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Silicone rubber in power transmission and transformation equipment is subjected to considerable temperature changes under different application environment conditions and in different operational states. In tropical areas and the Turpan region of China, surface temperatures of silicone rubber insulators may reach or exceed 70°C. During in situ testing of silicone rubber, the spectral signal may fluctuate or even be distorted when the temperature changes, and consequently, the accuracy of the analysis may be affected. Therefore, we performed a LIBS-based investigation into the dependence of the spectral signal of rubber silicone on the sample temperature. Using high-temperature vulcanized silicone rubber as the experimental material, we determined the trends in spectral line intensity for different elements, plasma temperature, and electron density with temperature when the sample temperature was increased from 25°C to 310°C. The results indicated that the intensities of the Al I 394.40 nm, Al I 396.15 nm, and Si I 390.55 nm lines in the LIBS spectra underwent a gradual decrease as the temperature was increased, whereas the intensity of the Al I 309.27 nm spectral line was essentially stable. However, the spectral line intensity, plasma temperature, and electron density all exhibited a spike at approximately 260°C, which occurred because of the decomposition of aluminum hydroxide. The results of the present study should prove to be of significance in further increasing the accuracy of LIBS analysis as applied to silicone rubber surface monitoring in high-temperature environments.
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1 INTRODUCTION
Laser-induced breakdown spectroscopy (LIBS) is a modern analytical technique based on emission spectroscopy. In LIBS, a laser pulse is focused on the surface of a substance, which causes ablation and the formation of a plasma. This enables qualitative and quantitative elemental analysis of the substance through measurement of the plasma spectrum. LIBS has received widespread attention due to its advantages of simple operation, rapid analysis, high sensitivity, and remote-measurement capability. It has broad applicability across a vast array of different fields, including pollution monitoring [1, 2], industrial analysis [3], space exploration [4, 5], artifact identification [6, 7], and geological exploration [8, 9].
Silicone rubber composite materials are widely used in high-voltage external insulation for power transmission cables due to their excellent hydrophobicity and hydrophobic migration characteristics. However, the inevitable effects of high temperature, ultraviolet radiation exposure, and discharges degrade silicone rubber, leading to material loss, in insulator sheds; this results in decreased hydrophobicity, fading, crumbling, and increased hardness. Researchers have utilized LIBS to monitor the state of silicone rubber by characterizing its hardness, roughness, and state of aging [10–12]. However, the temperature of silicone rubber is often poorly controlled due to the complexity of the operating environment. Sample temperatures generally vary considerably in power transmission and transformation equipment located in various hot climates. For instance, temperatures may reach 70°C in the Turpan region of China, which has the hot and dry Gobi Desert climate. The spectral signal may therefore fluctuate or become distorted at high temperatures, which will affect the accuracy of the analysis. To ascertain the times of day and types of application environments suitable for LIBS testing, the dependence on the sample temperature of the LIBS signal of silicone rubber must be studied.
There is currently limited research on the effects of sample temperature on LIBS signals. In 2009, Tavassoli and Gragossian [13] investigated the effect of the initial temperature of the target material on the spectral intensity of the laser-induced plasma on the surface of an aluminum alloy. Their results indicated that higher sample temperatures produced increased spectral line intensities, which enabled the authors to demonstrate improved limits of detection. A 2012 study by Sanginés et al. [14] explored the effects of heating the target material on the laser-induced plasma and found that increasing the target/material temperature resulted in enhancement of the LIBS radiation intensity, with the signal-to-noise ratio being increased by an order of magnitude. In the same year, Sanginés et al. [15] also investigated the mechanisms by which the radiation intensity was increased by increasing the target material temperature in orthogonal double-pulse LIBS. A study by Eschlböck-Fuchs et al. [16] in 2013 measured the plume expansion dynamics and optical emission spectra of laser-induced plasma using samples of a bulk aluminum alloy, silicon wafer, and metallurgical slag at different temperatures. It was observed that higher sample temperatures were correlated with plasmas with greater plume sizes and stronger emission signals. In 2014, Darbani et al. [17] investigated the effect of sample heating on the laser-induced emission spectra of alloys, reporting that the LIBS signal intensity and spectral width increased when the samples were heated to 200°C. In the same year, Hanson et al. [18] reported their observation of the effects of temperature and phase on LIBS spectra and found that Ce and Mn spectral line intensities varied as the temperature of salt samples was changed. The signal intensity was highest at the phase transition temperature, and the next-highest signal was obtained from solid samples. A study by Liu et al. in 2016 [19] reported the acquisition of laser-induced semiconductor plasma spectra at different temperatures, and the results indicated that higher target temperatures produced greater spectral line intensities. In 2017, Liu et al. [20] investigated the dependence of the plasma plume on the target temperature; they found that the size of the plasma plume increased significantly with temperature. This result demonstrates that increasing the sample temperature enhances the coupling between the laser and target material, thereby altering the plume expansion kinetics of the laser-induced plasma. In the same year, Wang et al. [21] studied the effect of sample temperature on the femtosecond laser-induced plasmas of glass, and observed that the intensity of the emission lines of the plasma increased significantly with temperature. A study by Lednev et al. in 2019 [22] investigated the effect of the sample temperature on LIBS. Their results showed that the spectral signal remained virtually unchanged up to a temperature of 1,000 °C, but the sample remained in the solid state. When the sample temperature was increased to 1,500°C, the samples were in the molten state and the corresponding LIBS signal intensity and electron number densities were significantly increased, while the plasma temperature was almost unchanged. The above studies demonstrate that raising the temperature of a sample effectively enhances the laser–matter interactions. However, all of these studies only involved the use of metal samples, and there is a lack of relevant research on the effects of temperature variation on the LIBS signals of non-metals.
