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Abstract
A boron-containing UV-curable oligomer was derived from linseed oil, phenylboronic acid and glycidyl methacrylate to 
use in flame-retardant coating applications. The synthesized UV-curable oligomer was characterized for its structural and 
physicochemical properties by means of Fourier transform infrared (FTIR), 1H and 11B-nuclear magnetic resonance (NMR) 
spectroscopy techniques. The boron-containing UV-curable oligomer (BELO) was added to a conventional polyurethane 
acrylate (PUA) at varying concentrations ranging from 10 to 40 wt% in the presence of a photoinitiator and a reactive dilu-
ent. LOI and UL-94 tests were performed to understand the flame-retardancy behavior of the synthesized BELO oligomer, 
and the results revealed that the flame retardancy of UV-curable coatings enhanced as the percentage of BELO oligomer 
in the coating formulations increased. The glass transition temperature (Tg) and thermal stability of cured coatings were 
analyzed by differential scanning calorimetry and thermogravimetric analysis, respectively. The TGA analysis showed that 
char yield at 600 °C increased by increasing the BELO oligomer content. The mechanical properties, and stain, solvent, and 
chemical resistance and thermal behavior of the coatings were investigated. Incorporation of BELO into the PUA coating 
formulations and the comparison of the properties of BELO-incorporated PUA coatings with those of the conventional PUA 
coating exhibited interesting results.
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Introduction

Wood structural backbone is made of carbonaceous cellu-
lose materials, and therefore, it is prone to fire accidents. 
Thus, it is necessary to improve the fireproof capability of 
wood-based material and to develop suitable flame-retardant 
materials which would enhance the fire-resistance proper-
ties of wood materials [1]. Fire-resistance properties can be 
improved by adding flame-retardant (FR) materials which 
have physical or chemical interactions with wood-based 
material. They can be incorporated into the backbone to 
delay the burning process of materials by enhancing the 
foam ignition temperature or reducing the rate of flame 
spread. The physically added flame-retardant additives show 
effective flame retardancy at higher concentrations and lead 

to adverse effects on coating properties, such as mechani-
cal, chemical, solvent and thermal stability. The chemically 
reactive flame-retardant additives show effective flame retar-
dancy at lower concentrations, and hence, causing less dam-
age to the coating properties and reducing the migration of 
additive to the material surface, which generally occurs for 
physically added flame-retardant additives [2]. Nowadays, 
halogen- and phosphorus-containing reactive flame retard-
ants are used to improve the fire-resistance properties [3–5]. 
These reactive flame retardants have various drawbacks, 
which are responsible for corrosive smoke and ejection of 
extremely carcinogenic substances like dibenzodioxins and 
dibenzofurans. Smoke adversely affects human health and 
poses pollution problems when it is released into the envi-
ronment [6]. Therefore, considering the environmental and 
human health-related issues, the scientific community has 
focused on the environmentally friendly flame-retardant 
materials [7, 8]. Boron-containing flame retardants, such 
as boric acid and its analogous have been in use for a long 
time [9]. Organoboron flame retardants lose their water 
molecules, and finally, convert to boron oxide. Boron oxide 
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which is formed during the degradation process is the result 
of cleavage in B–C and B–O–C bonds. The pyrolysis mecha-
nism of boron oxide is well-known in the literature and it has 
been considered that they do not generate the corrosive or 
hazardous smoke during combustion as halogenated flame 
retardant [1]. Thus, boron-based compounds are considered 
as an environmentally friendly flame retardant and a good 
alternative for halogenated-based flame retardants. Boron-
based compounds can act as an effective flame retardant due 
to their ability to form an impermeable glassy coating layer 
upon their degradation. The glassy coating formed on the 
surface of polymeric materials acts as a protective barrier 
and facilitates the exclusion of oxygen and prevents further 
propagation of combustion. Upon thermal decomposition, 
boron-containing flame retardants produce boron oxide in 
the condensed phase and alter the decomposition process of 
the polymer in favor of carbonaceous char rather than CO 
or CO2 [10, 11].

