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Abstract

:

Zirconia (ZrO2)-based flame retardant coatings were synthesized through the process of grinding, mixing, and curing. The flame retardant coatings reinforced with zirconia nanoparticles (ZrO2 NPs) were prepared at four different formulation levels marked by F0 (without adding ZrO2 NPs), F1 (1% w/w ZrO2 NPs), F2 (2% w/w ZrO2 NPs), and F3 (3% w/w ZrO2 NPs) in combination with epoxy resin, ammonium polyphosphate, boric acid, chitosan, and melamine. The prepared formulated coatings were characterized by flammability tests, combustion tests, and thermogravimetric analysis. Finally, char residues were examined with scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS). The peak heat release rate (PHRR) of the controlled sample filled with functionalized ZrO2 NPs was observed to decrease dramatically with increasing functionalized ZrO2 NPs loadings. There was an increase in the limit of oxygen index (LOI) value with the increase in the weight percentage of ZrO2 NPs. The UL-94V data clearly revealed a V-1 rating for the F0 sample; however, with the addition of ZrO2 NPs, the samples showed enhanced properties with a V-0 rating. Thermal gravimetric analysis (TGA) results revealed that addition of ZrO2 NPs Improved composite coating thermal stability at 800 °C by forming high residual char. The results obtained here reveal that the addition of ZrO2 NPs in the formulated coatings has shown the excellent impact as flame retardant coatings.
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1. Introduction


ZrO2 material has good physical and chemical properties such as visually good color, high chemical stability, excellent anti-corrosive properties, high tensile strength, high hardness, and good mechanical and electrical properties [1,2]. Zirconia is used in a broad spectrum of applications, such as refractory products, ceramics, and electronic devices [3,4,5,6,7]. It is widely utilized in corrosive environments, and zirconium alloys can be used in pipes, steel alloys, and flame retardant coatings. Another anomalous property of zirconia-based materials is their high strength and low thermal conductivity, and some of the zirconium-oxide-containing ceramics can conduct oxygen ions [8,9,10,11,12]. Because of these properties, the zirconium-oxide-based materials are regarded as prominent materials compared to alumina ceramics [13,14]. Due to its high-temperature resistance, ZrO2 is used as filler in intumescent flame retardant coatings (IFRCs) [15,16,17].



The chemical entities or substances that have the ability to withstand direct flame and can increase the ignition resistance are called flame retardants. These are added to materials that do not have flame retardancy in order to improve their flame resistance properties [18]. Flame retardant materials are of two types: external and internal [19]. Flame can be inhibited by two methods: The first method is restricting the atmospheric oxygen from reaching the material by releasing non-combustible gases; and the second method depends on the thermal behavior of the flame retardant, which lead to reducing the heat at surface of the material and finally results in the extinguishing of the flame of the burning material [20]. Materials such as nitrogen, phosphorous, halogenated (organic), and non-halogenated (inorganic) substances or molecules can be used as flame retardant agents; these agents can increase the flame retardant properties of a material.



IFRC is considered as the most efficient and inexpensive way to safeguard products from fire and is usually applied on plastics, wood, and fabrics. It protects the materials against fire without changing the properties of the coated substances [21]. Intumescence is the phenomenon in which a substance swells upon heating and forms multi-cellular layers [22]. These layers act as thermal barriers that inhibit the flow of heat towards the material thereby protecting them against fire. The intumescent coating is usually composed of three parts: charring agent, acid source, and foaming agent. The quantities of these constituents must be optimized for the formation of an effective IFRC. Furthermore, inorganic fillers can also be added to these coating compositions for the improvement of flame retardant properties [23,24]. Very recently, it has been observed that the addition of inorganic fillers can sufficiently improve char morphology, thermal resistance, and fire retardation [25,26,27]. Nanofillers, on reaction with phosphate, can induce a synergistic effect in IFRCs. The well-known synergist candidates reported to date included TiO2 nanoparticles (NPs) [28] and SiO2 NPs [29]. However, other types of nanofillers still need to be tested in order to identify their function in synergism for an intumescent scheme [30,31,32].