In the present study, LIBS was performed on samples of high-temperature vulcanized silicone rubber at different temperatures to explore the ways in which the sample temperature affected the LIBS signal of silicone rubber. Variations in spectral line intensity, plasma temperature, and electron density with sample temperature were characterized based on analysis of the spectral data. The origin of the spike in the spectral signal at approximately 260°C was determined based on thermogravimetric analysis (TGA) and an analysis of the temperature dependence of the spectral signals of aluminum hydroxide samples.
2 MATERIALS AND METHODS
2.1 Experiment
Figure 1 shows a schematic of the LIBS experiment setup. A nanosecond pulse laser (Model: Nimma-900; Beamtech Optronics, Beijing, China) was used (output wavelength: 1,064 m; pulse width: 8 ns; pulse repetition frequency: 1 Hz) to generate the LIBS signal. Spectra were acquired using a 6-channel spectrometer (Avantes Beijing, Beijing, China) with a resolution of approximately 0.05 nm. Delays were generated by a digital delay generator (DG645, Stanford Research Systems, Inc., Sunnyvale, CA, USA), with gate delay and gate width times of 2.5 and 30 µs, respectively.
[image: Figure 1]FIGURE 1 | Schematic of LIBS setup.
The laser beam was focused vertically on the surface of the sample through a convex lens with a focal length of 10 cm, forming a spot of approximately 0.8 mm in diameter. During spectral acquisitions, the measured energy of the laser pulse at the sample surface was 35 mJ, which is sufficient to produce sample ablation and plasma formation. The spectrometer was controlled by the digital delay generator, which allowed the plasma signal to be acquired after a time delay. The plasma signal was converted by a charge-coupled device (CCD) into electrical signal and was transferred to a computer.
2.2 Sample testing
The samples used in the experiment were 5 cm × 5 cm × 1 mm squares of high-temperature vulcanized silicone rubber. The samples were heated and kept warm using a high-precision digital display laboratory heating platform (maximum temperature: 600°C). At high temperatures, a considerable temperature difference existed between the surfaces of the platform and sample, and consequently the temperature displayed by the heating platform did not reflect the actual temperature of the sample surface. Therefore, the temperature of the sample surface was monitored using a laboratory infrared thermal imager (Model: FLIR ONE Pro; Teledyne FLIR, Shanghai, China).
During the experiment, the temperature of the sample is raised by varying the target temperature of the heating platform, and the temperature of the sample was gradually increased from room temperature (25°C) to 310°C, and LIBS measurements were obtained at 25°C, 55°C, 75°C, 100°C, 125°C, 145°C, 170°C, 190°C, 210°C, 230°C, 250°C, 265°C, 275°C, 290°C, and 310°C. The experiment was repeated using different laser pulse energies (15, 25, 35, and 45 mJ). To minimize the effects of laser pulse energy fluctuation on the laser ablation, for each sample temperature and laser energy, ten different test points were selected for ten consecutive shots, and the average of the ten spectral datasets was used in the subsequent analysis.