Environmental concerns and health-related issues have 
stimulated researchers to develop environment-friendly 
coatings with low or zero VOC content [12]. In this sense, 
researchers have developed high solids, water dispersible 
[13], powder [14], and radiation (UV/EB) curing coatings 
[15, 16], which have low VOC contents. UV-curing technol-
ogy has zero VOC content and it has been used in protective 
coatings, printing inks, adhesives, varnishes, and composites 
due to its shorter reaction time, lower energy consumption, 
and economically favorable and environmentally friendly 
aspects [17, 18]. Nowadays, UV-curable epoxy acrylate, 
PUA, and acrylic resins are readily available in the market, 
however, amongst them, PUA has attracted great interest 
in the coatings and adhesives due to its outstanding adhe-
sion, excellent flexibility, and chemical resistance ability. 
PUA resins are usually prepared by the reaction of polyol 
and hydroxyl functional acrylic monomers with diisocy-
anate, yielding double bond-terminated resin as product 
[19]. Furthermore, most of the PVA resins are obtained 
from petroleum-based materials which have limited avail-
ability [20]. The petroleum based raw materials have limited 
sources and if we didn’t find the alternative sources it may 
be finished. Therefore, increasing the worldwide interest to 
utilize the renewable resources which are abundantly avail-
able in nature to synthesize the resins [21, 22]. In this regard, 
many research works have been done on the utilization of 
renewable resources for synthesizing resins, such as epoxy 
[23, 24], polyester [25, 26], polyurethane [27], and polyes-
teramide [28]. These resins have become an environmentally 
possible substitute to petrochemical-based materials in coat-
ing industry [29]. In this context, many kinds of renewable 
raw materials, such as plant oils, rosins, terpenes, and sugars 
have been used for building blocks of polymeric materials 
[30, 31]. Vegetable oils (both edible and non-edible) are 
one of the cheapest and most abundant biological feedstocks 

available in large quantities, and their use as starting mate-
rials offers numerous advantages, such as low toxicity and 
inherent biodegradability [32]. Marta et al. synthesized a 
boron-containing flame retardant thermosetting copolymer 
by cationic polymerization from soybean oil. LOI measure-
ments were carried out and it was observed that LOI values 
increased from 19.2 for the boron-free system to 25.6 as 
the boron content was increased in the system [33]. Emrach 
et al. pioneered boron-containing flame retardant coatings 
by thiol-ene polymerization reaction. 4-Vinylphenyl boronic 
acid was used to provide the flame-retardancy properties to 
the coatings [34]. In a further study, biodegradable flame-
retardant UV-curable sol/gel-based coatings were prepared 
from methacrylated and phosphorylated epoxidized soybean 
oil. Liquid UV-curable coating materials were applied on 
polycarbonate substrate and it was cured with UV light. 
Their flame-retardancy performances were determined, and 
the results showed that the incorporation of sol–gel precur-
sor into the resin led to an enhancement in the thermal stabil-
ity and flame retardancy of the coated materials [35]. In our 
previous work, we successfully synthesized an UV-curable 
PUA resin from a polyol derived from itaconic acid (IA) as 
a renewable resource, isophorone diisocyanate (IPDI) and 
2-hydroxylethyl methacrylate (HEMA). The combination 
of renewable resources and UV-cured coatings provides a 
greener protocol which has a bright future in industry [36]. 
In this work, the combination of a renewable resource and 
an UV-cured coating system was used to synthesize flame-
retardant coatings with boron as the backbone for flame-
retardant application. The novelty of the work is to provide 
eco-friendly, non-hazardous flame-retardant coatings syn-
thesized from phenylboronic acid and a renewable resource, 
i.e., linseed oil. The effect of concentration of a boron-based 
UV-curable oligomer (BELO) has been studied to obtain the 
best possible formulation for the flame-retardant applica-
tions. The molecular structure of boron-containing flame-
retardant oligomer was characterized by physicochemical 
and FTIR, 1H NMR, and 11B NMR spectroscopy analyses. 
The synthesized boron-containing oligomer was added in 
various proportions (between 10 and 40 wt%) in the PUA 
resin formulation, and different flame-retardant UV-cura-
ble wood coatings were prepared. The effects exhibited by 
BELO oligomer on the flame-retardant performance have 
been presented and discussed in terms of LOI and UL-94 
tests results.

