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Multifunctional epoxy composites with low flammability, high ablation resistance, superior electrical conduc-
tivity and outstanding electromagnetic interference (EMI) shielding performances are prepared by a two-step
procedure. The first step involves pyrolysis of lignin-resorcinol-glyoxal pre-polymer into carbon foams, while
the second step is infiltrating flame retardant epoxy resins (FREP) into the highly porous carbon foams. SEM
images show that the three-dimensional network microstructure of carbon foams is integrally preserved during
infiltration by the epoxy resins, which could serve as an effective pathway for electron transport. For the flame-
retardant carbon foam/epoxy (FREP-CF) composite, a UL-94 V-0 classification is achieved. In the cone calo-
rimeter measurement, the peak heat release rate and the total heat release of the FREP-CF composite are reduced
by 64% and 37%, respectively, compared to those of the original epoxy resin. The FREP-CF composite can resist
approximately 1000 °C flame for 10 min with the temperature on the back side lower than 200 °C, which is much
better than the EP-CF composite. Additionally, a notable electrical conductivity of 216 S/m and a superior EMI
shielding effectiveness of 33.5 dB are achieved for the FREP-CF composite. This multifunctional epoxy composite

enables it a promising candidate for electronics, aerospace and transportation applications.

1. Introduction

As one of the most important thermosetting polymers, epoxy resins
(EPs) possess good mechanical strength and stiffness, superior adhesive,
outstanding solvent resistance and dimensional stability after curing
[1-5][62]. Owing to these fascinating comprehensive performances, EPs
have been applied in a wide variety of industrial applications in the
realms of electronics, aerospace and transportation [6-10][63]. How-
ever, these application fields require several specific demands like flame
retardancy, ablation resistance, electrically conductive and electro-
magnetic interference (EMI) shielding performances in addition to the
intrinsic properties of EPs. It is thereby imperative to modify EP matrix
to develop multi-functional epoxy composites for various applications.

One conventional methodology for development of epoxy compos-
ites is dispersing functional nano-particles or additives into epoxy ma-
trix. For example, in order to improve the flame retardancy of EPs,
various organic additives such as phosphorus- [2], nitrogen- [11], sili-
con- [12], boron-containing [13] compounds and inorganic
nano-particles including graphene [14-16], layered double hydroxide
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[17], carbon nanotubes [18], boron nitride [19,20], zirconium phos-
phate [21], or their hybrids [22] have been added into epoxy matrix; for
the EMI shielding enhancement, a wide variety of nano-particles such as
single-walled carbon nanotube [23], multi-walled carbon nano-
tube-Fe304@Ag composite [24], graphene [25], reduced graphene
oxide-carbon fiber composite [26], and reduced graphene oxide/-
FeoOg/carbon fibers mixture [27], have been incorporated to EPs.
Theoretically, the enhancement in the EMI shielding performance re-
lates closely to the formation of electrically conductive networks which
usually requires high loading of nano-particles. Considering that such
high loading of nano-particles is used, aggregation of the nano-particles
is difficult to be avoided. Additionally, the high loading of nano-particles
also negatively affects the thermal stability of the resultant epoxy
composites [16].

Construction of the continuous three-dimensional networks within
the polymer-based composite materials emerges as a promising strategy
to overcome the aforementioned restriction on dispersibility of nano-
particles in polymer matrix [28]. Generally, a two-step procedure is
employed to fabricate such composite materials with the continuous
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three-dimensional networks: (1) Construction of continuous networks
with open pore, followed by (2) infiltration of polymers into the voids of
the continuous networks. For the first step, carbon foams made from
graphene, carbon fiber, carbon nanotube and their hybrids have been
considered to be ideal EMI shielding materials owing to porous struc-
ture, light weight, tunable electrical conductivity and absorption prop-
erty [29]. Recently, utilization of low-cost and renewable precursors for
fabrication of carbon foams has received great attentions in terms of
economical and environmentally friendly concerns. Lignin, as the most
abundant aromatic natural polymer, contains very high carbon content
(above 60%) and a large number of phenolic hydroxyl groups [30],
which is an attractive and sustainable precursor for carbon foams.
Moreover, due to its structural similarity with phenol and resorcinol,
lignin has been considered as a promising natural alternative to syn-
thetic phenolic compounds in preparation of phenolic resins [31], which
could be applied as sustainable precursor for fabrication of carbon
foams.

