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I. INTRODUCTION

The initial fundamental studies conducted on electrical discharges (e.g. those of Townsend in the beginning of 1900 1 ) were performed in gases, and various discharge modes, such as corona, glow, spark, and arc, were reported. Considering that their operation modes are relatively well understood, [START_REF] Beuthe | Gas discharge phenomena[END_REF][START_REF] Raizer | Gas discharge physics[END_REF] these discharges are integrated in many well-developed applications, including lighting, thin film deposition, etching, and liquid processing, among others. [START_REF] Durocher-Jean | [END_REF][5][6][7] Although discharges in dielectric liquids are less understood fundamentally, they constitute a longstanding research subject, with the first study conducted over a century ago 8,9 in the context of electrotechnical applications. Discharges in liquid are integrated in many applications, particularly electrical discharge machining, 10 liquid processing, 11 and synthesis of nanoparticles 12,13 , and they can be sustained in different modes, including streamer 14 , spark 15 , and arc 16 modes.

The streamer mode refers to the plasma channels that are connected to one electrode (usually it is the electrode where the electric field intensity is higher). Despite their importance, no single theory describes the ignition mechanisms of discharges in liquid; however, many experimental and theoretical investigations continue to address them. [17][18][19] When an electric field is applied for a long period (hundreds of nanoseconds), a streamer discharge may transit to a spark, which is characterized by a voltage drop and a current peak (tens of amperes). 20,21 Similarly, when the spark is sustained long enough, a transition to an arc, a discharge mode characterized by high current (tens to hundreds of amperes) and high temperature (few thousands of Kelvins) may occur. 22 Regardless of the discharge mode, the mechanisms of ignition in liquid are highly sensitive to experimental conditions, particularly the liquid properties (e.g. dielectric permittivity, electrical conductivity, molecular structure, etc.), electrode configuration (pin-to-pin, pin-to-plate, etc.), and interelectrode gap distance, among others. 18,19,23 Unfortunately, these conditions are significantly modified by discharges, which limits the reproducibility of in-liquid discharges. Indeed, even if the initial conditions are finely set, e.g. liquid degassing, electrode polishing, etc., it is sufficient to have one single discharge to change almost all experimental conditions. 24 This is mainly due to the micrometer scale impact produced at the surface of the electrode after interaction with the plasma, 25,26 and to the effect of this impact on the electric field configuration. The micrometric and millimetric bubbles produced by the discharge in the liquid medium may also influence the electric field configuration, thereby affecting the dynamics of upcoming discharges. 24 Finally, the discharge conditions may be modified upon the generation of eroded matter (nano-and microparticles) and liquid decomposition residues. 21 Considering the everchanging experimental conditions, it is almost impossible to have reproducible discharges in liquid. Therefore, it is crucial to address the influence of the occurred discharges on the next ones. In the 1960s, this subject was first addressed by Gallagher and Lewis in the context of pulsed discharges in liquid argon. 27 The authors show a strong correlation between electrode polarity and breakdown voltage, and they report the discharge delay (or time lag) of the occurred consecutive discharges. In a previous paper, 23 our group has investigated the influence of liquid composition, voltage amplitude, pulse width, and electrode configuration on the electrical characteristics of each occurring discharge. Herein, we analyze the effects of interelectrode gap distance, electrode composition, and voltage polarity on discharge behavior by studying the evolution of electrical (and other) characteristics as a function of discharge occurrence.

II. EXPERIMENTAL SETUP AND DATA PROCESSING A. Experimental setup

As shown in Fig. 1, the experimental setup is composed of two electrodes (2 mm diameter, 99.99% purity; Goodfellow) made of copper (Cu) or tungsten (W). The choice of electrodes is motivated by their different melting temperature: ~1084 and 3422 °C for Cu and W, respectively.

The electrodes are vertically mounted on a micrometer positioning system, which allows for the fine (± 5 µm) adjustment of the initial interelectrode gap distance (d) between 50 and 500 µm. The zero-distance was determined using the short-circuits method. Briefly, a voltage of hundreds of volts was applied to the pin while approaching it to the plate electrode until a contact is established.

The electrodes are polished to fit the desired configuration and geometry (pin or plate). The pin electrode is polished to have an apex of ~50-60° (curvature radius of ~20-30 µm) using an electrode sharpener grinder angle controller. The two electrodes are mounted in a cylindrical quartz cell that is filled with 15 mL deionized water (initial electrical conductivity of ~3 µS/cm).

The solution conductivity was measured using a conductivity meter (19101-10 Digital Conductivity Meter, Cole-Parker Instrument).

FIG. 1. Scheme of the experimental setup.

