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Biobased polymers are gaining increasing popularity particularly within key industries such as construction and
building materials. However, glass fiber-reinforced polymer composites (GFRCs) based on biobased epoxy
thermoset are inherently vulnerable against fire, producing huge fire hazards and eventually loss of structural
integrity. In this work, a cobalt-based nanohybrid filler (CNH) was designed and synthesized to act as a high-
performance synergist for biobased epoxy resin when combined with phosphorous flame retardants (FRs). An
optimized formulation was found, resulting in a flame-retarded epoxy resin with a limiting oxygen index (LOI)
value of 39.7 % and a V 0 rating in the vertical burning test. The GFRCs were then fabricated with optimized
formulation. Interestingly, results showed that the percentage of peak heat release (PHRR) rate reduction was
retarded from 74 % for the mixed resin to 36 % for GFRCs, potentially due to the interference of glass fiber. The
optimized laminate with CNH showed improved mechanical properties at ambient temperature. Additionally,
delayed time-to-failure values were found when sample coupons with CNH were subjected to a constant axial
force loading while being ignited and burning, indicating higher resistance against fire for mechanical integrity.

1. Introduction

To effectively address climate change and the global issue of polymer
pollution, it’s imperative to implement a shift from relying on fossil-
based materials and energy to promoting the bio-based materials
economy, particularly within key industries such as construction and
building sectors. [1,2] By extracting compounds from biomass feed-
stocks and converting them into bio-based polymers [3], vigorous efforts
are being conducted to explore their full potential to replace
petroleum-derived polymers such as in engineering materials applica-
tion of glass fiber-reinforced polymer composites (GFRCs). [4] As one of
the popular choices for polymer matrices, various types of biobased
epoxy thermosets have been proposed and investigated for a promising
candidate with such as ideal thermomechanical properties. [5] Various
resources such as bio-based monomeric phenols from lignin and
epichlorohydrin derived from glycerol (co-product of biofuel product)
have been proposed to chemical substitutes for high-performance epoxy

resin, aiming to reduce the carbon footprint and improve the sustain-
ability of GFRCs.[6-10]

Nevertheless, the inherent vulnerability to fire remains a bottleneck
for biobased epoxy resin composites, limiting their applications in high-
performance GFRCs. [9,11] In order to reduce their flammability,
flame-retardant moieties must be introduced by incorporating them into
the polymer composites. [12,13] Among various types of flame re-
tardants (FRs), phosphorus-based FRs have gained popularity as candi-
dates for flame-retarded epoxy resins [14-17] to replace the traditional
halogenated FRs which posed significant risk to human lives and the
environment. [18] Ammonium polyphosphate (APP), as an inorganic
salt consisting of polyphosphoric acid and ammonia, has been a prom-
ising candidate as an acid source and fuel dilution agent in flame
retarded polymers with easy of processability, low cost and toxicity. By
controlling polymer chain length and branching, APP has been used as a
popular candidate for tailoring the fire safety of a wide variety of ther-
moplastic and thermoset either by coating or physically blending
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comparing with other P-containing flame retardants. [18,19] However,
APP generally needs to be improved either by surface modifications [20]
and/or by blending with other synergists to enhance its matrix
compatibility, water solubility and most importantly efficacy.

Metal organic framework (MOF) and their derived nanohybrids have
been proposed to enhance fire retardancy and smoke suppression
through catalytic oxidation and char formations. [21,22] The versatile
compositions and abundant structures of MOF-derivatives offer great
design flexibility for flame-retarded epoxy resin. Zhang et al. [23] pre-
pared a zirconium-based MOF with molybdenum disulfide into a
nanohybrid filler (Ui0O66-MoS,) and explored its flame retardancy in
epoxy resin. With 2 wt% of this nanohybrid, the limiting oxygen index
(LOI) of the modified resin was increased by 16 %, and the vertical
burning test (UL 94) improved to a V1 rating. The cone calorimeter
results (CCT) demonstrated a 46 % peak heat release rate (PHRR) value
for 2 wt% loaded resin. Hou et al. [24] designed a multielement FRs
system by coupling cobalt-based MOF, polyhedral oligomeric silses-
quioxane (POSS) and diphenylphosphine into a hybrid filler named
MPOFs-P. The results showed that with 2 wt% of MPOFs-P, the modified
resin could reach a VO rating in the UL 94 test, with an increase in LOI
value by around 22 %. CCT results showed an increase of char value by
400 % and a decrease of PHRR value by 50 %. The cobalt-based MOF
and its derived nanohybrids have shown promising performance in
recent years especially in aromatic ring rich epoxy resin system [25,26].
However, for GFRCs, especially continuous fiber reinforced polymer
composite, the mechanical integrity is of the same importance as the
flame retardancy as suggested by our previous work [27]. Few previous
efforts have demonstrated the incorporation of MOF-based derivates in
epoxy resin-based polymer composites and evaluated their influence on
fire retardants’ efficacy and mechanical properties to the best of our
knowledge.

