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The flash ignition as a new ignition method has attracted lots of interest from researchers. The flash ignition can successfully achieve distributed ignition in a short time. To study the flash ignition and combustion characteristics of titanium dioxide mixed with iron nanoparticles and aluminum nanoparticles, an appropriate amount of titanium dioxide was added to the iron nanoparticles and aluminum nanoparticles to form the composite material. The ignition phenomenon of mixture materials was recorded by the high-speed camera and the temperature distribution of ignited materials was calculated by using the two-color method. The minimum ignition energy of mixture materials with different content of titanium dioxide and total mass was measured to analyze the method to decrease the minimum ignition energy. The results showed that the effect of the added titanium dioxide was insignificant on the combustion phenomenon of the iron nanoparticles. The temperature was still maintained at approximately 850 K compared with the pure iron nanoparticles. The minimum ignition energy of the mixture materials increased with the increasing content of titanium dioxide. As for the aluminum nanoparticles, titanium dioxide can enhance the explosion phenomenon occurring at the beginning of the flash ignition. In the exposure process. With the content of titanium dioxide in the range of 0%–20%, the minimum ignition energy of the mixture materials decreased greatly. The content increased to the range of 20%–40%, the minimum ignition energy was neglected. When the content was further increased to higher than 60%, the minimum ignition energy gradually increased until it gets the saturation condition.
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1 INTRODUCTION
In recent years, it has been found some materials can be successfully ignited by the normal camera flash. Different from spark ignition, plasma ignition, and laser ignition, the flash ignition can successfully achieve distributed ignition in hundreds or even tens of milliseconds. Most materials with higher energy density can be ignited by flash, such as aluminum particles (Abboud et al., 2013), carbon nanotubes (Xu et al., 2012; Malec et al., 2013), graphene oxide (Liu D. et al., 2018), and porous silicon (Ohkura et al., 2013a).
However, flash ignition of these materials is only achieved in loose powders or low densities. Consequently, these formulations may not be useful in practical energetic systems where density is critical for an energetic performance. Based on the problems mentioned above, scholars added suitable additives to metallic materials and used flash ignition to analyze the effect of the additives on the flash ignition of metallic materials. The tungsten trioxide reduced the minimum ignition energy of aluminum microparticles significantly (Ohkura et al., 2013b). The optical ignition and combustion properties of aluminum microparticles were greatly enhanced by adding 20 wt% of graphene oxide. The results showed that graphene oxide was an efficient additive to improve the energetic performance of aluminum microparticles, enabling aluminum microparticles to be ignited by optical activation and promoting the combustion of aluminum in the air (Jiang et al., 2018). Subsequently, the study found that the interaction between graphene oxide and graphene fluoride provided heat and free radicals to improve the combustion properties of micro-aluminum (Jiang et al., 2020).
The investigations on the ignition and combustion characteristics of metal microparticles have been performed extensively. However, the combustion rates of nanoparticles had significantly increased over similar microparticles (Yetter et al., 2009; Li et al., 2014). It was due to the higher specific surface area, lower particle spacing, and smaller size of nanoparticles (Mench et al., 1998; Sundaram et al., 2016). As a result, the nanoparticles can be ignited below their own melting point, increasing the combustion rates and efficiency of nanoparticle.
Recently, research on metal nanoparticles has attracted much attention. The oxidation and ignition of the aluminum nanoparticles in a simultaneous TGA–DSC system were divided into three-stage oxidation scenario and the early ignition was responsible for the co-existence of different polymorphs of alumina (Noor et al., 2013). In the a simultaneous TGA–DSC system, the general exothermic characteristics of aluminum–copper nanoalloys were very similar to that of aluminum nanoparticles but the nanoalloy was more reactive. An early ignition was found for both nanomaterials, and the eutectic melting of the nano-alloy was believed to be mainly responsible for its early ignition (Noor et al., 2015). The addition of porous silicon facilitates both the ignition and combustion of aluminum/copper oxide mixtures over a wide range of experimental conditions. The enhancement effects were attributed to the easy ignition and fast-burning properties of porous silicon (Parimi et al., 2016). The addition of nano-ferrocene facilitates the flash ignition process of multi-walled carbon nanotubes by the pulsed xenon lamp. CNT-based photo-induced combustion evolves more rapidly with shorter ignition delays, higher peak pressure values, and a higher fuel burning rate (Carlucci et al., 2017). The effect of molybdenum trioxide as additives on the peak pressure and the linear combustion rate was investigated in aluminum nanoparticles (Zakiyyan et al., 2018). The results showed that the peak pressure and the linear combustion rate were increased. The incorporation of mono-layer carbon nanotubes reduced the minimum ignition energy of aluminum nanoparticles and iron nanoparticles (Liu G. N et al., 2018).