The upper electrode is connected to a pulsed positive (i.e. anode) or negative (i.e. cathode) polarity power source (NSP 120-20-P/N-500-TG-H; Eagle Harbor Technologies) that supplies a voltage with adjustable amplitude and pulse width. The discharges investigated in this study are generated using the pulse (repetition rate of 3 Hz) characterized by ±20 kV of magnitude, ~100 of rising period, ~400 ns of plateau, and ~250 ns of falling period. Considering 20 kV of amplitude and different gap distances, we used Comsol to simulate the distribution of the electric field (not shown here). As expected, we found that the highest field is at the pin head, and its value is ~5×10 8 , 2×10 8 , and 0.9×10 8 V/m for d = 50, 200, and 500 µm, respectively.

We used an optical microscope (OMAX M83MPTR) to visualize the erosion patterns of the pin as well as to visualize the impacted area on the surface of the electrode plate. Assuming that the pin has initially a conical shape, we have estimated the eroded volume after discharges.

Then, considering the density of Cu and W, an eroded weight is estimated.

B. Data acquisition and processing method

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). For each investigated condition, the discharges were run after pre-setting the parameters (electrodes, voltage, and distance), and the waveforms were acquired until the discharges ceased to occur.

Figure 2 shows typical voltage and current waveforms corresponding to occurred and failed discharges acquired using a pin-to-plate configuration under positive and negative polarity. When voltage polarity is positive, only one breakdown mode is observed, and it is characterized by a voltage drop within the pulse period (Figs. 2a and2b). However, when the polarity is negative, two breakdown modes are observed. The first one is characterized by a voltage drop within the pulse period (Figs. 2c and2d), similar to the positive polarity condition, whereas the second one is characterized by a voltage drop in the reflected positive pulse when a breakdown does not occur in the first pulse (Figs. 2e and2f). Note that the reflected pulse has an amplitude of ~5 kV and lasts for few microseconds. Although the origin of this reflected pulse is not completely understood, we believe that it is related to the pulser circuit as well as to the length of the cables. The current waveforms depicted in Fig. 2 show the displacement current produced by the temporal variation of the voltage across a capacitance (before breakdown). This current is not accounted for in the calculation of injected charge and energy. Table 1 summarizes the number of occurred discharges, the number of total high voltage pulses, and the percentage of successful discharges achieved at each investigated condition.

Clearly, the number of occurred discharges varies depending on the experimental conditions. To obtain comparable profiles, the data are plotted as a function of normalized discharge number with respect to the maximal discharge number in each case. The recorded waveforms (thousands) were processed using a previously developed algorithm (a detailed description can be found in Ref. 23). For each discharge waveform, the algorithm categorizes the discharge as occurred or non-occurred. Then, it detects the breakdown moment in the occurred discharges and reports the 'probability of discharge occurrence', the 'breakdown voltage', the 'discharge delay', the 'discharge current' (maximum/minimum peak value depending on the polarity), the 'injected charge', and the 'injected energy'; these latter were calculated by time integration (between the breakdown moment and the end of the pulse) of the current absolute value (ʃ|I(t)|dt) and power absolute value (ʃ|V(t)I(t)|dt), respectively. The variation of these parameters as a function of the normalized discharge number is presented and discussed in the next sections.

III. RESULTS

A. Probability of discharge occurrence and electrode erosion

Figure 3 shows the variation of discharge probability as a function of normalized discharge number for experiments conducted in pin-to-plate configuration with Cu (Fig. 3a) and W (Fig. 3b) electrodes, under positive and negative voltage polarity conditions. In all cases, the initial discharge probability is 1. When Cu electrodes are used, the discharge probability is 1 during a certain period that depends on d, but not on voltage polarity. For instance, the first half of discharges generated at d = 50 μm have 100% probability of occurrence, and the probability of the subsequent discharges decreases quasi-linearly until it reaches 0. Meanwhile, at d = 200 μm, only ~30% of discharges have an occurrence probability of 100%. In general, the percentage of probability 1 occurring discharges decreases at longer gap distances. Although the discharge probability data exhibit significant dependence on the gap distance between electrodes, one can fairly assume that this parameter does not appreciably depend on voltage polarity in the case of Cu electrodes. The behavior of discharge probability with W electrodes (Fig. 3b) is very different from that with Cu electrodes. When W electrodes are used, a strong dependence on voltage polarity is observed. Under negative polarity conditions, the probability of discharge occurrence remains ~100% for a long period of time, then it rapidly transits to 0, irrespective of the gap distance.

Meanwhile, under positive polarity conditions and at d = 50 μm, about 20% of discharges have an occurrence probability of 1. The remaining discharges exhibit a rapid quasi-exponential decay in probability. Similar behavior is observed at longer distances (d = 200 and 500 μm); however, the period during which the discharge probability is 1 is shorter at longer d.