Experimental

Materials

Linseed oil (LO), sodium hydroxide, sodium chloride, 
hydrogen peroxide (H2O2, 30%), triethylamine, sulphamic 
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acid (H3NSO3), and acetic acid were purchased from S.D. 
Fine Chem. Ltd., Mumbai. Phenylboronic acid and gly-
cidyl methacrylate (GMA) were purchased from Sigma-
Aldrich Chemicals Pvt. Ltd., Mumbai, India. EBECRYL 
8405, an aliphatic urethane acrylate (PUA) (functionality: 
4, density: 1.13 g/mL, and viscosity at 60 °C: 4500 cP/
mPa s), was received from Allnex Resins Pvt Ltd., India. 
The acid form of sulfonated polystyrene-type ion exchange 
resin, Amberlite IR-120H, from Rohm Hass Co. (Phila-
delphia, PA, USA) was used as the catalyst. The photoini-
tiator 2-hydroxy-1-{4-[4(2-hydroxy-2-methyl-propionyl)-
benzyl]-phenyl}-2-methyl-propan-1-one (IRGA​CUR​E 
127) was received from BASF, India. Dipropylene gly-
col diacrylate (Photomer 4226) as reactive diluent was 
received from Shepherd Color Company, India. All materi-
als were used as received without any further purification.

Synthesis of epoxidized linseed oil (ELO)

During epoxidation reaction, the molar ratio of carbon 
double bonds to acetic acid to hydrogen peroxide was 
1:0.5:1.5 and this was maintained throughout the reaction. 
A four-necked flask equipped with a mechanical stirrer, 
thermometer packet, and a reflux condenser was charged 
with LO, Amberlite IR-120H and acetic acid. The reaction 
mixture temperature was raised gradually from ambient to 
55 °C to start the epoxidation reaction, and then, hydro-
gen peroxide (30%) was added gradually to the reaction 
mixture for about 1 h. The reaction mixture was allowed 
to heat for next 6 h for completion of the reaction. The 
synthesized ELO was separated from the reaction mixture 
and then characterized by FTIR and 1H NMR analyses.

Synthesis of phenylboronic methacrylate (PBMA) 
oligomer

A 250 mL three-necked round bottom flask equipped with 
magnetic stirrer was charged with 26.91 g (0.1893 mol) 
of GMA and sulphamic acid as a catalyst (0.5 mol%) in 
THF (50 mL). The reaction mixture was stirred gradually 
and the solution of 23.08 g (0.1893 mol) PBA and triethyl-
amine (1 mol%) in THF was added dropwise over a period 
of 1 h. After completion of the addition, the reaction was 
continued for the next 24 h at room temperature to achieve 
complete conversion. After completion of the reaction, the 
catalyst was filtered out and solvent was removed under 
reduced pressure with the help of a rotary evaporator. 
Finally, a yellowish liquid product was collected, and then, 
characterized by FTIR and 1H NMR analyses.

Synthesis of boron‑containing epoxidized linseed 
oil (BELO) oligomer

A mixture of ELO and PBMA was added in a four-necked 
flask which was equipped with a water condenser, and mag-
netic stirrer. The reaction conditions for BELO oligomer syn-
thesis were very similar to those discussed for PBMA oligomer 
synthesis. The synthesized BELO oligomer was separated out 
from the reaction mixture, and characterized by iodine value, 
FTIR, 11B and 1H NMR analyses.