Regarding the application of carbon foam/polymer composites as
EMI shielding materials, Chen et al. reported that epoxy nanocomposites
reinforced with three-dimensional carbon nanotube sponge exhibited a
relatively high electrical conductivity of 148 S/m and a superior EMI
shielding effectiveness of about 33 dB, which is much better than those
for epoxy composites filled with conventional carbon nanotubes [28].
Chen et al. also prepared three-dimensional graphene aerogel reinforced
epoxy nanocomposite which exhibited a high electrical conductivity of
73 S/m and an excellent EMI shielding effectiveness of 35 dB [32]. Kim
et al. fabricated non-oxidized graphene flake aerogel—epoxy composite
with a remarkable electrical conductivity of 122.6 S/m [33]. Chen et al.
developed a lightweight and flexible graphene foam/polydimethylsi-
loxane composite with an EMI shielding effectiveness of 30 dB and a
specific shielding effectiveness of 500 dB cm®/g [34]. Zeng et al. con-
structed porous multi-walled carbon nanotube/waterborne poly-
urethane composites which displayed an EMI shielding effectiveness of
more than 50 dB and a specific shielding effectiveness of 1148 dB cm®/g
[35]. These previous studies demonstrate the superior reinforcing
effectiveness of continuous three-dimensional networks over conven-
tional nano-particles. Most of such studies focus on improvement in one
or two specific performances; however, multifunctional epoxy com-
posites with simultaneously enhanced flame retardancy, ablation resis-
tance, electrically conductive and EMI shielding performances are more
desired for specific applications in electronic devices, aerospace, ma-
chinery manufacturing, automobile and marine systems [28].

Iminophosphoranes are one family of organophosphorus compounds
with a common structural feature P=N, which have been well known as
ligands for homogeneous catalysis [36]. However, until now, it is rarely
reported on utilization of iminophosphoranes as flame retardant addi-
tives. In this work, one kind of N-phosphorylated iminophosphorane
was selected as flame retardant because it contains both phosphorus and
nitrogen elements which could create synergistic effect in enhancing
flame retardancy. Additionally, N-phosphorylated iminophosphorane is
a kind of liquid flame retardant, which is favorable for blending with EP
resin.

This work aimed to integrate low flammability, high ablation resis-
tance, superior electrical conductivity and outstanding EMI shielding
performances into epoxy composites. For this purpose, a continuous
three-dimensional carbon foam derived from renewable lignin was
chosen to enhance electrical conductivity and EMI shielding of EP, while
N-phosphorylated iminophosphorane was incorporated to improve
flame retardancy and ablation resistance. Carbon foam was prepared by
pyrolysis of lignin-resorcinol-glyoxal precursor using flexible poly-
urethane foam (FPUF) as the template. The influence of the pyrolyzed
temperature and the reactant concentration on the morphology and
structure of the carbon foam was investigated. The carbon foam with
superior combined properties was selected to fabricate epoxy compos-
ites through vacuum-assisted infiltration technology. The flame retard-
ancy, ablation resistance, electrical conductivity and EMI shielding
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performances of the resultant carbon foam reinforced epoxy composites
were characterized by limiting oxygen index (LOI), UL-94 vertical
burning test, cone calorimeter, fire resistance test, thermogravimetric
analysis, and electrical conductivity and EMI shielding measurements.

2. Experimental
2.1. Materials

Polyether-based FPUF with a density of about 20 kg/m® was kindly
provided by Lv’yuan New Material Company (Jiangsu, China). Alkali
lignin was purchased from Sigma-Aldrich, USA. Resorcinol, glyoxal
(~40% aqueous solution), ethanol, sodium hydroxide, diphenyl phos-
phite, trimethyl phosphite, acetonitrile, carbon tetrachloride, chloro-
form and magnesium sulfate anhydrous were purchased from Shanghai
Aladdin Bio-Chem Technology Co., Ltd (Shanghai, China). Sodium azide
was supplied from Merck Schuchardt OHG (Darmstadt, Germany).
Tetraglycidyl dimethylenedianiline (TGDDM) and methyl tetrahy-
drophthalic anhydride (MTHPA) were provided by Shanghai Huayi
group company (Shanghai, China). All chemical reagents were used
without purification.

2.2. Samples preparation

2.2.1. Synthesis of N-phosphorylated iminophosphorane ((Ph20)(0)
P-N=P(OMe)3)

Diphenyl phosphite (46.8 g, 0.2 mol), trimethyl phosphite (24.8 g,
0.2 mol), sodium azide (19.5 g, 0.3 mol) and acetonitrile (100 mL) were
charged into a three-necked round-bottom flask fitted with a condenser,
mechanical stirrer, and a thermometer. The mixture was heated to 80 °C
and then carbon tetrachloride was added dropwise during 1 h. When the
release of nitrogen ceased, the reaction continued for another 2 h. The
solvent was subsequently removed by rotary evaporator. The crude
product was re-dissolved in chloroform and washed with water three
times. The organic layer was dried by magnesium sulfate anhydrous
followed by the removal of the solvent once again. FT-IR (KBr, cm )
3043 (Cary1-H), 2855 (Caiky1-H), 1592, 1490 (Caryl = Cary1), 1292 (P=N),
1196 (P=0), 1048 (=Cary1-H in-plane def.). 'H NMR (400 MHz, CDCls,
ppm): 3.39-3.93 (m, 9H), 6.77-7.35, (m, 10H).

