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Investigating the thermal decomposition characteristics and mechanisms of nano- and submicron-aluminized 1,3,5-trinitro-1,3,5-triazine (RDX) is essential to optimize the formulations and improve combustion/detonation efficiencies. However, no research has focused on the microscopic scale of a single aluminized RDX particle. We demonstrate an all-fiber probing method for the violent thermal decomposition of a single nano-aluminized micron-RDX particle, which we address as micro-explosion in this paper. We believe studying micro-explosion will be beneficial to the research of thermal decomposition. In experiments, we first characterize the micro-explosion as a three-step process, i.e., melting, first decomposition, and second decomposition. Then, we measure micro-explosion properties, i.e., shockwave-like flow velocity, initiation energy threshold, and shockwave-like flow pressure. Among the aluminized RDX particles with 0%, 5%, 10%, 15%, 20%, 25%, and 30% surface coverage ratios (SCRs), the sample with 20% surface coverage ratio shows the highest flow velocity and force, which are about 69.9 mm/s and 39.4 μN, respectively. Moreover, the threshold decreases with rising surface coverage ratios, and the mean threshold of 30% surface coverage ratio is 75 μJ. The experimental results prove that the all-fiber micro-explosion probing method is feasible, safe, and robust.
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1 INTRODUCTION
Energetic materials, e.g., explosives, pyrotechnics, and propellants, have a wide range of civilian and military applications. As a solid-propellant and an explosive, 1,3,5-trinitro-1,3,5-triazine (RDX) has drawn extensive attention [1, 2]. To improve combustion/detonation performance, RDX is usually mixed with metallic fuel particles (e.g., Al, Mg, B, and Zr) [3]. Al is the most popular additive for RDX due to its high enthalpy of combustion and low cost.
The combustion/detonation performance of aluminized RDX depends on the size of Al particles [4]. Coarse Al powder with a limited surface area has a high ignition threshold and low energy release rate, while nano- and submicron-Al particles with excellent dispersity have features of rapid combustion and large heat generation [5, 6]. It is known that thermal decomposition is the initial process of aluminized RDX combustion and detonation. Therefore, investigating the thermal decomposition characteristics and mechanisms of nano- and submicron-aluminized RDX is essential to optimize the formulations and improve combustion/detonation efficiencies.
Through simulations, some research has been performed to investigate the thermal pathways of nano-aluminized RDX. For example, X. -H. Ju et al. examined the thermal decomposition of RDX on nano-Al particles by reactive dynamics simulations using a parameterized reactive force field with low gradient correction (ReaxFF-lg). They confirmed that the energy release rate of RDX was dramatically enhanced by nano-Al [7]. Then, X. -H. Ju et al. simulate the thermal decomposition of RDX systems with Al, surface-nitrided Al, and surface-oxidized Al nano-particles. They found different thermal decomposition pathways for these particles [8]. S. Zhang et al. mixed partially passivated nano-Al particles with RDX, TNT, and TNT/RDX supercells. They proved that the thermal decomposition process of TNT/RDX/nano-Al has six stages by numerical calculations [4].
Because of lacking prior knowledge, it is not easy to acquire all intermediate processes in simulations. Therefore, much work has been dedicated to nano- and submicron-aluminized RDX decomposition experiments. For instance, D. E. G. Jones et al. studied the thermal decomposition behaviors of nano-Al, submicron-Al, and aluminized RDX powders. They proved Al’s reactivity decreased with rising particle diameter using differential scanning calorimetry (DSC), simultaneous thermogravimetry and differential thermal analysis (TG-DTA), and accelerating rate calorimeter (ARC) [9]. C. An et al. focused on the influence of nano-Al particles on the thermal decomposition of RDX. They found that the decomposition peak temperature of RDX was reduced by nano-Al particles [10]. H. Ren et al. integrated RDX with nano-Al particles and Viton using a two-solvent strategy. The thermal analysis indicated that nano-Al particles could accelerate the energy release of decomposition [11].
Despite the efforts on the thermal decomposition of nano- and submicron-aluminized RDX, no research has focused on the dynamic physiochemical process of a single aluminized RDX particle. Experiments of a single aluminized RDX particle could provide a better understanding of how Al particles affect the thermal decomposition of RDX.
