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• Self-extinguishing epoxy-silica nano-
composite at very low phosphorus load-
ings.

• In-situ sol-gel silica in the epoxy system
prevented melt dripping.

• Intumescent system achieved signifi-
cant reduction in heat release rate
(~70%) and delay of the ignition time
(~50%).
⁎ Corresponding authors.
E-mail addresses: giulio.malucelli@polito.it (G. Maluce

1Authors contributed equally.

https://doi.org/10.1016/j.matdes.2020.108862
0264-1275/© 2020 The Authors. Published by Elsevier Ltd
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 8 May 2020
Received in revised form 3 June 2020
Accepted 4 June 2020
Available online 6 June 2020

Keywords:
Epoxy-silica nanocomposite
Phosphorus flame retardant
In-situ sol-gel silica
Cycloaliphatic hardener
Fire
The effect of the addition of additives such asmelamine (Mel), silica nanoparticles and a phosphorus-based com-
pound, i.e. 3-(6-oxidodibenzo[c,e][1,2]oxaphosphinin-6-yl)propenamide (DA), on the fire and mechanical per-
formance of a bisphenol A diglycidyl ether (DGEBA)-based epoxy resin cured with isophoronediamine has
been investigated. A UL 94-V0 classification was achieved for epoxy resin containing DA at 2 wt% of phosphorus
loading. However, addition of silica nano particles was necessary to avoidmelt dripping. The incorporation of DA
andMel to the epoxy resin promoted a remarkable reduction (48% to 70%) in the heat release rate (HRR) values, a
significant delay (up to 47%) in the ignition time in cone calorimetry experiments, and thus an increase (~75%) in
the time to flashover. Evolved gas, thermal and fire analysis was used to propose the combinedmode of action of
DA, Mel and silica in the fire performance improvement of the epoxy system. Tensile and three-point bending
flexural tests showed that the addition of DA increases the rigidity of the resin, resulting in a strong increase in
the Young's modulus (up to 34%) and in a slight reduction in fracture strength, elongation break and toughness
which is typical for non-reactive additives.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
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Fig. 1. Chemical structure of 3-(6-oxidodibenzo[c,e][1,2]oxaphosphinin-6-yl)
propanamide (DA).
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1. Introduction

Epoxy resins cured with various aliphatic amines are widely
employed in the field of coatings, adhesives, casting, composites, etc.
[1–5]. In addition tomechanical performance, stringent fire safety regu-
lationsmust be fulfilled in these applications [6]. An improvement in the
thermal stability andfire performance of epoxy systems can be achieved
by using an aromatic hardener [7]. However, the adverse health effects
of many aromatic amines have led to an increase in the use of aliphatic
or cycloaliphatic amines as alternatives, even though this results in an
overall decrease in the fire performance of the material [6]. Formation
of corrosive/toxic combustion products in case of fire also prevents the
use of halogen flame retardants [8]. Therefore, considerable effort has
beenmade to developflame retardants for epoxy systemswith aliphatic
hardener with low adverse health and environment effects.

The thermal stability andfire performance of epoxy resins can be im-
proved through the inclusion of an inorganic additive (e.g., silica),
which promotes the formation of a carbonaceous residue [9–12]. In
this context, silica-epoxy hybrid nanocomposites via in-situ sol-gel
method with low additive loading (b10 wt%) represent a very interest-
ing method for the generation of materials with enhanced flame
retardancy [13]. Such composites are characterized by the formation
of very well-distributed silica domains in the matrix [13–15]. Hybrid
silica-epoxy composites containing only 2.0 wt% inorganic additive
can decrease the heat release rate by ~40% and prevents melt dripping
[16], although such composites are not self-extinguishing.

Recently, epoxy resin has been cured with a curing agent obtained
through the treatment of an environmentally benign phosphorous-
based flame retardant DOPO (9,10-dihydro-9-oxa-10-
phosphaphenanthrene-10-oxide) with desoxyanisoin. The material
showed self-extinguishing capability, linked to a strong gas phase activ-
ity of DOPO and boosted char formation [17]. In general, the adoption of
DOPO requires high loading (9.0 wt%) or the use of a phosphorous-
based silane and modified hardener along with a nitrogen-based addi-
tive such as melamine as a synergist to achieve satisfactory flame
retardancy [17,18]. Epoxy hybrid nanocomposites have been prepared
using 4,4-diaminodiphenylmethane hardener and (3-aminopropyl)-
triethoxysilane as coupling agent, along with DOPO and a nitrogen-
based compound [19]. The phosphorus‑nitrogen cooperative interac-
tion resulted in a strong intumescence along with a gas phase flame in-
hibition of DOPO.