The generation of improved combustion efficiency of metal nanoparticles still needs further investigation. This study aims to investigate the effect of titanium dioxide additions on the ignition and combustion characteristics of aluminum and iron nanoparticles ignited by the flash method, expecting to provide experimental reference and theoretical support for the practical application of metal nanoparticles. Based on the flash ignition system, a series of experiments were conducted to explore the effect of titanium dioxide additions based on the combustion process images, combustion temperature distributions, and minimum ignition energy.
2 EXPERIMENTAL MATERIALS AND METHODS
2.1 Materials
The aluminum particles (average diameters of 20–200 nm with the oxide layers), the iron particles (average diameters of 50 nm with the oxide layers), and the titanium dioxide (average diameters of 20 nm) used in experiments were from Shanghai Aladdin Co. Ltd. Figures 1A, B shows the high resolution transmission electron microscope (HRTEM) images of aluminum particles and iron particles. The oxide layer of aluminum particles is 2–3 nm, while that of iron particles is 3–4 nm. These oxide layers can prevent particles from being further oxidized in the air. It is worth noting that all the materials before the experiment were stored in the glovebox filled with argon gas to prevent oxidation.
[image: Figure 1]FIGURE 1 | (A) The HRTEM image of the aluminum nanoparticles, (B) the HRTEM image of the iron nanoparticles, (C) experiment schematic.
2.2 Flash ignition experiments
2.2.1 Experimental setup
A commercial camera flash (Tripo-690N) was used for ignition and combustion of aluminum-titanium dioxide and the iron-titanium dioxide mixture particles. The duration of the flash was about 7.8 ms. The schematic of flash ignition experiment is shown in Figure 1C. The mixture particles were made into a cylinder and placed on a quartz glass sheet. The quartz glass sheet was fixed on the movable displacement table and placed above the xenon flash tube. For each experiment, a color camera (Nikon D7100) recorded the combustion transient process diagram and a high-speed camera (MIKROTRON Eosens mini1 champion) analyzed the temperature distributions from the top of the sample. Because the flash ignition phenomenon of pure iron nanoparticles was not obvious, a black-white high speed camera (IDT-Y4) was used instead of a color camera.
2.2.2 Temperature distribution measurement
To reveal the effect of titanium dioxide addition on the ignition and combustion characteristics of iron and aluminum particles, experimental conditions were shown in Table 1. For the experiment, the samples were mixed uniformly and directly without significant color difference. Then, the sample was gently packed into a cylinder with a bottom diameter of 5 mm. Three thermal analysis tests were carried out for each condition to ensure accuracy and reliability of the experimental data.
TABLE 1 | Experimental conditions for the ignition and combustion characteristics.
[image: Table 1]The flash ignition of the samples was multi-point and distributed, so most contact temperature measurement methods were not applicable. In this paper, a modified two-color method was used to determine the combustion temperature distribution of the samples (Ma et al., 2022). Moreover, the images without the flash exposure were used to determine the combustion phenomenons and temperatures of the mixture material particles.
2.2.3 Minimum ignition energy
The combustion of nanoparticles had high deflagration characteristics, which can be transmitted to the whole material region after single-point ignition. Therefore, it can be determined that this position was the minimum ignition distance that can make the material burn. Then the total light energy was measured by a pulse energy meter (GenTec-EO, Solo 2 Series) and the energy density per unit area was calculated. In this process, the exposure energy control of the flash was constant, and the exposure time was constant as 1/128 s.
In order to determine the effect of titanium dioxide addition on the minimum ignition energy of aluminum and iron particles, the experimental conditions were set as shown in Table 2 and Table 3. During the experiment, the distance between the glass piece and the flash lamp was gradually reduced until the sample can be ignited by the flash lamp. Again, to ensure accuracy and reliability, the experiments were repeated three times for each condition and 10 times for the minimum ignition distance.
TABLE 2 | Experimental conditions for the minimum ignition energy of iron particles.
[image: Table 2]TABLE 3 | Experimental conditions for the minimum ignition energy of iron particles.