Preparation of UV‑curable flame‑retardant coatings 
for wood substrate

Boron-containing UV-curable flame-retardant coatings for 
wood substrate formulations were prepared by the addition 
of BELO oligomer at the various concentrations listed in 
Table 1. Each formulation was prepared in a beaker with vig-
orous stirring and the prepared formulations were coated onto 
wood panels (10 cm × 7 cm) using a bar applicator. Free films 
were prepared by pouring the formulation mixture onto Tef-
lon molds. The panels were cured by an UV-curing machine 
(UNIQUE UV Curing Machine, India) using a 4 kW high-
pressure mercury lamp (30–400 nm wavelength) within almost 
20 s exposure time. The UV-cured coatings were evaluated by 
their solvent and chemical resistance, mechanical, thermal and 
flame-retardant properties.

Characterization

Iodine value

Wij’s method was performed to determine iodine value using 
iodine monochloride solution in acetic acid and carbon tetra-
chloride. Then, KI solution was added to determine the excess 
halogen and the liberated iodine was titrated with sodium thio-
sulphate solution (ASTM D1959-97):

(1)IV =
(B − S) × 12.69 × N

W
,

Table 1   Formulation of UV-curable flame-retardant coatings

Code PUA oligomer BELO 
oligomer

Reactive 
diluent

Pho-
toinitia-
tor

PUA 76 0 20 4
PUA10 66 10 20 4
PUA20 56 20 20 4
PUA30 46 30 20 4
PUA40 36 40 20 4
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where B = burette reading for blank (mL), S = burette read-
ing for sample (mL), N = normality of Na2S2O3 solution, 
W = weight of sample (g).

Epoxy equivalent weight (EEW)

A known weight of the sample was taken in an Erlenmeyer 
flask, completely dissolved in 25 mL hydrochlorination 
agent, followed by the addition of bromocresol red as an 
indicator, and then titrated against 0.1 N NaOH solution:

where B = blank burette reading (mL), S = sample burette 
reading (mL), N = normality of NaOH solution, C = weight 
of sample (g).

Fourier transform infrared spectroscopy

The chemical structure of ELO, PBMA and BELO oligomer 
was identified by FTIR analysis on a Bruker ATR spectro-
photometer, USA. FTIR absorption spectra were recorded 
in 4000–600 cm−1 wavelength range.

Nuclear magnetic resonance spectroscopy

The chemical structure of ELO, PBMA and BELO oligomer 
was also confirmed by 1H and 11B NMR spectroscopy analy-
sis performed on a Bruker DPX 800 MHz spectrophotometer 
(USA) using DMSO as a solvent.

DSC analysis

Differential scanning calorimetry (DSC) analysis was car-
ried out to determine the glass transition temperature (Tg) 
of cured coating samples on a TA Q100 analyzer, USA. For 
DSC analysis, each sample was weighed accurately in an 
aluminum pan and heated in 40–100 °C temperature range 
using 10°C/min rate of heating.

TGA analysis

Thermal stability of cured coatings was monitored by TGA 
analysis on a PerkinElmer TGA 4000 instrument (USA) in 
40–600 °C temperature range with 20°C/min heating rate. 
Statistic heat resistance temperature (Ts) was calculated by 
the following equation:

Coating analysis

The gloss of coating was measured by a Rhopoint gloss 
meter at 60° angle (ASTM D523-99). Coating hardness was 

(2)EEW =
C × 1000

(B − S) × N
,

(3)Ts = 0.49 [Td5 + 0.6 (Td30 − Td5)].

measured by a pencil hardness tester as per ASTM D3363. 
The cross-cut adhesion test was examined for checking the 
adhesion properties as per ASTM D3359. The solvent scrub 
resistance of coatings was examined by rubbing a cloth 
saturated with MEK solvent as per ASTM D5420-93. The 
coatings resistance against various stains was determined by 
ASTM D3023-98. The stains were applied on the coating 
surface for 24 h, and washed with water, and subsequently 
with ethanol.

Limiting oxygen index

The flammability of cured samples was studied by LOI test. 
LOI is defined as the minimum fraction of oxygen in a flow-
ing mixture of oxygen and nitrogen that will just support the 
flaming combustion.

UL‑94 vertical burning test

UL-94 test was carried out to examine the flammability of 
coating samples as per ASTM D1356. Test samples with 
dimension of 8 cm × 1 cm × 1 cm were held vertically and 
ignited using an LPG Bunsen burner.

