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Abstract 

A technique that monitors the impedance of a 250 µm diameter aluminium electrode as a 

function of time with a 2 µs resolution as sand particles are impinged on the solid/liquid 

interface is reported.  The detection of individual particles as they approach an electrode, before 

any erosion/corrosion was registered, is demonstrated.  This study shows that at least two types 

of erosion mechanisms are possible; direct or ‘primary’ impact and tumbling or ‘scrape’ events.  

The primary impact events are correlated to the acoustic emission from the environment which 

is shown to be significant for these events, whereas scrape events appear to produce far weaker 

acoustic emission signatures under the conditions employed.  The velocities of the particles are 

reported and are of the order of 6-8 m s-1 at the jet mouth.  However, high-speed imaging of 

the particles as they strike the substrate indicates a significant deceleration prior to impact and 

an order of magnitude reduction in kinetic energy compared to that as it exits the jet.  
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1. Introduction 

Damage to the solid/liquid boundary may have a profound effect on the material and structure 

in question.  This, often parasitic, effect can be generated in a number of ways.  Two common 

examples are cavitation (both flow[1] and through the application of power ultrasound[2,3]) 

and particle impingement[4].  In the first of these examples, the physical conditions have, under 

the correct conditions, the ability to generate transient bubbles or voids which collapse and 

erode the surface.  This cavitation process (and the subsequent erosion of the interface[5,6]) is 

surprisingly diverse and exists in both natural[7,8] and artificial systems[9].  In the second 

example, liquids in motion which contain particles are also able to cause surface damage[4].  

In order to characterise this erosion/corrosion process, many different experimental strategies 

have been deployed including visual inspection of the interface, simulation of the system[10], 

measurements of acoustic emission[11], monitoring of resistance changes of a substrate[12], 

and electrochemical detection[13].  Electrochemical detection of particle impact at an interface 

has many appealing qualities.  The effect of individual particle impacts, for example, can be 

measured by the detection of erosion/corrosion transients from a passive interface under 

electrochemical control.  Here, the events that cause damage to the interface are detected 

through the repassivation process and are typically recorded as anodic current time transients.  

This technique was first developed to investigate cavitation produced by power ultrasound and 

its erosion/corrosion effects on a passivated interface[5,6].  Complementary techniques can be 

combined with these electrochemical studies[14].  For example, high-speed imaging and 

acoustic characterisation can also be useful in characterising an often complex experimental 

matrix[15].  However, it is always desirable to gather more data from the electrochemical 

sensor alone.  This could include an understanding of those events that cause erosion of the 

interface and those which impinge on the material in question without the generation of 

accompanied surface damage.  In order to do this a more elaborate approach must be adopted.  
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This could include the use of arrays of electrodes[16,17], or as outlined here, the use of a single 

electrode which is able to sense changes in the local electrochemical environment[18,19].  In 

this later case, the technique must be able to have the spatial and temporal resolution necessary 

to follow the dynamics of the system under investigation (typically on the µs timescale).  One 

such approach would be the use of electrochemical impedance measurements[20].  While 

changes to the electrochemical environment have been detailed using such an impedance 

approach in a variety of systems[18,21,22],  a study with sufficiently high temporal and spatial 

resolution to characterise individual particle events has yet to be described.  Such an approach, 

as presented here, would employ high-speed AC impedance to determine the local environment 

around the electrode before, during and after a particle impacts onto the surface in question.  

Although impedance characterisation of an interface (some exposed to cavitation) has been 

reported previously[23–26] (for lithium interfaces for example[27]), the dynamics of these 

studies have not been suited to the investigation of individual erosion/corrosion events caused 

by rapid events (e.g. particle collision with an electrode).  However, it has recently been shown 

that the measurement of impedance of an electrode exposed to cavitation can be performed 

with a time resolution of 2 µs[28].  This study showed that the growth and collapse of cavitation 

bubbles, produced by continuous ultrasound, could be followed prior to any conventional 

electrochemical signal (e.g. the corrosion process which occurs after bubble collapse) being 

registered.  Clearly, considering the similarities between cavitation damage and particle impact, 

this AC impedance technique would also be suited to the study of particle impact[29–34] onto 

an electrode.  In order to function, the high-speed impedance method employed relies on the 

imposition of a suitable AC perturbation to the potential of the electrode interface.  This 

