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INTRODUCTION

In-liquid discharges constitute a longstanding research subject, with the first study conducted over a century ago [START_REF] Cavendish | XXIII. Experiments on air[END_REF] in the context of electrotechnical applications. In-liquid discharges are currently applied in many fields, particularly electrical discharge machining (EDM) [START_REF] Kumar | Surface modification by electrical discharge machining: A review[END_REF]- [START_REF] Jahan | A review on the conventional and microelectrodischarge machining of tungsten carbide[END_REF] and synthesis of nanomaterials [START_REF] Saito | Nanomaterial synthesis using plasma generation in liquid[END_REF], [START_REF] Chen | A review of plasma-liquid interactions for nanomaterial synthesis[END_REF]. Notably, these discharges can be sustained in different modes, including streamer [START_REF] Marinov | Dynamics of plasma evolution in a nanosecond underwater discharge[END_REF], spark [START_REF] Kabbara | Synthesis of Cu@ZnO core-shell nanoparticles by spark discharges in liquid nitrogen[END_REF], and arc [START_REF] Jung | High-yield synthesis of multi-walled carbon nanotubes by arc discharge in liquid nitrogen[END_REF]. The unique properties of in-liquid spark discharge, such as instantaneous high pressure (tens of bar) and high temperature (thousands of Kelvin), render it highly attractive for the above-mentioned applications. Indeed, these discharges have great potential for use in nanomaterial synthesis due to their simple setup configuration and high production rate (~mg/min) [START_REF] Glad | Synthesis of copper and copper oxide nanomaterials by electrical discharges in water with various electrical conductivities[END_REF]. However, more research is needed to enable the control of underlying phenomena so that particles of a specific size distribution may be produced [START_REF] Glad | Synthesis of core-shell copper-graphite submicronic particles and carbon nano-onions by spark discharges in liquid hydrocarbons[END_REF]. Currently, the particles synthesized by in-liquid spark discharges exhibit wide size distributions, which limits the development of large-scale applications. Spark discharges in liquid are also applied in the machining of many materials, including the hardest ones, with (sub-) micrometer precision [START_REF] Muttamara | Probability of precision micromachining of insulating Si3N4 ceramics by EDM[END_REF]. In such applications, plasmasurface interactions play an extremely important role [START_REF] Belmonte | Interaction of discharges with electrode surfaces in dielectric liquids: application to nanoparticle synthesis[END_REF], especially considering the numerous physical and chemical phenomena occurring in a reduced space (~tens of µm 2 ) and within short time (~µs). Therefore, a fundamental understanding of these interactions is needed to further develop the discharge-assisted EDM process on large scale.

To easily control plasma-surface interactions, several attempts have been proposed. For instance, one of these attempts aimed reducing the plasma size. Specifically, atomic force microscope was used to finely control the gap distance at the nanoscale (i.e. nano-EDM) [START_REF] Kumar | Nano electrical discharge machining -the outlook, challenges, and opportunities[END_REF].

The effect of electrical power supply (i.e. modulation of the voltage-current waveforms) on the discharge properties and interactions has also been assessed [START_REF] Sen | Developments in electric power supply configurations for electrical-discharge-machining (EDM)[END_REF]. Recently, a new interesting approach has been proposed to control the discharge, and it is based on the application of an external magnetic B-field across the gap. Xing et al. [START_REF] Xing | Influence of transverse magnetic field on the formation of carbon nano-materials by arc discharge in liquid[END_REF], [START_REF] Xing | Influence of magnetic field parallel to the arc on the formation of carbon nano-materials by arc discharge in water[END_REF] have investigated the influence of transverse and parallel B-field on the formation of carbon nanomaterials by discharge in water, and they have shown that novel carbon nanostructures are synthesized when a parallel B-field is applied. Moreover, the application of B-field in parallel orientation improves the purity and quality of the multi-walled carbon nanotubes deposited at the cathode. Conversely, the material synthesized in the presence of a transverse B-field is curled carbon nanotubes. These results clearly indicate that B-field application has a significant effect on the discharge mechanism and type of nanomaterial synthesized.