SEM analysis

The micromorphology image of residual char after UL-94 
tests was obtained using a JSM-6380 (JEOL) scanning elec-
tron microscope.

Results and discussion

Boron-containing oligomers usually show a three-step syn-
thetic mechanism. The epoxidation of linseed oil was car-
ried out in the presence of hydrogen peroxide, acetic acid, 
and Amberlite IR120 as catalyst. The progress of linseed oil 
epoxidation was monitored by change in iodine value, and it 
was found that the iodine value of linseed oil changed from 
160.57 to 15.54 g of I2/100 g, and its double bond was suc-
cessfully converted to oxirane ring. The EEW of epoxidized 
linseed oil after the completion of the reaction was 562.56 g/
mol. The BELO was synthesized using a 1:1 molar ratio 
of ELO:PBMA. The physiochemical analysis of ELO and 
BELO is shown in Table 2.

Table 2   Physicochemical analysis

Chemical analysis EEW Iodine value

ELO 562.56 15.54
BELO – 137.94
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FTIR analysis

The FTIR spectra of LO and ELO resins are illustrated in 
Fig. 1. The absorption peaks at 2923 and 2858 cm−1 are 
attributed to the –CH symmetric and asymmetric stretching 
vibrations, respectively. The peak observed at 1741 cm1 is 
due to carbonyl (C=O) stretching vibration. The peaks at 
1159 and 3008 cm−1 are attributed to the C–O–C linkage 
and unsaturation (–C=C–) of linseed oil, respectively. The 
peak at 3008 cm−1can be assigned to the unsaturation, which 
disappeared in the FTIR spectrum of ELO. It is indicated 
that the unsaturation of linseed oil was converted to oxirane 
ring in an epoxidation process. In addition, the spectrum 
shows the additional peaks at 3459 and 826 cm−1, which can 
be attributed to hydroxyl group and oxirane ring [32, 37]. 
The FTIR spectra of ELO, PBMA and BELO are also shown 
in Fig. 2. The FTIR spectrum of PBMA exhibits a peak 
at 1717 cm−1 indicating the presence of carbonyl (C=O) 
ester. The peaks at 2966 and 2865 cm−1 are attributed to 
the –CH stretching vibration. The spectrum also shows the 
characteristic peaks at 1310 and 648 cm−1, which are attrib-
uted to the –B–O–C– and –B–C– stretching, respectively. 
The peak at 1160 cm−1 is the result of C–O stretching. The 
characteristic peak at 808 cm−1 is attributed to the acrylate 
unsaturation. The strong band observed at 3335 cm−1 reveals 
the presence of hydroxyl groups and it signifies the reaction 
of GMA and PBA. The FTIR spectrum of BELO does not 
show the peak at 826 cm−1, which indicates that all oxirane 
rings in ELO reacted with the hydroxyl groups of PBMA. 
The peak at 808 cm−1 is attributed to the acrylate C=C bond, 
which has been successfully incorporated at the end of the 
BELO oligomer chains [11]. The remaining absorption 
peaks of BELO are the same as those observed in the ELO 
and PBMA spectra.

1H NMR analysis

The 1H NMR spectra of ELO, PBMA and BELO are 
depicted in Fig. 3. The peak at 0.81–0.90 ppm has been 
attributed to the terminal methyl proton. The absorption peak 
at 1.26–1.31 ppm corresponds to the protons of all the inter-
nal CH2 groups present in the fatty acid chain. The peak at 
1.6–1.638 ppm reveals the proton of the CH2 group attached 
next to the terminal methyl group. The proton associated 
with glyceride moiety has appeared at 4.14–4.32 ppm. The 
peak at 5.15 ppm corresponds to the proton between the two-
glyceride moieties. The characteristic peak at 3.18–2.90 ppm 
corresponds to the proton of oxirane ring [38]. The 1H NMR 
spectrum of PBMA oligomer (Fig. 4) shows the peaks at 
7.78 and 7.70 ppm which belongs to deshielded aromatic 
proton. The peaks at 6.05 and 5.95 ppm are attributed to the 
protons of the vicinal bonds in GMA. The peak observed 
in the downfield of the spectrum is due to the movement of 
electrons in the highly delocalized carbon–carbon double 
bond. The spectrum reveals a singlet at 3.71 ppm which cor-
responds to the proton of hydroxyl group. Figure 5 shows the 
1H NMR spectrum of BELO oligomer, in which the peaks at 
7.78 and 7.68 ppm correspond to highly deshielded aromatic 
proton. The characteristic proton of oxirane ring has a sig-
nal at 3.18–2.90 ppm, which has disappeared in the BELO 
spectrum. A singlet observed at 4.12 ppm corresponds to the 
proton associated with hydroxyl group. The peaks at 6.72 
and 6.54 ppm can be assigned to the protons of the neighbor-
ing bonds in PBMA as the end group of BELO [39].