2.2.2. Synthesis of lignin-based carbon foam

First, lignin-resorcinol-glyoxal (LRG) pre-polymer was prepared
under the basic condition by polycondensation of lignin, resorcinol and
glyoxal using sodium hydroxide as catalyst. Typically, in a three-necked
round-bottom flask, 5.05 g lignin, 24.58 g glyoxal (~40% aqueous so-
lution), 5.05 g resorcinol and 0.2 g sodium hydroxide were dissolved in
65 ml deionized water and stirred at 60 °C for 4 h. The mixture was
subsequently transferred to a beaker and a piece of FPUF was immersed
to the mixture and squeezed several times to ensure that the FPUF was
filled with the lignin-resorcinol-glyoxal pre-polymer. The treated FPUF
was totally dried in an oven at 80 °C for 12 h. The LRG-coated FPUF was
placed in a furnace under argon atmosphere, and then heated from
ambient temperature to 900 °C at a rate of 2 °C/min. The sample was
maintained at 900 °C for 2 h in order to complete the carbonization and
then cooled naturally to ambient temperature. In order to investigate the
influence of the reactant concentration and the pyrolyzed temperature
on the property of the samples, a series of the carbon foams were pre-
pared using a similar method and the experimental condition is listed in
Table S1.

2.2.3. Infiltration of epoxy into carbon foam

TGDDM (50 parts) was firstly blended with (Ph,0)(O)P-N—P(OMe)3
(10 parts) and MTHPA hardener (40 parts) to obtain a uniform liquid
epoxy resin. The carbon foam reinforced flame-retardant epoxy com-
posites were fabricated by a vacuum-assisted infiltration technology.
Typically, the carbon foam was placed at a mold with an inlet tube and
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an outlet tube. The mold was then sealed in a vacuum bag with the
closed inlet tube by a clamp. The vacuum bag was degassed for 10 min
by a pump which was connected to the outlet tube, and the inlet tube
was put into the pre-mixed epoxy resin and then the clamp was
removed. The vacuum forced the epoxy resin to infiltrate into the mold
through a preset inlet tube. After the carbon foam in the mold was
completely filled with the epoxy, both the inlet tube and the outlet tube
were closed by the clamps. Finally, the vacuum bag with the carbon
foam reinforced epoxy composite was placed in an oven to obtain a
cured product. The curing procedure was 100 °C for 2 h, 150 °C for 2 h
and 180 °C for 2 h. For comparison, the carbon foam reinforced epoxy
composites were fabricated by a similar method just without adding the
(Ph20)(O)P-N=—P(OMe)s.

2.2.4. Preparation of reference epoxy samples

Reference epoxy and flame retardant epoxy samples were prepared
as below: TGDDM (50 parts) was firstly blended with (Ph,0)(O)P-N—P
(OMe)3 (10 parts) and MTHPA hardener (40 parts) to obtain a uniform
liquid epoxy resin, and subsequently poured into a polytetrafluoro-
ethylene mold. The samples were cured at 100 °C for 2 h, 150 °C for 2 h
and 180 °C for 2 h. For comparison, the unmodified epoxy samples were
obtained by a similar procedure just without adding the (Phy0)(O)
P-N=P(OMe)s.

2.3. Characterization

Chemical structure was characterized by a Fourier-transform
infrared spectrometer (FTIR, ThermoFisher Scientific, Nicolet 6700,
USA) using a KBr disc containing finely ground samples (1%), and by a
nuclear magnetic resonance (NMR) spectroscopy (Bruker AVANCE
AV400, Switzerland) with a CDCl3 as solvent. For FTIR of each spec-
imen, 32 scans were recorded in the spectral range from 400 to 4000
cm ™! in the transmittance mode with a resolution of 0.5 cm ™.

Morphological characterization was performed by field-emission
scanning electron microscope (SEM, Hitachi SU8200, Japan) equipped
with an Energy Dispersive X-ray spectroscopy analysis (EDX, Oxford,
UK). Samples for SEM analyzes were sputtered by a conductive gold
layer prior to SEM observation.

The carbon foams and the solid residues collected after cone calo-
rimeter measurement were analyzed by a LabRAM-HR Confocal Raman
Microprobe (Jobin Yvon Instruments, France) using 514.5 nm argon ion
laser.

Thermogravimetric analysis (TGA) with a heating rate of 20 "C/min
was performed on a thermogravimetric analyzer (TGA Q5000IR, TA
Instruments, USA) by heating approximately 5.0 mg samples to 700 °C
under nitrogen or technical air atmosphere.

The electrical conductivity was determined by a four-point probe
(FT-340, Ningbo rooko instruments, China). At least five times were
repeated and the average value was reported.

The S parameters of the samples were measured on a vector network
analyzer (AV3672, China electronics technology instruments Co., Ltd)
using the wave-guide method in the frequency range from 8.2 to 12.4
GHz (X-band). The cubic sample with the size of 22.9 mm x 10.2 mm x
9.7 mm was placed into the holder prior to measurements.

