPO, (c)
EP/PD-rGO5 and (d) EP/PD-rGO10 after cone caloemgsts. The char from pure
EP displays a discontinuous and loose morphologg, some cracks are clearly
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observed on the surface. Compared to neat EP,RH&IE=DOPO presents large holes,
probably due to the rapid release of degradatiadymts in a short time, which is
consistent with the DTG analysis. The char layeEBfPD-rGO5 is more compact
than that of EP/PiP-DOPO and only few cracks appmarthe surface. Further
increasing the loading of rGO in PD-rGO leads te thrmation of more tight and
thick frame-work on the surface of the char. Thesom for this phenomenon is due to
relatively slow release of volatile gases duringrthal degradation and the higher
charring ability. The char layer with compact sture reduces the mass and energy
transfer, thus retarding the degradation of theedgishg materials.

Raman spectroscopy was used to characterize thetwst of carbonaceous
materials. Fig. 11 presents the Raman spectra eofckiar residues of EP and its
composites after cone calorimeter tests. The gpactf control EP presents two
prominent peaks at approximately 1367 and 1595, amrresponding to D and G
band, respectively. The ratio of the integratednstties of D to G band{flig) is used
to estimate the graphitization degree of the redidhar. Thed/ls value of the char
for EP is 2.80. The addition of PD-rGO decreasedgh value of the EP composites,
while PiP-DOPO improves the value. Graphene asaxtbar is the main contributor
for the formation of graphitized carbons. The mgraphitized carbons of the char
structure imply higher thermal stability. The cheyer with high thermal stability can
act as a barrier to prevent the escape of organatiles, and decrease the heat release
rate during combustion.

4. Conclusions
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In this work, DOPO-based phosphonamidate/reduced hgkrids (PD-rGO)
were successfully prepared via in situ reactiorenfRD-rGO was incorporated into
epoxy to fabricate flame retardant composites. iflserporation of PD-rGO hybrid
reduced the thermal stability under both nitrogen air atmosphere which was
ascribed to that the earlier decomposition of tlzené retardant additives could
catalyze the degradation of polymers to form thaqmtive char. The presence of 4 wt%
PD-rGO10 significantly reduced the PHRR and THRugalby 43.0% and 30.2%,
respectively, compared to neat EP. The additioh wt% PD-rGO5 into EP achieved
UL-94 VO rating and the LOI was 28.0%. These fimgdinmplied the synergistic
interaction between two compositions in PD-rGO Igibrthe DOPO-based
phosphonamidate was more effective in inhibiting flame spread to meet the
industrial requirement, while the graphene sensegtysical barrier for lowering the
heat release rate during combustion. In additionh& remarkable flame retardant
enhancement, the storage modulus, elastic moduhg tensile strength of
EP/PD-rGO composites were slightly increased a$, wak to the high stiffness of
graphene species. The functionalization of grapheitle flame retardants provides
superior solution over traditional methods in tewwh$lame retardant and mechanical
enhancements simultaneously.
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Captions

Table 1 Formulations and flame retardancy of EP and itemusites

Table 2 Element content of GO, RGO, PD-rGO5 and PD-rGOl@sued from XPS
analysis

Table 3TGA data of EP and its composites

Table 4 MCC data of neat EP and its composites

Table 5 Cone calorimeter data of neat EP and its composite

Table 6 Tensile properties of neat EP and its composites

Scheme 1Preparation of (a) PiP-DOPO and (b) PD-rGO

Fig. 1 (a) FTIR spectra of GO, rGO, PD-rGO5 and PD-rGOH);'H and (c)*'P
NMR spectra of PiP-DOPO and its hybrids; (d) XRDtt@as of GO, rGO,
PiP-DOPO and PD-rGO hybrids.