Currently, reactive approach in flame retardation has gained atten-
tion: the reactive P\\H bond of DOPO allows covalent linkage to the
epoxy network [20], resulting in an improved fire performance at
lower phosphorus (P) loadings compared to the non-reactive approach.
However, the use of an aromatic hardener was necessary in order to
achieve satisfactory fire behavior. Recently, a DOPO derivative, namely
3-(6-oxidodibenzo[c,e][1,2]oxaphosphinin-6-yl)propanamide (DA)
was synthesized using a green chemistry approach [21,22] and can be
used as a nontoxic flame retardant for epoxy systems, where its gas
phase activity may promote an efficient flame inhibition, as previously
observed for polyester matrix [22]. Incorporation of this new flame re-
tardant to in-situ silica-epoxy composites may help develop a material,
which displays no dripping and improved flame retardancy, even
though when a cycloaliphatic hardener is used as a component.

In this work a silica-epoxy nanocomposites were synthesized via
“in-situ” sol–gel procedure from DGEBA and isophorone diamine as a
cycloaliphatic hardener. To this resin system,DAandmelaminewere in-
cluded alone or in combination to understand their role in flame
retardancy and finally design a composite material with superior fire
performance (UL 94-V0) with low P-loading (within 2.0 wt%). Nuclear
Magnetic Resonance spectroscopy (NMR) andDifferential ScanningCal-
orimetry (DSC) were used to investigate any possible reaction of DA
with epoxy resin. The thermal and fire performance of prepared com-
posites were studied in detail using Thermogravimetric Analysis
(TGA), DSC, Cone Calorimetry, UL 94 vertical flame spread tests and
other analytical techniques. In addition, the mechanical behavior of
the silica-epoxy nanocomposites was also investigated.
2. Materials and methods

2.1. Materials

Tetraethyl orthosilicate (TEOS, N99%), (3-aminopropyl)-
triethoxysilane (APTS, N98%), anhydrous ethanol, melamine, (N99%)
and 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU, ACS grade) were pur-
chased from Sigma-Aldrich (Switzerland) and used as received.
Bisphenol A resin (Epikote™ Resin 827) from Hexion Specialty
Chemicals GmbH, Germany and isophorone diamine (IDA, Epikure™
Curing Agent 943) were used as received. DA (Fig. 1) was synthesized
by a procedure as described in Section S1 of supporting information
(SI) [22].
2.2. Preparation of in-situ silica-epoxy composites

The detailed composition and acronyms of composites are given in
Tables 1 and S1. In a typical process [13,16], epoxy, DGEBA, and APTS
with fixed weight ratio epoxy-APTS (Table 1) were stirred at 80 °C for
2 h followed by addition of TEOS, distilled water and ethanol mixture.
Then the mixture was stirred vigorously for 90 min at 80 °C and subse-
quently the mixing vessel was opened for 30 min and the temperature
was then raised to 100 °C. In silica containing composites TEOS/APTS
weight ratio was maintained at 2. Then, DA was added to achieve 1.0
and 2.0 wt% P in the final composite followed by stirring for 60 min
(Table 1). Some samples, were prepared with melamine as an additive.
Finally, hardener (IDA) was added to the mixture at room temperature
and mixed for 5 min. The resulting mixtures were degassed at reduced
pressure prior to curing in a steel mold (40 °C/3 h) followed by post-
curing (150 °C/2 h).

Unmodified-DOPO was also used as a reactive flame retardant addi-
tive for the epoxy, considering the reactivity of its P\\H bond to epoxy
group of the resin [20]. However, addition of unmodified-DOPO to the
silanized DGEBA resin resulted in gelation of the resin, before the addi-
tion of hardener. Due to this fast gelation process, the epoxy resin-DOPO
composite could not be prepared.
2.3. Characterization

NMR spectrawere recorded using a Bruker AV-III 400 spectrometer
(Bruker BioSpin AG, Switzerland). 1H and 13C chemical shifts (δ) were
calibrated to residual solvent peaks. The 31P chemical shifts were refer-
enced to an external sample with neat H3PO4 at 0.0 ppm.

Phosphorus content in composites was determined by inductively
coupled plasma optical emission spectrometry method (ICP-OES), on
an Optima 3000 ICP-OES (PerkinElmer AG, Rotkreuz, Switzerland)
instrument.



Table 1
Additives added to epoxy (107.75 g) and hardener (IDA, 26.8 g) to prepared FR-epoxy composites.