Previously, the zirconium and zirconium-containing fillers were incorporated in different flame retardant coatings in anticipation of obtaining enhanced properties [33,34,35,36,37,38,39]. An increase in the char residue, limit of oxygen index (LOI), and peak heat release rate (PHRR) values have been reported for coating samples containing zirconium silicate and zirconium phosphate. However, in the present work, the zirconia was added to the chitosan- and melamine-based epoxy coating. Compared to the previous works, zirconium oxide shows enhanced flame retardant properties in this system.



In this study, the impacts of ZrO2 inorganic nanofillers in the intumescent coating were explored as a fire-retardant composition coating. The ZrO2 was incorporated in IFRCs and the flammability and combustion properties were investigated using the UL-94V and microcalorimeter tests. The thermo-gravimetric assessment evaluated coating heat degradation behaviors. Finally, the morphology of the char residue obtained from the microcalorimetry was examined by SEM.




2. Materials and Methods


2.1. Materials


For this study, highly pure zirconium (IV) oxynitrate hydrate (ZrO(NO3)2·H2O), sodium hydroxide (NaOH), hydrofluoric acid (HF), flame retardant additive boric acid (H3BO3), acid source ammonium polyphosphate [NH4 PO3]n(OH)2, charring agent chitosan, and foaming agent melamine (C3H6N6) were acquired from Sigma Aldrich. Epoxy resin (Bisphenol) and amine hardener were procured from Sikadur-52 Company. Distilled water was purified by using the Baistra apparatus.




2.2. Synthesis of ZrO2 NPs


ZrO2 NP synthesis was processed using the typical hydrothermal technique. A 0.1 M ZrO(NO3)2·H2O solution and a 0.2 M NaOH solution were prepared in distilled water. Fifty milliliters of each solution (ZrO(NO3)·H2O:NaOH; 1:1) were mixed into the hydrothermal flask and kept in the oven at 150 °C for 3 h. After 3 h, precipitate formed in the mixed solution, and finally, the solution was centrifuged for 10 min at 10,000 rpm using a cooling centrifuge and washed with ethyl alcohol 10 times. The precipitate obtained was dried for two hours at 100 °C, calcined at 700 °C, and ground to acquire a fine powder of ZrO2 NPs.




2.3. Characterization


The room temperature X-ray powder diffraction (XRD) profile of the synthesized ZrO2 NPs was acquired. The sample’s crystal structure and phase purity were explored, and the crystallite size was calculated from the XRD spectrum using the “Debye Scherrer” equation. The surface morphology of ZrO2 NPs was investigated by scanning electron microscopy (SEM; TESCAN, CZ/MIRA I LMH). The particle size was measured by Transmission electron microscopy (TEM) (FEI, TECNAI G2 TF20-ST). The transform infrared (FT-IR) spectrum was recorded on a JASCO, FT/IR-6300 FT-IR spectrometer in KBr pellets. Energy dispersive X-ray analysis (EDX) was used for the elemental composition of ZrO2 NPs.




2.4. Preparation of Epoxy Flame Retardant Coatings Using ZrO2 NPs


ZrO2 NPs were sonicated for 1 h until proper dispersion was achieved. The preparation of composite coatings involved three steps: grinding, mixing, and curing. Initially, APP, boric acid, melamine, chitosan, and ZrO2 NPs were ground for 5 min to form a homogeneous combination and added to the composite epoxy resin and blended for 10 min. The exact formulation ratio is shown in Table 1. After preparing the formulations, the samples were dried at room temperature for 4 days. The solid samples were then used for FTIR, flammability, combustion, and thermal characteristics.




2.5. Characterization of Flame Retardant Coating Formulations Using FT-IR


A Nicolet Aviator 360 FT-IR spectrometer instrument (Nicolet, USA) was used to record and monitor the sample infrared spectrum at a resolution of 2 cm−1. The sample infrared spectrum was recorded in the range of 4000–400 cm−1.




