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properties of low density, resistance to abrasion, and ease of 
processing [1–3]. However, the flammability of these poly-
meric materials unfortunately limits their use in many of the 
areas. It is important to improve the flame-retardant proper-
ties of the polymeric films, especially for a highly used poly-
mer; polyurethane. Generally, there are two different ways 
for such improvement. The first method is direct addition 
of flame-retardant additives to the polymer matrix through 
melt processing or mixing. In this case, poor compatibility 
may occur, and it becomes difficult to form a homogeneous, 
stable coating solution. This generally results in poor per-
formances [4, 5]. The second method is chemically bonding 
the flame-retardants to the polymer chain [6]. The chemi-
cal bonding of the flame-retardant to a polymer chain, in 
general, shows higher thermal stability compared to the 
physical addition. In addition, there is no migration of the 
flame-retardant in the coating over time [7]. One possible 
disadvantage is reduction of mechanical properties caused 
by incompatibility of flame-retardants with the polymer [8].

1  Introduction

Natural and synthetic polymers are very commonly used 
materials in many applications such as coating, membranes, 
cables, sensors, electronics, etc. with their advantages 
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Abstract
In this study, combinations of phosphorous silicone methacrylate monomer (PSiMA) and CaB4O7 nanoparticles (CBO 
NPs) were prepared for formation of halogen-free, flame-retardant, UV-curable polyurethane acrylate (PUA) films. The 
addition of either PSiMA or CBO NPs to PUA increased the flame-retardancy as expected, but the PSiMA-only addition, 
unfortunately, had adverse effects on the physical properties. However, the combined addition of PSiMA and CBO NPs 
not only resulted in the best performance on flame retardancy but also recovered the polymer’s thermal and physical 
properties. With additives high initial decomposition temperatures were observed in the range of 175–216 °C. Among the 
combinations, PLU-60PSi-10NP (60 phr PSiMA + 10 phr CBO NPs) resulted in the best LOI performance of 27, which 
is 40% more than the PLU film (PUA-based film). In addition, the film had a remarkable char formation ability of 14.5% 
compared to PLU. The observed high LOI values could not be explained by the high percentages of P, Si, B, and N in the 
films, but the synergy among the additives was also considered. In this study, we have investigated the use of a promising 
technique, THz spectroscopy, on the characterization of these films as well. Very interestingly, the results showed a nice 
correlation between the dielectric responses measured by THz spectroscopy and the mechanical properties of the films. 
Observed great performances along with the simple preparation methods of these newly developed halogen-free, flame-
retardant, PUA-based films are expected to significantly increase their potential use in many practical applications such 
as automobile, leather, printing, and coatings.
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Halogen-based flame-retardants are common and highly 
used example of the second method in the polymeric coat-
ings. However, halogen-based flame-retardants produce 
large amounts of toxic gases during the combustion pro-
cess. These gases are very harmful both to humans and the 
nature. Halogen-free flame-retardants, on the other hand, 
are attracting more attention recently since they do produce 
much fewer toxic gases and fumes during combustion [9]. 
Therefore, in order to protect the environment halogen-
based flame retardants have been gradually replaced by 
green flame-retardants containing elements such as silicone 
[10], phosphorus [11], nitrogen [12] and boron [13, 14]. In 
particular, phosphorus-containing flame retardants such as 
phosphine oxides, phosphonates, phosphonium, phosphates, 
and phosphites have been extensively studied as promising 
alternatives for halogenated compounds [1, 15].

Phosphorus containing flame-retardants show flame-
retardant effects in both condensed and gaseous phases. 
Decomposition of phosphorus in flame retardant systems 
can produce polyphosphate and phosphoric acid, which can 
cause dehydration of the system while catalyzing formation 
of carbonized layers and reactive free radicals [16]. On the 
other hand, nitrogen-containing flame-retardants have simi-
lar effect and decompose to produce non-combustible gases 
such as water, CO2 and ammonia, and this way dilute the 
concentration of flammable gases and oxygen. Silicone con-
taining ones are also highly efficient and preferred as green 
choice and works as condensed phase flame-retardant [17, 
18]. In the combustion process, the formed silicate layer 
has a catalytic effect on formation of compact carbon layer. 
This way it produces an isolation and reduces the energy 
exchange between the combustibles and environment [19, 
20]. Another preferred green choice is the boron contain-
ing flame-retardants. Here, boron forms of a glassy molten 
coating on the polymer surface to insulate heat and air dur-
ing thermal cracking process [21, 22]. Each of these ele-
ments brings different advantages to the flame retardancy of 
a polymeric material and the choice of element(s) should be 
considered carefully based on synergy between the flame-
retardants and the final composition of the polymer.

The final composition of a polymeric material is gener-
ally determined by its required properties for the application 
as well as its polymerization process and safety concerns. 
Recently, photopolymers are highly preferred materials 
based on their high-performance properties with ease of 
polymerization techniques. Photopolymerization is a pro-
cess that happens by absorbing photon energy and forming 
active radicals called photo-initiators that initiate polymer-
ization between monomers, reactive diluents, and oligomers 
in the system have advantaged over [23–25]. Diluents or 
solvents used in conventional coating methods often release 
high amounts of volatile organic compounds (VOCs) during 

the preparation or use and cause great harm to human health 
and the environment [26, 27]. Compared to traditional coat-
ing methods, the advantages of photopolymerization can 
be stated with its 5Es: Environmentally friendly (low or 
no VOC emission), Efficient processing, Effective, Energy 
efficient, and Economical [28]. The solvent-free processing, 
faster synthesis time, and a chance to be applied at room 
temperature is making this a very attractive solution when 
applicable. In fact, in the presence of a photo-initiator, for-
mulations in the UV curable system can be converted into a 
solid film or coating under UV irradiation in as little as three 
minutes [29].