Entry DA (g) TEOS (g) APTS (g) Mel (g) P (%)a Sample code

1
– – – – – EPO

2
27.4 – – – 1.64 DA1

3
41.1 – – – 2.58 DA2

4
– – – 13.7 – Mel

5
41.1 – – 13.7 2.39 DA2-Mel

6
– 6.92 3.61 – – Si2

7
41.1 6.92 3.61 – 2.27 Si-DA2

8
– 6.92 3.61 13.7 – Si-Mel

9
27.4 6.92 3.61 9.13 1.58 Si-DA-Mel

10
41.1 6.92 3.61 13.7 2.23 Si-DA2-Mel

Individual additive loading % is given in Table S1. 0.85 g of ethanol and 2.75 g H2O was used during preparation of composite containing Si (entry 6–10).
a P% was determined by ICP-OES.
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ATR-FTIR spectrawere recordedwith a Bruker Tensor 27 FTIR spec-
trometer (Bruker Optics, Ettlingen, Germany), using a single reflection
attenuated total reflectance (ATR) accessory with 4 cm−1 resolution,
32 scans and OPUS™ 7.2 software. In case of char, samples were col-
lected from the burnt places and mixed properly prior to analysis.

The flammability of all composites was assessed by UL 94 VB verti-
cal burning tests (IEC 60695-11-10, sample of 13 × 125 × 3mm3). An IR
Camera (Type: Flir A40, FLIR Systems Inc., Wilsonville, USA) coupled
with the UL 94 VB apparatus was used for recording the flame propaga-
tion. The IR video was recorded by ThermaCAM (Researcher Profes-
sional 2.10, FLIR Systems Inc., Wilsonville, USA) [23].

Thermogravimetric analysis (TGA) was performed on a NETZSCH
TG 209 F1 instrument (NETZSCH-Gerätebau GmbH, Selb, Germany)
under N2 and air with a flow of 50 mL/min. Temperature range from
25 to 800 °C at a ramp of 10 °C/min was used for the analysis.

Differential scanning calorimetry (DSC) were performed on the
DSC 214 Polyma instrument (NETZSCH-Gerätebau GmbH, Selb,
Germany) at a heating rate of 10 °C/min (20 to 300 °C), under a N2

flow (50 mL/min) by running two repeating cycles. The glass transition
temperature (Tg) was determined by using the “tangentmethod” as the
meeting point of tangents to the curve, traced on the baseline and the
peak side, on the low-temperature peak side.

Cone calorimetry (Fire Testing Technology, East Grinstead, London,
UK)was performedwith an irradiative heat flux of 35 kW/m2 (ISO 5660
standard) on a specimens (100 × 100 × 3 mm3) placed horizontally
without any grids. Parameters such as heat release rate (HRR), peak of
heat release rate (pHRR), average specific extinction area (SEA), total
smoke release (TSR), total heat release (THR) and the final residue
were recorded.

Heat release rates (HRR)was determined using pyrolysis combus-
tion flow calorimeter (PCFC) (Fire Testing Technology Instrument,
London, UK) following ASTM D7309. ~7 mg of sample was exposed to
a heating rate of 1.0 °C/s from 150 to 750 °C in the pyrolysis zone.

Pyrolysis-Gas Chromatography Mass Spectrometry (Py-GC–MS)
were performed by taking about 30–100 μg of sample in a quartz tube
(internal ϕ 1 mm × 25 mm) and loading it on the pyrolysis probe
(Type 5200, CDS Analytical, Inc., Oxford, PA, USA). Samples were pyro-
lyzed at 800 °C under Helium for 30s. Volatiles were separated by a
Hewlett-Packard 5890 Series II gas chromatograph and analyzed by a
Hewlett-Packard 5989 mass spectrometer.

Direct inlet probemass spectroscopy (DIP-MS)was performed in a
Finnigan/Thermoquest GCQ ion trap mass spectrometer (Austin, TX,
USA) equipped with a DIP module. ~1 mg of sample was placed in a
quartz cup located at the tip of the probe andwas inserted into the ion-
ization chamber operating at ionization voltage of 70 eV, temperature of
the ionic source of 200 °C and pressure b10−6 mbar. A probe tempera-
ture was run from 30 to 450 °C at 50 °C/min.

Energy dispersive X-ray spectroscopy (EDX)was carried out using
an Inca X-sight device from Oxford Instruments (Tokyo, Japan)
mounted on a S-4800 SEM from Hitachi (Tokyo, Japan). EDX spectra
were recorded at voltage of 20 kV and emission current of 15 mA.

Tensile tests and Three-point bending test were performed on a
Zwick/Roell Z100 (Zwick/Roell, Ulm, Germany) tester. Tensile tests
were determined using 9 dumbbell-shaped specimens (ASTM D638-
Type I, standard dimensions) with a crosshead speed of 5 mm/min.
Three-point bending tests was performed as per ASTMD790 standard,
using 5 kN load cell and 45 cm distance between the two supports.