perturbation, combined with the current response of the electrode can be used to extract the 

electrochemical impedance of the electrode as a function of time.  In the absence of any 

perturbing phenomena[23,35,36] (whether that be a bubble, particle or surface related for 
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example) the impedance of the electrode should be constant.  However, bubbles and particles 

perturb the environment around the electrode causing changes in the impedance detected.  This 

change in impedance can be evaluated along with data indicating the Faradaic current that is 

generated.  Critically, the presence of the particles can be detected locally before the impact 

event occurs and in the absence of an erosion/corrosion event.  This will give key information 

on the position of the particle prior to the data gathered from conventional electrochemical 

Faradaic currents which show the impact as a subsequent erosion/corrosion event.  Lastly the 

particle impacts are monitored simultaneously with acoustic emission measurements and high-

speed imaging.  This set of complimentary techniques allows key information on the processes 

that take place before, during and after individual particle impact onto the solid/liquid interface. 

 

2. Materials and Methods 

The jet system was constructed from a pump connected to a ~1 mm diameter glass orifice.  

Fluid (here an electrolyte) was pumped through the system at velocities in the range of 6-8 m 

s-1 (determined by measuring the mass of fluid ejected from the jet over a fixed time or by 

monitoring the particle velocity within the jet with a high-speed camera).  The jet was directed 

at an electrode substrate which consisted of an aluminium electrode (250 µm diameter) made 

by sealing a microwire (Advent Research Materials) in an epoxy resin (Epofix, Struers) filled 

cuvette on the end of a stainless-steel tube (6 mm OD) – see SI.  This tube acted as the 

counter/reference electrode and a support body for the working electrode while the resin filled 

cuvette allows the electrode to be detected for imaging from the side (see SI material for more 

detail).  The electrode was polished to a mirror like finish (0.3 µm Al2O3 on Buehler 

microcloth) prior to experiments.  The electrode assembly and hydrophone where then 

positioned (using micrometers and stages, Time and Precision) with respect to the jet which 

was fixed.  Figure 1 shows a schematic of the experimental setup deployed. 
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Figure 1. Image showing a representation of the experimental setup used to study 
sand particle impact onto a 250 µm diameter Al electrode.  The dotted square shows 
the region imaged in the high-speed camera experiments. 
 

The pump (Hailea HX8810, not shown in Figure 1) took electrolyte from the main reservoir 

(~2.5 dm3) and pumped it through the jet after passing a loading port where sand was added to 

the flow system.  The high-speed impedance system has been described in detail elsewhere[28].  

However, in the experimental setup deployed here and with the additional data requirements 

needed (the trigger signal in this case), the impedance (and not the uncompensated resistance 

and effective electrode capacitance) is reported as a function of time.  However, in the 

experiments reported here the impedance of the electrode was determined by recording the data 

using a Handyscope HS3 (TiePie) and then post processing using a DSP approach (see SI).  

The aluminium electrode was aligned to the centre of the jet employed (in the YZ plane) and 

the X position was controlled and verified from the imaging experiments.  The potential of 

the working electrode was maintained at 0 V vs. the steel reference.  An AC perturbation (a 

500 kHz sinusoid, 100 mV zero-to-peak amplitude) was applied using a function generator 

(Handyscope HS3, TiePie). A calibrated hydrophone (Reson TC4013) was positioned ~ 1.5 cm 

from the tip of the electrode assembly (mounted on the same positioning arm, see Figure 1).  

The output of the hydrophone was conditioned through an Ortec Brookdeal precision AC 
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amplifier (type 9452) and recorded on a Tektronix 2014 scope.  An amplification of 62 dB with 

band pass frequency limits of 100 Hz to 1 MHz were applied to the hydrophone signal.  The 

sound pressure was calculated from this amplification and the hydrophone sensitivity, -211.5 

dB re 1 V/μPa at 100 kHz (determined by the data sheet supplied with the hydrophone).  Timing 

between the recording devices and the camera was achieved by employing a TTL trigger (see 

legends for level employed).  The complete experimental arrangement it shown as a schematic 

in the SI data.  A Photron APX-RS camera with a Navitar x12 lens was used to image the 

motion and impact of the particles onto the electrode assembly.  The image was backlit using 

an LED lamp driven by a DC power supply.  All solutions consisted of 0.1 mol dm-3 Na2SO4 

in aerobic purified water (20-25 oC). 