Polyurethanes constitute a significant class of poly-
mers widely employed in applications such as transparent 
and flexible coatings, hybrid systems, adhesives, synthetic 
leather, and numerous industrial fields due to their advan-
tageous features including low toxicity, resistance to wear, 
and superior mechanical, chemical, and thermal stability 
[30, 31]. Among many, polyurethane acrylate (PUA) is one 
of the most widely used oligomers in photopolymerization. 
PUA combines the excellent mechanical properties of poly-
urethane (PU) and the superior properties of polyacrylates 
(PA) such as weather resistance, water resistance, and sol-
vent resistance [32–34]. PUA is mostly used in automobile, 
leather, printing, and ink coatings [35, 36]. However, its 
flammable nature limits its use in wider application areas. 
Therefore, extensive efforts have been made to improve 
the flame-retardant properties of PUs by using various fill-
ers including mineral fillers such as aluminum trihydroxide 
[34, 37, 38]. Boron compounds also reported in literature 
where it is directly used or used in combination with differ-
ent flame-retardant additives in many polymers, including 
polyurethanes, provided flame-retardant benefits in the con-
densed phase and gas phases [39–42].

A UV-curable, non-flammable, polyurethane acrylate-
based coating containing boron nanoparticles, thus, appears 
to be a very promising alternative as a flame-retardant 
material carrying all the attractive PU properties. In spite 
of their promising attributes, only two studies in the litera-
ture were found on boron containing PUA composites and 
none have investigated the flame retardancy. In a study by 
Kim et al. [43], UV curable boron nitride (BN)/PUA com-
posite was prepared to obtain undersea sonar encapsulator 
through surface modifications. It was mentioned that bet-
ter dispersibility and stronger interaction were provided on 
the surface and was concluded that these composites were 
promising materials as sonar encapsulators and could sig-
nificantly increase both mechanical strength and long-term 
stability. In a study by Liu et al. [13], a series of water-based 
polyurethanes (WPUs) were prepared using an end-capping 
agent, diallylamine (glycidoxypropyl)methyldiethoxysilane 
(DAA-GPTMS) and hydroxylated boron nitride (hBN-OH) 
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nanolayers. As a result of wettability experiments and water 
absorption tests, it was stated that the addition of DAA-
GPTMS significantly improved the hydrophobicity and 
water resistance of WPU films. In addition, it was empha-
sized that a synergistic effect was obtained between DAA-
GPTMS and hBN-OH, thus improving the mechanical and 
physical properties of the films. Considering the significant 
uses of polyurethane-based polymers in many application 
areas, there is a need to increase the flame retardancy with-
out sacrificing its mechanical and thermal properties. Such 
studies will enable to develop PUA composites with better 
performances and will attract the interest of the scientific 
community and also of the industrial partners.

There are many commonly used characterization tech-
niques for determining the properties of polymeric materi-
als. Terahertz (THz) spectroscopy is becoming a developing 
tool for analysis of polymeric materials, too. THz region 
of the electromagnetic spectrum is located in between 
microwave and infrared regions, and generally referred as 
0.1–10 THz frequency band. With its long wavelengths 
THz beams can penetrate through most dielectric materials 
such as ceramics, glass, polymers, and rubber while metals 
do not transmit the THz signal. With its unique properties, 
THz spectroscopy has been broadly used in many areas like 
material sciences [44, 45], chemistry [46], engineering [47], 
biology [48] and security applications [49]. THz techniques 
in general are non-destructive testing methods for charac-
terization of polymeric materials as such polymers contain-
ing nanocomposites for their homogeneity and dispersion 
[50–52], polymeric thin films [53, 54] for their dielectric 
response, inspection for laminate properties of polymers 
[55], etc. In this study we would also like to investigate 
the possible use of THz spectroscopy as a complementary 
technique for the characterization of the newly prepared 
polyurethane-based nanoparticle decorated flame-retardant 
films.

The need to enhance the flame retardancy of polyure-
thane-based polymers without compromising their mechan-
ical and thermal properties is a notable concern across the 
academia and various industries. Therefore, in this study 
a monomer containing phosphorus, silicone, and acrylate 
groups was synthesized and UV curable films were pre-
pared by mixing polyurethane acrylate PSiMA oligomer 
and calcium tetraborate nanoparticles (CBO NPs) at deter-
mined combination amounts. The PSiMA monomer was 
characterized using FTIR spectroscopy. The synergistic 
effect of phosphorus, silicone, boron, and nitrogen contrib-
uting to the flame-retardancy were investigated by compar-
ing the limiting oxygen index (LOI) values. In addition, we 
have characterized the optical properties of the PLU film 
and its composites using a new technology, THz-TDS. The 
mechanical, thermal, and surface properties of all films were 

also characterized and compared and effect of PSiMA and 
nanoparticles on these properties were discussed.

2  Experimental

2.1  Materials

Aliphatic polyester-based urethane diacrylate oligomer 
blended with 25% ethoxylated trimethylol propane triac-
rylate. (AUA; CN963E75) was purchased from Sartomer 
(Verneuil en Halatte, France). 1-vinyl-2-pyrrolidone (NVP), 
diethylphosphonoacetic acid (DEPA), glycidyl methacrylate 
(GMA), 3-(trimethoxysilyl)propyl methacrylate (MEMO) 
and phenylbis(2,4,6-trimethyl benzoyl) phosphine oxide 
(Irgacure 2022) were obtained from Sigma Aldrich. P-tol-
uenesulfonic acid (p-TSA) was purchased from Ataman 
Kimya (Turkey). CaCO3 (98% purity) and H3BO3 (99.5% 
purity) were purchased from Merck.