This paper demonstrates an all-fiber probing method for the thermal decomposition of a single nano-aluminized micron-RDX particle. A microfabricated fiber probe locally coated with gold absorbs energy from laser pulses and transfers heat to the surface of an aluminized RDX particle. As a result, the particle absorbs heat rapidly and undergoes a violent thermal decomposition. We find that a single particle’s violent thermal decomposition shows micro-scale phenomena (e.g., dispersion of product particles and gas flow with a shockwave-like morphology) that mimic the macro-scale phenomena of an explosion [12–14]. Thus, we define the violent thermal decomposition of a single particle as micro-explosion. Note that the definition of micro-explosion here differs from the one applied in the combustion process of slurry droplet fuels [15–18]. The micro-explosion process is simultaneously recorded by a homemade fiber Fabry-Perot (F-P) pressure sensor and a high-speed camera. The all-fiber micro-explosion probing method is cost-effective, robust, and environmentally insensitive. In addition, as the mass of the aluminized explosive is minimal, it is safe to carry out the experiments in labs without explosion protection equipment. Therefore, we believe the micro-explosion probing method could be an alternative to conventional methods (e.g., DSC, TG-DTA, ARC) for studying aluminized RDX thermal decomposition.
2 MATERIALS AND METHODS
2.1 Materials
2.1.1 Nano-aluminized micron-RDX particle
We use magnetron sputtering to coat nano-Al particles (purity 99.999%) on the surface of a micron-RDX particle, maximizing reactive surface area. The mean particle sizes of nano-Al and micron-RDX are about 400 nm and 10 μm, respectively. The radio frequency sputter (JS-1600, HTCY) works under vacuum conditions. Figure 1A shows the optical micrograph of an uncoated micron-RDX particle. Figure 1B shows that the surface of the micron-RDX particle is uniformly coated with nano-Al. The density of nano-Al deposited on the surface of RDX particles is controllable by adjusting the sputtering time. For subsequent experiments, aluminized micron-RDX particles with different surface coverage ratios (SCRs, i.e., 0%, 5%, 10%, 15%, 20%, 25%, and 30%) are obtained. The SCRs are calculated using micrographs like Figure 1B with ImageJ (RRID: SCR_003070).
[image: Figure 1]FIGURE 1 | Preparation of the materials. (A) An uncoated micron-RDX particle. (B) A micron-RDX particle coated with coated nano-Al. (C) Schematic of the fiber probe. (D) Picture of the fiber probe. (E) Schematic of the fiber F-P sensor. (F) Picture of the fiber F-P sensor. The micro-cavity length is 89 μm.
2.1.2 The fiber probe for heat generation
We micro-fabricate a segment of single-mode fiber (SMF, FullBand G.652, YOFC) to acquire a fiber probe with a gold-coated parabolic-shaped tip using a unique three-step procedure. The SMF fiber has an effective group index of refraction of 1.476 at 1,550 nm and a mode field diameter of ∼10.3 μm at 1,550 nm. The first step is selective chemical etching. The chemical etching solution comprises hydrofluoric acid (HF) and xylene C8H10 [19]. The volume ratio for HF and C8H10 is 1.5:1. The SMF is inserted into the etching solution for 60 min at room temperature, and a cone-shaped fiber tip is achieved. The second step is discharged current fusion molding. We generate a single arc discharge with a short fusion time using a fusion splicer (FSM-100P+, Fujikura). The arc discharge molds the cone-shaped fiber tip into a parabolic-shaped one. In the final step, we use the sputter JS-1600 to realize gold coating on the surface of the parabolic-shaped fiber tip. When pumped with a pulsed laser, the fiber probe can efficiently absorb heat from laser pulses due to multiple total reflections, generating a thermal field to initiate micro-explosion (Figure 1C). Figure 1D shows the optical micrograph of the fiber probe.