The limiting oxygen index (LOI) was measured following the testing
procedure described in ASTM D2863-17a standard using a HC-2 LOI
tester (JiangNing Instruments, China). The size of the specimens was
100 mm in length, 6.5 mm in width and 3 mm in thickness.

The UL-94 vertical burning test was measured according to the
testing procedure described in ASTM D3801-19 standard using a hori-
zontal/vertical flame chamber (JiangNing Instruments, China). The size
of the specimens was 100 mm in length, 13.0 mm in width and 3 mm in
thickness.

Fire behavior was tested by means of cone calorimeter (Fire Testing
Technology, UK) according to ISO 5660-1 standard. The rectangular
specimens with the size of 100 mm x 100 mm x 3 mm were wrapped by

Composites Part B 192 (2020) 107990

aluminum foil and exposed to an external heat flux of 50 kW/m?2. The
cone calorimeter measurements for each sample were repeated for three
times and the average results were reported.

For the fire-resistant test, the rectangular specimens with the size of
100 mm x 100 mm x 10 mm were directly exposed to a propane/butane
blow torch flame. During the fire-resistant test, one thermocouple
labelled T1 was used to measure the temperature on the front side of the
specimen, while another three thermocouples labelled T2-T4 were used
to monitor the temperature on the back side. The infrared thermography
(A655sc, FLIR Company, USA) was also utilized to capture the ther-
mographic images of the back side.

3. Results and discussion

The multifunctional epoxy composites are fabricated by a two-step
procedure, as shown in Fig. 1. The three-dimensional porous carbon
foam is firstly prepared through pyrolysis of lignin-resorcinol-glyoxal
pre-polymer at high temperature using flexible polyurethane foam as
the template, followed by infiltration of liquid flame retardant epoxy
mixture into it. From the SEM micrographs, it can be clearly seen that
the original flexible polyurethane foam shows porous structure with
open cells. After pyrolysis, the porous structure with open cells is well
preserved for the carbon foam. For the composite material, the open
cells of the carbon foams are fully filled with the epoxy resins, demon-
strating this strategy by impregnating epoxy pre-polymer into a highly
porous three-dimensional microstructure is feasible.

The influence of the pyrolyzed temperature on the morphology of the
carbon foam was investigated using SEM, as illustrated in Fig. S1. It can
be seen that the original flexible polyurethane foam shows a porous
structure with open cells, and the cell wall is relatively smooth under
high magnification (Fig. S1a). After pyrolysis under different tempera-
tures, a honeycomb-like structure with open cells is well preserved for
the carbon foam (Figs. S1b-S1d) which facilitates the infiltration of
epoxy in the following step. Under high-magnification SEM images, the
cell walls become thinner and rougher as compared to those of the
original flexible polyurethane foam owing to the removal of the tem-
plate. The reactant concentration on the morphological features of the
carbon foams was also studied by SEM, as shown in Fig. S2. It can be
found that the higher reactant concentration results in similar porous
structure but much rougher cell walls.

Raman spectrometer is a powerful tool to study the graphitization
degree of carbonaceous materials. The influence of the reactant con-
centration and the pyrolyzed temperature on the graphitization degree
of the carbon foam was investigated by Raman spectrometer. Fig. 2 gives
the Raman spectra of the carbon foams. It can be found that the Raman
spectra of all the samples show two predominant bands at 1360 and
1598 cm™!, which is called D-band and G-band, respectively. The D-
band is associated with the amorphous domains consisted of disordered
carbon atoms, while the G-band is assigned to the crystalline regions
with graphitized carbon atoms [37,38]. The area ratio of the G-band and
D-band (Ig/Ip) is usually utilized to assess the graphitization degree of
carbonaceous materials [20]. The Ig/Ip value of the samples follows the
order of CF-1-600 (0.34) < CF-1-750 (0.36) < CF-1-900 (0.41), indi-
cating that the crystalline carbon structure is favorable to be formed at
higher pyrolyzed temperature. Additionally, the increased reactant
concentration slightly improves the Ig/Ip value of the carbon foams.

In order to evaluate the thermal stability and thermal degradation
behaviors, TGA and differential TGA (DTG) thermograms of the carbon
foams under air are shown in Fig. S3. The original FPUF shows a two-
stage thermal degradation process: the first stage is related to the
decomposition of urethane groups, while the second one is associated
with the decomposition of the polyether into volatile fragments [39,40].
After pyrolysis, the thermal stability of the carbon foams is improved
significantly owing to the formation of thermally stable
lignin-phenol-formaldehyde resins. Furthermore, the thermal stability
of the carbon foams is improved with the increment of the pyrolyzed
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Fig. 1. Schematic Illustration of preparation of the flame retardant epoxy/carbon foam composite (Top row) and SEM micrographs of the corresponding structures
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Fig. 2. Raman spectra of the carbon foams.

temperature because of the enhanced graphitization degree. In addition,
the reactant concentration also affects the thermal stability of the carbon
foams. The thermal stability increases as the reactant concentration
rises.