2.2  Synthesis of the CaB4O7 Nanoparticles

CaB4O7 nanoparticles (CBO NPs) were produced via solid-
state synthesis method. Stoichiometric amounts of CaCO3 
and H3BO3 were ground thoroughly in an agate mortar for 
homogeneity. Then the mixture was calcinated in the muf-
fle furnace attuned to heat up at 850 °C with a 4 °C/min 
heating rate, and retention time was adjusted to 2 h at this 
temperature.

CaCO3 (s) + 4H3BO3 (s) → CaB4O7 (s) + CO2 (g) + 6H2O (g)� (1)

2.3  Synthesis of Phosphorous Silicone Methacrylate 
(PSiMA) Monomer

To prepare phosphorus silicone methacrylate (PSiMA) 
monomer, diethylphosphonoacetic acid (1.96 g) and gly-
cidyl methacrylate (1.42 g) were added into a 100 mL 
three-necked flask equipped with a magnetic stirrer and 
a condenser. The mixture was stirred in a nitrogen atmo-
sphere. After the temperature was increased to 60 °C, 
p-toluenesulfonic acid (p-TSA) (1 wt %) was added as a 
catalyst, and the reaction was continued for 3 h. hydMEMO 
was prepared similar to previous studies in the literature 
[56]. Briefly, hydMEMO was obtained by mixing MEMO, 
ethanol, distilled water, and catalyst (p-TSA) (0.05 wt%) 
at room temperature for 12 h. Then, the temperature was 
reduced to 40 °C, and hydrolyzed 3-(trimethoxysilyl)propyl 
methacrylate (hydMEMO) (7.44 g) was added. The reaction 
was continued for 1 h, and PSiMA monomer was obtained 
as a transparent yellow liquid. The synthesis routes are 
given in Fig. 1.

1 3



Journal of Inorganic and Organometallic Polymers and Materials

2.5  Characterization

Fourier Transform Infrared Spectroscopy (FTIR) spec-
tra were recorded on a Thermo Nicolet iS10 spectrometer 
in the range of 4000–600 cm−1 to explain the structures 
of DEPA, GMA, hydMEMO, PSiMA monomer, and UV-
curable films. Thermal gravimetric analyzes (TGA) of the 
UV-curable films were performed by using a Perkin Elmer 
Instrument STA6000. Samples were run from 30 to 750 °C 
with a heating rate of 10 °C/min under a nitrogen atmo-
sphere. The structural parameters of the synthesized NPs 
were determined with X-Ray Diffraction (XRD) technique 
using Rigaku Miniflex X-Ray Diffractometer with CuKα 
source (30 kV, 15 mA, λ 1⁄4 1.54051 Å) at 2θ angles from 5° 
to 90° at 1°/min rate. Limiting oxygen index (LOI) values 
of the UV-curable films were measured according to ASTM 
D2863-08. For each sample, at least three measurements 
were made, and the average was reported with an accuracy 
of ± 0.8.

The morphology of the UV-curable films was examined 
with a Carl-Zeiss Evo40 scanning electron microscope 

2.4  Preparation of the UV-Curable Films

The UV-curable films solution consisted of aliphatic ure-
thane acrylate prepolymer (AUA), PSiMA monomer, cal-
cium tetraborate nanoparticles, 1-vinyl-2-pyrrolidone 
(NVP), and photo-initiator (P-I, Irgacure 2022). The materi-
als listed above (excluding the P-I) were mixed in a 50 mL 
beaker according to the amounts given in Table 1 and kept 
in an ultrasonic bath for 30 min until a homogeneous solu-
tion was obtained. According to the change in the amount 
of PSiMA monomer and calcium tetraborate nanoparticles 
(CBO NPs) in the formulations, 12 different formulations 
were prepared. The bubbles formed in the prepared formu-
lations were removed by keeping them in an oven at 40 °C, 
then the mixture was cooled to room temperature and P-I 
was added. The mixtures were then poured into Teflon® 
molds and cured for three minutes under UV irradiation 
(OSRAM, 300 W, λmax = 365 nm, 10 mW/cm2). The prepa-
ration of UV-curable films is shown in Fig. 2.

Table 1  Formulations of UV-curable films
Code AUA (wt%) NVP (wt%) PSiMA (phr) CBO NPs (phr)
PLU 80 20 - -
PLU-5 NP 80 20 - 5
PLU-10 NP 80 20 - 10
PLU-20PSi 80 20 20 -
PLU-20PSi-5 NP 80 20 20 5
PLU-20PSi-10 NP 80 20 20 10
PLU-40PSi 80 20 40 -
PLU-40PSi-5 NP 80 20 40 5
PLU-40PSi-10 NP 80 20 40 10
PLU-60PSi 80 20 60 -
PLU-60PSi-5 NP 80 20 60 5
PLU-60PSi-10 NP 80 20 60 10

Fig. 1  Synthesis of phosphorous 
silicone methacrylate (PSiMA) 
monomer
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pumping the GaAs antenna for THz light production and 
for indirect detection of THz light by using birefringent 
ZnTe crystal with < 110 > orientation with electrooptic sam-
pling. The effective bandwidth relies on the transmission 
properties of the sample lying in 0.1–1.5 THz range for the 
obtained polymeric film samples for this work. THz light 
path is purged with dry air to eliminate light attenuation by 
humid air and all measurements were done in this purged 
chamber. The sample UV-curable films were measured at 21 
°C and less than 1% humidity.