2.1.3 The fiber F-P pressure sensor
We combine an SMF (FullBand G.652, YOFC), a silica capillary, and a gelatin diaphragm to fabricate a fiber F-P pressure sensor. First, a gelatin diaphragm is fixed on an end face of a small segment of silica capillary with ultraviolet glue. The thickness of the gelatin diaphragm is 800 nm, and the glass capillary has an inner diameter of 400 μm. Then, an SMF is inserted in the silica capillary through the other end face. The position of the SMF is adjusted by a motorized micromanipulator (MP-225, Sutter Instrument). Next, we coaxially align the SMF and the silica capillary, whose end faces are separated by 89 μm. As a result, a microcavity is formed between the SMF and the gelatin diaphragm. At last, we seal the microcavity and fix the SMF with ultraviolet glue. When the SMF is pumped with a laser, the fiber F-P microcavity can detect external pressure variation through the deflection of the gelatin diaphragm (Figure 1E). Figure 1F shows the optical micrograph of the F-P pressure sensor.
2.2 Methods
As shown in Figure 2, the experimental setup comprises three parts, the micro-explosion initiation module, the pressure sensing module, and the microscope.
[image: Figure 2]FIGURE 2 | Experimental setup for probing micro-explosion. This figure is not to scale.
The micro-explosion initiation module includes a 1,550-nm pulsed laser (VFLS-1550-M-PL, Connet), the motorized micromanipulator (MP-225, Sutter Instrument), and the micro-fabricated fiber probe. The 1,550-nm pulsed laser characterizes a 1-MHz repetition rate and a 10-ns full-width-at-half-maximum (FWHM) pulse width. The pulsed laser’s single-mode pigtail (SMF-28, Corning) is spiced to the micro-fabricated fiber probe. The pulses from the laser are injected into the fiber probe, providing a thermal field to initiate the micro-explosion. The motorized micromanipulator holds part of the laser pigtail, controlling the micro-explosion initiation position on the aluminized RDX.
The pressure sensing module is composed of the fiber F-P pressure sensor, a C-band wavelength-tunable continuous wave (CW) laser (VLSP-C-M-TL, Connet), a circulator, an InGaAs photoreceiver (Model 2117-FC, New Focus), and a digital storage oscilloscope (SDS6000A, Siglent). The CW laser’s single-mode pigtail (SMF-28, Corning) and the fiber sensor are spiced to Port 1 and Port 2 of the circulator, respectively. The photoreceiver and Port 3 of the circulator are connected. The laser is pumped into the microcavity of the fiber F-P pressure sensor through the circulator. The photoreceiver collects the reflected light from the sensor through the circulator and sends the amplified electrical signal to the digital storage oscilloscope through a variable bandpass filter. The pressure variation originating from the micro-explosion can be acquired by interpreting the waveform.
Aluminized RDX sample is placed on a two-dimensional stage of an inverted microscope (IX73, Olympus). The fiber probe and the F-P pressure sensor, whose optical axes are aligned with each other, are located on each side of the sample. The microscope’s light source illuminates the aluminized RDX sample, and a high-speed camera (Mini AX100, Photron) records the micro-explosion process through a ×40 objective. The camera’s maximum frame rate is 13,600 fps for a 512 × 512 image, capable of measuring micro-explosion thresholds and velocities.
3 RESULTS AND DISCUSSION
3.1 Characterization of the fiber F-P pressure sensor
To characterize the performance of the fiber F-P pressure sensor, we conduct a static pressure test [20–22]. Figure 3A shows the static pressure test setup, including a supercontinuum white light laser (SuperK COMPACT, NKT Photonics), a circulator, a syringe pump (LSP01-1A, Longer Pump), and an optical spectrum analyzer (OSA, AQ6373, Yokogawa). We seal the pressure sensor inside the syringe pump. The supercontinuum white light laser’s single-mode pigtail and the OSA are connected to Port 1 and Port 3 of the circulator, respectively. The fiber sensor is spiced to Port 2 of the circulator. We pump the laser into the microcavity of the fiber F-P pressure sensor through the circulator. The OSA collects the reflected light from the sensor through the circulator. Figure 3B shows the spectra collected under different pressures applied by the syringe pump. As the rising pressure deforms the diaphragm and reduces the F-P micro-cavity length, the fringes shift toward the shorter wavelength. Figure 3C shows the relationship between valley wavelength λ and pressure P. According to the linear fitting, the wavelength shift caused by pressure P is 0.376 nm/kPa. The length of the micro-cavity d can be demodulated by
[image: image]
where λ1 and λ2 are adjacent valley wavelengths of the same fringe [23]. Thus, the micro-cavity length of the sensor is ∼89 μm, in agreement with the value in Figure 1F. Thus, fringes and Eq. 1 can acquire the diaphragm deflection Δd originating from pressure. Figure 3C shows the relationship between diaphragm deflection Δd and pressure P. According to the linear fitting, the sensor’s pressure sensitivity between 0 and 24 kPa is 0.055 μm/kPa.