2.6. Flammability, Combustion, and Thermal Characteristics of Flame Retardant Coatings


The LOI test was performed using an HC-2C oxygen index instrument (China). Three coating layers were applied on 130 mm × 6.5 mm × 3.2 mm sized plywood sheets using the dip-coating method and analyzed according to the ASTM D2863 standard procedure. The Ul-94V test was conducted according to the ASTM D 3801 standard procedure. Before performing this study, dip-coated specimens were pre-treated at 23 ± 1 °C/50 ± 5% relative humidity for 2 days, then 70 °C for 7 days using a hot air oven, and then cooled in a desiccator for a minimum of 4 h. The sample specimens of dimensions 125 mm long, 13 mm wide and 3.1 mm thicknesses were reinforced in a vertical position and a flame was applied to the bottom of the sample specimen. The flame was obtained by adjusting the gas supply, and flame height was adjusted to 20 mm. Finally, the rate of combustion of the composite coatings was determined by the vertical burning test followed by UL-94 V standards in an air atmosphere. The combustion behaviors, peak heat release rate (PHRR) and total heat release rate (TRR), were determined by a microcalorimeter instrument (Make Fire Testing Technology, United Kingdom, and Modal 11311). The test was conducted in accordance with the ISO 5660 guidelines. For this study, 4–5 mg of each sample was put into a thin-walled, quartz capillary crucible, kept in a sample holder, and heated at a constant rate of 260 K/min with a temperature range of 90 to 800 °C. Thermogravimetric analysis was conducted on a thermogravimetric analyzer (Perkin-Elmer) instrument at a linear heating rate of 10 °C min−1 in a nitrogen environment. The range of the temperature was kept at 30 to 800 °C. The sample weight was taken at about 10 mg.




2.7. Morphology of Char Residues


SEM, with a MIRA 3 LMU scanning electron microscope under 20 kV voltage, was used to evaluate the morphological structures of the char residues, and elemental composition analysis of char residues was done by EDS after the calorimeter test.





3. Results and Discussion


3.1. XRD Pattern of ZrO2 NPs


The crystalline nature and phase purity of the resultant powder were assessed through room temperature XRD measurements (Figure 1). All the diffraction peaks of the ZrO2 sample were indexed according to the joint committee on powder diffraction standards (JCPDS) card number 80-0965. The XRD pattern of the investigated sample confirmed the tetragonal phase (space group = P42/nmc). No additional peaks were found in the synthesized powder XRD pattern. The average crystallite size was calculated for the most intense diffraction peaks using Scherrer’s formula:


  D =   K λ    β Cos θ     



(1)




where β (in radian) is a half maximum full width of XRD peaks, K = 0.94 is the shape factor, λ = 1.54178 Ǻ for Cu-Kα X-rays, and θ is the diffraction angle (in degree) corresponding to each plane. Crystallite size (D) was found to be 80 ± 5 nm for chemically synthesized ZrO2.




3.2. SEM Analysis of ZrO2 NPs


The surface morphology of the acquired ZrO2 NPs was investigated using SEM and the obtained image is shown in Figure 2. The SEM image clearly indicates that the ZrO2 NPs have smooth surfaces. In the SEM images, the agglomeration of NPs was also visible.




3.3. TEM Analysis of ZrO2 NPs


Figure 3a,b shows the TEM images and corresponding size distribution histogram of ZrO2 NPs. The figure indicates that ZrO2 NPs were uniform and cylindrical in shape. The average particle size calculated was about 80 nm using Image-J software.




3.4. EDS Analysis of ZrO2 NPs


The elemental composition of ZrO2 NPs was studied by EDS as shown in Figure 4. The ZrO2 NPs exhibit three elemental peaks: two for the zirconium element located at 0.1 and 1.99 keV and one for the oxygen element located at 0.57 keV. From EDS data, the weight ratio of Zr:O was around 78:22. It is evident that the sample consisted of only ‘O’ and ‘Zr’ elements.