3  Results and Discussion

3.1  Structural Characterization of CaB4O7 
Nanoparticles

Figure 3 presents the XRD pattern of the synthesized CaB4O7 
nanoparticle (CBO NPs). The peaks in the XRD pattern 
match well with the JCPDS card no. 31-0253 of CaB4O7, 
crystallized in a monoclinic structure with a space group of 
P21/n (space group no. 14) and with unit cell parameters 
of a = 12.264Å, b = 9.895Å, c = 7.796Å. All the significant 
peaks of the pattern were identified and labeled according 
to the Miller indices (hkl). The agreement of XRD patterns 
with the card indicates that calcium tetraborate structures 
were successfully obtained. Furthermore, the sharpness 
and intensity of the peaks indicate good crystallinity of the 

(SEM). The films were first broken, then sputter-coated with 
a 20 nm layer of gold/palladium on the surface to improve 
conductivity and prevent charging prior to investigation. 
The water contact angles (WCAs) of the UV-curable films 
were determined at room temperature on an Attension Theta 
Lite optical tensiometer. Measurements were made using 
3–5 µL drops of distilled water. For each film, at least five 
measurements were made, and the average was taken. The 
drop images were processed with an image analysis system, 
which calculated both the right and left WCAs from the 
shape of the drop with an accuracy of ± 0.6°. The mechani-
cal properties of the UV-curable films were determined 
at room temperature with a Materials Tester Z010/TN2S. 
Shore A scale hardness of UV-curable films were carried out 
by Loyka LX-A-1. For each film, at least five measurements 
were made, and the average was reported with an accuracy 
of ± 0.5.

Terahertz Time-Domain Spectroscopy (THz-TDS) is 
also utilised for probing the dielectric changes upon addi-
tion of both PSiMA monomer and CaB4O7 nanoparticles. 
The transmitted THz signal through the films was analysed 
in the range of 0.18–1.5 THz by extracting static proper-
ties namely absorption coefficient and refractive index. The 
details of the THz time domain spectrometer is described 
elsewhere [57]. To briefly mention, an oscillator Ti: Sap-
phire laser having 80 fs pulse duration, central wavelength 
of 800 nm, and frequency of 80 MHz is used as the light 
source. The output beam of the laser is split into two for 

Fig. 2  Preparation of UV-curable films
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corresponding FTIR spectra are shown in Fig. 4. In the 
FTIR spectra of the PSiMA monomer, a strong band at 
1720 cm−1 is due to carbonyl group stretching vibrations of 
DEPA, GMA, and hydMEMO while the band at 1162 cm−1 
is due to the ether group stretching vibrations of DEPA, 
GMA, and hydMEMO. The asymmetric stretching vibra-
tions of the C-H bonds in the methyl and methylene groups 
of DEPA, GMA, and hydMEMO are seen at 2932, and 2845 
cm−1, respectively [58–60]. Additionally, the characteris-
tic peaks at 1230 cm−1, and 1052 cm−1 were attributed to 
the P-O-C, and P = O groups of DEPA, respectively. The 
Si-O-Si group peaks of hydMEMO at around 1019 cm−1, 
1091 cm−1, and 814 cm−1 are also present in these spectra. 
The fact that the peak belonging to the symmetric stretch-
ing vibration of the epoxy groups at 910 cm−1 in the GMA 
spectrum [61] which is not seen in PSiMA monomer indi-
cates that the ring-opening reaction with the carboxylic acid 
in DEPA has taken place. In addition, a small absorption 
peak at 1637 cm−1 shows the carbon-carbon double bonds 
of the acrylate groups of PSiMA monomer [62]. All these 
results indicated that the phosphorous silicone methacrylate 
(PSiMA) monomer was successfully synthesized.

3.3  Structural Characterization of the UV-Curable 
Films

The characteristic absorption bands for a series of UV-
curable films prepared with polyurethane acrylate oligo-
mers were observed at 1710 cm−1 (C = O), 1540 and 3340 

sample, suggesting that the reaction proceeded efficiently 
under the conditions described. This confirms the purity of 
the phase and the absence of secondary products.

3.2  Structural Characterization of Phosphorous 
Silicone Methacrylate Monomer

In this study, we synthesized a halogen-free monomer that 
can reduce the flammability of UV-curable films. Phospho-
rous silicone methacrylate (PSiMA) monomer was synthe-
sized from the reaction of DEPA, GMA, and hydMEMO. 
The chemical structures of DEPA, GMA, hydMEMO, and 
PSiMA monomer were characterized by FTIR, and the 

Fig. 4  FTIR spectra of DEPA, 
GMA, hydMEMO, and PSiMA 
monomer

 

Fig. 3  XRD pattern of CaB4O7 nanoparticles (CBO NPs)
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5 and 10 parts per hundred (phr) NPs (PLU-5 NP and PLU-
10 NP), had similar homogenous surfaces as the control 
film (PLU) and their fractured surface images (Fig. 5b and 
c) showed well-dispersed CBO nanoparticles in the AUA 
and NVP matrix. They are given in two different magni-
fications as example representations of the film structures. 
The film containing 60 phr PSiMA and 10 phr CBO NPs 
(PLU-60PSi-10 NP) with the highest content of phospho-
rus, silicon, and nanoparticles also exhibited a homogenous 
surface. It appears that PSiMA homogeneously dispersed 
even in PLU-60PSi, PLU-60PSi-5 NP, or PLU-60PSi-10 
NP (Fig. 5f) formulations that are containing 60 phr PSiMA 
monomer at the greatest amount. Evaluation of the formula-
tions with 10 phr NPs (PLU-20PSi-10 NP, PLU-40PSi-10 
NP, and PLU-60PSi-10 NP) revealed that there were no 
significant aggregation problem and that the nanoparticles 
were also uniformly dispersed in general in the polymer 
matrix. The results shows that the synergic interactions of 
the PLU, PSiMA and NPs formed a uniform, well dispersed 
films.