[image: Figure 3]FIGURE 3 | Static pressure test of the fiber F-P sensor. (A) Experimental setup of the static pressure test. This figure is not to scale. (B) Spectra collected under different pressures. (C) The relationship between valley wavelength λ and pressure P, and the relationship between diaphragm deflection Δd and pressure P.
3.2 Measurement of micro-explosion properties
To prove the probing method’s capability, we first characterize the process of nano-aluminized micron-RDX micro-explosion. The typical process of RDX thermal decomposition includes three steps, which are melting, first decomposition, and second decomposition [2]. Melting is an endothermic process, while first decomposition and second decomposition are exothermic processes. Figure 4A (the frame rate is 2000 frames and 1,024 × 1,024 image of the original video) confirms that micro-explosion is composed of melting, first decomposition, and second decomposition. First, the pulses from the 1,550-nm laser accumulate energy on the gold film of the fiber probe and elevate the temperature applied to the sample, causing melting. The pictures at t0 and t1 show the process of melting, during which the sample becomes spherical. Then, the first decomposition occurs, slowly releasing heat and spreading reaction products, as shown in pictures at t2 and t3. Slight mass loss can be observed during the first decomposition. At last, the second decomposition generates a gas flow with a shockwave-like morphology, which mainly propagates along the optical axis of the fiber probe. As shown in pictures at t4 − t7, some reaction products spread with the shockwave-like flow, indicating the flow front. Red dashed lines mark the locations of the flow fronts at different moments. The second decomposition is accompanied by enormous mass loss. Then, we measure micro-explosion properties, i.e., shockwave-like flow velocity, initiation energy threshold, and shockwave-like flow pressure.
[image: Figure 4]FIGURE 4 | The process of micro-explosion. (A) Pictures of micro-explosion acquired at different moments. The dashed red lines indicate the flow fronts of shockwave-like flow. (B) The relationship between the initial flow velocity and surface coverage ratio. Error bars represent standard error. (C) The relationship between the flow velocity and the distance. The distance is calculated from the fiber probe tip to the flow front along the optical axis.
3.2.1 Shockwave-like flow velocity
We measure the velocities of aluminized micron-RDX particles with different SCRs (i.e., 0%, 5%, 10%, 15%, 20%, 25%, and 30%). The shockwave-like flow velocities are acquired by frame-to-frame analysis. Figure 4B shows the relationship between the initial flow velocity and SCR. The initial velocity is acquired at the first moment (e.g., t4) when a clear flow front forms. The measurement of each SCR is conducted 10 times. Note that the laser power stays unchanged during the 10 × 7 measurements. The mean initial velocities of 0%, 5%, 10%, 15%, 20%, 25%, and 30% SCRs are about 36.0, 39.5, 51.6, 59.1, 69.9, 44.2, and 26.2 mm/s, respectively. It can be found that the initial velocity first increases and then decreases with rising SCRs. The initial velocity reaches the maximum when the SCR is 20%. The reason for the rise of the initial velocity under 20% SCR is that the nano-Al can catalyze the micro-explosion process, enhancing the second decomposition. However, a high SCR of Al restricts the propagation of flows, reducing the initial velocity of micro-explosions.
Figure 4C shows the relationship between the flow velocity and the distance. The distance is calculated from the fiber probe tip to the flow front along the optical axis. It can be found that the velocity decreases with increasing distance. Moreover, the locations where flow fronts form are closer to the fiber probe tip with lower initial velocities.