Electrical conductivity plays the most important role in the reflection
and absorption shielding [41]. To evaluate the influence of the pyro-
lyzed temperature on the electrical conductivity of carbon foams, Fig. S4
presents the electrical conductivity of the samples. It can be observed
that the electrical conductivity values of carbon foams significantly
enhanced with the increase of the pyrolyzed temperature. Most notice-
ably, the CF-1-900 presents the highest electrical conductivity of 383.0
S/m. In addition, the effect of the reactant concentration on the

electrical conductivity of the carbon foams is also investigated. The
electrical conductivity value increases from 191.3 S/m for CF-0.5-900 to
383.0 S/m for CF-1-900, and no further increase in the electrical con-
ductivity (366.2 S/m) for the CF-2-900 is observed. These results indi-
cate that the increase in the pyrolyzed temperature and the reactant
concentration result in a noticeably improved electrical conductivity
value for carbon foams. This is generally ascribed to that the more
densely conductive network is formed when the pyrolyzed temperature
and the reactant concentration increase. So, the CF-1-900 is the optimal
formulation to form a densely conductive network with the best
conductivity.

SEM is employed to assess the microstructures of the epoxy and its
carbon foam composites. The original epoxy thermoset shows a mirror-
like fractured surface, indicating a brittle nature of the epoxy matrix
(Fig. 3a and b). For the EP-CF (Fig. 3c and d) and the FREP-CF (Fig. 3e
and f) composites, the open cells of the carbon foams are filled with the
epoxy resins, demonstrating this strategy by impregnating epoxy pre-
polymer into a highly porous three-dimensional microstructure is
feasible. Furthermore, the continuous three-dimensional microstructure
is well preserved during infiltration of the epoxy pre-polymer into the
carbon foam. Consequently, the physically-interconnected microstruc-
ture facilitates the electron transport to form an electrically conducting
network.

The electrical conductivity of the FREP-CF composite is determined
to be 216.0 S/m by a four-probe method. The superior electrical con-
ductivity of the FREP-CF composite is also proved by the electrical test
(Fig. 4a). It can be seen that the LED lamp lights when switching on the
FREP-CF-connected circuit. Fig. 4b shows the EMI shielding effective-
ness including the total shielding effectiveness (SEt), the absorption
shielding effectiveness (SEa) and the reflection shielding effectiveness
(SER) of the pristine EP and the FREP-CF composite. It can be observed
that the pristine EP is almost transparent to electromagnetic interference
and shows nearly no shielding ability to electromagnetic waves in the
frequency of 8.2-12.4 GHz. Strikingly, for the FREP-CF composite sys-
tem, the SEt is dramatically increased to approximately 33.5 dB, which
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Fig. 4. (a) Images illustrating that the FREP-CF connected circuit, and (b) EMI shielding performance of the pristine EP and the FREP-CF composite.

is far more than the commercial standard (20 dB) for electromagnetic
interference shielding materials. Under these circumstances, above
99.9% of the electromagnetic waves can be blocked. In addition, the
average SE, value of the FREP-CF composite is 29.4 dB which is much
higher than its average SEr value of 4.1 dB, implying that the absorption
shielding is the prominent shielding mechanism of FREP-CF composites
which is in good consistent with the results discussed above. The dif-
ference between absorption shielding effectiveness and reflection
shielding effectiveness with increasing the pyrolyzed temperature and
the reactant concentration is attributed to the interfacial polarization of

the FREP-CF composite. The reflection shielding is usually the original
mechanism of the electromagnetic radiation incident, owing to the free
electrons on the surface of the shielding material interacted with the
electromagnetic radiation [28]. The secondary mechanism of the EMI
shielding is generally the absorption shielding, which is the interaction
between the electromagnetic fields in the radiation and the electric di-
poles inside the shielding network [24,43].

A comparison of the EMI shielding performance of the FREP-CF
composite in this work with its counterparts in previous studies is
shown in Table 1. Compared to the conventional strategy through
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incorporating randomly dispersed graphene, carbon fiber and carbon
nanotubes in previous studies [23,24,44-51], the carbon foam with well
preformed three-dimensional network and more densely conductive
pathway is relatively more efficient in enhancing the EMI shielding
performance of epoxy composites. By contrast, the FREP-CF composite
containing comparatively low loading (6 wt%) of carbon foam in this
work exhibits relatively higher electrical conductivity (216 S/m) and
superior EMI shielding performance (33 dB) in X band, suggesting that it
is one of the most promising high-performance EMI shielding materials.