Based on our previous research, the main parameters that influence discharge probability are gap distance and discharge ignition mode, which are strongly related to electrode erosion and voltage polarity, respectively. Figure 4a compares the shapes of the Cu and W pin electrodes before and after discharges (d = 50 µm; +20 kV); the surfaces of the plate electrodes are also shown.

Clearly, the Cu electrodes are more significantly eroded by discharges than the W counterparts.

Based on the figure showing the variation of the diameter of the impacted area at the surface of the plate electrode as a function of d (Fig. 4b), the largest impact is produced using Cu electrodes and a negative polarity applied voltage, at d = 50 µm. Under positive polarity conditions, the impacted areas of the electrodes are relatively smaller when d is shorter than 300 µm. At longer d, the diameter of the impacted area becomes independent of voltage polarity. In general, the diameter decreases quasi-linearly with increasing gap distance. When W electrodes are used, a strong dependence of impact diameter on d and on voltage polarity is observed, and the largest diameter is measured at short d and negative polarity. Again, a quasi-linear decrease of impact diameter with increasing d can be observed, but the rate of decrease (i.e. the slope) detected in the case of W electrodes is smaller than that achieved with Cu. Figure 4c shows the variation of eroded weight (calculated based on pin erosion) as a function of d, under different conditions. The highest value of eroded weight is ~90 μg, and it is measured at short d and positive polarity, using either Cu or W electrodes. Under negative polarity conditions, the eroded weight of Cu electrodes is ~45 μg, whereas that of W electrodes is ~30 μg. In all cases, the eroded weight decreases significantly with d. Unfortunately, it was not possible to estimate the eroded weight of the plate electrode.

At this stage, it is evident that the erosion of the electrodes significantly modifies both, the gap distance and the electrode shapes. Therefore, as the initial condition of pin-to-plate configuration becomes inapplicable during discharges and that the instantaneous electrode's shape is not accessible, it is crucial to follow the electrical characteristics of the next discharges to address their behaviors. that injected charge is equivalent to the temporal integration of current, the charge behavior discussed above is expected. Indeed, although the discharge current varies significantly, the variation of injected charge is more sensitive to discharge delay. As this latter significantly varies within the plateau, it is expected to provide very different injected charges.

Finally, the variation of energy as a function of normalized discharge number exhibits interesting behavior (Fig. 5e). Indeed, at d = 50 µm, the initial discharges have relatively low energy (~8 mJ) that increases to reach a peak value of ~16 mJ. The subsequent discharges have lower energy values and are homogeneously distributed between 7 and 15 mJ. The behavior of occurred discharges at d = 200 µm is very similar to that observed at d = 50 µm; however, at d = 500 µm, the discharges exhibit lower energy (data points dispersed between 7 and 12 mJ). Like injected charge, energy is the time integration of the power. Therefore, the instantaneous values of voltage and current, as well as discharge delay, play a major role in energy calculation, and the peak in energy data points is expected. This peak corresponds to discharges that occur at the beginning of the plateau (i.e. higher breakdown voltage, higher current, and shorter delay).

Figure 6 shows the results obtained at negative voltage polarity, using Cu electrodes in pinto-plate configuration. Two data sets are obtained under these conditions, and they correspond to i) discharges occurring in the negative first pulse and ii) discharges occurring in the reflected positive pulse. In the figure, the data points obtained in the reflected pulse are highlighted in yellow. Notably, discharges in set (ii) can only be detected when discharges in the negative pulse are unsuccessful, i.e. it is not possible to have discharges during both pulses. It may also happen that discharges do not occur during either pulse.

Compared to the positive polarity counterpart, the breakdown voltage profile recorded under negative polarity conditions exhibits several differences (Fig. 6a). At d = 50 µm, the initial This difference is related to the modification of the electrical conductivity of the liquid after discharge, a phenomenon that occurs more quickly when using Cu electrodes than when using W electrodes. For instance, at d = 50 µm, water conductivity increases by ~25 µS/cm after discharge between Cu electrodes, whereas it increases by only ~11 µS/cm when the discharge is achieved between W electrodes (the variation of water conductivity under different discharge conditions is discussed later).

Figures 7b and7c present the profiles of discharge delay obtained with Cu and W, respectively. In the case of Cu, a progressive increase in delay (from 0 to ~100 ns) is observed for the first ~10% of discharges, most of which occur during the rising period of the pulse. The distribution of data points corresponding to these discharges is relatively narrow. The discharges with numbers between 10 and 25% (i.e. discharges that mainly occur in the beginning of the plateau) exhibit delays between 100 and 200 ns, and they are relatively less dispersed than the initial discharges. Beyond 25%, the discharges mainly occur in the plateau and in the falling period, and their data points vary statistically between 100 and 600 ns.