[image: Table 3]In this study, X wt% (Al/TiO2) and X wt% (Fe/TiO2) represent different mixture material particles, where the X is the additive content of titanium dioxide. Moreover, a preliminary experimental test was carried out to optimize the experimental conditions.
3 RESULTS AND DISCUSSION
3.1 Ignition and combustion process
The sample of 10 wt% (Fe/TiO2) as shown in Figure 2C was taken as an example to illustrate the ignition and combustion process in details. The sample cannot be ignited immediately after the flash exposure. At 0.325 s, the particles located on the outer edge of the upper surface started to burn accompanied by a faint red light. Subsequently, the flame propagated along the exterior of the sample in all directions. After 2.26 s, significant combustion phenomenon appeared on the outer edge of the sample. Finally, most of the ignited particles burned out and extinguished. Compared to previous studies (Liu et al., 2017) and the Figure 2A, the addition of titanium dioxide had little effect on the ignition and combustion of iron particles.
[image: Figure 2]FIGURE 2 | The images of the ignition and combustion process (A) pure iron nanoparticles, (B) pure aluminum nanoparticles, (C) 10 wt% (Fe/TiO2), (D) 10 wt% (Al/TiO2).
The aluminum and titanium dioxide mixture materials presented relatively intense combustion phenomenon. Figure 2D showed the ignition and combustion process of the sample of 10 wt% (Al/TiO2). At the moment of flash exposure, the sample started to burn rapidly and emitted a blinding white light. It was observed that the flame initially existed on the outer edge of the upper surface and gradually propagated around within a few tens of milliseconds. 0.2 s later, the flame gathered close to the center and burned until extinguished. Compared with the 10 mg of pure aluminum nanoparticles in Figure 2B need 3–4 s for the flame to disappear, the same mass of sample burned completely in about 2 s and emitted a brighter white light. On the one hand, titanium dioxide as a photocatalyst can enhance the ability of aluminum particles to absorb light energy. On the other hand, titanium dioxide can react with aluminum at high temperature as follows, which further promoteed the ignition and combustion process of aluminum particles.
[image: image]
3.2 Combustion temperature distributions
The combustion temperature distributions of iron and titanium dioxide mixture material shown in Figures 3A–D. The combustion spots were mainly distributed in the external edge region of the sample. In this stage, the average temperature was maintained at approximately 850 K. Moreover, the temperatures of the ignited particles were approximately the same and did not emerge a sequential heating process. As the flash exposure was completed in a few milliseconds, the sample instantly absorbed the light energy and ignited. Afterward, the combusti he high temperature caused the reaction between titanium dioxide and aluminumon of the sample depended to their own released heat. From the results above, it can be concluded that under the different titanium dioxide addition, the ignition and combustion process was quite similar. And the maximum temperature and average temperature in the ignition and combustion process were about 1,050 K and 850 K.
[image: Figure 3]FIGURE 3 | Combustion temperature distributions (A) pure iron nanoparticles, (B) 10 wt% (Fe/TiO2), (C) 20 wt% (Fe/TiO2), (D) 30 wt% (Fe/TiO2), (E) pure aluminum nanoparticles, (F) 10 wt% (Al/TiO2), (G) 20 wt% (Al/TiO2), (H) 30 wt% (Al/TiO2).
From Figures 3E–H, it can be found that the combustion spots for the aluminum and titanium dioxide mixture materials were much more than the iron and titanium dioxide mixture materials during the combustion. The maximum temperature at about 2,400 K. Moreover, the temperature distribution showed an significant gradient. At the outer edge of the sample, the average combustion temperature was around 1,200 K, while the average combustion temperature gradually increased to 1,500 K at the center of the sample. Compared with the combustion distribution of aluminum nanoparticles, the addition of titanium dioxide significantly increased the combustion temperature and intensified the combustion intensity of the samples (Ohkura et al., 2011). This is in fair agreement with the result of Figure 2D. Under the conditions in this study, the combustion distribution was not significant difference when changing the content of titanium dioxide. It showed that the addition of titanium dioxide with lower content can significantly promote the ignition and combustion of aluminum. Figure 4 showed the X-rays Diffraction (XRD) of the combustion product of 10 wt% (Al/TiO2). It can be seen that the product contains of titanium. The reason was that the sample instantly absorbed the large energy after the flash exposure and converted it into heat, leading to a rapid rise in temperature. The high temperature caused the reaction between titanium dioxide and aluminum. The reaction provided more oxygen and released more heat. More aluminum ignited at the same time and more energy increased in the mixture materials, which caused the higher temperature.