Aluminum trihydrate (ATH) as a widely used synthetic mineral FRs
has shown potential to as host material for synthesis multi-metal based
nanohybrid for flame retardants coating or additive applications. [28,
29] Hence, in this work, we designed and synthesized a novel
cobalt-based nanohybrid (CNH) by using a facile approach to in-situ
grow cobalt-based MOF particles on the slab of micro-sized ATH. After
verifying the successful synthesis of CNH, this new filler was used as a
novel, high-performance synergist with aluminum polyphosphate (APP)
based FRs for filled biobased epoxy resin and GFRCs. The efficacy of FRs
was screened in epoxy resin to select the optimized formulation for
fabricating glass fiber reinforced epoxy composite (GFRP). The
flame-retardant mechanisms were investigated and proposed to explain
the different behaviors between unreinforced resins composite and
GFRGCs. Finally, FRs’ influence on composites’ mechanical properties in
both ambient temperature or under simultaneously burning scenario to
explore the influence of nanohybrid on the mechanical properties.

2. Materials and methods

Aluminum trihydrate (SB-432) was provided by J.M. Huber Corpo-
ration. Cobalt (II) acetate tetrahydrate was purchased from Alfa Aesar.
2-Methylimidazole (2-MIM) was purchased from TCI. Flame retardant
(Exolit AP 750) with APP as the main component was kindly provided by
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Clariant. Type II water was produced by a water purification machine
(Wasserlab Automatic plus). Biobased Epoxy resin (Resoltech 1800
ECO) and cycloaliphatic & aliphatic amine curing agent (Hardener 1804
ECO) were purchased from Resoltech, France. The glass fiber based
woven fabric (UTE 275 P, plain weave, 275 g/m?) was purchased from
Castro Composites SL.

2.1. Synthesis of synergist CNH

As shown in Scheme 1, a fully dissolved 2-MIM/water with a con-
centration of 0.224 g/ml solution was prepared by magnetic stirring.
After that, ATH was dispersed into a 2-MIM/ DI water solution under an
ultrasonic probe (500 W) with an ice bath to form a suspension with
ATH concentration being 0.16 g/ml. Meanwhile, Cobalt salt was fully
dissolved in DI water with a concentration of 0.12 g/ml by magnetic
stirring. Then, the Cobalt salt/water solution was poured into ATH/2-
MIM/water suspension under continuous ultrasonic probe dispersing
for 10 mins. After that, the suspension was centrifuged several times
under 3000 RPM for 5 min to discard the supernatant, washed with
methanol, and finally put in a vacuum oven at 70°C overnight. The
resulting solid purple product was crushed into a fine powder before use
with an actual yield of 37.2 %.

2.2. Preparation of biobased epoxy resin with APP and CNH

Different weight ratios of APP and CNH were added into the epoxy
under 1300RPM for 10 minutes using an overhead stirrer with high-
shear disperser blades. After that, a stoichiometric amount of amine
hardener was added and mixed for at least 3 minutes. The resulting
viscous liquid mixture was degassed in a vacuum chamber at below100
mbar for 10 minutes before being transferred and poured into a silicon
resin-based flexible non-stick mold and heat cured according to the
temperature program recommended by the supplier in a convection
oven (50°C for 3 hours, then 100°C for 3 hours). Six FRs filled with
epoxy resin were prepared: Pure EP, 20APP/EP,14APP-6CNH/
EP,10APP/EP, 7APP-3CNH/EP, 5APP-5CNH/EP according to the de-
tails shown in Table 1.