The initial 5% of discharges generated with W electrodes are similar to the initial 10% of discharges achieved with Cu electrodes. However, the subsequent discharges (5-20%) with W are dispersed along two distributions, the first of which is characterized by delays < 200 ns, similar to those observed in the case of Cu electrodes. The second distribution exhibits a continuous increase in discharge delay from 100 to 500 ns. Notably, some data points fall between the two distributions.

Finally, the discharges with numbers > 20% are homogeneously distributed between lower and higher limits of 100 and 500 ns, respectively. The results obtained under negative polarity conditions are depicted in Fig. 8 for both types of electrodes. As shown in Fig. 8a, the breakdown voltage profiles of discharges occurring in the first pulse are similar to that recorded under positive polarity conditions. The voltage (absolute)

values measured with Cu electrodes are smaller than those measured with W, and the difference is related to the increase in water conductivity. With Cu and W electrodes, the water conductivity increases by 40 and 23 μS/cm after discharge, respectively (see Table 2). Considering that the number of discharges occurred under negative voltage polarity is higher than that achieved under positive polarity, even with W electrodes, the voltage plateau value detected under the former condition is relatively lower. For instance, when the polarity is negative and W electrodes are used, the breakdown voltage is -20 kV at 5% discharge number, and it decreases to ~-18 kV towards the end of the experiment. In the reflected pulse (area highlighted in yellow), the discharge breakdown voltage seems to be independent of electrode composition, although the values measured with Cu electrodes are slightly lower.

The data points corresponding to discharge delay measured under negative polarity are less dispersed than those of the delays measured under positive polarity, as shown in Fig. 8b and8c.

Moreover, the delays of the first 5% and the last 75% of discharges generated under negative polarity using Cu and W electrodes are similar. However, between 5 and 25% (discharge delays between ~100 and 300 ns), the delay depends on electrode composition. Indeed, as compared with Cu electrodes, delay of discharges with W electrodes increases rapidly with increasing discharge number, and a clear slope change is observed at ~8% (discharge delay of 200-300 ns). The observed behaviors are addressed in the Discussion Section. To understand the origin of discharges occurring in the reflected positive pulse, one must consider that when a negative pulse is applied to the pin electrode, and a discharge is not generated, various phenomena may occur in water, such as the formation of low-density regions (due to the application of a strong electric field) and bubbles (due to charge injection and Joule heating) near the sharp cathode. Under such conditions, the reflected positive pulse can induce discharges, despite its low amplitude (~5 kV). To further confirm this hypothesis, a positive polarity discharge was applied in plate-to-pin electrode configuration, where the plate is anode, and the pin is cathode (connected to the ground). The behavior of discharges generated under these conditions is similar to that of discharges produced using a negative polarity applied voltage and pin-to-plate configuration. This means that discharges can occur during the first positive pulse or during the reflected negative one. 

C. Voltage-current plot

As in Refs. 28 and 23, the voltage-current plots of discharges generated under different conditions are also analyzed herein. Figure 11 presents the plots corresponding to discharges generated using Cu electrodes, at d = 50-500 μm, and positive and negative polarities. Clearly, the data in the plots can be fitted by parallelogram-like curves, irrespective of the particular conditions.

At d = 50 µm, the first portion of initial (1) and the last discharges (2) can be surprisingly fitted by linear profiles that have the same slope (equivalent to a resistance) of ~240 Ω, irrespective of the polarity of the applied voltage. The other portion of initial discharges (1) are also fitted linearly, but the slope is higher (~416 Ω). As for the discharges happening in the reflected pulse (3), their data points are distributed in the region of 3-6 kV and 8-15 A. These data points do not lie on the lines fitting the other data points in the plot, but they are close to the line with the lower slope (~240 Ω). Interestingly, voltage and current magnitudes of the last several discharges generated under negative polarity are similar to those of discharges in the reflected pulse, but the signs are opposite. This suggests that underlying breakdown mechanisms of these discharges are similar.

The progressive increase in gap distance to 300 µm induces a shift in the initial data points to higher values of voltage and current, but the linear plots remain valid with comparable slopes.

At d = 400 and 500 µm, the data points that are fitted by lines with higher slope are completely skipped, and only those that are fitted by the small slope line remain. Moreover, under positive polarity conditions, the slopes measured at 400 and 500 µm (~260 and ~266 Ω, respectively) are higher than those measured at d ≤ 300 µm (240 Ω). Under negative polarity conditions, the slopes corresponding to different gap distances are similar (~240 Ω). Finally, the discharges occurring in the reflected pulse and those occurring later in the negative pulse are similar to those generated at d = 50 µm. ~330 Ω with W). Finally, the discharges that occur in the reflected pulse or at the end of the negative pulse seem to be independent of the electrode composition. 