The effect of B-field on machining precision in EDM applications has also been examined. De Bruijn [START_REF]Effect of a magnetic field on the gap cleaning in EDM[END_REF], Lin [START_REF] Lin | Optimization of machining parameters in magnetic force assisted EDM based on Taguchi method[END_REF], and Gholipoor et al. [START_REF] Gholipoor | Investigation of the effects of magnetic field on near-dry electrical discharge machining performance[END_REF] have shown that the inter-electrode space is effectively cleaned from debris when a B-field is applied across the gap. Moreover, recent studies demonstrate that the application of B-field increases the material removal rate, while decreasing the surface roughness and number of surface cracks. In a study conducted by Govindan et al. [START_REF] Govindan | Single-spark analysis of removal phenomenon in magnetic field assisted dry EDM[END_REF], it was shown that B-field application reduces the diameter and increases the depth of the crater formed by a single spark discharge. The effects of B-field on plasma confinement, electron mean free path, and ionization degree of the medium (i.e. production of electrons) have been estimated using an analytical model developed by the authors. Finally, Zhang [START_REF] Zhang | A review on magnetic field assisted electrical discharge machining[END_REF] and Shabgard et al. [START_REF] Shabgard | Investigating the effects of external magnetic field on machining characteristics of electrical discharge machining process, numerically and experimentally[END_REF] show that the application of a B-field reduces the diameter of the plasma channel and increases the energy density.

This study investigates the influence of B-field on the electrical characteristics of single spark discharges in water. The discharges are produced by pulsed nanosecond high-voltage, whereas the B-field is applied using magnets. The magnitude of the B-field is 125 mT, and its orientation relative to the electrode axis is either parallel or perpendicular. The electrical characteristics corresponding to the case of B = 0 are also determined for comparison. Finally, the influence of electrode nature, particularly its magnetic properties, on the discharge is investigated by using sets of Ni (ferromagnetic) or W (paramagnetic) electrodes.

EXPERIMENTAL SETUP

As shown in Figure 1a, the experimental setup is composed of two tungsten (W) or two nickel (Ni) electrodes (2 mm diameter, 99.99% purity; Goodfellow) that are vertically mounted on a micrometer positioning system to allow for the fine adjustment of the initial interelectrode gap distance (± 5 µm). In this study, all experiments were performed at the constant initial distance of 100 μm, and the electrodes were polished to fit the desired pin-to-plate configuration, with a pin curvature radius of ~ 45°, using an electrode sharpener grinder angle controller. The polished electrodes are placed in a cylindrical quartz cell (length = 4.5 cm, inner diameter = 4 mm, and outer diameter = 6 mm) that is filled with 2 mL of deionized water (initial electrical conductivity of ~3 µS/cm). The upper pin electrode is connected to a pulsed positive polarity power source (NSP 120-20-P-500-TG-H; Eagle Harbor Technologies) that supplies a voltage with adjustable amplitude and pulse width. The discharges investigated in this study were generated at the magnitude of 20 kV, pulse width of 500 ns, and pulse repetition rate of 3 Hz. A high-voltage probe (P6015A, ×1000; Tektronix) and a current monitor (6585, 0.5 V/A; Pearson) were used to measure the voltage and current waveforms of the discharge generated between the two electrodes, respectively. The voltage and current waveforms of each discharge were acquired using an oscilloscope (MSO54, 2 GHz, 6.25 GS/s; Tektronix). At each investigated condition, the discharges were run after pre-setting the parameters (electrodes, voltage, and distance), and the waveforms were acquired continuously for 5000 discharges.