3 RESULTS AND DISCUSSION
3.1 Spectral line intensity variation
The spectrum of the high-temperature vulcanized silicone rubber samples at room temperature are shown in Figure 2. It can be found that the stronger spectral lines in the spectrum are dominated by Al, Si and O. When using LIBS for characterization and analysis of silicone rubber adhesive content and hardness, the Al and Si spectral lines are often used as the characteristic spectral lines to establish the calibration model. To understand the effect of sample temperature on the accuracy of silicone rubber LIBS analysis, the Al I 309.27 nm, Al I 394.40 nm, Al I 396.15 nm, and Si I 390.55 nm spectral lines were analyzed to determine the dependence of their intensities on temperature.
[image: Figure 2]FIGURE 2 | Spectrum of high temperature vulcanized silicone rubber.
Figure 3 shows the variations in intensity of the four spectral lines with sample temperature at a laser energy of 35 mJ. It can be observed that the intensities of the Al I 394.40 nm and Al I 396.15 nm spectral lines were relatively stable below 150°C. However, when the temperature was increased beyond 150°C, the spectral line intensities underwent a significant abrupt decrease, before stabilizing. Subsequently, an even more abrupt increase occurred at approximately 260°C. This was followed by a very sharp drop that was more significant than the decrease at 150°C. In contrast to the other three lines, the Al I 309.27 nm spectral line only exhibited one intensity increase, which occurred abruptly at approximately 260°C and was followed by a similarly abrupt decrease; very little temperature change was observed over the other temperatures in the observation range. The intensity of the Si I 390.55 nm spectral line also spiked at approximately 260°C, while exhibiting a gradual decline over the entire extent of the sample temperature observation window.
[image: Figure 3]FIGURE 3 | Variation in spectral line intensity with sample temperature at a laser energy of 35 mJ.
Figure 4 shows the variations in the intensity of the Al I 309.27 nm, Al I 394.40 nm, Al I 396.15 nm, and Si I 390.55 nm spectral lines with sample temperature at different laser pulse energies. The intensity of the spectral lines increased with laser energy. However, the spectral line intensities were very similar at laser pulse energies of 35 and 45 mJ. This indicates that the maximum possible number of particles within the focal region of the laser was excited by the laser when the pulse energy was 35 mJ.
[image: Figure 4]FIGURE 4 | Variation in intensity with sample temperature of (A) Al I 309.27 nm, (B) Al I 394.40 nm, (C) Al I 396.15 nm, and (D) Si I 390.55 nm spectral lines under various laser pulse energy conditions.
Comparing the trends in intensity variation with sample temperature of the three Al spectral lines at different laser energies, it is apparent that increased sample temperature is correlated with a slight decrease in the intensities of the Al I 394.40 nm and Al I 396.15 nm spectral lines, while the intensity of the Al I 309.27 spectral line remains essentially stable as a function of temperature. At laser pulse energies of 35 and 45 mJ, an intense spike in the spectral line intensity occurred at approximately 260°C. When the laser pulse energy was 25 mJ, the spectral line intensity also increased at approximately 260°C, but to a lesser extent. When a laser pulse energy of 15 mJ was used, a spike was not observed, and the Al I 309.27 nm spectral line was barely visible at 260°C and beyond, indicating that the magnitude of the spike was dependent on both the laser pulse energy and spectral line intensity.
The intensity of the Si I 390.55 nm spectral line exhibited an obvious overall decrease as the sample temperature was increased. When the silicone rubber surface temperature reached 260°C, the intensity of this spectral line increased—albeit to a lesser extent than the increase at this temperature for the Al lines—at laser pulse energies of 25, 35, and 45 mJ, and the spectral line intensity did not exceed the intensity at room temperature in the case of each of these laser pulse energy conditions. As was the case for the three Al spectral lines, a larger spike in spectral line intensity occurred at higher laser pulse energies. Indeed, when the laser pulse energy was lowest (15 mJ), the spike did not occur, and the Si I 390.55 nm spectral line vanished at sample temperatures beyond 250°C.
Both the Al and Si spectral lines exhibited an overall trend of decreasing intensity with increasing sample temperature, and sometimes there is a dip in the region of 200°C–250°C. When LIBS was performed on silicone rubber samples at high temperatures, it was observed during the process of moving and re-positioning the samples that they were obviously softened under the higher temperature conditions. It was hypothesized that an increase in the temperature of the sample led to a decrease in its hardness and the velocity of the shock wave front. Consequently, the plasma gas was not effectively compressed, and hence the plasma intensity was decreased. To test this hypothesis, we studied a high-temperature vulcanized silicone rubber sample using dynamic mechanical analysis (DMA). The experiment was conducted in tension mode with a frequency of 1 Hz, temperature range of 25°C–350°C, temperature ramp rate of 5°C/min, and amplitude of 30 μm.