3.5. FT-IR Analysis of ZrO2 NPs


The FT-IR spectrum of ZrO2 NPs is shown in Figure 5. Due to the absorbed water molecules, the bands noted at 3424 cm−1 and 1637 cm−1 are attributed to the bending and stretching vibrations of the O–H bond. The 1387 cm−1 band is ascribed to non-bridging OH groups being absorbed. The 735 cm−1 sharp band is characteristic of m-ZrO2. The observed FT-IR peak at 503 cm−1 for the ZrO2 synthetic powders is ascribed to the ZrO32− group vibration modes, which confirms the formation of ZrO2.




3.6. Characterization of Flame-Retardant Coating Formulations Using FT-IR


The FT-IR spectral technique was used to investigate the bonding interaction as well as identify functional groups in different formulations. The FT-IR spectra of Zr NPs, F0, and F3 samples are shown in Figure 6a–c. In these three spectra, a broad band appears at 3423 cm−1 because of the OH stretch of water molecules, and the bending vibrations around 1637 cm−1 are also due to the interlayer of H2O. In Figure 6a,c, the observed FT-IR peak at 503 cm−1 for the ZrO2 synthetic powders is ascribed to the ZrO32− group vibration modes, which confirmed the formation of ZrO2. In Figure 6b,c, the B–O–P bending vibrations are observed at 619 cm−1 [40], and the bands at 1157 and 1457 cm−1 are ascribed to the vibrations of the P–O and N–H groups, respectively. The peak at 3222 cm−1 is indicated as the O–H group’s fragile bending peaks and may be allocated to the absorption band of the phosphate group found at 1087 cm−1. In the region around 2227–2366 cm−1, the polyamide hardener caused a strong stretching vibration characteristic of C=N.




3.7. Characterization of Flame-Retardant Coating Formulations Using XRD


The XRD profiles of F0 and F3 formulations are shown in Figure 7. The sharp peaks of both formulations at 2θ ≈ 14.4°, 15.6° (corresponding to APP) [41,42], 19.9° (showing chitosan) [43,44,45], 25.8° (melamine) [46], and 28.0° (boric acid) [47,48] represent the crystalline patterns. Only the F3 formulation shows extra peaks of low intensity at 30.6°, 40.4°, 50.2°, and 59.1°, which are characteristics peaks corresponding to ZrO2 [8]. No peak shifting was observed with the addition of ZrO2, indicating that 3% (w/w) ZrO2 additions do not affect the lattice parameters or the crystal structure of the host material. Furthermore, the almost similar intensity of the characteristic peaks in the XRD pattern of both the formulations points to the similar morphology of these materials.




3.8. Flammability Tests


The Limit of Oxygen Index (LOI) and UL-94V


The LOI and UL 94V tests were performed to evaluate the flame retardant properties of the formulated samples. The results of the LOI and UL 94 tests for the samples are presented in Table 2 and Figure 8. The LOI value of the F0 composite was 21.3%; the pristine sample (F0) was highly flammable compared with ZrO2 NPs loaded samples (F1, F2, and F3). We observed that the LOI value increased when ZrO2 NPs were added into the composition. When loading 1% (w/w) ZrO2 NP, the LOI value of the F1 composite was 31.8%. When increasing ZrO2 NPs to 2% (w/w), the LOI value of the F2 composite was 35.4%. At 3% (w/w) ZrO2 NP for loading sample F3, the LOI value was 38.7%. Thus, ZrO2 NPs were more effective at improving the LOI values of formulations. According to the UL-94 V test, the F0 composite showed a V-1 rating. However, the content of ZrO2 NPs at 1%, 2%, and 3% of composites (F1, F2, and F3) could still pass the UL-94 V-0 rating. Based on these results, the flame-retardant efficiency of F1, F2, and F3 composites was much higher than that of the F0 composite. From the LOI and UL-94V results, we observed that the addition of ZrO2 NPs can play a synergistic action up to an optimum loading concentration.