The influence of the B-field on the behavior of discharges was assessed using two configurations of NdFeB magnets (K&J Magnetics): i) cylindrical magnet (inner diameter = 1/2 inch (1.27 cm), outer diameter = 1 inch (2.54 cm), height = 1 inch (2.54 cm)) positioned around the quartz cell and ii) rectangular cuboid magnet (1/2 inch (1.27 cm) × 1/4 inch (0.63 cm) × 1/8 inch (0.32 cm)) placed near the electrode. For both configurations, the B-field intensity in the inter-electrode space was determined by simulation using the FEMM (Finite Element Methods Magnetics) software developed by D. Meeker [START_REF]HomePage:Finite Element Method Magnetics[END_REF]. Maps of the B-fields generated by magnets 1 and 2 are shown in Figures 2a and2b, respectively. The position of each magnet with respect to the electrodes was chosen such that a ~125 mT B-field is obtained at the pin anode. With magnet 1, the field lines are parallel (B //) to the electrode axis, whereas with magnet 2, they are perpendicular (B ⊥). The extracted line profiles of the B-field along the gap are plotted in Figure 2c. Although the value of the B-field at the pin electrode is similar (~125 mT) for both magnets, the B-field generated by magnet 2 is rather constant along the gap, while that generated by magnet 1 decreases linearly from ~125 mT at the pin electrode to ~90 mT at the plate electrode. 

RESULTS

Influence of the B-field and its orientation

Figures 3 presents typical voltage and current waveforms corresponding to discharges with W electrode under B = 0, B-parallel, and B-perpendicular conditions; waveforms of nonoccurred discharges are also added for comparison purpose. In general, the waveforms obtained under the three conditions are similar, as they all exhibit a voltage drop and current peaks at the moment corresponding to breakdown, followed by oscillations. Magnification of the prebreakdown period (t < 40-50 ns) shows that the voltage values of an occurred discharge are slightly smaller than those of a non-occurred one, while the current values are slightly higher.

Such difference is related to charge injection in the pre-breakdown phase. In the breakdown period, the voltage drops and the current peaks, then both parameters oscillate, with different oscillation observed under different B-field conditions. Considering that the breakdown period corresponds to the ignition and initial stage of discharge establishment, it seems that the B-field influences the discharge dynamics. In the post-breakdown period (~100-500 ns), the amplitudes of voltage and current oscillations are slightly dependent on the B-field conditions (lowest with B = 0 and highest with B-perpendicular). The recorded waveforms of the 5000 initial discharges were processed using a previously developed algorithm [START_REF] Bourbeau | Statistical analysis of pulsed discharges in dielectric liquid: effects of voltage amplitude, pulse width, electrode configuration, and liquid composition[END_REF] that detects the breakdown moment and reports the breakdown voltage (Vbd), discharge delay, discharge current (peak value), and injected charge (time integration of the current) corresponding to each discharge. The variation profiles of these parameters as a function of discharge number are presented in Figures 4567and discussed below.

Figure 4 shows the raw data of Vbd and discharge current (peak value) variation as a function of discharge number, as well as the averaged profiles of 10-successive discharges, at B = 0, B-parallel, and B-perpendicular conditions. Clearly, the first discharges occur at relatively low Vbd (< 10 kV), due to the short initial interelectrode distance (100 µm). As the discharges go on, Vbd increases to reach ~19 kV, which is slightly smaller than the plateau value of 20 kV. The increase in Vbd is attributed to the increase in gap distance during the process, as well as to the modification of the pin shape, both induced by erosion. Moreover, the rate of Vbd increase depends on the B-field condition, with the fastest increase observed for the B-parallel condition.

Notably, a decrease in Vbd by a few kV is detected in the plateau period towards the end of processing. Such decrease is related to the augmentation of water conductivity due to productions of ionic species and (nano-) particles in solution [START_REF] Dorval | Statistical analysis of pulsed spark discharges in water: Effects of gap distance, electrode material, and voltage polarity on discharge characteristics[END_REF].

The discharge current profiles shown in Figure 4b are similar to the voltage profiles; however, unlike voltage, the current (peak) values are highly dependent on the B-field condition.