The flame-retardant property of the samples was assessed by the LOI
and UL-94 results, as summarized in Table 2. The control sample EP has
a relatively low LOI value of 22.0%, implying a highly inflammable
material, which is also proved by no rating and dripping in the UL-94
vertical burning test. The addition of 10 wt% of N-phosphorylated
iminophosphorane into EP increases the LOI value to 29.0% as well as a
V-0 rating in the UL-94 vertical burning test. For the EP-CF composite,
the LOI value is 23.0% and no rating and dripping is observed in the UL-
94 vertical burning test, indicating the presence of the carbon foam
cannot inhibit flame spread. By comparison, the LOI value of the FREP-
CF composite increases to 29.5% accompanying with a UL-94 V-0 rating,
demonstrating excellent flame-retardant property. The improved flame
retardancy of the FREP and FREP-CF composites is related to that the
thermal degradation of the N-phosphorylated iminophosphorane gen-
erates, on the surface, a protective layer which inhibit the flame spread
effectively.

The combustion behaviors were also investigated by the cone calo-
rimeter, which could well reflect fire hazards of polymers in bench scale
measurement [52-54]. The fire-related characteristics obtained from
cone calorimeter including the time to ignition (tig), the peak heat
release rate (PHRR), the total heat release (THR), the residue yield and
the time to PHRR (tpygrg) is summarized in Table 2. Fig. 5 illustrates the
heat release rate (HRR) as a function of the time curves. After ignition,
the original EP burns fiercely with an intense HRR peak of 1199 kW/m?2.
The addition of 10 wt% of N-phosphorylated iminophosphorane de-
creases the PHRR to 366 kW/m?, corresponding to a 69% reduction.
Furthermore, the HRR curve of the FREP becomes broaden with a
“platform” stage. Generally, the phosphorus-containing flame retardants
cause the earlier degradation of polymers to trigger the char formation
that serves as a physical barrier to suppress the heat release. The for-
mation of this char layer accounts for the appearance of the “platform”
stage in the HRR curve. With increasing the exposure time to heat
irradiation, the char layer however collapses owing to the thermal
oxidative degradation, resulting in a subsequent higher HRR peak. The
EP-CF and FREP-CF also exhibit a broaden HRR curves that is similar to
the FREP, since the carbon foam is an inter-connected network consisted

Table 1
Comparison of EMI shielding performance of FREP-CF composite in this work
with epoxy composites in previous reports.

Epoxy Content Conductivity EMI Frequency Ref.
composites (S/m) SE (GHz)
(dB)
EP/MWCNT- 15 wt% 28 35 8.2-12.4 [24]
Fe;0,@Ag
EP/F- 4 vol% - 17 8.2-12.4 [44]
MWCNTs/
MnZn ferrite
EP/SWCNTs 15 wt% 20 25 10 [23]
EP/graphene 15 wt% 10 21 8.2-12.4 [45]
EP/CB 30 - 44 1-10 [46]
EP/TGO/SCI 33 wt% - 32 8.2-12.4 [47]
EP/GNPs/rGO 20.5 wt 179 51 8.2-12.4 [48]
%
EP/GCF/MG3 9 wt% 11 37 8.2-12.4 [49]
EP/F-MWCNT 5 wt% 0.03 20.5 8.2-12.4 [50]
EP/SWCNT 0.6wt% 5x107* 12.8 8.2-12.4 [51]
FREP-CF 6 wt% 216 33 8.2-12.4 This
work
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Table 2
LOI values, UL-94 vertical burning behaviors and cone calorimeter data of the
control EP, the FREP, the EP-CF and the FREP-CF samples under 50 kW/m.2.

Samples EP FREP EP-CF FREP-CF
LOI (%) =+ 0.5 22.0 29.0 23.0 29.5
UL-94 No Rating V-0 No Rating V-0
tig () £ 1 37 29 23 21
PHRR (kW/m?) + 5% 1199 366 588 436
THR (MJ/m?) + 3% 85.8 66.3 83.2 54.3
Residue (%) + 5% 7.0 26.4 9.2 31.3
tprre (5) £ 1 89 159 117 113
FIGRA (kW/m?s) 13.5 2.3 5.0 3.8
1200
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—e— FREP
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Fig. 5. The heat release rate (HRR) as a function of time curves of the samples.

of lots of char layers that could inhibit the heat release rate during
combustion. The PHRR is declined by approximately 51% and 64% in
EP-CF and FREP-CF, respectively.

The THR as a function of the time curves are plotted in Fig. 6.
Considering that the THR is associated with the total amount of fuel
released and the combustion efficiency of the fire, a decrease in the THR
is expected for flame retardant materials. Specifically, this parameter is

80
T e T e e
2
pz 40+
é —=— EP
—e— FREP
e EP-CF |
—v— FREP-CF
O . T i | T T
0 100 200 300 400 500

Time (s)

Fig. 6. The total heat release (THR) as a function of time curves of the samples.
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reduced by 23% in FREP, indicating less amount of fuel evolved into
flame zone. The high char yield (26.4%) of the FREP after flameout also
provides evidence that a smaller number of solid polymers pyrolyzes
into flammable volatiles (fuel). The phenomenon that no significant
difference between the THR values of EP and EP-CF suggests the carbon
foam does not significantly affect the total amount of fuel released, as
also evidenced by the similar char yield between them (Table 2). By
comparison, the THR value is reduced by 37% in FREP-CF owing to the
much higher char yield (31.3%).