3.9. Combustion Test


The combustion properties of composites were studied by micro calorimetry. This study is used for ranking and comparing the fire behavior of a material. From this study, parameters such as PHRR, average heat release rate, total heat release (THR) and time to ignition (TTI) can be obtained. The PHRR values are indicated to evaluate fire safety. The results were obtained in the present work and presented in Table 3 and Figure 9.



The combustion efficiency was increased in F1, F2, and F3 composites by adding ZrO2 NPs. The pristine sample (F0) burned very quickly after ignition and showed a PHRR peak in the range of 180–450 s with 76.3 W/g. With the addition of 1%, 2%, and 3% ZrO2 NPs to the composite, the PHRR values of the F1, F2, and F3 samples showed 28.7 W/g, 23.5 W/g and 18.9 W/g, respectively. The F0, F1, F2, and F3 composites obtained only single peaks. The ZrO2 NPs were involved in endothermal decomposition and released the moisture to form a dense, boron trioxide protective layer that protected the underlying material and improved the flame retardance. The TTI is a measurement from the onset of the PHRR curve of a sample. The TTI parameter is used to evaluate the flame retardant influence on the ignition of a material. Figure 10 and Table 3 clearly indicate that the F0 composite ignited at 188 s whereas the F1, F2, and F3 composites ignited at 276, 278, and 281 s, respectively. During the combustion process, the intumescent flame retardant (IFR) system decomposes gently and results in char formation. In addition to this, the loading of ZrO2 NPs into the coating system the intumescent mechanism occurs gently. This might be the reason for the decrease in TTI values. The formation of char does not allow oxygen flow and heat transfer, hence the PHRR and THR values decrease. Among all composites, the F3 composite coating showed lower PHRR and THR values, which may be due to ZrO2 NPs hastening the esterification reaction in the IFR system during the combustion process to form a protective char.




3.10. Thermal Stability Test


The thermal stability and decomposition pattern of individual components (APP, chitosan, melamine, boric acid, epoxy resin, hardener mixture, and zirconia) and formulations (F0, F1, F2, and F3) were established through TGA under nitrogen gas atmosphere. TGA analysis was performed in the inert gas atmosphere for the determination of the thermal degradation of the sample, because using an air or oxygen atmosphere may cause the sample to undergo thermal oxidation. Figure 11 and Figure 12 and Table 4 represent the TGA and differential thermogravimetric (DTG) results of individual components and F0, F1, F2, and F3 formulations. From these data, the F0 showed thermal decomposition starting at ≈241.2 °C and 18.1% char residue at 800 °C. After 250 °C, the IFR system F0 sample was involved in the intumescent mechanism. At this temperature, chitosan ammonium polyphosphate and melamine borate starts to decompose and release mineral acids such as phosphoric acid and meta-phosphoric acid, a polyhydric alcohol and polyhydric phosphates, boron trioxide, and melon, which removes the water content and NH3 gas from the IFR system by an esterification process; this finally leads to the formation of a protective phosphor-carbonaceous char layer that prevents the oxygen flow and heat transfer. APP and chitosan can easily participate in the phosphor-esterification reaction because chitosan has an abundant, amount of OH groups.



The differential thermal analysis (DTA) curve (Figure 12a) clearly shows that the thermal decomposition of APP, boric acid, chitosan, epoxy resin + hardener, and melamine started at 363.8, 154.4, 303.8, 373.4 and 364.5 °C, respectively. The decomposition temperature was changed by adding Zr NPs to formulations (F1, F2, and F3). For formulation samples F1, F2, and F3, thermal decomposition started at 337.0, 340.6, and 348.5 °C (Figure 12b), respectively. At these temperatures, weight loss began for F1, F2, and F3 formulations samples could be due to the release of H2O and CO2 from epoxy resin; the formation of phosphoric acid, polyphosphoric acid, and met phosphoric acid with decomposition of APP [49,50]; the formation of polyhydrated alcohols from chitosan [51]; the formation of NH3 gas from melamine and decomposed boric acid; or the release of boron trioxide. The char residues obtained at 800 °C of F1, F2, and F3 samples were 32.4%, 35.1% and 37.5%, respectively. Among the investigated composites, the F3 sample showed higher char % at 800 °C. This may be because the char layer formed and inhibited the emission of the pyrolysis gases due to the enhanced heat-shielding effect, and because Zr NPs have a superior surface-to-volume ratio but are incredibly difficult to distribute evenly. Thus, the Zr NP mass percentage performs a significant role in improving the intumescent flame retardant coating.