For instance, the highest current measured in the case of B = 0 is ~70 A, compared to ~75 and ~90 A with B-parallel and B-perpendicular, respectively. As in references [START_REF] Bourbeau | Statistical analysis of pulsed discharges in dielectric liquid: effects of voltage amplitude, pulse width, electrode configuration, and liquid composition[END_REF]- [START_REF] Rond | Statistical analysis of a micro-pulsed electrical discharge in water[END_REF], the voltage-current plots of discharges generated under different conditions could be used as indicator of the discharge ignition mode. The plots constructed herein (Figure 5) reveal that the datapoints corresponding to initial and final discharges are aligned along two linear profiles that have different slopes. Moreover, the slope values, which are equivalent to resistance, vary depending on the B-field condition. In the case of B = 0, B-parallel, and B-perpendicular, the slopes of the lines fitting the initial/final datapoints are ~385/180, ~350/85, and ~300/60 Ω, respectively. Considering that the resistance values (slope values) measured at the beginning and at the end of discharge processing period are different suggest that the ignition modes of these discharges are different. In addition, since the slope values depend on the application and orientation of the B-field, particularly the B-perpendicular field that yields the lowest resistance values (~300 Ω) among the investigated conditions, one deduces that B-field has a strong influence on the discharge ignition mode. As shown in Figure 6, the variation of discharge delay as a function of discharge number exhibits strong dependence on the B-field. In the absence of B-field, the first ~2000 discharges exhibit relatively short discharge delay (average < 100 ns), which indicates that these discharges occur early in the pulse (i.e. in the rising period). The delays of the subsequent discharges vary between ~50 and 350 ns, but the majority have delays less than 150 ns. In the presence of Bfield, the measured delay times are highly dispersed. In the case of B-perpendicular, the first ~1000 discharges exhibit relatively short delay (< 100 ns), meaning that they occur in the rising period of the pulse. The subsequent discharges are characterized by delays that statistically vary between ~50 and 400 ns. Notably, under B-parallel condition, the delays of all discharges exhibit significant variation, with greater variation observed for the last discharges compared to the first ones. and it shows that the initial discharges generated under different B-field conditions exhibit comparable injected charge values (~10-11 µC). Moreover, the injected charge decreases with increasing number of discharges, irrespective of the B-field conditions. In the case of B = 0, the injected charge data corresponding to the first ~2000 discharges are less dispersed than those of subsequent discharges. A similar trend of dispersion is observed under B-parallel and Bperpendicular conditions; however, the data is more significantly dispersed in the presence of the B-field than in the absence of it. Considering that the current data corresponding to individual discharges are not highly dispersed, the dispersion of injected charge values must be attributed to the dispersion of discharge delay. This suggests that the injected charge and delay of the discharges generated herein are greatly correlated (See Figure S1 in Supplementary Material). 

Influence of the electrode material: Ni vs. W

To assess the influence of electrode material on the electrical characteristics of discharges ignited in the presence or absence of B-field, the experiments detailed above were repeated with Ni electrode instead of W. As shown in Figure 8, the voltage and current waveforms obtained with Ni are quite different from those acquired with W, irrespective of the B-field condition, which indicates that the electrode nature has a significant effect on discharge characteristics. The Vbd values of the first ~3000 discharges achieved with Ni electrodes are lower than those of the same discharges ignited between W electrodes (Figure 8a). However, the subsequent discharges exhibit relatively similar Vbd. Notably, the dispersion of Vbd data obtained at B = 0 is similar to that obtained in the presence of B-perpendicular, but the distribution of datapoints under Bparallel condition is different. Indeed, with B-parallel, the initial values are relatively higher than those detected in other cases, and the statistical variations are wider. In terms of statistical variation, the trends of discharge current measured under different B-field conditions are similar to those of Vbd. However, the values acquired with Ni electrodes are quite different from those acquired with W electrodes (Figure 8b). The discharge delay values measured with Ni electrodes are also different from those measured with W electrodes, regardless of the B-field condition (Figure 8c). When Ni electrodes are used, the delays remain relatively short (< 75 ns), with very tight distribution. Notably, in the case of B = 0, the delay data acquired with Ni are similar to those acquired with W. As shown in Figure 8d, the initial values of injected charge obtained with Ni electrodes (~10.5 µC) are similar to those acquired with W electrodes, irrespective of the B-field condition.