11B NMR analysis

The 11B NMR spectrum in Fig. 6 shows the characteristic 
peak in the range of 0–20 ppm which corresponds to the 

Fig. 1   FTIR analysis of LO, and ELO

Fig. 2   FTIR analysis of ELO, PBMA, and BELO
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–C–B–O– backbone of BELO oligomer. From the NMR 
analysis, it is revealed that boron is successfully incorpo-
rated into the backbone of BELO oligomer.

BELO curing study by FTIR

In UV-curing process, a liquid coating is exposed to UV 
light to be converted into a solid coating. The crosslinking 
reactions are originated from acrylate double bonds when 
exposed to UV light. The extent of double bond conversion 
was calculated using FTIR spectra shown in Fig. 7. Before 
exposure to UV light, the FTIR spectrum BELO oligomer 
showed a peak at 808 cm−1 which could be attributed to the 
C=C vibration of acrylate. The FTIR spectra of the UV-
cured coating showed the complete disappearance of the 
absorption peak at 808 cm−1, that means no C=C bonds 
remained in the backbone [40, 41]. Thus, it can be concluded 
that the crosslinking reaction takes place through the double 
bonds of BELO oligomer when it is exposed to UV light.

Mechanical properties

The resulting coatings were characterized for their mechan-
ical and optical properties and the results are given in 
Table 3. As seen in the table, the gloss of UV-cured coat-
ings decreases with increasing BELO content. All coatings 
show a pencil hardness above 3H, which is due to the high 
crosslinking density of the cured coating network. PUA40 
coating shows higher hardness value compared to PUA, 
PUA10, PUA20 and PUA30 coatings. The excellent adhe-
sion of coatings to wood substrate was evaluated by cross-
cut adhesion test. The secondary hydroxyl groups present 
in the polymer backbone which facilitates the hydrogen 

bonding interactions between the coating and wood substrate 
improves the adhesion properties [42].

Solvent resistance

All coatings were tested for 200 cycles of solvent scrub 
(MEK) and a good solvent scrub resistance was observed 
for them. This could be attributed to the highly cross-linked 
structure of coatings. In addition, the coatings have N–H and 
–OH groups present in their backbone, which create hydro-
gen bonding interactions that are either intermolecular or 
intramolecular, and therefore, enhance the scrub resistance 
properties of the coatings [43]. The scrub resistance results 
revealed that the UV-curable PUA- and BELO-incorporated 
PUA coatings had an excellent cross-linked structure, which 
could resist against solvent scrub resistance test.

Stain resistance

Stain resistance of coatings was evaluated using a perma-
nent ink, ballpoint ink, turmeric, tea and shoe polish, and 
the obtained results are tabulated in Table 4. As seen in the 
table, by increasing the BELO percentage in the PUA for-
mulations, the stain resistance has improved up to a certain 

Fig. 3   1HNMR analysis of ELO

Table 3   Mechanical properties of PUA, PUA10, PUA20, PUA30 and 
PUA40 coatings

Properties PUA PUA10 PUA20 PUA30 PUA40

Gloss (60°) 112.2 104.9 101.2 102.3 101.4
Cross-cut adhesion Pass Pass Pass Pass Pass
Pencil hardness 3H 3H 4H 5H 5H
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extent, which may be attributed to the formation of more 
compact three-dimensional interpenetrating networks.