3.11. Char Morphology Analysis Flame Retardant Coatings


3.11.1. SEM Analysis


The micro-morphologies of the char layers after calorimeter test for F0, F1, F2 and F3 composites were investigated by SEM. Figure 13a–d shows the morphology on the surface of F0, F1, F2, and F3 samples at a 3000× magnification level. Figure 12a shows that the surface of the char layer for the F0 sample (the sample without ZrO2 NPs) contains large holes. The char layer with large holes of micron size did not provide protection against fire. The char morphology of F1, F2, and F3 formulations in Figure 12b–d indicates that large holes and cracks gradually reduced the addition of ZrO2 NPs (1%, 2%, and 3%). The holes and cracks that are formed in the F0 char may be due to the release and flow of volatile gases into the flame zone.




3.11.2. EDS Analysis


The EDS spectra of the F0 and F3 formulations are shown in Figure 14. There are five significant peaks— boron, carbon, nitrogen, oxygen, and phosphorus—according to the EDS spectra in Figure 14a. These results were compatible with the composition of the F0 formulation used for ammonium polyphosphate, boric acid, chitosan, and melamine. There are six significant peaks—boron, carbon, nitrogen, oxygen, zirconia, and phosphorus—in Figure 14b. These results were compatible with the composition of the F3 formulation used for zirconia NPs, ammonium polyphosphate, boric acid, chitosan, and melamine. These results are in good agreement with previously reported results [52].






4. Conclusions


In this study, LOI and UL94 test results showed that the influence of ZrO2 NPs in flame-retardant coatings increased the LOI value to 38.71% with the loading of 6.0 wt% ZrO2 NPs. The composite formulations F1, F2, and F3 could exceed UL 94 V-0 with the loading of 1–3 wt% ZrO2 NPs. From micro calorimeter data, increasing the percentage of ZrO2 NPs in flame-retardant coatings decreased the PHRR values as well as the THR results. The TGA data clearly indicates that the addition of ZrO2 NPs can greatly increases the thermal stability of the coating by increasing the char residue percentage at 800° C. Based on the char morphology results, we conclude that the addition of ZrO2 NPs at an optimum level can strengthen the char and increase the flame retardancy of coatings. Overall, the addition of ZrO2 NPs to IFRCs has shown improved results in terms of protecting the substrate materials against fire.
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Figure 1. X-ray powder diffraction (XRD) pattern of ZrO2 nanoparticles (NPs). 
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Figure 2. Scanning electron microscopy (SEM) image of ZrO2 NPs. 
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Figure 3. (a) Transmission electron microscopy (TEM) image and (b) distribution histogram of ZrO2 NPs. 
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Figure 4. EDS of ZrO2 NPs. 
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Figure 5. Transform infrared (FT-IR) spectra of ZrO2 NPs. 
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Figure 6. FT-IR spectra of (a) Pure Zr NPs, (b) F0, and (c) F3 samples. 
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Figure 7. XRD pattern of F0 and F3 samples. 
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Figure 8. Effect of ZrO2 NPs on the LOI test. 
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Figure 9. Peak heat release rate curves of the flame retardant samples. 
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Figure 10. Time to ignition values of the flame retardant samples. 
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Figure 11. Thermal gravimetric analysis (TGA) graph of the (a) individual components and (b) flame retardant samples. 
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Figure 12. Differential thermogravimetric (DTG) graph of the (a) individual components and (b) flame retardant samples. 
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Figure 13. SEM images of the flame retardant char samples (a) F0, (b) F1, (c) F2, and (d) F3. 
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Figure 14. EDS spectra of the flame retardant char samples (a) F0 and (b) F3. 
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