However, unlike the case with W electrodes, the injected charge with Ni remains relatively high (> 10 µC) and insensitive to the B-field. This result is expected since the injected charge accounts for the discharge current and the discharge delay. Although the discharge current (peak value) varies during discharges, the delay remains short (< 75 ns), resulting in no significant decrease in the injected charge throughout the experiment.

Finally, the voltage-current plots presented in Figure 8e demonstrate that under Bperpendicular condition, the slope of the linear fit of datapoints acquired with Ni electrodes is significantly different from that of the linear fit of data obtained with W electrodes (~385 vs. 300 Ω).

DISCUSSION

In this section, we discuss the effects of the B-field orientation (comparison between B = 0, B-parallel, and B-perpendicular cases) and electrode chemical nature (Ni vs. W) on discharge characteristics. The major differences observed while processing the experimental data acquired under various experimental conditions are summarized in Table 1. The volume of the material eroded from the pin electrode and the diameter of the impacted area on the plate electrode are also reported in the table.

Table 1. Summary of the major differences observed while processing the experimental data acquired with W or Ni electrodes under various experimental conditions of B-field. The scheme presented in Figure 9 facilitates the interpretation of data by showing the direction of the electric and Lorentz's forces close to the pin anode for all three -field conditions: B = 0, B-parallel, and B-perpendicular. In the absence of B-field (B = 0), the discharge is ignited under the action of the E-field only (Figure 9a). Although the ignition mechanism is not well understood, one can presume that under the conditions investigated herein, ignition is facilitated by the formation of low-density regions (e.g. microbubbles created by previous discharges) close to the anode pin. The slopes in the voltage-current plots may provide insight into the ignition mechanisms. Indeed, as proposed in [START_REF] Bourbeau | Statistical analysis of pulsed discharges in dielectric liquid: effects of voltage amplitude, pulse width, electrode configuration, and liquid composition[END_REF], the slope value represents the average resistance of the plasma channel during the breakdown period (few ns). When no B-field is applied, the resistance values of the initial and final discharges are ~385 and 180 Ω, respectively. Regardless of the implication of these values, they may be considered as reference values for comparison with the data obtained with B-field to determine its role.

At comparable Vbd (e.g. 17.5 kV), the discharge current is lowest (~65 A) under B = 0 condition and highest (~80 A) under B-perpendicular condition. The increase in discharge current upon applying a B-filed is certainly due to the ionization enhancement effect of this field.

The Lorentz force induced by B-field is q𝑣 ⃗ × 𝐵 ⃗ , and it depends on the relative directions of 𝐵 ⃗ and 𝑣 ⃗ (Figures 9b and9c). The direction of electrons close to the pin electrode is either on-axis or off-axis. In the case of B-perpendicular, on-axis and off-axis electrons (except for the perpendicular one) are both influenced by Lorentz's force, while in the case of B-parallel, only the off-axis electrons are affected by this force. Such difference may be attributed to the effect of the ionization process (e.g. electron impact) and thus, the number of the electrons produced. The production of electrons in the plasma may be assessed by measuring the discharge current (i.e.

flux of the current density), which depends on the number and velocity of electrons. This means that an increase in discharge current may be related to an increase in electron energy or electron number (or both). Govindan et al. [START_REF] Govindan | Single-spark analysis of removal phenomenon in magnetic field assisted dry EDM[END_REF] have clearly shown that in dry EDM, the application of a B-field enhances ionization, thereby increasing the number of charge carriers (electrons). Based on the obtained results, the highest and lowest electrode erosion rate are measured under B = 0 and B-perpendicular conditions, respectively. Seemingly, these results are not consistent with the measurement of highest discharge current under B-perpendicular condition.