3. Results and discussion

3.1. Chemical characterization of the in-situ silica-epoxy composites

Disappearance of characteristic ATR-FTIR absorption bands of the
uncured epoxy resin EPO_WH (Fig. S1) at 970 cm−1, 912 cm−1 and
870 cm−1 after curing in EPO, in-situ silica-epoxy (Si2) and in-situ
silica-epoxy system with melamine and DA (Si-DA2-Mel) confirmed
the completion of reaction. Appearance of bands between 1050 cm−1

and 1150 cm−1 in Si2 indicated the formation of silica domains of
~1.25 nm size through the sol-gel reactions under similar condition re-
ported in literature [16]. Detailed ATR-FTIR analysis in Section S2 of SI
are consistent with the chemical composition of composites.

To study any possible reaction between amide group of DA (Fig. 1)
and the oxirane rings of the epoxy resin, mixture of DA and epoxy
resin was processed to simulate the curing process (Section 2.2) and
resulting product was analyzed by 13C NMR, 1H NMR, and 31P NMR
(DMSO‑d6). A simulation of a base catalyzed reaction of DA with the
epoxy resin was also attempted, by adding DBU as a catalyst DA-
epoxy resin mixture prior to curing (Uncured_EPODA, Table S2). For
both experiments, mixtures were prepared keeping epoxy/DA weight
ratio 2.6 as used for DA2 (Tables 1, S1). All peaks in 13C NMR spectra
(Fig. S2) of both samples can be assigned to DGEBA [24]; particularly
those of oxirane group (44.2 ppm (C1), 50.2 ppm (C2)). Peaks for C-
atoms linked to -OH that would form in the case of reaction with DA
were not detected. Similarly, all signals in 1H NMR spectra of sample
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containing DBU can be assigned to the unreacted epoxy resin (details in
Fig. S3). 31P NMR spectrum of sample containing DBU shows the peaks
of theunreactedDA (37.2 ppm, Fig. S4) [22,25]. NMRanalysis confirmed
the absence of reaction between DA with epoxy resin and DA can be
considered as a non-reactive additive in current matrix. Absence of
any exothermic peak in theDSC thermogramof epoxy resin-DAmixture
(epoxy/DA = 2.6, weight ratio) with 5 wt% DBU on the weight of DA
(i.e. Uncured_EPODA) (Fig. S5, Table S2) confirmed the lack of reaction
between DA and epoxy resin. Endothermic peak at ~170 °C correspond-
ing to themelting point of DA also confirmed the absence of reaction for
DA with epoxy resin [22,25].
3.2. Thermal analysis

Absence of any exothermic peak in the first heating cycle of DSC
analysis confirmed the completeness of the curing. The glass transition
temperature was determined by using the “tangentmethod” by follow-
ing the procedure reported in Section 2.3. A significant reduction in the
Tg of composites containing silica alone or in combination with DA and
melamine (Fig. 2) highlights the negative influence of hybrid co-
continuous network of silica on epoxy chains mobility [16]. Further re-
duction in Tg of samples containing DA (Fig. 2) can be due to a plastici-
zation effect of non-polar groups of DA (aromatic and alkyl chains) by
breaking the inter-chain interactions [26], while, the amide group of
DA interacts with the epoxy group of DGEBA to assure compatibility.

Figs. 3 and S6 show the TGA curves and the thermal behavior of
epoxy resin curedwith IDA can be interpreted on the basis of themech-
anism reported in the literature [27,28]. In N2 atmosphere composites
decompose through a main step around 350 °C (Fig. 3). These results
are in agreement with the degradation of an aliphatic epoxy resins
[28–30]. Appearance of a third degradation step below 300 °C (in air)
in melamine containing samples, can be attributed to the decomposi-
tion of melamine to ammonia and subsequently to N2 in presence of
O2 [31]. Earlier mass loss in DA containing samples (Figs. 3a,c and S6a,
c) can be attributed to: (i) the formation of acidic phosphorus species
via degradation of DA, (ii) the acidic characteristics of in-situ sol-gel sil-
ica [16] and (iii) the production of non-flammable volatiles (phospho-
rous species and N2) [32,33]. In air, the ratio of the mass loss in the
first step (b 400 °C) and second step (400–600 °C) decreased in pres-
ence of DA andmelamine, suggests the improved thermo-oxidative sta-
bility of composites and formation of aromatic char at high
temperatures [22].
Fig. 2. DSC thermograms (second heating cycle) of (a) Si-DA-Mel, (b) Si-DA2-Mel,
(c) EPO, (d) DA2 and (e) Si2.
The increase in the residues DA-containing nanocomposites during
TGA in air (Table S3) supports the argument of stable char formation
[25,34,35]. The combination of DA and silica nanoparticles significantly
improves the thermo-oxidative stability of Si-DA2 (9.0% residue) com-
pared to EPO (0.7% residue) at 800 °C (Table S3). This can be attributed
to acidic characteristics of the in-situ sol-gel silica and the formation of
acidic phosphorus species, hence promoting the carbonization process
via dehydration of epoxy resin [16,22]. Additionally, degradation of
silica-epoxy networks during combustion of Si-DA2 leads to formation
of silica substructures [16] and condensation of the silanol groups of
Si-O-Si network with the decomposition products of DA (i.e.
polyphosphoric acid) form a stable ceramic thermal shield on the char
[22,35,36]. This thermal shieldworks as a barrier and prevents the diffu-
sion of decomposed gas and oxygen from air into thematerial. In case of
Si-DA-Mel and Si-DA2-Mel, release of N2 and other volatiles during de-
composition of melamine disrupts the progressive formation ceramic
shield, resulting slightly lower residue during TGA in air [16,33,35].