2.3. Preparation of GFRP with APP and CNH

GFRP laminates were prepared using hand layup methods. The glass
fiber-based fabric was applied and impregnated using the aforemen-
tioned liquid mixture using hand rollers. Ten layers of glass fiber woven
fabric were stacked [0/90]ss. The stacked impregnated fabrics were
then transferred to a hot press machine to cure at around 1.3 bar
following a temperature program of 50°C for three hours and 100°C for
three hours to obtain a quasi-isotropic laminate. The laminate was
inspected for minimal defects by a nondestructive ultrasonic scan
(Figure S1). The resulting laminate has a thickness of around 2.3 mm
and a fiber weight ratio of around 63 %. Finally, the laminates were
machined to get the desired dimension testing. Three laminates were
prepared: Pristine GFRP, 20APP/GFRP and 14APP-6CNH/GFRP.

—

Wet lay-up
—e—— e
Biobased Flame-retarded glass fiber-
+APP epoxy resin reinforced biobased epoxy

composite

Scheme 1. Facile synthesize CNH and its use in fabrication of GFRP.
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Table 1
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Formulations of epoxy resin with different ratios of FRs and their LOI value and UL 94 rating (3.2 mm).

Sample APP (wt%) CNH (wt%) Epoxy (wt%) Hardener(wt%) LOI (%) UL 94 (3.2 mm)
Pure EP 0 0 79.4 20.6 21.7 NR
20APP/EP 20 0 63.5 16.5 24.2 NR
14APP-6CNH/EP 14 6 63.5 16.5 39.7 Vo
10APP/EP 10 0 71.5 18.5 22.9 NR
7APP-3CNHEP 7 3 71.5 18.5 28.9 V2
5APP-5CNH/EP 5 5 71.5 18.5 25.1 NR

2.4. Characterizations and measurements

Scanning electron microscopy (SEM) and EDS were carried out on a
scanning electron microscope (Apero 2, Thermo Fisher). X-ray diffrac-
tion (XRD) patterns of the CNH fillers were obtained in reflection mode
using a Philip X'Pert PRO diffractometer with Cu Ko (A=0.1542 nm) and
Ni filter. The thermogravimetric analysis (TGA) curves under air and
nitrogen atmosphere were measured with an instrument from TA In-
struments (Q50) at a temperature ramp speed of 20°C/min. TG-IR test
was carried out on a infrared spectrometers (Nicolet IS 50, Thermo-
Fisher) with TGA coupled to screen the volatile products produced
during the thermal decomposition of resin mixture in a nitrogen atmo-
sphere at a heating rate of 20 K/min. Optical microscopy was carried out
by using optical microscopes (SZX 10 and BX 51, Olympus).

LOI test and UL 94 test for resin samples were measured by following
standard of D2863-19 and UL 94. The forced flaming test was carried
out on a dual cone calorimeter (Fire Testing Technology, UK) with the
sample dimension of 100 mm x 100 mm x 2.3 mm in the horizontal
direction and positioned 25 mm away from a heat flux of 50 kW/m? to
the ISO 5660-1:2015 standard.

Following the ASTM D3039/D3039M-08 standard, the tensile
behaviour of the composite at ambient temperature was measured using
a universal testing frame (3300 series, Instron) equipped with a 130 kN
load cell. Deformation was measured by a 12.5 mm gauge length stan-
dard resistive extensometer. Rectangular coupons of 250x25 mm? tab-
bed with glass/epoxy laminates glued by epoxy adhesive during testing
were used. Two batches of specimens were prepared for the tests:
20APP/GFRP and 14APP-6CNH/GFRP. After failure, the areas close to
the failure surface of the composite coupons were cut and cold-mounted
in epoxy resin to prepare for examining failure mechanisms. The sam-
ples were subsequently grounded, polished, and gold-sputtered for SEM
inspections.

A bench scale accessory for testing the sample coupon under constant
axial load and fire conditions was specially designed and mounted on
the cone calorimeter. The labscale machine was constructed via a four-
pillar load and a load transfer system incorporating a pneumatic actu-
ator and an in-line load cell. The constant load was generated by
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compressed air through the pneumatic actuator with the adjustment
from the pressure regulator. Sample coupons were clamped with wedge
grips. The area outside the grip location was covered with a fire-resistant
blanket to prevent material thermal softening and coupon slippering
during the tests. The results of the individual tests comprise the load
level (a given ratio to the maximum strength of the composite) and the
time for the coupons to sustain the fire conditions imposed in the cone
calorimeter.