IV. DISCUSSION

The results presented above indicate that spark discharges in liquid are highly sensitive to voltage polarity, electrode geometry / configuration, and liquid properties. Herein, the effects of successive discharges on electrode geometry and water properties are highlighted. The former effect is related to the erosion of electrodes, whereas the latter is attributed to the generation of nanoparticles, 29 as well as to the production of other species in water (e.g. OH, H2O2, and H3O + , among others. [30][31][32] The obtained results demonstrate that the electrical characteristics of discharges vary as a function of discharge number, i.e. they vary due to electrode erosion and the modification of water properties.

Table 2 summarizes the variations in water conductivity (i.e. differences between the values measured at the end of each experiment and the value corresponding to distilled water) measured under different experimental conditions. Based on these summarized values, the occurrence of discharges increases the conductivity of water more under negative polarity than under positive polarity. Moreover, the increase in conductivity is more pronounced when Cu electrodes are used instead of W electrodes. The effect of electrode composition can be related to the number of occurred discharge and to the erosion rate. Finally, the conductivity variation recorded at longer d is lower than that measured at shorter d. At this stage, it becomes clear that there exists a relationship between electrode erosion, water conductivity, and the variation of discharge electrical characteristics, on the one hand, and electrode composition and polarity, on the other hand. For instance, the dependence of the discharge delay on electrode composition is strongly related to the erosion rate, which means that it is related to both, interelectrode gap distance and electrode geometry. As shown in Fig. 13, the first discharges (referred to as (0) in the drawing) will always occur between the anode pin and the cathode surface underneath the pin, irrespective of the nature of the electrodes. This is mainly due to the high electric field. Therefore, these first discharges will rapidly erode the pin and induce an increase in the gap distance. The impact of the first discharges is distributed over a larger surface in the case of Cu than in the case of W, and the anode pin is much more eroded and modified. As such, the roughness of the Cu electrode is expected to be much higher than that of the W electrode, resulting in high electric field regions (pin effect) that promote discharge occurrence at different distances (referred to as (

in the Fig. 13). Such 'distance distribution' may explain the homogeneous distribution of discharge delays between 100 and 600 ns (Fig. 7b). Assuming that the initial discharges generated using W electrodes are developed between the sharp anode and the plate cathode, their behavior is expected to be similar to that of the initial discharges produced with Cu (Fig. 7c). However, the non-rough surface and low erosion rate associated with the W electrodes limits the occurrence of discharges at any moment in the pulse. In this case, the majority of discharges occur either at the beginning of the plateau or at longer delays. We believe that the former discharges are generated between the pin and the edge of the impacted region, whereas the latter ones are produced between the pin and the center of the impacted region. When the gap distance becomes relatively long, no more discharges can occur.

FIG. 13. Drawings showing the different discharges (red lines) that can be generated between unmodified and modified Cu and W electrodes: (0) Initial discharges that occur during the rising period (discharge delay < 100 ns), (1) Subsequent discharges that occur during the rising period (discharge delay < 100 ns), (2) Subsequent discharges that occur during the plateau period (100 ns < delay < 500 ns), (3) Subsequent discharges that occur during the falling period (discharge delay > 500 ns).

The influence of voltage polarity on discharge behavior is significant, and it is probably due to the mechanisms of discharge ignition. Although these mechanisms are not well understood yet, it is assumed that when the anode is pin, the electrons are generated in liquid/bubbles, and they move towards the anode. However, when the cathode is pin, the electrons are generated by charge injection and/or ionization of the liquid/bubbles, and they move towards the anode plate.

Therefore, it is much easier and less stochastic to ignite discharges under negative polarity conditions than under positive polarity. This fact is further supported by the high discharge probabilities measured under negative polarity (Fig. 3), as well as by the high number of occurred discharges (Table 1). Therefore, for a given set of conditions, the variation of the discharge delay is strongly related to the erosion-induced increase in gap distance. The fact that the data points are not as dispersed as in the case of positive polarity is possibly related to the high probability of discharge occurrence, which in turn is associated with the progressive increase in gap distance.

The transition of discharge probability from 1 to 0 in the case of Cu is not significantly dependent on polarity, and a progressive decrease is noticed. However, in the case of W, the transition is sharp. This variation is probably due to the roughness of the Cu electrode surface (which can be related to the melting temperature of the electrode and to erosion) and to the pin effect that is expected to be much higher with Cu than with W. In this context, it is worth noting that discharges under different conditions (corona streamer in solution with high electrical conductivity > 100 µS/cm) have resulted in opposite behavior, i.e. high roughness for W electrode. 33,34 The slope change observed in the case of W (Fig. 8c) can thus be attributed to the transition from the initial discharge mode (noted (0) in Fig. 13) where discharges occur between the sharp pin and the plate underneath, to another mode where discharges occur between the pin and the edge of the impacted area. This hypothesis is further supported by the significant statistical variation in the delay of subsequent discharges (100-300 ns) compared to the first discharges (< 100 ns).