The mass loss as a function of the time curves are plotted in Fig. 7. It
can be observed that the original EP has the faster mass loss rate
compared to the other samples, because it has poor resistance to thermal
oxidative degradation (Fig. S5a). The original EP shows a relatively low
char residue (7.0%) after cone calorimeter test. For the EP-CF, the
presence of carbon foam in the composite could resist to thermal
oxidative degradation at the beginning of combustion, but the char loses
its protective ability at higher temperature owing to the oxidation
(Fig. S5b). The FREP exhibits a much slower mass loss rate, since the N-
phosphorylated iminophosphorane could improve the thermal oxidative
resistance of the char formed (Fig. S5¢), leaving a high char yield
(26.4%) after combustion. The combination of N-phosphorylated imi-
nophosphorane and carbon foam further improves the char yield
(31.3%) owing to formation of a continual and compact char layer with
good thermal stability (Fig. S5d).

Another derivative parameter called the fire growth rate index
(FIGRA) is calculated from the ratio of PHRR/tpygg to assess the fire risk
of materials [55-58]. As observed in Table 2, the original EP has a
FIGRA value of 13.5 kW/(m?s), implying a fast flame spread risk. The
FIGRA values of the FREP, the EP-CF and the FREP-CF are reduced to
2.3, 5.0, 3.8 kW/(m?s), respectively, indicating a suppressed fire risk.

The time-dependent fire-resistant test of the EP-CF and the FREP-CF
composites was performed by monitoring the temperature when the
sample was directly exposed to a flame of a propane/butane blow torch
(Fig. 8a). The temperature of the flame generated by the blow torch is
approximately 1000 °C, which is measured by the thermocouple (T1) on
the front side of the sample (Fig. 8b and c). Subjecting the EP-CF sample
to the flame causes a slow increase of the back-side temperature up to
200 °C after 4 min followed by an abrupt increase to more than 500 °C
because the EP-CF is burnt out (Fig. 8b). By contrast, the exposure of the
FREP-CF to the flame gives rise to a slow increase of the back-side
temperature, but the back-side temperature does not exceed 200 °C
even after 10 min (Fig. 8c). The back-side temperature of the EP-CF and
the FREP-CF samples were also monitored by the Infrared thermography

L e e T o S SO
—=— EP
—e— FREP
80 EP-CF
—v— FREP-CF
S 604
=
150
§ 40 4
PO <8 T . WG R R W O S
0 T l e I 8 T g T e T
0 100 200 300 400 500
Time (s)

Fig. 7. The weight loss as a function of time curves of the samples.
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(Fig. 8d), which shows the similar results to the thermocouples (T2-T4).
After fire resistant test, some part of the EP-CF is consumed by the flame
causing a hole on the residue, while the FREP-CF still maintains its
structural integrity after being exposed to the flame for 10 min (Fig. 8e).
It can be seen more clearly from the side view of the residues that a
slightly intumescent char layer is formed and covered on the sample
which could shield the underlying sample from attack by the flame. The
addition of N-phosphorylated iminophosphorane promotes the carbon-
ization that is responsible for the enhanced ablation resistance.

Fig. 9 gives TGA and differential TGA (DTG) profiles of the samples
under nitrogen and air atmosphere. Under nitrogen atmosphere, the
samples show a major mass loss stage ranging from 300 to 500 °C
(Fig. 9a), corresponding to the decomposition of cross-linked epoxy
networks to volatile fragments. In the EP-CF, it can be seen that the
presence of the carbon foam has slight influence on the initial thermal
degradation temperature. While for the FREP and the FREP-CF, a more
significantly reduced initial degradation temperature is observed. The
addition of N-phosphorylated iminophosphorane results in the shift of
initial degradation to lower temperature, because of the earlier degra-
dation of the phosphorus-containing flame retardant which is essential
to trigger the char formation. At the end of the decomposition stage, the
char yield of the samples follows the sequence of EP (7.7%) < EP-CF
(11.9%) < FREP (22.8%) < FREP-CF (29.4%). It can be found that the
incorporation of the N-phosphorylated iminophosphorane leads to much
higher char yield owing to the formation of P- and N-complexed char
with better thermal stability. Under air atmosphere, the samples show a
major mass loss stage ranging from 300 to 430 °C (Fig. 9b), because the
presence of oxygen accelerates the degradation of the cross-linked epoxy
networks. There is further another stage occurring from 530 to 700 °C in
air due to the oxidative processes of the char residues. The original EP
has almost no residue (0.7%) at 750 °C. The EP-CF also shows very low
char yield (1.7%), implying the poor thermal oxidative resistance of the
carbon foam. Similar to nitrogen atmosphere, the FREP and the FREP-CF
exhibit a relatively high char yield of 17.5% and 16.9%, respectively,
demonstrating good charring ability of N-phosphorylated iminophos-
phorane as well as good thermal stability of the char formed. From the
DTG curves, it can be further observed that the maximum mass loss rate
of the FREP-CF is much lower than that of the original EP, which could
be attributable to the higher char yield that serves as a barrier to slow
down the evolved volatiles. This phenomenon agrees well with the cone
calorimeter results.