However, the current trend discussed earlier corresponds to the instantaneous current (peak value) only, while erosion lasts throughout the discharge process. Moreover, since the current depends on charge number and/or velocity, it may be that the electrons (at least a fraction of them) produced during breakdown in the case of B-perpendicular are less energetic that those produced at B=0 or B-parallel, resulting in less erosion [START_REF] Govindan | Single-spark analysis of removal phenomenon in magnetic field assisted dry EDM[END_REF]. This also explains the ignition delay results, wherein the delays measured in the case of B = 0 are relatively short (i.e. discharges have occurred early in the pulse) and less dispersed compared to those measured in the presence of Bfield. Therefore, discharge occurrence becomes more stochastic when B-field is applied, probably due to the perturbation of electrons by the Lorentz force. Indeed, instead of being directed towards the anode pin, as in the case of B = 0, the electrons produced under B-field undergo deviations before reaching the anode, which delays the breakdown, reduces the energy of the electrons, and disfavors erosion. Similarly, the application of B-field diminishes the impacted area at the cathode surface by reducing the erosion of the anode pin, which keeps the gap distance relatively short and thus, minimizes discharge divergence. Moreover, the B-field induces plasma confinement, i.e. reduces the diameter of the plasma, as observed in dry EDM [START_REF] Zhang | A review on magnetic field assisted electrical discharge machining[END_REF], [START_REF] Shabgard | Investigating the effects of external magnetic field on machining characteristics of electrical discharge machining process, numerically and experimentally[END_REF]. In general, researchers have reported that B-field application increases the impact depth and reduces the impact diameter of discharges on metal electrodes. Herein, the depth of the impacted area has not been measured.

To further address the influence of B-field on the plasma kinetics, the emission spectra of the discharge were recorded under B = 0 and B-perpendicular conditions at 50 ns (Figure 10a) and 1 μs (Figure 10b) exposure time. Considering that the acquisition (fiber position, ICCD parameters, etc.) and discharge conditions (only discharges with delays of 70 ± 20 ns were included in the average of 10 spectra) were controlled during the experiment, the emission intensity measured herein is a reliable parameter. As shown in Figure 10, the intensities of the emission spectra acquired in the presence of a perpendicularly-oriented B-field are much higher than those of the spectra acquired in the absence of a B-field. Interestingly, the emission intensity is directly proportional to the atom density in the upper level. For instance, in the case of the Hα line at 656.3 nm, which corresponds to the transition from n = 3 to n = 2, the emission intensity is proportional to the density of H(n = 3) atoms. Despite the fact that this level can be populated through different schemes [START_REF] Tian | Plasmas sustained in bubbles in water: optical emission and excitation mechanisms[END_REF] (e.g. e + H2O → OH + H(n = 3) +e; e + H → H(n = 3) + e; e + H(n = 2) → H(n = 3) + e; H(n = 4) + H2O → H(n = 3) + H 2O), it may be assumed that the contributions of these schemes are not affected by the application of B-field. Therefore, the difference in the intensities of the emission spectra acquired with and without B indicates that the population of H(n=3) atoms is increased when a B-field is applied. Since the difference is observed for the whole spectrum (350-900 nm), including the continuum, the relatively high intensity detected under B-perpendicular condition is attributed to an increase in collision rate and/or electron density. This latter was estimated using the profile of Hα line, and very close broadenings were found, which means that the electron densities measured under different Bfield conditions are similar (data not shown here). Further investigation is needed to assess the effect of B-field application on plasma emission. Measurements of the erosion of the pin electrode and the diameter of the impacted area at the plate electrode further confirm such dependence. For instance, at B = 0, the erosion volume of the Ni electrode is ~6.2 × 10 6 μm 3 , while that of the W electrode is 4.7 × 10 6 μm 3 . When B-field is applied in parallel orientation, comparable erosion volumes of the Ni and W electrodes are recorded; however, when the field is perpendicular, the erosion of Ni electrode is slightly greater (~3.0 × 10 6 vs. 2.5 × 10 6 μm 3 ). It should be noted that the erosion measurements performed in this study do not aim to compare the erosion rates of W and Ni electrodes under similar conditions of discharge, as it depends on many other parameters such as melting temperature, Young's modulus, etc. [START_REF] Dorval | Influence of electrodes nature on the electrical characteristics of spark discharges in water[END_REF], but rather to assess their behavior under different B-field conditions.