3. Results and discussions
3.1. Chemical composition and structure of CNH

The XRD test was employed to screen the crystal structure of CNH. As
shown in Fig. 1(a), the cobalt-based MOF showed similar peaks to our
previous works. The ATH filler displayed a distinctive high-intensity
peak around 20°. After the in-situ growth of cobalt-based MOF on the
slab of ATH fillers, the peaks around 7.4°, 10.4°, 12.7° and 18° were
present in both cobalt-based MOF and newly synthesized CNH. In
addition, the strong intensity of the peak at 18° peak in the CNH sample
indicates that ATH is the primary component in the hybrid fillers.

The morphology and composition of CNH were screened by SEM and
EDS. In Fig. 1(b) it reveals the morphology of newly formed micronized
grain on the slab of ATH fillers which is distinct from the pristine ATH.
By comparing the EDS images of three different elements in Fig. 1(c), it
is evident that the grown grain on the ATH slab consists of Cobalt ele-
ments. In conclusion, the successful synthesis of the MOF and ATH
hybrid CNH can be verified from the test results mentioned above.

3.2. Flammability of FR-filled biobased epoxy resin

The flammability of FR-filled biobased epoxy resin is measured by
small fire tests such as the LOI and the UL 94 test. As mentioned in the
previous section, the low charring pure epoxy resin exhibited a low LOIL
value of 21.7 and an NR rating in the vertical burning test as shown in
Table 1. The introduction of APP solely into the epoxy resin only slightly
increased the LOI value to less than 25 % and showed no improvement

Fig. 1. XRD curves, SEM and EDS images of ATH and CNH.
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in the vertical burning performance even with a filler content of 20 wt%.
This indicates that APP exhibited poor efficiency in this kind of biobased
epoxy resin, which has low viscosity and low charring capabilities.

When the total amount of FR fillers was set as 10 wt%, the optimized
ratio between APP and CNH was explored. After replacing parts of APP
with CNH synergists, the LOI value increased by 33 % when the ratio of
APP to CNH was 7:3. However, when the ratio of CNH was further
increased, the LOI value decreased, indicating that insufficient APP will
retard the intumescent effects. Hence, an optimized ratio of 7:3 between
APP and CNH was found. Due to the V-0 rating not being reached with
10 wt% of total loading, a higher 20 wt% of total loading was tested, and
it was found that the LOI value increased by more than 80-39.7 % with a
V-0 rating for vertical burning tests. Hence, this formulation was
selected for the further preparation of glass fiber-reinforced biobased
epoxy composites.

3.3. Combustion behavior of flame retarded biobased epoxy resin

The influence of the filler ratio and content of APP and CNH on the
heat and smoke release behavior of biobased epoxy resin was evaluated
using a Cone calorimeter, as shown in Fig. 2 and Table 2. As can be seen
in Fig. 2, the addition of APP alone reduced the peak heat release rate
(PHRR) and total heat release (THR) by more than 40 % and 32 %,
respectively. In terms of smoke release, 10APP/EP showed minimal
change in the peak smoke release rate (PSRR) but decreased the total
smoke production (TSR) by 19.8 %. The introduction of APP didn’t
drastically change the shape of the HRR curve compared with Pure EP.
Both samples displayed a thermally thin type of heat release charac-
terized by a main sharp peak which can be attributed to the failed for-
mation of protective char during the combustion process. [30]

Nevertheless, the introduction of cobalt-containing CNH led to sig-
nificant changes in the heat release behavior, as observed in Fig. 2(a).
Both CNH-containing samples showed two distinct peaks during the heat
release profile and an even lower PHRR value compared to that of
20APP/EP. The maximum average rate of heat emission (MARHE) of
CNH-containing samples were lowered too. The formation of a two peak
heat release profile is usually derived from the formation of protective,
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Table 2
CCT results of Pure GFRP, 20APP/GFRP, 14APP-6CNH/GFRP, 10APP/EP, 7APP-
3CNH/EP, 5APP-5CNH/EP, Pure GFRP, 20APP/GFRP and 14APP-6CNH/GFRP.

Sample T, PHRR THR TSR MARHE Avg-EHC
) (kwW/ i/ (m?/ (kW/m?) (MJ/m?)
m?) m?) m?)