The flame-retardant property is related closely with the quality of
char residues during combustion. The Raman spectra of the char resi-
dues of the samples are given in Fig. S6. The Ig/Ip value of the samples
follows the sequence of EP (0.28) ~ EP-CF (0.29) < FREP (0.42) ~ FREP-
CF (0.41). It can be found that the addition of N-phosphorylated imi-
nophosphorane is crucial to improve the graphitization degree of the
chars, whereas the presence of carbon foam affects the graphitization
slightly. The higher Ig/Ip value (the higher graphitization degree) means
the better thermal oxidative resistance of the chars which accounts for
higher char yield of FREP and FREP-CF in the TGA and the cone calo-
rimeter measurements.

The morphological information of the char residues after cone
calorimeter tests were observed SEM, as depicted in Fig. 10. The original
EP displays little char yield with a lot of holes on the surface of the outer
char (Fig. 10a-0) as well as many cracks in the inner char (Fig. 10a-i).
The oxygen can permeate into the underlying matrix and the decom-
position volatile products can escape from the decomposition zone to the
flame through these holes and cracks, which is not helpful for flame
inhibition. By contrast, the outer char residue of the FREP shows a
continual and compact structure (Fig. 10b-0), while the inner char res-
idue presents a honeycomb-like structure that implies the gasification of
the inner polymers during combustion (Fig. 10b-i). This structured char
means the decomposition volatile products inside are restrained by the
outer char effectively, as evidenced by the closed bubbles formed on the
surface of the outer char (as indicated by the red circles) (Fig. 10b-o0).
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Fig. 8. (a) Diagrammatical illustration of the fire-resistant test. The time-dependent temperature profiles of the four reference points of (b) EP-CF and (c) FREP-CF
(T1: the front side and T2-T4: the back side). (d) Thermographic images of the EP-CF and FREP-CF after being exposing to the flame at different times. (e) Digital
photographs of the char residues of EP-CF and FREP-CF from top and side views.
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Fig. 9. TGA and DTG profiles of the samples: EP, FREP, EP-CF and FREP-CF under (a) nitrogen and (b) air atmosphere.

For the EP-CF, the outer char residue exhibits a continual char layer with
numerous small holes that could retard the heat release to some extent
(Fig. 10c-0), while the inner char layer shows a cellular structure with
many cracks in the cell walls (Fig. 10c-i). Regarding the FREP-CF, a
continual and compact surface is observed for the outer char (Fig. 10d-
0), and a cellular structure with integrated cell walls is retained
(Fig. 10d-i) that means better thermal resistance. Such a structured char
is beneficial to suppressing the mass and heat transfer between
decomposition zone and flame zone which accounts for the reduced heat

release rate [59-61].
4. Conclusion

Highly flame retardant and effective EMI shielding epoxy composites
were fabricated by impregnating pre-mixed liquid flame retardant and
epoxy pre-polymer into a lignin-derived three-dimensional continuous
carbon foam. SEM images showed that the voids of the carbon foams
were filled with the flame-retardant epoxy resins without destroying
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Fig. 10. SEM images of the char residues of (a) EP; (b) FREP; (c) EP-CF and (d) FREP-CF. Note: o: Outer part of the char; i: Inner part of the char.

their three-dimensional continuous microstructure. A relatively high
electrical conductivity of 216 S/m and a remarkable EMI shielding
effectiveness of approximately 33.5 dB were detected for the FREP-CF
composite, which were much higher than the original epoxy matrix.
Additionally, a LOI value of 29.5% as well as UL-94 V-0 rating is
observed for the FREP-CF composite, whereas those are 23.0% and no
rating for the EP-CF composite. The PHRR and the THR of the FREP-CF
composite dropped by 64% and 37% measured by the cone calorimeter,
respectively, compared to those of the original epoxy resin. Addition-
ally, the FREP-CF composite can resist a high temperature flame (1000
°C) for 10 min with the temperature on the back side lower than 200 °C,
which is superior over the EP-CF composite. The outstanding EMI
shielding effectiveness is assigned to the formation of the three-
dimensional interconnected networks for electron transport, while the
significant flame retardancy enhancement is attributable to the forma-
tion of char layer that protect the underlying polymer from flame attack.

This multifunctional epoxy composite combines low flammability, high
ablation resistance, superior electrical conductivity and outstanding
EMI shielding performances which enables it a promising candidate for
electronics, aerospace and transportation applications.
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