[image: Figure 4]FIGURE 4 | The XRD of the aluminum and titanium dioxide mixture materials after combustion.
3.3 Minimum ignition energy
In order to further explore the effect of titanium dioxide on metal particles, the experiment of minimum ignition energy was carried out. Figures 5A–D showed the minimum ignition energy of iron and titanium dioxide mixture materials. The effect of the content of titanium dioxide addition on the total amount of different samples was about the same. When the content of titanium dioxide addition increased from 0% to 40%, the minimum ignition energy was almost constant, but from 40% to 80%, the minimum ignition energy increased with the content of titanium dioxide. In addition, under the same content of titanium dioxide, the minimum ignition energy of the sample in the low mass sample was bigger than that in the high mass sample. This indicated that the addition of titanium dioxide had no significant effect on the ignition and combustion of iron. It was the iron that absorbed light energy in the iron and titanium dioxide mixture materials. After the flash exposure, part of the light energy was absorbed through the blackbody effect of iron, and the temperature of the mixture materials increased. However, the oxidation activity of iron was not as high as that of titanium dioxide, resulting in the inability to react at high temperatures, and titanium dioxide itself cannot be ignited, which leads to relatively moderate combustion phenomenon. With the addition of less titanium dioxide, iron can still absorb enough light energy to be ignited, and the minimum ignition energy did not change significantly. When the content of titanium dioxide increased, the light energy absorbed by iron decreased at the same time to increase the minimum ignition energy.
[image: Figure 5]FIGURE 5 | The minimum ignition energy. (A–D) different mass of (Fe/TiO2), (E–H) different mass of (Al/TiO2).
The minimum ignition energy for all the aluminum and titanium dioxide mixture materials was summarized in Figures 5E–H. When content of titanium dioxide addition increased from 0%–20%, the minimum ignition energy of the mixture materials was significantly reduced. The contact area between aluminum and titanium dioxide in the mixture was much larger than that between aluminum and air (Chernenko et al., 1988; Yang et al., 2003). After reaching the ignition temperature, aluminum reacted with titanium dioxide to release more heat. At the same time, titanium dioxide provided more oxygen for the ignition and combustion of aluminum. On the other hand, the titanium dioxide produced photogenerated holes (h+) and photogenerated electrons (e−) with strong oxidation promotion, which made aluminum easily to oxidize under the action of light. Moreover, aluminum nanoparticles can enhance the local photothermal energy deposition as active photothermal media to attribute to localized surface plasmon resonance-enhanced photothermal effects (Chong et al., 2013; Uhlenhake et al., 2021). When the content of titanium dioxide was 20%–40%, the minimum ignition energy of the mixture materials remained essentially constant. Although the titanium dioxide promoted the oxidation of aluminum, excessive content of titanium dioxide caused aluminum not to absorb enough energy. When the content of titanium dioxide was above 40%, the minimum ignition energy of the mixture increased rapidly until it was impossible to ignite. At this stage, the content of titanium dioxide played a dominant role. As a result of excessive content of titanium dioxide, the sample required greater optical energy density to rise to the ignition point. Compared with Figures 5E–H, it was found that the effect of titanium dioxide on the minimum ignition energy was basically the same, which showed that the effect of the total mass of the sample on the minimum ignition energy was much less than that of titanium dioxide.
4 CONCLUSION
The influences of the added titanium dioxide on the flash ignition and combustion processes of the iron and aluminum were investigated in this study. Titanium dioxide had no significant effect on the flash ignition of iron nanoparticles. It neither improved the macroscopic phenomenon during combustion nor increased the combustion temperature. The average temperature of the iron and titanium dioxide mixture materials was still maintained at approximately 850 K determined by the two-color pyrometry method. When the content of titanium dioxide exceeded 30%, excessive content of titanium dioxide even reduced the minimum ignition energy of iron. On the contrary, aluminum and titanium dioxide mixture materials presented relatively intense combustion phenomenon and the combustion time was significantly shortened. The maximum temperature of the ignited particles was as high as 2,400 K. The minimum ignition energy results showed that an appropriate amount of titanium dioxide can significantly reduce the minimum ignition energy of aluminum.
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