3.3. Fire behavior of the in-situ generated silica-epoxy materials

Epoxy composites were subjected to vertical flame spread test to as-
sess their flammability. Interestingly, EPO, DA1, Si2, Si-Mel andMel re-
sults were not classifiable (Table S4), though a coherent char was
observed in silica containing composites (Fig. S7b). Additionally, pres-
ence of silica in the epoxy matrix prevented dripping (Table S4), due
to increase in themelt viscosity of the burning system [16]. The addition
of DA to the epoxy resin is crucial to obtain UL 94-V0 classification and
samples containing DA (2.0 wt% P) burns partially, producing a very co-
herent char (Fig. S7c). This suggests a strong flame inhibition action of
DA from the early stage. A decrease in flame inhibition observed on sub-
sequent application of flame at the same place is due to the lower con-
centration of the DA in the already burned area (DA2 and DA2-Mel in
Table S4). Afterflame times (t1 and t2, in Table S4) of these two samples
reveals that, decomposition of melamine in DA2-Mel during burning
produces nitrogen-based volatiles which leads to the dilution of flam-
mable volatiles and decreasing the t2 extinguishing time. Samples con-
taining only 1.0 wt% of P did not achieve any classification in the UL 94
VB test without the addition of melamine and silica precursors.

Fig. 4 shows the burning behavior of composites recorded by an IR-
camera during UL 94 vertical burning test. In particular, the burning
process of EPO and Si2 can be divided into three main steps:
(I) Contact phase:material captures theflame followed by rapid increase
in surface temperature. (II) Middle flame phase: the front flame moves
and consumes thematerial; temperature increases furtherwith produc-
tion of volatiles, which feed the flame in the gas phase. (III) End flame
phase: the flame reached the holding clamp and envelops the sample.
In agreement with UL 94 standards, the flame was applied to EPO and
Si2 samples for 10 s and IR images were captured after removal of the
flame (contact phase), when the flame reached the middle of the sam-
ple (middle flame phase) and when the flame reached the holding
clamp and enveloped the sample (end flame phase). In the case of Si-
DA2-Mel, as it shows self-extinguishing capability, the temperatures
and IR images were taken at the end of the flame application (contact
phase), when the surface temperature started rising quickly along the
system after ~10 s (middle flame phase) and immediately following
the second flame application according to UL 94 standard (end flame
phase).

The addition of 2.0 wt% silica (Si2) lowers themiddle and last phase
temperatures compared to in EPO (Fig. 4a, b). On the other hand, flame
propagation in case of Si-DA2-Melwas very limited and rapidly stopped
once the flame was removed. Therefore, as previously described, a sec-
ond flame was applied for 10 more seconds as per UL 94 standards
(Fig. 4a, b) and significant reduction in middle and last phase tempera-
turewith self-extinguishing behavior was observed. In Si-DA2-Mel. The
endothermic decomposition of DA [22,25] and melamine [32–34] in a
combination with an increased thermo-oxidative stability due to DA



Fig. 3. (a, c) TGA curves and (b, d) DTG curves of EPO and epoxy composites under N2.

Fig. 4. (a) IR camera images showingflameprofiles and temperatures at “contact”, “middle” and “end” phases forEPO, Si2 and Si-DA2-MelduringUL94 vertical burning test. (b) Change in
flame temperature with time measured by IR camera during UL 94 vertical flame test and decreasing flame temperature after 15 s in case of Si-DA2-Mel, shows its self-extinguishing
behavior. For EPO and Si2 the IR camera images and temperature at each phase were taken by following the procedure described in Section 3.3. Whereas, due to its self-extinguishing
nature of Si-DA2-Mel, the IR camera image and temperature were recorded immediately after second flame application (10 more seconds), i.e. end phase stage.
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and silica achieved ~60% lower temperature during the middle flame
phase compared to EPO and Si2 (Fig. 4b).