Thermal properties

As seen in Fig. 8, the Tg values of PUA, PUA10, PUA20, 
PUA30 and PUA40 coatings are 44, 44, 46, 47 and 57 °C, 
respectively. The increase in Tg values is due to increase 
in the percentage of BELO in PUA coating formulations. 
It should be noted that the crosslink density of the PUA 
coatings is directly proportional to the percentage of BELO, 
and hence, PUA40 coating showed higher Tg compared to 
the PUA, PUA10, PUA20 and PUA30 coatings. The TGA 
curves of cured coatings, shown in Fig. 9, provide informa-
tion about the thermal stability in terms of weight loss as a 
function of temperature. Thermal stability is enormously 
affected by the number of hard and soft segments present in 
the coating structure. It has to be emphasized that, the ure-
thane linkage and structure of isocyanate used are responsi-
ble for existing hard segments, and long aliphatic chains are 
responsible for soft segments. The value of 5 wt% loss deg-
radation temperature (Td 5%) of the cured coatings increased 
from 227.30 °C for PUA coating to 330.17 for PUA40 coat-
ing. Statistic heat resistance, 5% (Td 5%) and 30% (Td 30%) 
weight loss temperature and char yield at 600 °C are tabu-
lated in Table 5. The calculated Ts value has increased from 
159.45 to 185.46 °C with increase in BELO content in PUA 

coating, while the thermal resistance properties of coating 
are enhanced with increase in crosslink density. From the 
TGA curves it can be concluded that, PUA40 coating has 
higher thermal resistance properties compared to the PUA, 
PUA10, PUA20 and PUA30 coatings, with the possible rea-
son being that the percentage of BELO is having an impact 
on the crosslink density of the cured coating. In addition, the 
aromatic ring of PBA enhances the thermal resistance prop-
erties of the coating [44–46]. It can be observed that, higher 
char yield is obtained with increase in the BELO content.

LOI and UL‑94 analysis

The flame retardancy of the coatings was evaluated by LOI 
test, and the results are shown in Fig. 10. The LOI values are 

Fig. 4   1HNMR analysis of 
PBMA

Table 4   Stain resistance of PUA, PUA10, PUA20, PUA30 and PUA40 coatings

3 poor, 4 satisfactory, 5 good

Coatings Turmeric Shoe polish Permanent ink Ballpoint ink Tea

PUA 5 4 3 5 5
PUA10 5 5 4 5 5
PUA20 5 5 4 5 5
PUA30 5 5 5 5 5
PUA40 5 5 5 5 5

Table 5   TGA analysis of PUA, PUA10, PUA20, PUA30 and PUA40 
coatings

Coatings 5% (°C) 30% (°C) Ts (°C) Residues 
(%) at 
600 °C

PUA 227.30 390.83 159.45 3.981
PUA10 248.58 405.31 167.88 4.285
PUA20 284.16 405.98 175.05 4.555
PUA30 294.64 404.31 176.61 4.118
PUA40 330.17 410.71 185.46 5.197
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increased from 19 to 25 with increases in BELO oligomer 
content in the UV-curable PUA coating formulation. The 
high LOI value of 25, which belongs to the PUA4 coat-
ing, is due to the highest content of BELO oligomer in this 
formulation. The improvement in the flame-retardancy per-
formance of the coating with the addition of BELO may 
be due to the boron which acts as a flame retardant in both 
condensed and vapor phases. During firing, the endothermic 
dehydration reaction of boron will take place, and so the heat 
of combustion is absorbed. Thus, the released water vapor 
will dilute the oxygen and the other flammable gases dur-
ing firing. This flame inhibition mechanism justifies vapor 
phase barrier action, during the formation of boron oxide on 
combustion, which works as a protective barrier against the 
fire into the condensed phase and the mechanism highlights 
that prohibiting the heat transfer and slow spreading of the 
flames develops a barrier against the flame [47]. The residual 
char yield of coatings increased as the content of BELO in 
the PUA oligomer was increased, therefore the heat transfer 
from the source to the substrate was prevented and the flame 
retardancy of the coatings was improved. This conclusion 
is in accordance with the char yield data obtained from the 
TGA analysis, which indicated that the flame-retardancy 
performance of coating improved with increase in BELO 
oligomer content [33, 48]. All coatings were characterized 
by the UL-94 test and all UV-cured coatings showed self-
extinguishing behavior except PUA and PUA10 coatings. 
The coatings that exhibited self-extinguishing behavior were 
able to quench the fire within a period of 8–12 s after the 