Fig. 2 (a) XPS spectra of GO, rGO, PD-rGO5 and PD-rGCHIgh resolution Gs
XPS spectra of (b) GO, (c¢) rGO and (d) PD-rGO

Fig. 3TEM images of (a) GO and (b) rGO

Fig. 4 SEM images of the fracture surface of (a) pure BP,EP/PiP-DOPO, (c)
EP/PD-rGO5 and (d) EP/PD-rGO10

Fig. 5(a) TG and (b) DTG curves of GO, rGO, PiP-DOPO;i@D®5 and PD-rGO10
under nitrogen

Fig. 6 TG curves of EP and its composites under (a) ginoand (b) air; DTG curves
of EP and its composites under (c) nitrogen ancifd)

Fig. 7HRR vs. temperature curves of EP and its compositéained from MCC
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Fig. 8 (a) HRR and (b) THR vs. time curves of EP anctamsposites obtained from
cone calorimetry

Fig. 9 (a) Storage modulus and (b) Tancurves of EP and its composites as a
function of temperature

Fig. 10 SEM images of the residual char: (a) EP, (b) BRPOPO, (c) EP/PD-rGO5
and (d) EP/PD-rGO10 after cone calorimeter tests

Fig. 11 Raman spectra of the char residues of EP andntpasites
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Table 1

PiP-DOPO PD-rGO5 PD-rGO10
Sample LOI (%) UL-94
(Wt%) (wt%) (wt%)
EP - - - 22.0 NR
EP/PIiP-DOPO 4 - - 27.5 V-1
EP/PD-rGO5 - 4 - 28.0 V-0
EP/PD-rGO10 - - 4 29.5 V-1
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Table 2

Sample C (at%) O (at%) N (at%) P (at%)
GO 68.9 31.1 - -

rGoO 74.0 18.4 7.6 -
PD-rGO5 77.2 11.3 5.9 5.6
PD-rGO10 76.9 11.7 6.0 5.4
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Table 3

Char (700 °C,

S— T.0.05(°C) Tmax (°C) wi%h)
N2 Air N2 Air N2 Air
EP 360 371 378 391, 570 13.6 1.3
EP/PIiP-DOPO 345 358 350 365, 565 14.7 24
EP/PD-rGO5 343 358 353 366, 575 14.6 3.3
EP/PD-rGO10 344 360 350 368, 572 15.3 2.5
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Table 4

Sample  PHRR (W/qg) THR (kJ/g) TpHrr (%)
EP 322 +12 28.1+1.6 402 +2
EP/PiP-DOPO 256 + 6 243+1.4 386 + 2
EP/PD-rGO5 176 8 22.8+0.8 395 + 3
EP/PD-rGO10 157 £5 20.7+1.1 394+2
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Table 5

Sample TTI(s) PHRR THR SPR (ni/s) Time to FIGRA
(kW/m?) (MJ/nf) PHRR (s) (kW/(m*s))
EP 28+1 1725+33 782+14 0.47+005 54+2 193

EP/PIiP-DOPO 24+2 1160+15 544+11 0.35+0.0450%2 23.2

EP/PD-rGO5 25+1 1042+27 49.3+23 0.31%+0.0352=*1 20.0

EP/PD-rGO10 24+2 821x19 40.5+19 0.32+0.0353+3 15.5

32



Table 6

Elastic modulus Tensile Elongation at
Sample (GPa) strength break (%)
(MPa)
EP 1.31+0.13 50.6+1.3 26+0.3
EP/PiP-DOPO 1.26 +0.09 51.6 +0.9 34+0.2
EP/PD-rGO5 1.40 £ 0.07 51.8+2.2 2.8+05
EP/PD-rGO10 1.45+0.12 524+1.6 25+0.3
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Highlights
1. Graphene oxide was reduced and modified by piperazine simultaneously using a
one-pot method.
2. Reduced graphene oxide/DOPO-phosphonamidates hybrids were prepared by in
Situ reaction.
3. Remarkable enhancements on flame retardancy and mechanical properties of epoxy
resin nanocomposites were achieved.

4. Enhancements mechanism was investigated with direct and detailed evidence.