PCFC separately reproduces the condensed phase and gas phase pro-
cesses of flaming combustion in a non-flaming test by controlled pyrol-
ysis of the sample in an inert gas stream followed by high temperature
oxidation of the volatile pyrolysis products. Therefore, the PCFC can be
considered a very suitable instrument to study the gas phase activity
of flame retarded systems as compared with cone calorimeter, where
the combustion occurs as a continuous process in air condition. PCFC
analysis indicated a strong influence of DA in reducing the HRC (i.e.
the maximum rate of heat release divided by the heating rate in the
PCFC test is a derived property called the “heat release capacity”
which is related to flame resistance and fire performance) of epoxy
resin by 56% (Fig. 5a and Table S5). However, limited residue, highlights
gas phase activity of DA [22]. A narrow HRR curves of EPO, Si2,Mel and
Si-Mel (Fig. 5a) indicates a large amount of heat released in a short time.
Conversely, broad and flattened HRR curves of DA containing compos-
ites indicates flame inhibition of DA from the beginning via suppression
of active oxygen radicals and resulting in a slow heat release over a lon-
ger period of time [22,34,36]. As a result, DA in the epoxy resinwith only
2% of P-content achieved UL 94-V0 classification. However, for sample
with P-content lower than 2% (Si-DA-Mel) displayed a sharper and
higher intensity heat release peak compared to Si-DA2-Mel (Fig. 5a).
The addition of melamine alone or in combination with DA to EPO led
to an increase in the HRC (Table S5), this can be attributed to the exo-
thermic oxidation of ammonia [31,32].

During cone calorimetry, reduction of HRR (ranging from 48% to
70%), THR and MLR (Mass Loss Rate) are more pronounced in case of
composites containing DA with or without melamine (Fig. 5b,
Table S6), though the presence of silica alone significantly decreases
aforementioned parameters. The strong increase in CO/CO2 ratio
(Table S7) agrees with the hypothesis that DA acts dominantly in the
gas phase and the formation of phosphorus species in gas phase lead
to an incomplete combustion and formation of CO. These phosphorous
species interrupt and slow down the branching and chain reactions of
the hydrocarbon oxidations in the gas phase, thus reducing the heat
production, known as flame inhibition [22,34]. In agreement with the
PCFC measurements, broadening of HRR curve was observed in pres-
ence of DA (Fig. 5b). Degradation ofmelamine to N2 dilutes the combus-
tible gases [31,32] and delays the time of peak heat release and
eventually time to ignition (DA2-Mel, Si-DA2-Mel, Fig. 5b and
Table S6). The increase in residue at the end of the cone calorimetry
tests (Si-DA2, Table S6) confirmed the condensed phase action of DA
along with silica nanoparticles (Section 3.2). An increase in the residue
was also observed in composites containing silica, DA and melamine
(Fig. S8). Incorporating all these additives in the composite (Si-DA2-
Mel), intumescence and a delay in the ignition time (~47%) was ob-
served (Fig. S8d, Table S6). This can be ascribed to dehydration of the
Fig. 5. (a) Heat release rate (HRR) of samples measured using PCFC. (b) HRR of (i) EPO, (ii) DA
matrix by acidic silica and phosphorous species formed during combus-
tion as a result a swollen carbonaceous char was formed (Fig. S9)
[33,36].

Dimensionlessmeasure known as FlameRetardancy Index (FRI)was
calculated for comparisonwith other polymeric composites (Section S7,
Table S6) [37,38]. Sample Si2 exhibited low FRI value of (1.7) and thus
was classified as “poor”. Due to strong gas phase activity of DA sample
DA2 achieved highest FRI of 7.9 and was classified as “good” despite
lowTTI (time to ignition) value, which can be detrimental in realfire sit-
uation. Combination of silica andDA (Si-DA2) resulted a slight improve-
ment in FRI (3.4) compared to Si2. Whereas, adding DA and melamine
together (DA2-Mel) achieved a classification “good”with FRI of 6.6, pre-
dominantly increasing the TTI significantly. Combining all three addi-
tives to the epoxy resin (Si-DA2-Mel) achieved FRI of 7.5 with highest
TTI of 56 ± 4 s (Table S6).