Pure EP 42 1266 100.2  24.2 491.4 25.0

20APP/EP 35 544 58.9 14.1 206.1 19.1

14APP- 37 297 63.8 13.7 163.9 21.3
6CNH/EP

10APP/EP 30 743 67.7 19.4 325.8 21.7

7APP- 32 456 66.6 15.0 257.2 19.3
3CNH/EP

5APP- 32 659 78.1 16.7 346.4 24.1
5CNH/EP

Pure GFRP 41 484 31.3 7.8 230 24.5

20APP/ 41 385 35.1 9.0 214 22.3
GFRP

14APP- 27 309 26.6 7.9 184 21.7
6CNH/
GFRP

compact char, during the first peak range. During the early stage of
combustion, the char formation hinders the heat and mass transfer and
prolongs the bulk thermal decomposition, resulting in a lower PHRR.
However, due to the thermal oxidation of char and continuous heat
conduction from the cone heater, eventually the char protection fails,
leading to a second heat release peak.

MOF especially nickel-based MOF have been suggested for
contribute to catalytic charring effect in the flame retarded polymeric
system by several reviews [21,22]. With this biobased epoxy resin
possessed every limited charring capability by itself, the decomposition
products of APP acted as an acid source as well as blowing source
showed limited intumescent effects due to the lack of carbonizing
source. After adding CNH as a synergist, CNH was suggested to
demonstrate a strong charring promoting effect, producing more char
formation for the intumescent swelling actions. With the release of gas
source NHj3 into the gas phase, the binary FRs flame retarded epoxy resin
system showed a highly intumescent effect as shown in Figure S1.

It is noteworthy that a lower ratio of APP in 5APP-5CNH/EP would
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bring higher PHRR, THR, and TSP values compared to that of 7APP-
3CNH/EP, as shown in Fig. 2(f). It suggests that a lower amount of
phosphorus acid source leads to an epoxy composite with lower charring
capabilities. Since APP primarily functioned as an acid source and gas
source in the intumescent system, having too low of an APP ratio with an
overloaded content of CNH synergists would lead to poor intumescent
effects, thereby compromising fire protective effects. Hence, an opti-
mized ratio of 7:3 between APP and CNH was determined when
formulating FRs for biobased epoxy resin.

3.4. Combustion behavior of flame retarded GFRP

The burning behavior of the prepared laminates were evaluated
under forced flaming conditions by CCT tests. As can be seen in Table 2
and Fig. 3, the Pure GFRP exhibited a much lower heat and smoke
release and a higher residue value compared to the pure biobased epoxy
resin, which can be attributed to the dilution effects of the noncom-
bustible glass fiber with a weight ratio of more than 60 wt%. [31] After
the introduction of APP fillers, the PHRR value was reduced by 20 %, a
much lower reduction compared to the 40 % reduction in PHRR when
only 10 wt% APP was added into the pure resin system.

Surprisingly, the THR and TSR values of 20APP/GFRP were higher
than those of Pure GFRP. After adding CNH synergists to the laminates,
the 14APP-6CNH/GFRP exhibited a smaller reduction in PHRR of 36 %
and in MARHE of 20 %. What’s more, the THR was lowered by 15 %,
and the TSR showed a similar value to that of Pure GFRP. The time-to-
ignition (Tjg) value was extended to 27 s while the DTGyax value of
14APP-6CNH/GFRP was similar to that of 20APP/GFRP as shown in
Fig. 3.

3.5. Thermal stability of FR-filled biobased epoxy resin

The thermal stability of CNH synergists and the FR-filled epoxy resin
was investigated by TGA in order to understand the fire behavior. As
shown in Table S1 and Fig. 4, the Pure EP exemplified a DTGpax1 at
around 340°C with a low residue value of around 3.7 %, indicating the
low charring capability of this biobased epoxy resin. After adding APP
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and CNH synergists, the residue value significantly increased compared
to that of Pure EP, primarily due to the charring promotion provided by
the phosphoric acid of APP. However, the DTG ,x value decreased in
both 20APP/EP and 14APP-6CNH/EP, which may be derived from the
low thermal stability and the catalytic promotion of thermal decompo-
sition of APP and CNH.