Based on the obtained results, the application of a B-field reduces the erosion of both electrodes by a factor ~2, which is consistent with the perturbation effect of the B-field on charges (the field increases the number of charges with less energy). At B = 0 and B-perpendicular conditions, the diameter of the impacted area on the W electrode is slightly higher than that on the Ni electrode (~510 vs. 500 μm and ~490 vs. 450 μm, respectively). However, the impacted areas of the electrodes are comparable under B-parallel condition (~430 vs. 440 μm). The relatively small diameter of impacted area measured in the presence of a B-field may be attributed to plasma confinement, as explained in [START_REF] Govindan | Single-spark analysis of removal phenomenon in magnetic field assisted dry EDM[END_REF], [START_REF] Zhang | A review on magnetic field assisted electrical discharge machining[END_REF]. In addition to the electrical characteristics of the discharge and the erosion behavior of electrodes, the electrode nature has a significant effect on the discharge delay. Indeed, the delays measured with Ni electrodes are shorter than those measured with W electrodes, and the data distribution is tighter. This finding is of extreme importance, as it can be used to understand the influence of B-field on plasma-matter interactions. Indeed, the available research on B-field-assisted EDM demonstrates that when a Bfield is applied, the debris in the discharge gap is flushed efficiently, more so than in the absence of a B-field. The debris-flushing effect of the B-field is expected to be stronger when the electrodes used are ferromagnetic (e.g. Ni) instead of paramagnetic (e.g. W). Debris-free interelectrode gaps contribute to having consistent discharges that are characterized by less stochasticity and short discharge delays.

CONCLUSION

This study investigates the evolution of the electrical characteristics of consecutive spark discharges generated between W or Ni electrodes immersed in water under different conditions of B-field: B = 0, B-perpendicular, and B-parallel to the electrode axis (magnitude of 125 mT).

The voltage and current waveforms of the discharges were recorded and processed to determine the breakdown voltage, discharge current, discharge delay, and injected charge. The eroded volume of the pin electrode and the diameter of the impacted area on the plate electrode were also determined. The main findings are summarized below:

1. The application of a B-field enhances the ionization in the discharge, which increases the peak value of the discharge current due to the effect of Lorentz's force in raising the collision rate. Since the majority of electrons are influenced by Lorentz's force in B-perpendicular orientation, this effect is more pronounced when the applied field is perpendicular rather than parallel.

2. The B-field reduces the rate of anode pin erosion by increasing the delay of discharges, which leads to less energetic electrons.

3. The B-field induces plasma confinement, which reduces the area of plasma-electrode interactions, resulting in a smaller diameter of the impacted area at the surface of the plate electrode (the cathode).

4. The magnetic properties of the electrodes have a significant effect on the electrical characteristics of the discharges, and more consistent discharge characteristics are obtained with ferromagnetic (Ni) electrodes than with paramagnetic (W) electrodes.

5. In all cases, the application of a B-field promotes the flushing of debris from the inter-electrode gap. The consistency of discharges obtained with Ni suggests that the debris flushing effect of the B-field is more efficient with ferromagnetic material.

The findings reported herein provide data regarding the fundamentals of spark discharges in liquid with and without B-field, and they can be used to promote the application of these discharges in EDM and in the synthesis of nanoparticles. In the future, we shall investigate the influence of the B-field magnitude on the discharge.

SUPPLEMENTARY MATERIAL

The variation of injected charge as a function of discharge delay for discharges occurring between two W electrodes immersed in water under different B-field is provided in supplementary material.
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