cm−1 (N–H), 2960 cm−1 (-CH3), and 1100 cm−1 (C-O-C) 
in the FTIR spectra (see Supp. Figure 1). The spectra were 
compatible with UV-curable films prepared with urethane 
acrylate in the literature [63]. With the PSiMA monomer 
inclusion, new absorption bands were observed at 1230 
cm−1, 925 cm−1 and 1019 cm−1 for the vibrations of P = O, 
P–O and Si–O, respectively. This demonstrates the success-
ful incorporation of PSiMA monomer into polyurethane-
based films. In addition to all these, addition of CBO NPs 
to the polymer resulted in a strong band at 1420 cm−1 and a 
shoulder 1470 cm−1 corresponding to the stretching mode of 
B-O bonds [64]. The acrylate group absorption band at 1635 
cm−1 were completely disappeared as an evident for the UV 
cured film formation (See Supp. Figure 1).

3.4  Surface Morphology of the UV-Curable Films

Scanning electron microscopy (SEM) images of the PLU, 
PLU-5 NP, PLU-10 NP, PLU-20PSi, PLU-20PSi-10 NP, 
and PLU-60PSi-10 NP films are given in Fig. 5. All the 
films exhibited uniform surfaces and no significant aggrega-
tion was observed when either PSiMA or NPs or both were 
added to the PLU. The PLU film (Fig. 5a) and the others 
(i.e. Fig. 5d) had plain and smooth surface morphology. The 
aliphatic urethane acrylate/CBO nanocomposite films with 

Fig. 5  SEM images of surfaces (a and d) and fractured (b, c, d, and f) UV-curable films at various magnifications as examples of the samples’ 
morphology

 

1 3



Journal of Inorganic and Organometallic Polymers and Materials

loss temperatures (determined from the maximums of the 
corresponding derivative curves) and the char yields at 750 
°C are given in Table 2. In general, the thermal decomposi-
tion of polyurethane under nitrogen atmosphere consisted 
of two stages, marked as 1 and 2 in the Fig. 6b. First one 
originated from the hard segment carbamate and the second 
one originated from the soft segment polyether contained 
in the polyurethane acrylate. After the addition of 5 phr and 
10 phr CBO NPs (PLU-5 NP and PLU-10 NP, respectively) 

3.5  Thermal and Flame-Retardancy Properties of 
the UV-Curable Films

The thermal properties of the UV-curable films were deter-
mined using TGA. TGA thermograms and derivatives 
(DTG) of PLU, PLU-20PSi, PLU-20PSi-5 NP, and PLU-
20PSi-10 NP films are shown in Fig. 6a and b as a repre-
sentation of all the compositions. (TGA thermograms of all 
films are presented in Supp. Figure 2). The maximum weight 

Table 2  Thermal properties of the UV-curable films

Tmax
1, Tmax

2 and Tmax
3 are the maximum weight loss temperatures, which were determined from the maximum of the corresponding derivative 

curves

Fig. 6  a) TGA thermograms and b) their derivatives of the PLU, PLU-60PSi, PLU-60PSi-5NP, and PLU-60PSi-10NP
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control formulation (PLU). In a study by Beyler Çiğil [72], 
LOI value was reported as 24.3 for UV-curable coatings 
prepared with polyurethane acrylate, phenyl phosphine 
oxide (DAPPO) with acrylate functionality, 1 H,1 H,2 
H,2Hperfluorodecyl acrylate, and POSS with acrylate func-
tionality. It is known that fluorine helps on flame retardency. 
With our flame-retardant monomer and CBO NPs addition 
to the UV-curable PU film we have reached a higher LOI 
value of 27.2 without having a poisonous fluorine-contain-
ing monomer. This is a significant improvement compared 
to the current reported LOI [72] of a similar film. Many of 
our films have shown better performances and these high 
LOIs are not only due to the high percentages of P, Si or B in 
the formulations, but also due to the synergy of those units 
within the polymer film. This effect is also reflected in the 
dense char structure formed.

We need to mention that a higher LOI value of 31 was 
reported by Wang et al. for a composite system [68]. In their 
study, results of a UV-cured composite system containing 
acrylate functional PU oligomer, ethylene glycol methac-
rylate phosphate and nano-silica were reported. However, 
it was also reported that the thermal stability of the system 
decreased from 442 °C to 368 °C in a nitrogen atmosphere 
with increasing phosphorus and silica nanoparticle content. 
In our study, the thermal stability of the best UV-curable film 
(with the highest phosphorus and NP content) only slightly 
decreased from 413 °C to 403 °C in a nitrogen atmosphere, 
indicating that the added additives did not adversely affect 
the thermal stability.