As discussed in Refs. 23 and 35, the slopes of the voltage-current plots represent the average resistance values of the medium filling the gap during the transient period leading to breakdown (several nanoseconds). Within this period, the gap resistance decreases significantly from around 1 MΩ (in distilled water) to a few ohms (when the breakdown occurs). 36 For both polarity conditions (Fig. 11), the data points in Young's modulus 35 ), work function of Cu (~5.2 eV), W (~4.9 eV), and their oxides (~5 eV for Cu2O and ~4.7-5.5 eV for CuO 37 , and ~7 eV for WO3 38,39 ), as well as the secondary electron emission of these materials. [40][41][42][43] For a given set of experimental conditions, the variation of resistance can be used as an indicator of discharge mode (e.g. direct ionization or bubble-assisted ionization), electrode erosion (i.e. progressive increase of the gap distance and modification of the electrode shape), and modification of liquid properties (e.g. increase in electrical conductivity). Considering that all these parameters change at the same time, it is extremely difficult to draw a clear conclusion regarding the discharge mode. However, the different slopes may be qualitatively interpreted.

Based on the recent results reported by Hoffer et al. 24 , there will always be microbubbles in the liquid. Therefore, one can assume that the discharge mode will always be assisted by bubbles, and depending on the discharge occurrence moment, the bubble number and/or size may differ. For instance, the similarity of the slopes corresponding to the linear fits of the first and last discharges generated at d = 50 µm (~240 and ~250 Ω for Cu and W, respectively) can be related to the presence of air microbubbles that are confined at the electrode surfaces (for the initial discharges)

and to bubble development (for later discharges), e.g. by Joule heating and/or electrolysis-like processes, due to the long term (several hundreds of nanoseconds) application of an electric field.

After ejection of the confined bubbles due to discharge and shock waves, the slopes corresponding to subsequent discharges increase (~416 and ~442 Ω for Cu and W, respectively) until the plateau period is reached.

The increase in breakdown voltage at higher gap distances induces a shift in the voltagecurrent plot. The first several discharges are directly aligned with the linear profile that has a higher slope (Figs. 11b and11c). This is probably due to the fact that the diameters of the confined microbubbles at the electrode surface are significantly smaller than d. Therefore, only these discharges (with higher slope) may occur before reaching the plateau. As for the discharges occurring in the falling period, they are aligned with the linear profile that has a smaller slope.

Such discharges are supposed to be assisted by bubble formation due to the long-term application of an electric field. Interestingly, the resistance values corresponding to discharges generated under negative polarity remain unchanged if d is increased. This demonstrates that the ignition of negative discharges is independent of d (within the tested range), unlike positive discharges. In general, the dependence of discharge ignition on d is influenced by the modification of water conductivity, which in turn is related to the number of occurred discharge (Tables 2 andS1). See supplementary material at [URL will be inserted by AIP Publishing] for the measured conductivity variations and the slopes (Table S1); a clear relationship between the two parameters can be observed.

V. SUMMARY AND CONCLUSIONS

This study investigates the electrical characteristics evolution of consecutive spark discharges generated in water between Cu or W electrodes, under varying conditions of voltage polarity (± 20 kV), interelectrode gap distance (50-500 µm), and electrode composition, using a pin-to-plate electrode configuration. The voltage and current waveforms of all occurring discharges are recorded until the discharges automatically stopped, and the recorded data are processed to determine several characteristics, including probability of discharge occurrence, breakdown voltage, discharge current, discharge delay, injected charge, and injected energy. The main findings are summarized below:

1. The probability of discharge occurrence depends on d and on electrode composition. The influence of voltage polarity in the case of W is more pronounced than in the case of Cu.

2. At short d, the discharges occur earlier in the pulse (during the rising period), then during the plateau, and finally in the falling period. The data points corresponding to discharges that occur in the rising period exhibit a narrow distribution; however, the subsequent ones are widely dispersed. The dispersion of data points depends on electrode composition, as well as on voltage polarity, and the ones obtained under negative polarity are less dispersed than those obtained under positive polarity.

3. Electrode erosion also depends on d, voltage polarity, and electrode composition.

Specifically, the erosion rate of the pin electrode is greater at shorter d, positive polarity, and with Cu electrodes. However, the diameter of the impacted area on the plate electrode surface is larger when a negative voltage is applied.