 

3. Results and Discussion 

Figure 2 shows the velocity of a set of sand particles as they impacted onto the electrode 

assembly (note ‘0’ on the x scale represents the surface of the substrate).  It is clear from this 

data that the velocity of the particles as they leave the jet are on the order of 7 m s-1 under these 

conditions.  This velocity remains approximately constant until the particles where within ~250 

µm of the surface; at distances less than this, a significant deceleration was observed.  This is 

significant as these observations suggest that particle impact energy should not be related 

directly to the jet velocity as this decelerate significantly reduces the particle impact energy 

compared to the case at the jet exit.  For example, consider the case of the particle reported 

here; a ~300 µm diameter approximately spherical sand particle.  Under these condition the 

particle has the kinetic of the order of 0.76 µJ at the jet mouth while the energy drops to ~ 16 

nJ at the surface itself.   
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Figure 2. Plot of particle velocity as a function of distance (from the electrode 
surface) for the particle impacts. The particle impacts occur at 0 µm. The velocity was 
calculated for several time intervals between the particles exiting the jet and hitting 
the electrode surface. The error associated with these values arose from measuring the 
distances using the positional cursers in Photron FASTCAM Viewer. 

 

 

Clearly this particle velocity reduction and the corresponding impact energy decrease needs 

to be considered in studies of this type where the minimum impact energy required to 

depassivate a surface is estimated.  This particle deceleration is also supported by simulations 

of impinging jets[33,37].   
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Figure 3. (a) Plot showing the current time (–) recorded for a 250 μm diameter 
aluminium electrode exposed to a jet containing sand particles.  The trigger level was 
set at 110 µA. The electrode-to-jet separation was ~1 mm.  Two types of 
particle/electrode interaction are noted ((i) and (ii)).  (b) Plot showing the impedance 

(Z, –) and Faradaic current (idc, –) as a function of time determined by processing the 
date shown in (a).  The vertical arrows show the effect on the impedance of the 
electrode of sand particles as they impinge on the electrochemical environment of the 
electrode.  The blue arrows () show events where the aluminium electrode surface 
was not damaged by the impact while the green arrows () show events where damage 
was detected. 

 

 

In order to characterise the impacts of the particle before, during and after impact onto the 

surface of an electrode, a high-speed electrochemical impedance technique was employed[28].  

Time/ms

-6 -4 -2 0 2 4 6

i/
A

-100

-50

0

50

100

150

(i) (i)
(ii)

Time/ms

-6 -4 -2 0 2 4 6

i d
c/

µ
A

0

10

20

30

40

50

60

70

80

90

100

110

120

130

140

150

Z
/ 

600

700

800

900

1000

1100

1200

1300

1400

1500

1600

1700

(a) 

(b) 



 9 

Here an AC perturbation was applied to the electrode and the current response monitored as a 

function of time while the jet, containing, sand particles, was directed at the electrode surface. 

Figure 3 shows a set of experimental data and the corresponding analysis obtained from such 

an experimental approach.  Figure 3(a) shows the current time history while figure 3(b) show 

the extracted data after the DSP approach has been performed.  Figure 3(a) shows a broad 

signal from the sinusoidal voltage perturbation imposed on the electrode.  However, there are 

several notable perturbations on the signal (see annotation and figure 3 legend).  These include 

reductions in amplitude (see figure 3(a), (i) and (ii)) and a significant transient signal above the 

normal level (see figure 3(a), (ii)).  The origins of these perturbations are attributed to the 

ingress of the sand particles into the electrochemical environment around the electrode and the 

erosion/corrosion phenomena that can be driven by particle impact.  Figure 3(b) shows the 

impedance and the Faradaic current determined from the data shown in figure 3(a).  Here the 

impedance of the electrode was ~ 1230 Ω in the absence of particle effects. However, there are 

several increases in impedance as sand particles, driven by the jet, come close to the electrode 

surface (see figure 3(b) for example).  In addition, the Faradaic current shows three discernible 

current time transients with the highest recorded at 0 ms (note the trigger apparatus was set to 

detect larger transients in the current time signal).  These transients in the Faradaic signal are 

attributed to the collision of the sand particles with the aluminium electrode surface.  This 

collision is of sufficient energy to cause erosion of the passive layer on the electrode surface.   