3.6  Wettability of the UV-Curable Films

The water contact angle (WCA) values of the films were 
measured to evaluate the effects of PSiMA and CBO NPs 
addition on the wettability of the UV-curable films (Fig. 7). 
When the content of the NP was 0 phr (PLU), 5 phr (PLU-5 
NP), and 10 phr (PLU-10 NP), the corresponding WCA 
increased from 59° to 67°, and finally to 72°, respectively. 
This increase in hydrophobicity appeared to be counter intu-
itive at first with the NPs addition since the NPs are hydro-
philic. The reason for the observed increase was attributed to 
the surface roughness increase with NPs addition [73]. NPs 
appears to be covered with polymer and not open to water 
contact on the surface. Next, the WCAs of the films con-
taining PSiMA monomer were examined. With the addition 
of 60 phr of PSiMA monomer contact angle significantly 
increased from 59° to 72°. Addition of PSiMA was expected 
to increase the roughness due to the migration of inorganic 
part to the surface. However, we did not observe a direct 
correlation of contact angle to the PSiMA content increase 
possibly due to varying amount of monomer part ending up 
on the surface. One should also consider that the relative 

the maximum degradation temperature was increased very 
slightly (Table 2). Meantime, a significant increase in char 
was observed with NPs addition as expected. The results 
show that the NPs do mix well with the PLU and does not 
change the thermal characters of the films significantly. 
However, the addition of the flame-retardant monomer 
(PSiMA) to the polyurethane acrylate (PLU-xPSi; x = 20, 
40, 60), mixture film thermal decomposition took place 
mainly in three stages; decomposition of the flame-retar-
dant components, the hard segment, and the soft segment. 
In addition, it appears that the PLU decomposition tempera-
tures were also shifted to lower temperatures compare to the 
control film (PLU).

In these films, early decomposition of the PSiMA 
is expected since it is well-known in the literature that 
phosphorus-based flame-retardants begin to degrade at 
a lower temperature [65–69]. This is possibly because of 
the weaker P-O-C bond strength in PSiMA monomer com-
pared to the C-C bond in the polymer structure. In a simi-
lar study of another UV-curable flame-retardant containing 
9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide 
(DOPO) have reported around 310 °C [69]. This agrees with 
the Tmax of our films (PLU-20PSi, PLU-40PSi and PLU-
60PSi) that do not contain CBO NPs. These results show 
that the PSiMA or phosphorous containing flame retardants 
tend to lower the thermal decomposition temperature, thus 
adversely affect the thermal strengths of the control film, 
PLU. However, addition of these flame retardants does 
increase the char of the films, thus help on the flame resis-
tivity of these films as stated in the introduction part.

Addition of NPs to the PSiMA containing films did 
benefit from the synergic effect of both flame retardants. 
The char yield of the films was significantly improved 
compared to the control film, PLU. The best performance 
was observed by the addition of 60 phr PSiMA and 10 phr 
CBO NPs to the PLU (PLU-60PSi-10 NP) where the char 
amount was increased from 2.9 to 14.5%. An increase in 
char amount inhibits the exchange of heat and oxygen with 
the environment [70, 71]; thereby, helping the flame retar-
dancy. In these films, also, the decomposition of PSiMA 
monomer at high temperatures were expected to form non-
combustible condensed phase compounds such as phospho-
rus oxides (POx) that blocks the air supply to the surface for 
further combustion. In addition, NPs will also help the char 
formation on the burning layer that will prevent or delay the 
access to the flammable components as observed in the LOI 
and corresponding images of the films.

Relative flammabilities of UV-curable films were eval-
uated with LOI and the values obtained, and images of 
post-combustion films are given in Table 2. The results 
show that the flame-retardancy of films containing CBO 
NPs and PSiMA monomer are improved compared to the 
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addition of the NPs, except the PLU-60PSi-10 NPs. In this 
case, the NPs may not have affected the surfaces as much 
they did in the PLU only films. On the other hand, the most 
hydrophobic film was PLU-60PSi-10 NPs.

3.7  Mechanical Properties of the UV-Curable Films

Figure 8 shows the tensile behaviors of the nanocompos-
ite films, in which the effects of PSiMA monomer and 
CBO NPs on the mechanical properties of the films were 
observed. Table 3 shows a series of performance indices for 

amount of PU chain structure decreases as the amount of 
PSiMA increases (i.e. the addition of 60 phr PSiMA mono-
mer to PLU lowered the polyurethane relative amount in the 
film by a factor of 1.6). Therefore, when the wettability of 
the film with the highest PSiMA content (PLU-60PSi) was 
compared with that of PLU, the amount of polar urethane 
and urea groups on the surface of the PLU film decreases 
compared to PLU reference film. This caused a decrease in 
the surface energy of the PLU-60PSi film and contributed 
to the observed increase its hydrophobicity. Interestingly 
the contact angles of the PLU-xPSi films decreased with the 