To further understand the role of melamine, time to flashover (TTF)
and flame propagation index (FPI) were calculated (Sec. Table S6)
[36,39]. FPI depends on the flammability (i.e. front flame movement,
Fig. 4) and the TTF is the time available to escape a fire in a confined
space [39]. It is worthmentioning here that, composites withmelamine
(DA2-Mel and Si-DA2-Mel) showed highest TTF (4 min) with slow
flame propagation rate, characterized by low FPI (Table S6). The addi-
tion of DA results an overall increase in total smoke release (TSR,
Table S7). An increase in the SEA (Smoke Extension Area), CO and CO2

yields was also observed which is common for FR materials with gas
phase activity [40].

3.4. Thermal decomposition and flame retardant mechanism studies

To further understand the decomposition mechanism and the influ-
ence of the various additives on the evolved gases, PY-GC–MS and DIP-
MS were performed on EPO, Si2 and Si-DA2-Mel. The most abundant
products were recognized as bisphenol A, 4,4′-(cyclopropane-1,1-diyl)
diphenol, 4-isopropylphenol, 4-isopropenylphenol, phenol, benzene,
naphthalene, toluene, 2-methylpent-2-en-1-ol, 3-hydroxy-2-
methylpentanal, o-cresol, 2-ethylphenol, and 2-allyl-4-methylphenol
along with low amounts of aromatic products, as already reported for
similar systems [27,29,30]. The presence of dibenzofuran, a decomposi-
tion product of DOPO, was also observed for Si-DA2-Mel [22,41].

DIP–MS analysis also confirmed the presence of the above-
mentioned decomposition products (Fig. 6). Unlike in EPO, composites
containing DA and melamine starts to decompose at very early stage
(~200 °C) and a large amount of species were released at 350 °C for
Si-DA2-Mel, which is in agreement with TGA results in N2 (Fig. 3a and
c). Analyzing the DIP-MS data of Si-DA2-Mel from 200 to 350 °C re-
vealed the formation of major decomposition products which are sum-
marized in Table S8with respective thermograms presented in Fig. S10.
The presence of these species was also observed for DA in polyester
2, (iii) DA2-Mel, (iv) Si2, (v) Si-DA2 and (vi) Si-DA2-Melmeasured by cone calorimeter.



Fig. 6. DIP-MS total ion thermograms of (a) EPO and (b) Si-DA2-Mel.
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matrices [22,41]. According to the DIP-MS results (Table S8 and Scheme
1), phosphorus species were released once the P\\C bond of DA breaks
[22,41]. Previous reports suggest that the decomposition pathway for
epoxy resins in an inert atmosphere and at high temperature begins
with the elimination of water from the secondary alcohol group
[29,30]. Subsequently, the resulting allylic bonds, aromatic and ether
linkages undergo homolytic cleavages and H-transfer reactions, leading
to the formation of radicals and yield bisphenol A, 4,4′-(cyclopropane-
1,1-diyl)diphenol, 4-isopropylphenol, 4-isopropenylphenol, phenol as
decomposition products. Analysis of DIP-MS data for EPO and Si-DA2-
Mel (Fig. S11, Table S9), proved the formation of the major decomposi-
tion products of pristine epoxy as bisphenol A, 4,4′-(cyclopropane-1,1-
diyl)diphenol, 4-isopropylphenol, 4-isopropenylphenol and phenol.
The same species were also detected using PY-GC–MS. Therefore, the
collected experimental results are in good agreement with previous re-
ports [29,30].

Fig. S11 shows the relative abundance bisphenol A, 4,4′-(cyclopro-
pane-1,1-diyl)diphenol, 4-isopropylphenol, 4-isopropenylphenol and
phenol released from EPO and Si-DA2-Mel. The decomposition of the
DA produces a large amount of phosphorous species from 200 to
400 °C, where the epoxy resin shows low relative abundance of its
main volatile compounds (Figs. 6 and S11). DIP-MS analysis of Si-
DA2-Mel showed the formation of major fragments like DOPO radical
(m/z 215) and benzofuran (m/z 168). Benzofuran in the gas phase is
an indirect proof for the decomposition pathway of DOPO radical pro-
ducing PO• (m/z 47) (Table S8) [25,41]. The strong gas phase activity
of the DA suggested by the PCFC results may be related to the PO• pro-
duced during the pyrolysis. In air PO• can act in the gas phase and con-
sume active H• and OH• species in a flame by recombining with them
Scheme 1. Proposed pathways for gas phase and condensed phase mode of action of DA.
[25,41] and favoring flame inhibition. Accordingly, the gas phase mode
of action is proposed for DA in Scheme 1.