flame was removed during the test. There was no dripping 
char residue after completion of burning test, indicating the 
good structural stability of residual char which is the conse-
quence of increased boron content and molecular structure 
of PUA oligomer.

Characterization of residual char structure by FTIR 
and microscopic analysis

As shown in Fig. 11, the structure of residual char after UL94 
test was analyzed by FTIR to understand the role of boron-
containing flame-retardant system in the thermo-oxidative 
degradation process. The peaks at 2925 and 2847 cm−1 are 
due to the asymmetric and symmetric vibrations of CH2 
groups having remained after the thermo-oxidative degra-
dation. The FTIR spectra show a peak at 1629 cm−1 which 
can be assigned to the C=C stretching of aromatic ring. In 
addition, the intensity of this peak increases with increase in 
the boron compound content. The absorption bands of N–H, 
B–O and B2O3 are overlapped in the 3200–3600 cm−1 range. 
The peaks at 3224 and 3378 cm−1 belong to B–O and B2O3 
[49, 50]. As the FTIR results reveal, the chemical structure 
of char alters with the addition of BELO oligomer. The SEM 
images of the char residues of PUA and PUA40 coatings 
obtained from UL-94 test are shown in Fig. 12. It is observed 
that the surface structure of PUA residual char changes with 
increases in boron-containing flame-retardant oligomer 
content. The SEM images of PUA char show a number of 
holes on the surface, through which gas can escape during 

Fig. 5   1HNMR analysis of 
BELO
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the combustion process. On the other hand, PUA40 coating 
exhibited a very close and dense carbonaceous char com-
pared to the PUA coating. A dense carbonaceous char can 
enhance the flame-retardancy property by reducing the rate 
of flame propagation and heat transfer [51]. According to 
the microscopic study of morphology shown in Fig. 6, the 
flame-retardancy performance was improved with the addi-
tion of BELO oligomer in PUA coatings.

Conclusion

The boron-containing UV-curable oligomer was success-
fully synthesized using linseed oil, phenylboronic acid, and 
glycidyl methacrylate. After synthesis, the boron-containing 
UV-curable oligomer was characterized by physicochemical 
methods and further confirmed by FTIR, 1H, and 11B NMR 
spectroscopy. The synthesized boron-containing UV-cura-
ble oligomer was incorporated into the conventional PUA 
at different concentrations, and then its effect on the coating 
properties was studied. In the UV-cured system, the con-
version of double bond was studied by FTIR measurement. 
The TGA analysis demonstrated that by increase in boron-
containing UV-curable oligomer content in the conven-
tional PUA coatings, the thermal properties were improved 
and char content was increased. The boron-containing 

UV-curable oligomer-incorporated PUA coatings showed 
better mechanical, stain resistance and solvent resistance 
properties as compared to the conventional PVA coating. 
The LOI value of coatings increased from 19 to 25 as the 
BELO oligomer content was increased. The LOI and UL-94 
tests results showed that by increasing the BELO oligomer 
content, the flame-retardant performance of UV curable 

Fig. 6   11B NMR analysis of 
BELO

Fig. 7   Unsaturation conversion study by FTIR spectra
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coatings was improved. The proposed work opens the doors 
to many new directions of research in bio-based materials 
(Figs. 7, 8, 9, 10, 11, 12).

Fig. 8   DSC analysis of coatings

Fig. 9   TGA analysis of coatings

Fig. 10   LOI analysis of coatings

Fig. 11   FTIR analysis of residual char
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