4. Under negative polarity conditions, when discharges do not occur during the pulse, a reflected positive pulse (~5 kV) that induces discharge is observed. The induced discharges are all similar, and their occurrence is attributed to the formation of low-density regions (bubbles) due to the application of a strong electric field and / or electron injection at the cathode pin. The latter phenomenon is confirmed by the observation of similar discharges in the reflected negative pulse produced using a plate-to-pin electrode configuration and positive voltage polarity.

5. The breakdown voltage-discharge current plot also depends on discharge parameters.

Interestingly, the data points of positive and negative discharges plotted on the same graph can be fitted by linear profiles. The slopes of these lines (i.e. resistances) are related to different ignition mechanisms. Under negative polarity conditions, the measured slopes are independent of d, but under positive polarity, the slopes depend on d as well as on the electrode composition. The slope values are also correlated with the discharge-induced modification of water electrical conductivity.

The findings reported herein are of interest for applications that make use of repetitive discharges that induce a change in electrode geometry / gap distance. These applications include electrical discharge machining and synthesis of nanoparticles by in-liquid discharges.

SUPPLEMENTAL MATERIAL

The material provided in supplementary address the variation of the discharges' electrical characteristics (breakdown voltage, discharge current (peak value), discharge delay, injected charge, and energy) as a function of normalized discharge number for discharges generated in water between two W electrodes under positive and negative polarity conditions. We also provide a table that summarizes the variation in water conductivity / resistance values (deduced from Figs.

11 and 12) at different experimental conditions. 
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 2 FIG. 2. Voltage and current waveforms of typical occurred and failed discharges in pin-to-plate electrode configuration under positive polarity voltage (a and b) and under negative polarity voltage during the first (c and d) and reflected (e and f) pulses.

FIG. 3 .

 3 FIG. 3. Variation of the probability of discharge occurrence as a function of normalized discharge number with (a) Cu and (b) W electrodes at d = 50, 200, and 500 µm, for positive and negative polarity conditions.

FIG. 4 .

 4 FIG. 4. (a) Superimposed images of Cu and W electrode tips showing their modification after discharge (d = 50 µm, +20 kV); the impacted area on the plate electrodes is also shown. (b) Variation of the diameter of the impacted area at the cathode surface as a function of d under various conditions. (c) Variation of the weight eroded from the pin electrode as a function of d under various conditions.B. Electrical characteristics of the discharges

Figure 5c depicts theFIG. 5 .

 5 Figure 5c depicts the variation of discharge delay as a function of normalized discharge

  40% of discharges show a narrow dispersion of breakdown voltage, and they all occur during the first pulse. The latter discharges are characterized by different breakdown voltages that vary between -4 and -18 kV. Interestingly, only during this period, discharges can occur in the reflected positive pulse. The values of the breakdown voltage in the reflected pulse are comparable: ~4-5 kV. At d = 200 µm, the initial discharges are characterized by high voltage values (~-18 kV), and the characteristics of the first ~15% of discharges are similar to those of the initial discharges achieved at d = 50 µm; i.e. tight dispersion of data points and no discharge occurrence in the reflected pulse. The subsequent discharges exhibit breakdown voltages that significantly vary between ~-4 and -18 kV, but those occurring in the reflected pulse vary within a much narrower range (~4-5 kV). Finally, at d = 500 µm, the situation is enhanced as, from the very beginning of the experiment, discharges can occur in the first pulse (with breakdown voltages between ~-4 and -18 kV) and in the reflected pulse as well (breakdown voltages of ~4-5 kV). The variation of the discharge current as a function of normalized discharge number is shown in Fig. 6b. As expected, this variation is very similar to that of voltage, at a given gap distance. Indeed, when discharges occur during the first pulse only, the current values are tightly dispersed and have values between ~-30 and -70 A. The currents of the subsequent discharges occurring during the first pulse vary between -10 and -60 A, whereas those of the discharges in the reflected pulse are around 10 A.

FigureFIG. 6 .

 6 Figure 6c depicts the variation of discharge delay as a function of normalized discharge

Figure 7

 7 Figure 7 compares the profiles of breakdown voltage and discharge delay recorded using

FIG. 7 .

 7 FIG. 7. (a) Breakdown voltage profiles of the discharges generated with Cu and W electrodes. Discharge delay profiles of the discharges generated with (b) Cu and with (c) W electrodes. The gap distance is 50 µm and the applied voltage is +20 kV.

FIG. 8 .

 8 FIG. 8. (a) Breakdown voltage profiles of the discharges generated with Cu and W electrodes. Discharge delay profiles of the discharges generated with (b) Cu and with (c) W electrodes. The yellow highlighted regions are representative of the discharges occurring in the reflected pulse.The gap distance is 50 µm and the applied voltage is -20 kV.