Based on the discussion on degradation of epoxy resin, a general
mode of reaction between DA and EPO during its degradation in air is
proposed in Scheme S1. Oxygenmay extract H• from the decomposition
products of epoxy resin to form HO2• and later transformed into OH•
[22,41]. However, in the presence of DOPO radicals (species O and M
of Scheme 1, Table S8), the active O• in the flame zone are neutralized
and turned into a noticeable amount of volatile species such as PO•,
PO2• and HOPO2• (flame inhibitors) [34]. This may strongly contribute
to the flame retardancy of DA in the gas phase. Large amount of DOPO
radicals (O and M species, Fig. S10) produced during the pyrolysis indi-
cates a gas phase mechanism is involved for excellent performance in
the UL test. DIP-MS analysis ofMel and Si-Mel showed the release of ni-
trogen species around 350 °C without any significant change in degra-
dation of epoxy resin. Thus, the effect of melamine on the flame
retardancy of silica-epoxy nanocomposites may be mainly ascribed to
physical aspects. The nitrogen-based compound works as unreactive
additive and diluent for the combustible gases, producing N2 through
its degradation [32–34]. Melamine has a physical role in the general
mode of reaction between DA and EPO, influencing the flammability
and ignition temperature of resin (Section 3.3, Table S6) without any
chemical interaction with the main degradation products of epoxy. In
view of the above, melamine does not appear in Scheme S1.

ATR-FTIR spectra of char after the vertical flame test of EPO and Si-
DA2-Mel are shown in Figs. 7a and S12. Peaks at 661 cm−1 and
914 cm−1 corresponding to P\\C and P–O–C stretching respectively in
Si-DA2-Mel char indicates the presence of pyrophosphate and
polyphosphates. The band at 1108 cm−1 can be attributed to stretching
of silica units [16,42]. The C_C stretching vibration at 1589 cm−1 gives
an evidence of carbonization [42,43] via dehydration of epoxy resin by
acidic phosphorus species [22,25,44]. More detailed ATR-FTIR analysis
is provided in Section S9. Higher P-content in Si-DA2-Mel char (4.1%)
compared to unburnt Si-DA2-Mel (2.2%) was observed during EDX
analysis (Fig. 7b). Moreover, Si/P ratio of 1.3 in char (Fig. 7b) is much
higher than the sample prior to fire tests (0.5). ATR-FTIR and EDX anal-
ysis of Si-DA2-Mel char suggests that, in addition to the gas phase activ-
ity, DA acts also in the condensed phase.

3.5. Mechanical behavior

Tensile and flexural properties of EPO, Si2 and Si-DA2-Mel samples
weremeasured according to the ASTMD638 and ASTMD790 standards
respectively (Fig. 7c, Tables S10 and S11). The presence of in-situ silica
slightly increased the Young's modulus of Si2 and reduced its fracture
strength compared to EPO. The addition of melamine and DA reduced
the fracture energy of the composites, resulting in an additional detri-
mental effect on fracture strength and toughness (Tables S10 and
S11). On the contrary, ~34% increase in the Young's modulus can be
due to the steric hindrance of the aromatic groups in DA, which de-
creases the motion of the molecular chains which leads to topological
constrain [45]. This results in reduction in the plasticizing effect of DA
on epoxy [26,45]. Presence of DA and melamine reduced the amount
of energy required to fracture thematerial, inducing cracks fracture eas-
ily [46], even though significant improvement in flexural modulus (EB)
of Si-DA2-Melwas observed (Table S11).

4. Conclusions

In this work, an “in-situ” sol–gel synthesis was applied to an epoxy
resin curedwith a cycloaliphatic amine and the epoxy systemwasmod-
ified by adding DA andmelamine. Presence of DA increased the thermo-
oxidative stability of the epoxy system and the residues at high temper-
atures. Its addition to epoxy resin help achieve a strong reduction in the
HRR (up to 70%) and increased the flashover time compared to the pris-
tine epoxy resin. Inclusion of silica and melamine to the composite



Fig. 7. (a) ATR-FTIR spectra of chars after the vertical burning test. (b) EDX spectrum of chars obtained after the vertical burning test of Si-DA2-Mel. (c) Tensile test results of EPO, Si2 and
Si-DA2-Mel.
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system preventedmelt dripping and increased the ignition time respec-
tively. Combination of all these features achievedUL94-V0 classification
for epoxy resin composite at low P-content (2.0 wt%) and silica concen-
tration (2.0wt%). DIP-MS and PY-GC–MS analysis confirmed amain gas
phase activity of DA for flame inhibition. ATR-FTIR and EDX analysis of
the char confirmed that DA also plays a role in the condensed phase in
presence of melamine and forms a phosphorus rich intumescent char.
Presence of DA, silica nanoparticles and melamine resulted a reduction
in the fracture strength and toughness, though a strong increase in the
Young modulus was observed.
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