Based on the assumption that no synergistic chemical reactions
occurred between the FRs and the polymer matrix, the residue value of
the 20APP/EP and 14APP-6CNH/EP were calculated to be 14.2 % and
14.1 %, respectively. The catalytic function of cobalt can be demon-
strated by an increase of more than 50 % in the measured residue value
compared to the calculated values, suggesting the addition of APP and
CNH induced a synergistic reaction with the resin matrix.

3.6. Transfers of FRs behavior from resin to composite

The char residues after the Cone test for different samples are dis-
played in Fig. 5. Due to the very limited charring capabilities of pure
biobased epoxy resin, there was almost no char residue, and the resin
was consumed almost entirely during combustion. When 10 wt% APP
was introduced into epoxy resin, the resin system exhibited an inter-
mediate intumescent phenomenon with insufficient char integrity after
the CCT test in Figure S2 (c). However, after incorporating the CNH
synergist, the char expansion was significantly enhanced, as observed in
the cross-section digital images. When comparing the influence of
different ratios of APP to CNH on the combustion behaviour of resin, the
7APP-3CNH/EP exhibited a more porous inner structure compared to
that of SAPP-5CNH/EP as demonstrated in Figure S2 (a, b). The porous
structure of the char layer plays a positive role in limiting the mass
transfer of combustible volatiles and thermal feedback from the flaming
zone into the underlying virgin zone. [32] Hence, the optimized ratio
between APP and CNH can provide better fireproofing performance
during forced flaming combustion, as shown in Table 2.

When glass fiber reinforcement was introduced into the resin matrix,
significant changes were shown in combustion behavior and CCT re-
sults. Ideally, glass fiber, an incombustible substance, should hardly
influence the chemical aspects of the combustion process. While a
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(b)

Fig. 5. Cross-section digital images of 7APP-3CNH/EP (a) after cutting the char residue in half. Scheme illustration demonstrating the difference in charring behavior
transfer from resin to GFRCs. (b) Digital images of char after CCT tests of 14APP-6CNH/GFRP (c).

reduction of 74 % in PHRR was observed when glass fiber was not
introduced into the resin, the efficiency decreased to only 36 % reduc-
tion in PHRR for the laminates. In addition, a sharp contrast was
observed in the char macro morphology between the bulky resin and
polymer composites. The resin with FRs exhibited a distinct intumescent
phenomenon, while the laminates after cone tests showed limited
charring with very limited intumescent phenomenon.

The change in combustion behavior from Cone results in this study
was proposed to partly attribute to the incorporation of glass fiber
reinforcement as shown in the schematic illustration of Fig. 5(b). The
thermal expansion difference between the glass fiber and polymer ma-
trix tends to induce delamination, as seen by some research.[33,34]
Meanwhile, The dense, high weight ratio of glass fabric may create a

barrier effect which influenced the macro thermal decomposition pro-
cess, thereby limiting the reach of critical mass of flammable volatile
concentrations. The interplay of two abovementioned possible factors
contributed to the complex ignition time variation among the flame
retarded epoxy system with and without glass fiber with other param-
eters such as fire test set-up and etc. as suggested by former reports [35].

As can be seen in Fig. 5(b) and Figure S1, the intumescent phe-
nomenon is significantly retarded in the polymer composites of both
20APP/GFRP and 14APP-6CNH/GFRP. This can be attributed to two
factors associated with glass fabric. First, the large surface area of glass
fiber inhibits the formation of a compact insulation char layer. Second,
the rigid and dense fiber layer restricts the physical expansion of the
char layer induced by the release of nonflammable gas. The contribution
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of fiber reinforcement also weakens reduction of THR and TSP. These
two physiochemical factors retarded the intumescent behavior of the
FRs in the GFRCs, thereby demonstrating a transfer of FRs behavior from
the resin to the polymer composites as also suggested by former re-
searches [36-38].

In terms of composite laminates, the two flame retarded formulations
showed almost close residue mass value at the end of the Cone test in
Fig. 3(f) compared to Pure GFRP. Besides, the value of average effective
heat of combustion (Avg-EHC) in Table 2 decreased by around 10 % for
flame retarded formulation compared to that of Pure GFRP, which
indicated a gas phase action. In addition, the release of ammonia may
contribute to fuel dilution and heat removal when adding more than
10 wt% of APP flame retardants. Hence, it is possible that this binary FRs
formulation may also display a more prominent gas phase flame retar-
dant mechanism in fiberglass composite compared to that of resin with
only FRs. By comparing the digital images of Figure S1 (e, f), the sample
named 14APP-6CNH showed its glass fiber’s surface blanked by char
residue while Pure GFRP nearly burned out all resin leaving visible large
area dry glass fabric after combustion. These indicated that this APP-
CNH composition also demonstrated some condensed phased action in
terms of flame retardancy. Hence, the change of matrix system from
epoxy resin to fiberglass composite may transfer the APP-CNH binary
flame retardants system from a condensed phase dominated intumescent
mechanism into a bi-phase flame-retarding actions.