Figure 5 shows a DMA thermogram of the silicone rubber sample. The storage modulus E′ and loss modulus E″ are plotted versus temperature; E′ is often used to characterize the stiffness (i.e., hardness) of a material, whereas E″ to characterizes its viscosity. It can be observed that both E′ and E″ gradually decreased as the sample temperature increased, i.e., the stiffness and viscosity of the silicone rubber sample continuously decreased. This finding lends some support to our aforementioned hypothesis. And the hardness of the silicone rubber decreases slowly in the region of 150°C–250°C. Considering that the heating rate and the uniformity of heating are not perfect, the results are reflected in the emission intensity with a certain randomness, which can be seen from the variation of the spectral intensity with sample temperature at different laser energies in Figure 4.
[image: Figure 5]FIGURE 5 | DMA thermogram of the high-temperature vulcanized silicone rubber sample.
3.2 Spectral line intensity ratio variations
To investigate the origin of the spike in spectral line intensity at approximately 260°C, TGA was performed on a high-temperature vulcanized silicone rubber sample. Figure 6 shows the TGA thermogram of the sample, with sample mass plotted versus sample temperature, where it is apparent that the sample underwent two weight loss stages. The first stage occurred at 250°C–350°C and can be attributed to the decomposition of the aluminum hydroxide filler; the second stage, corresponding to siloxane decomposition, occurred at 400°C–500°C.
[image: Figure 6]FIGURE 6 | TGA thermogram of the high-temperature vulcanized silicone rubber sample.
Based on the TGA thermogram, we hypothesized that the spike in spectral line intensity at approximately 260°C was caused by the decomposition of aluminum hydroxide. To verify this, ratios between the intensities of various spectral lines were calculated to eliminate the influence of sample temperature changes, and these ratios were plotted versus sample temperature. In Figure 4D, it can be seen that the spike in intensity of the Si I 390.55 nm spectral line was relatively small, which indicates that this signal was less affected by the decomposition of the aluminum hydroxide in the sample. Therefore, the ratios between the intensities of various Al spectral lines and the Si I 390.55 nm spectral line were calculated and analyzed.
Figure 7 shows the ratios between the intensities of the three Al spectral lines and the Si I 390.55 nm spectral line intensity plotted versus the sample temperature at a laser pulse energy of 35 mJ. As the sample temperature was increased to 260°C, the ratios between the three Al spectral line intensities and the Si I 390.55 nm spectral line intensity slowly increased. This may have been because the ionization potential of Si I 390.55 nm (5.08 eV) is greater than that of Al I 394.40 nm (3.14 eV), Al I 396.15 nm (3.14 eV), and Al I 309.27 nm (4.02 eV). Therefore, relative to the Si I 390.55 nm spectral line intensity, the intensity decreases of the three Al spectral lines, caused by changes in hardness with increasing sample temperature, were relatively small. Thus, the ratios between the intensities of the three Al spectral lines and the Si I 390.55 nm spectral line increased with the sample temperature. A sudden spike was also exhibited at approximately 260°C in the plots of these three ratios versus temperature, which indicates that the aluminum hydroxide decomposition reaction contributed to a certain extent to the increase in Al spectral line intensity.
[image: Figure 7]FIGURE 7 | Spectral line intensity ratios versus sample temperature at a laser pulse energy of 35 mJ.
Figure 8 shows the variation with sample temperature of the ratios between the intensities of the Al I 309.27 nm, Al I 394.40 nm, and Al I 396.15 nm spectral lines and the Si I 390.55 nm spectral line under different laser pulse energy conditions. At a laser pulse energy of 15 mJ and temperatures above 250°C, the intensity of the Si I 390.55 nm spectral line was zero. Therefore, the intensities of the three Al spectral lines relative to that of the Si I 390.55 nm spectral line are plotted only up to 250°C at this laser pulse energy level. When the temperature was increased to 260°C, the intensities of the three Al lines relative to the Si I 390.55 nm line intensity tended to increase at each laser pulse energy. The spike feature was also observed in these plots at approximately 260°C. As the laser pulse energy increased, the ratios between the intensities of Al I 394.40 nm, Al I 396.15 nm spectral lines and the Si I 390.55 nm spectral line gradually decreased. Conversely, the Al I 309.27 nm to Si I 390.55 nm line intensity ratio increased with the laser pulse intensity. Since the ionization energy of the Al 309.27 nm is higher compared to the Al 394.40 nm and Al 396.15 nm, it has a lower spectral intensity than Si 390.55 nm and changes more when the laser energy is increased, while the Al 394.40 nm and Al 396.15 nm have a much higher intensity than Si 390.55 nm and change less when the laser energy is increased. The degree of variation is smaller when the laser energy is increased.