Fig. 8  Mechanical properties of 
UV-curable films
 

Fig. 7  WCA values of the UV-curable films
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the polymer still flexible. The good compatibility of the 
CBO NPs with the aliphatic urethane acrylate matrix was 
a precondition of the nano reinforcement effect, which 
allows nanocomposite materials to withstand higher tensile 
stresses. Similar results have previously been reported in the 
literature with the addition of carbon nitride quantum dots 
to unsaturated polyester [74]. We have to note that the posi-
tive affect was lost with the use of large quantity of PSiMA 
(60 phr), in which the relative PLU amount decreases sig-
nificantly. While the tensile strength still increased, a sharp 
decrease on elongation at break was observed with 10 phr 
NPs addition. On the other hand, we noticed that addition of 
the NPs to PLU increased the modulus quite significantly, 
which was also seen as an improvement from the strength 
and elongation in the Table 3. In fact, the highest recorded 
Young’s modulus value of ca. 286 MPa was achieved with 
PLU-60PSi-10 NP. In addition, the hardness (Shore A) was 
also increased with the addition of CBO NPs. Shore A of 
the control film, PLU was 68. PLU-5 NP film and PLU-10 
NP film were measured as 70 and 75, respectively. These 
effects were attributed directly to the CBO NPs, which also 
constrained the mobility of polymeric chains inside the 
aliphatic urethane acrylate nanocomposite and decreased 
the free volume. On the other hand, addition of monomer 
PSiMA, which contains phosphorus and silicone, lowered 
the hardness of the control film. Further additions of the 
monomer did not affect the hardness values. For example, 
the hardness of PLU-20PSi, PLU-40PSi, and PLU-60PSi 
was all about 60. Similarly, NPs addition to these films did 
increase the hardness as expected. In fact, hardness of PLU-
60PSi-10 NP was 68, showing the recovery to the original 
value film hardness. We can say that the NPs synergy on 
UV-cured PLU made a better polymer at least when the 
mechanical properties are considered. A significant find-
ing is that the CBO NPs mostly compensated the negative 
effects of PSiMA on the mechanical properties of PLU.

UV-curable films; Young’s modulus (MPa), Tensile strength 
(MPa), Elongation at break (%), and Hardness (Shore A). 
Although flame-retardant monomers outperform conven-
tional monomers, it is a known issue in the literature that 
they generally have negative effects on mechanical prop-
erties [69]. In this study, some of the mechanical proper-
ties of the films were reduced when PSiMA monomer was 
added while the others did improve. As the PSiMA mono-
mer content increased, the average tensile strength of the 
UV-curable films decreased from 6.37 MPa to 2.41 MPa. 
On the other hand, the increase of PSiMA monomer con-
tent to 60 phr led to a significant increase in elongation at 
break from 10.15 to 23.06%. It is known that increasing 
PSiMA monomer reduced the crosslinking density [18, 23], 
thus this made the films more flexible. This may also be 
due to the easier rotation of Si-O-Si, resulting in the higher 
movement/reorganization in PLU-60PSi film. In a study 
by Phalak et al. [1], acrylated cardanol diphenyl phosphate 
(ACP) was synthesized and used as a reactive diluent along-
side urethane acylate (UA) in a UV-curable system. Similar 
to our study, the elongation at break of UV-cured coatings 
increased with the addition of ACP. In the study, UV-curable 
coatings showed good flexibility with variation of ACP con-
tent. Similarly, the PSiMA content increased the flexibility 
of the UV-curable PLU films in our composite systems.

While addition of PSiMA resulted a decrease in the ten-
sile strength, addition of the CBO NPs slightly increased 
the tensile strength of these UV-curable films from 6.37 
to 6.94 MPa. Thus, NPs addition was expected to com-
pensate at least some part of the loss in the strength of the 
UV-cured polymer due to PSiMA content. The findings for 
other properties were much better than compensation. As 
listed in Table 3, NPs addition to the PSiMA added PLU 
polymers served as both reinforcing fillers and cross-linking 
components in the composite materials. The tensile strength 
is not only recovered but also significantly improved with 
increasing CBO NPs content, especially for PLU-60PSi-10 
NPs. It reached to the highest value of 7.54 while keeping 

Table 3  Mechanical properties of UV-curable films
Code Young’s Modulus (MPa) Tensile Strength (MPa) Elongation at Break (%) Hardness (Shore A)
PLU 108.20 6.37 10.15 67
PLU-5NP 125.53 6.67 11.41 69
PLU-10NP 163.77 6.94 14.09 75
PLU-20PSi 48.58 2.41 10.92 59
PLU-20PSi-5NP 41.56 2.58 11.60 72
PLU-20PSi-10NP 57.78 2.76 12.01 74
PLU-40PSi 54.03 2.41 14.33 58
PLU-40PSi-5NP 46.31 2.57 11.75 70
PLU-40PSi-10NP 177.69 7.14 15.29 72
PLU-60PSi 35.11 3.27 23.06 58
PLU-60PSi-5NP 117.26 4.24 12.38 62
PLU-60PSi-10NP 285.71 7.54 9.15 68
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to the PLU caused a further decrease in the absorption coef-
ficient to 11.1 cm−1 (Fig. 9c). However, addition of 5 and 10 
phr NPs to this matrix increased the absorption coefficient at 
0.6 THz to 12.6 cm−1 and 13.3 cm−1, respectively, this time. 
Finally, 60 phr PSiMA monomer addition caused a steep 
increase in absorption coefficient at 0.6 THz to 16.6 cm−1 as 
compared to 40 phr PSiMA (Fig. 9d). Similar to the PLU-
20Psi, addition of 5 phr and 10 phr NPs resulted a decrease 
in absorption coefficient to 12.8 cm−1 and 10.7 cm−1, respec-
tively. Here we noticed that the changes in absorption coef-
ficients appeared to be inversely correlated with the tensile 
strength changes. While the tensile strengths increased with 
the NPs addition to PLU-xPSi films, amount of decrease 
in absorption coefficients were appears to be correlated. 
For example, a significant decrease was observed for the 
absorption coefficient of the PLU-60PSi films from 16.6 
cm−1 to 10.7 cm−1 while the tensile strengths were sig-
nificantly increased from 3.27 to 7.54. Except PLU-40PSi 
films, absorption coefficient behaviors were also appeared 
to be correlated with the modulus behaviors. While a slight 
decrease in absorption was observed for PLU-20 films, a 
sharp decrease was observed for the PLU-60PSi films with 
the NPs addition. Similarly, while a slight increase was 
observed for the modulus of the PLU-20PSi films with the 
NPs addition, a sharp increase was observed for the PLU-
60PSi films with the NPs addition.