3.2.2 Initiation energy threshold
We measure the initiation energy thresholds of aluminized micron-RDX particles with different SCRs. The initiation energy threshold is the energy of laser pulses, which will lead to a micro-explosion. The energy is integrated from the moment when the laser is turned on to the beginning of the second decomposition. Figure 5 shows the relationship between the initiation energy threshold and SCR. The measurement of each SCR is conducted 10 times. Note that the laser power stays unchanged during the 10 × 7 measurements. The mean thresholds of 0%, 5%, 10%, 15%, 20%, 25%, and 30% SCRs are about 115, 112, 108, 102, 96, 84, and 75 μJ, respectively. It can be found that the threshold decreases with rising SCRs. The threshold is at the maximum when the SCR is 0%. The threshold reduction is attributed to the catalyzation of nano-Al particles.
[image: Figure 5]FIGURE 5 | The relationship between the initiation energy threshold and surface coverage ratio. Error bars represent standard error.
3.2.3 Shockwave-like flow pressure
We measure the shockwave-like flow pressure using the fiber F-P pressure sensor. The distance between the sensor and the probe is about 300 μm along the optical axis. To achieve a high-frequency response to flow pressure, we replace the setup in Figure 3A with the one in Figure 2. The wavelength of the C-band CW laser is tuned to a quadrature point of the fringe of zero external pressure. The signal from the sensor is detected by the photoreceiver and displayed by the oscilloscope. The relationship between the reflected light intensity IR and the micro-cavity length d is
[image: image]
where R is the reflectivity of the micro-cavity, λ0 is the wavelength of the C-band laser, n is the refractive index of the micro-cavity medium, and I0 is the input light intensity. As mentioned above, we have acquired the relationship between diaphragm deflection Δd and pressure P. Thus, the flow pressure can be real-time demodulated using the waveform recorded by the oscilloscope and Eq. 2.
Figure 6 shows the shockwave-like flow pressures and corresponding forces of different SCRs as a function of time. Note that the laser power stays unchanged during the seven measurements. The high-frequency vibrations of the traces in Figure 6 are attributed to the impacts of the reaction products. The envelopes of the traces depict the flow propagations. The peak forces of 0%, 5%, 10%, 15%, 20%, 25%, and 30% SCRs are about 9.1, 22.2, 32.4, 32.9, 39.4, 26.6, and 24.4 μN, respectively. It can be found that the peak force first increases and then decreases with rising SCRs. The peak force reaches the maximum when the SCR is 20%. Moreover, the vibration signal duration is shorter when the peak force is larger. These experimental results correspond to those in Figures 4B, C.
[image: Figure 6]FIGURE 6 | The shockwave-like flow pressures and corresponding forces of different surface coverage ratios as a function of time.
4 CONCLUSION
In conclusion, we demonstrate an all-fiber probing method for the micro-explosion of nano-aluminized micron-RDX particles. A microfabricated gold-coating fiber probe absorbs energy from laser pulses, heating an aluminized RDX particle through thermal conduction. As a result, the particle rapidly absorbs heat and undergoes the process of micro-explosion. A homemade fiber F-P pressure sensor and a high-speed camera simultaneously record the micro-explosion process. In experiments, we first characterize the micro-explosion as a three-step process, i.e., melting, first decomposition, and second decomposition. Then, we perform measurements of micro-explosion properties, i.e., shockwave-like flow velocity, initiation energy threshold, and shockwave-like flow pressure. Among the aluminized RDX particles with 0%, 5%, 10%, 15%, 20%, 25%, and 30% SCRs, the sample with 20% SCR has the highest flow velocity and force, which are about 69.9 mm/s and 39.4 μN, respectively. These results are attributed to the tradeoff between catalyzation and restriction of nano-Al particles. Moreover, the threshold decreases with rising SCRs, and the mean threshold of 30% SCR is 75 μJ. The all-fiber micro-explosion probing method is cost-effective, robust, and environmentally insensitive. Due to the minimal mass of the aluminized RDX, it is safe to carry out the experiments without explosion protection equipment. Furthermore, the movement of the fiber probe can adjust the shockwave-like flow propagation direction, providing additional flexibility for future applications. Therefore, we believe the micro-explosion probing method will be a powerful tool for studying aluminized RDX.
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