[image: Figure 8]FIGURE 8 | Sample temperature dependence under various laser pulse energy conditions of (A) Al I 309.27 nm, (B) Al I 394.40 nm, and (C) Al I 396.15 nm spectral line intensities normalized with respect to the Si I 390.55 nm spectral line intensity.
3.3 Analysis of aluminum hydroxide spectrum
To further test our hypothesis that the spike in spectral line intensity at approximately 260°C was caused by the aluminum hydroxide decomposition reaction, LIBS was performed at different sample temperatures on pure aluminum hydroxide powder pressed into tablet form. The laser pulse energy was set to 35 mJ, and all other experimental conditions were identical to those described in Section 2.2. Figure 9 shows the resultant spectrum of the aluminum hydroxide sample. It is apparent that there are few highly intense spectral lines. All of the intense spectral lines were assigned to Al; specifically, the same three lines (Al I 309.27 nm, Al I 394.40 nm, and Al I 396.15 nm) mentioned in the analysis detailed above were observed to be intense.
[image: Figure 9]FIGURE 9 | Emission spectrum of pure aluminum hydroxide sample in the 300–500 nm range acquired using the LIBS technique.
Figure 10 shows how the intensities of the three Al lines in the spectrum of pure aluminum hydroxide vary with sample temperature at a laser pulse energy of 35 mJ. A gradual decrease was observed for each line as the sample temperature was increased to 250°C. The decrease in intensity was greater for the Al I 394.40 nm and Al I 396.15 nm spectral lines than for the Al I 309.27 nm spectral line. This may be because of the higher ionization energy of Al I 309.27 nm. Again, spikes in spectral line intensity were observed at approximately 260°C, further confirming that the decomposition of aluminum hydroxide resulted in an increase in the Al line intensity, i.e., aluminum hydroxide decomposition was a direct cause of the spectral line intensity spike.
[image: Figure 10]FIGURE 10 | Intensities of various lines from the spectrum of pure aluminum hydroxide versus sample temperature at a laser energy of 35 mJ.
The results described above verify that the decomposition of aluminum hydroxide affected the plasma spectra, but they do not indicate whether the decomposition process itself or the aluminum oxide produced by the decomposition produced the change in the plasma spectra and altered the spectral intensities. Although the intensity of the Al I 394.40 nm and Al I 396.15 nm lines were further decreased when the sample temperature exceeded 300°C, demonstrating that the spectral line intensity spike was unlikely to have been produced by the aluminum oxide generated by aluminum hydroxide decomposition, the overall trend for the spectral line intensity was one of decreasing with increasing sample temperature. Therefore, whether the subsequent decrease in spectral line intensity was caused by the completion of the decomposition reaction or by the rise in sample temperature remains to be ascertained.
To investigate the cause of the spectral intensity spike, an aluminum hydroxide sample was first heated to approximately 260°C and subjected to LIBS. The sample was then allowed to cool naturally to room temperature and subsequently subjected to LIBS again for further analysis. Figure 11 shows the spectra in the region of the Al I 394.40 nm and Al I 396.15 nm lines before and after cooling. The Al I 394.40 nm and Al I 396.15 nm line intensities were slightly lower after the aluminum hydroxide sample had been cooled to room temperature compared to the corresponding intensities when the sample was still at approximately 260°C. This result allows us to rule out the possibility that the spectral intensity spike was caused by the aluminum oxide decomposition product. Therefore, it is evident that the aluminum hydroxide decomposition process affected the plasma spectra.
[image: Figure 11]FIGURE 11 | Spectral peaks of Al I 394.40 nm and Al I 396.15 nm before and after cooling.
3.4 Plasma parameter variation
The analysis of plasma parameters is an important means of achieving detailed understanding of the plasma mechanism on the micro- and nano-scale. In particular, plasma temperature and electron density are two important parameters of laser-induced plasmas that are often used to perform characterization of the degree of aging of silicone rubber. To understand the effect of sample temperature on the accuracy of LIBS analysis of silicone rubber, the variation of plasma temperature and electron density was investigated for different sample temperatures. The temperature of a high electron density plasma under atmosphere pressure can in general be calculated using the Boltzmann plane method, with the assumption that the plasma is in local thermodynamic equilibrium (LTE).