Refractive indices of the polymer films were determined 
to be in the range of 1.5–1.73. Initially, addition of 20 phr 
PSiMA to PLU resulted a slight increase in the index; 
however, further addition resulted in a sharp decrease as 
observed in 40 phr PSiMA (PLU-40PSi) (Fig. 10b and c). 
An unexpected behavior was observed with the 60 phr addi-
tion of PSiMA to PLU where the index is recovered signifi-
cantly (Fig. 10d). On the other hand, a general trend of an 
increase was observed with NPs addition to the UV-cured 
polymers. However, this trend changed to a decrease for the 
PLU-60PSi samples. The observed behavior appeared to be 
correlated with the elongation at break of the samples. The 
elongation at break values also decreased significantly with 
the addition of NPs to the PLU-60PSi system. Even though 
there was a drawback of change in relative amounts of 

3.8  Terahertz Spectroscopy

THz spectroscopy is a diverse spectroscopic technique 
than can measure the dielectric properties of non-metallic 
systems; such as composites, polymers. The technique is 
especially good to observe the dielectric changes associated 
with the modification in the host structure. Thus, the use of 
THZ-TDS in this study aims to evaluate the strength of THz 
spectroscopy for the evaluation of these fire-retardant com-
posite systems. The THz properties of the materials were 
evaluated by extracting absorption coefficient and refractive 
indices of the UV-curable films by analyzing their transmit-
ted THz signal measured by THz-TDS at room temperature. 
The system and the measurement details are given in the 
experimental part. A representative time domain profile and 
frequency domain spectra of the dry air as reference and a 
PLU film as sample were given in Supp. Figure 4.

The time domain data can be transferred to frequency 
domain by Fast Fourier Transform, by which the amplitude 
and the phase of the waves are decoupled, and frequency 
dependent absorption coefficients and refractive indices 
of the samples were calculated. In current measurements, 
the signal-to-noise (SNR) was maximized around 0.6 THz 
due to the transmission losses of THz waves through these 
PLU films. The workable bandwidth was obtained between 
0.2 and 1.5 THz region. In this study we compared the 
absorption coefficients and indices. The frequency depen-
dent absorption coefficients of the UV-cured films are given 
in Fig. 9. The absorption coefficients of the films did not 
change significantly with the addition of CBO NPs to the 
films and followed a similar trend of the host PLU films as 
almost linear increase up to 60 cm−1.

Comparing the absorption coefficients at 0.6 THz (at the 
highest SNR), we noticed that a slight decrease from ca. 13.3 
cm−1 of PLU to ca.12.7 cm−1 PLU-5 NPs was occurred and 
then an increase was observed to 14.5 cm−1 with addition 
of 10 phr NPs (PLU-10 NPs) (Fig. 9a). Addition of 20 phr 
PSiMA monomer increased the coefficient to 15.9 cm−1 but 
NPs addition to PLU-20PSi resulted a decrease to 15.3 cm−1 
with 5 phr and to 14.7 cm−1 with 10 phr NPs addition (Fig. 
9b). On the other hand, addition of 40 phr PSiMA monomer 

Fig. 9  Absorption coefficient spectra of the UV-cured films
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and the NP addition to the film structure helped in achieving 
the aimed properties for the PLU films. The results showed 
improvement without a significant compromise for future 
applications of PLU film with the added effect of remark-
ably improved retardancy of halogen-free films.
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contents with PSiMA and NPs addition, it was a very prom-
ising and significant observation that the absorption coef-
ficient and refractive indices at THz frequencies were each 
correlated with certain mechanical properties of the films.

4  Conclusion

In this study, a novel halogen-free nanoparticle decorated 
UV-curable flame-retardant PLU films were developed 
by using phosphorous silicone methacrylate monomer 
(PSiMA), aliphatic urethane acrylate, CaB4O7 nanoparticles 
(CBO NPs), NVP and photo-initiator. Halogen-free, flame-
retardant monomer (PSiMA) was well miscible with ali-
phatic urethane acrylate and enhanced the flame retardancy 
of the PLU. This result alone suggested PSiMA monomer 
had a lot of promise for flame-retardant film applications. 
Addition of PSiMA to the structure, on the other hand, 
decreased the crosslink density and, thus, increased the 
flexibility of the film. All the mechanical properties that are 
affected by the PSiMA were either recovered or enhanced 
by the addition of the CBO NPs with its synergic effect 
on the film structure. Meanwhile, addition of phosphorous 
containing monomer lowered the degradation temperature 
as expected, NPs addition, once again, helped on recovering 
the thermal stability to the original PLU film level. This way 
thermal properties of the polymer films were not compro-
mised with flame-retardant phosphorous addition in place 
of the halogen containing retardants. TGA results showed 
that PSiMA and NPs addition increased the char-formation 
ability to 14.5% at 750 °C under nitrogen atmosphere. The 
most significant improvement with the addition of PSiMA 
and NPs to the film structure was observed at the LOI per-
formances. Compared to the control film (PLU, LOI = 19.5), 
the LOI of PLU-60Psi-10 NP increased to 27.2, an almost 
40% increase in performance of the film. The main aim of 
this study was the improvement of flame retardancy of the 
PLU films without significantly compromising the thermal 
and mechanical properties of the PLU without the use of 
halogens for flame retardancy. We observed that the synergic 
effect between the added PSiMA monomer to the structure 

Fig. 10  Frequency dependent refractive indices of the UV-cured films
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