20APP/GFRP

Construction and Building Materials 436 (2024) 136922

3.7. Mechanical properties of Flame retarded GFRP

The influence of FR fillers on the mechanical properties and stress
transfer of the composite coupons was investigated under axial tensile
loading on coupons extracted from the manufactured laminates, as
observed in the side section of digital photos of the two failed coupons in
Fig. 6(b, e). The fracture of the 20APP/GFRP material, Fig. 6(b) is more
localized in the area of failure with reduced delamination between the
piles. However, the damage is observed far from the fracture surface for
the 14APP-6CNH/GFRP material in Fig. 6(e). This fact indicates a global
redistribution mechanism opposing the local one observed in the
20APP/GFRP laminate.

To illustrate such mechanisms, metallography images of the failed
coupons captured by SEM from locations both close to and away from
the failure area. Compared to 14APP-6CNH/GFRP, 20APP/GFRP
exhibited less delamination, and a more concentrated failure area, as
shown in Fig. 6(a, c). On the other hand, 14APP-6CNH/GFRP exhibited a
more globalized failure, indicating a failure process in which energy was
dissipated between ply layers during the failure process, as demon-
strated in Fig. 6(d, f). The measured tensile test results in Table S2
(modulus and strength) and Fig. 6(g) further supported that 14APP-
6CNH/GFRP possessed greater tensile strength and elongation at
break compared to 20APP/GFRP. In conclusion, the CNH resulted in
additional improvement in mechanical properties by reducing the APP
content and enhancing stress transfer during failure, leading to higher
tensile properties.
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Fig. 6. SEM images from locations away from the failed area of 20APP/GFRP (a) and 14APP-6CNH/GFRP (d). Optical microscope images for the side view of failed
coupons of 20APP/GFRP (b) and 14APP-6CNH/GFRP (e). SEM images from locations close to the failed area of 20APP/GFRP (c) and 14APP-6CNH/GFRP (f). (h) Bar
chart for comparing Young’s modulus and tensile strength of 20APP/GFRP and 14APP-6CNH/GFRP. (g) Schematic illustration for set-up of in situ lab scale test for
fire machinal properties. (h) Bar chart for comparison of failure time under 25 % failure load and fire for 20APP/GFRP and 14APP-6CNH/GFRP (i).
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In this work, we also proposed evaluating the composite’s fire me-
chanical properties by subjecting the composite coupons to fire and
tensile stress load. As shown in Fig. 6(h), by constructing a bench scale
accessory which can be mounted on Cone Calorimeter, both coupons of
20APP/GFRP and 14APP-6CNH/GFRP were heated and ignited under
50 kW/m? while loaded by a tensile stress of 25 % of the corresponding
tensile strength. The failure time of the loaded specimens was measured
and presented in Table S2 and Fig. 6(i). The modification of the mate-
rials increases the time for failure by more than 16 % regarding the
samples with only commercial FRs, demonstrating a better performance
in fire mechanical properties by introducing these novel fillers.

4. Conclusions

To tackle the challenge of the flammability of biobased epoxy resin
systems, a novel cobalt-based nano-micro hybrid filler was proposed,
designed, and prepared in this work. When the ratio of CNH to APP was
7:3 when added to epoxy, it demonstrated the best flame-retardant
performance, as indicated by LOI, UL 94 and CCT results. It is worth
noting that when the GFRCs, fabricated using the flame-retarded resin,
were observed with suppressed intumescent effects compared to that of
resin, which was proposed to be derived from the interference of glass
fibers. With no fire damage, the 14APP-6CNH/APP showed a better axial
tensile strength due to the global failure redistribution mechanism
opposing the local one observed in the 20APP/GFRP laminate. Under
simultaneous axial static force loading and fire damage, the composite
with optimized matrix material also protects itself from mechanical
failure by delaying failure time by more than 15 %.
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