Figure 9

 9 depicts typical voltage and current waveforms corresponding to a discharge occurring in the reflected negative pulse. In this figure, one reads a breakdown voltage of ~-5 kV and a discharge current of ~-7 A.

FIG. 9 .

 9 FIG. 9. (a) Voltage and (b) current waveforms of typical occurred and failed discharges in plate-to-pin electrode configuration under positive polarity condition during the first and reflected pulses, respectively.

Figure 10 comparesFIG. 10 .

 1010 Figure 10 compares the breakdown voltages recorded under three conditions: (a) pin-to-

FIG. 11 .

 11 FIG. 11. Voltage-current plots of discharges sustained between Cu electrodes in pin-to-plate configuration, under positive and negative polarity conditions and at (a) d = 50 µm, (b) d = 100 µm, (c) d = 200 µm, (d) d = 300 µm, (e) d = 400 µm, and (f) d = 500 µm.The discharges generated between W electrodes behave similarly to those produced with

FIG. 12 .

 12 FIG. 12. Voltage-current plots of discharges sustained between W electrodes in pin-to-plate configuration, under positive and negative polarity conditions and at (a) d = 50 µm and (b) d = 500 µm.

( 1 )

 1 have breakdown voltage magnitudes < 20 kV, and they represent discharges that occur during the voltage rise period. Meanwhile, the data points in (2) represent discharges that occur during the voltage fall period. At d = 50 µm, the slopes of the linear fits of the first and last discharges are similar (~240 Ω with Cu and ~250 Ω with W), and the discharges that occur in the rising period are characterized by resistance values of ~416 Ω with Cu and ~442 Ω with W. The dependence of resistance on electrode composition can be related to many factors, including the electrode erosion rate (which depends on melting temperature and

FIG. 2 .FIG. 3 .FIG. 4 .FIG. 5 .FIG. 6 .

 23456 FIG. 2. Voltage and current waveforms of typical occurred and failed discharges in pin-to-plate

FIG. 7 .

 7 FIG. 7. (a) Breakdown voltage profiles of the discharges generated with Cu and W electrodes.

FIG. 8 .

 8 FIG. 8. (a) Breakdown voltage profiles of the discharges generated with Cu and W electrodes.

FIG. 9 .FIG. 10 .

 910 FIG. 9. (a) Voltage and (b) current waveforms of typical occurred and failed discharges in plate-

FIG. 11 .FIG. 12 .FIG. 13 .

 111213 FIG. 11. Voltage-current plots of discharges sustained between Cu electrodes in pin-to-plate

TABLE 1 .

 1 Number

	Experimental		Number of occurred discharges /	Percentage of occurred
	configuration		total number of pulses (d = 50 μm)	discharges (%)
	Pin-to-plate;	Cu	16950 / 21796	77.8
	positive polarity	W	6905 / 12571	54.9
	Pin-to-plate;	Cu	17655 / 21732	81.8
	negative polarity	W	12975 / 13787	94.1
	Plate-to-pin;	Cu	12446 / 20308	61.3
	positive polarity	W	N/A	N/A

of occurred discharges /total number of high voltage pulses under different experimental conditions (d = 50 µm).

TABLE 2 .

 2 Variations in water conductivity (i.e. differences between the values measured at the end of each experiment and the value corresponding to deionized water, i.e. 3 µS/cm) measured under different experimental conditions.

	d (µm)	50	100	200	300	400	500
		Increase of water conductivity (µS/cm)		
	Cu; -20 kV	40	38	33	17	8	11
	Cu; +20 kV	25	12	10	12	5	3
	W; -20 kV	23	25	29	26	17	11
	W; +20 kV	11	9.5	8	9	5	3

TABLE 1 .

 1 Number of occurred discharges /total number of high voltage pulses under different experimental conditions (d = 50 µm).

TABLE 2 .

 2 Variations in water conductivity (i.e. differences between the values measured at the end of each experiment and the value corresponding to deionized water, i.e. 3 µS/cm) measured under different experimental conditions. FIG. 1. Scheme of the experimental setup.

ACKNOWLEDGEMENTS

The research reported in this publication was financially supported by the Natural Sciences and Engineering Research Council of Canada (NSERC), under award number RGPIN-2018-04869.

The authors thank the Fonds de Recherche du Québec -Nature et Technologie (FRQ-NT) and the Canada Foundation for Innovation (CFI) for funding the research infrastructure.

DATA AVAILABILITY

The data that supports the findings of this study are available within the article [and its supplementary material].

AUTHOR DECLARATIONS

Conflict of Interest

The authors have no conflicts to disclose.