In the Boltzmann plane method, multiple spectral lines corresponding to the same element and excited state can be used to calculated the plasma temperature, based on the following expression [23]:
[image: image]
where [image: image] is the line intensity of transition from the upper energy level [image: image] to the lower energy level [image: image], [image: image] is the center wavelength, [image: image] is the probability of transition from the upper energy level [image: image] to the lower energy level [image: image], [image: image] is the statistical weight for the upper energy level [image: image], [image: image] is the total number density, [image: image] is the partition function, [image: image] is the energy of the upper energy level [image: image], k is the Boltzmann constant, and [image: image] is the plasma temperature. In Eq. 1, it can be seen that there is a linear relationship between the left-hand side of the equation and [image: image]. Therefore, [image: image] can be calculated from the slope [image: image].
Three Al atomic lines were selected for the calculation of the plasma temperature. Table 1 shows the atomic spectral data for the three spectral lines obtained from the National Institute of Standards and Technology (NIST) database [24].
TABLE 1 | Al atomic spectral data used to calculate plasma temperature.
[image: Table 1]Figure 12 shows a Boltzmann plot at a laser pulse energy of 35 mJ and sample temperature of 210°C. Plasma temperature was derived from the slope of the fitted line.
[image: Figure 12]FIGURE 12 | Boltzmann plot of silicone rubber sample constructed based on data acquired at a laser pulse energy of 35 mJ and sample temperature of 210°C.
The electron density can be calculated using the Stark broadening formula:
[image: image]
where [image: image] is the electron impact parameter as reported by Konjević et al. [25], [image: image] is the electron density (cm−3), and [image: image] is the full width at half maximum (FWHM) of the spectral line. The Si I 390.55 nm line was selected for the calculation of electron density.
Given the fact that plasma temperature was calculated based on the LTE assumption, it was necessary to determine whether the plasma was close to being at LTE. Such a calculation is usually performed using the McWhirter criterion [26]:
[image: image]
where [image: image] is the maximum energy level difference between the ground and excited states (eV).
At a laser pulse energy of 35 mJ and sample temperature of 210°C, the lower limit for the electron density at 3309 K, according to Eq. 3, was approximately 2.94 × 1015 cm−3. However, the actual electron density calculated using Eq. 2 was approximately 1.05 × 1016 cm−3, which was far greater than the calculated lower limit. This indicates that the plasma was at LTE in the present experiment.
Figure 13 shows the plasma temperature and electron density plotted versus sample temperature under various laser pulse energy conditions. It was not possible to be sure of the accuracy of the calculated plasma temperature and electron density at a laser energy of 15 mJ because of the limited number of spectral lines that were obtained. Therefore, only the data for laser energies of 25, 35, and 45 mJ are shown in Figure 13. It can be observed that plasma temperature increased with the laser pulse energy, but the plasma temperatures at 35 and 45 mJ were essentially identical. This is consistent with the spectral line intensity results presented in Section 3.1. However, there was no obvious correlation between electron density and laser energy. Both the plasma temperature and electron density versus sample temperature plots include sharp increases at approximately 260°C, consistent with the spectral line intensity results presented in Section 3.1. And the plasma temperature and electron density peak at around 300°C, which is the same as the case of Al spectral line intensity in Figure 10.
[image: Figure 13]FIGURE 13 | (A) Plasma temperature and (B) electron density versus temperature under various laser pulse energy conditions.
4 CONCLUSION
To understand the effects of temperature on the emission spectrum of silicone rubber, we performed LIBS on silicone rubber samples at high temperatures and investigated the trends in the spectral line intensities as a function of sample temperature. Precise control of the sample temperature was achieved through the use of a high-precision digital display heating platform. Our conclusions are as follows:
(1) As the sample temperature was increased from 25°C to 310°C, the intensities of the Al I 394.40 nm and Al I 396.15 nm spectral lines gradually decreased, while the intensity of the Al I 309.27 spectral line remained essentially stable.
(2) At approximately 260°C, the Al and Si spectral line intensities, plasma temperature, and electron density underwent a sudden increase, followed by a decrease. The magnitude of this intensity spike was also dependent on the laser pulse energy, with more significant increases occurring when the laser pulse energy was higher.
(3) The spike in the spectral line intensity at approximately 260°C was related to the decomposition of aluminum hydroxide, which generated an increase in the Al line intensities.
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