The repassivation of the surface is then detected as a transient anodic current time signal 

lasting 100’s µs in duration.  This transient Faradaic process is similar to the effect of inertial 

cavitation bubbles at electrode surfaces[5,6,38] and has also been reported for 

particle/electrode impacts[11,39].  However, the data shown in figure 3(b) also shows the 

influence of the particle on the electrochemical impedance of the electrode in the absence of 

an erosion/corrosion event.  In this case as the particle approached the electrode, its effect on 
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the electrochemical atmosphere is recorded in an increase in the impedance of the system (as 

the insulating nature of the sand particle will increase the uncompensated resistance of the 

electrode, for example).  In the case of figure 3 (b) there are nine impedance transients detected 

in the time window recorded, three of these electrode/particle encounters produce discernible 

erosion of the passive layer and are accompanied by a current time transient in the idc data.  To 

investigate these interactions further, an additional set of experiments were performed using a 

high-speed camera and a hydrophone in combination with the AC impedance technique.  In 

this case, all the experimental data was recorded simultaneously with a common trigger (see 

SI).   

 

Figure 4. Current time (–), impedance time (–) and acoustic emission (–) traces of 
events recorded for a 250 μm diameter aluminium electrode exposed to a jet of sand 
particles. The electrode-to-jet separation was ~1 mm. The electrode to hydrophone 
separation was ~15 mm (13 mm from a speed of sound calculation). 

 

Figure 4 shows an example of the Faradaic signal, idc and electrochemical impedance (Z) of 

the aluminium electrode as an individual particle approaches, causes surface erosion and then 

leaves the interface.  The impedance of the electrode shows that the particle was detected as an 

increase in the electrode impedance ~ 100 µs before the Faradaic current at the aluminium 

electrode was detected (note this transient in the Faradaic signal is thought to be responsible 
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for the slight instability manifested on the impedance data).  In addition, a significant acoustic 

transient was detected as the particle hits the surface of the electrode (note there will be a slight 

delay between the particle impact and the detection of the acoustic signal due to the finite speed 

of sound in the media; here under the conditions employed this delay time is estimated to be 

~10 µs).  The impact (of the particle responsible for the data shown in figure 4) with the surface 

was also recorded with a high-speed camera.  Figure 5 shows the individual sand particle 

responsible for the surface erosion of the electrode as it travels through the liquid jet, 

decelerates, hits the surface and then moves away from the interface (note the frame number is 

also shown on figure 4 for completeness).  Figure 5 shows that the sand particle in this case 

was ~300 µm in diameter.  The asymmetry in the impedance data shown in figure 4 agrees 

with the images as the particle’s velocity after the impact is significantly perturbed as expected 

by the impact with the surface and can be seen to reside close to the surface of the electrode 

for a further 1-2 ms. While these single impact events are often observed, other encounters 

between the particle and the electrode can also be detected.  Figure 6 shows an interesting 

impact where the erosion of the electrode and the acoustic emission were not observed to occur 

concomitantly. The impedance data in this case shows two transients in close temporal 

proximity to one another.   
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Figure 5.   Images from high-Speed camera showing a single sand particle as it 
approaches the electrode, impacts and then moves away from the surface (see figure 
4 shows the impedance, Z, and faradaic current, idc, accompanying these images). 
The images were recorded at 60000 fps with a 1/60000 s exposure.  All other 
experimental conditions as reported in figure 4.  Image number “0” corresponds to 
the trigger point of the data shown in figure 4.  The numbers in parenthesis refer to 
the image numbers hence -8 corresponds to 133.3 µs before impact.  The scale bar 
represents 500 µm. 

 

The first impedance transient (see figure 6 (a)) coincides with a strong acoustic emission 

while the second (see figure 6 (b)) corresponds to the large erosion/corrosion transient detected 

by the electrode (centred at 0 s).  The absence of a significant acoustic transient at the point 

where the erosion of the surface occurred suggests that the mechanism responsible does not 

involve direct impact of the particle on the surface of the electrode (as in the case shown in 

figure 5).   
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Figure 6. Current time (–), impedance time (–) and acoustic emission (–) traces of 
events recorded for a 250 μm diameter aluminium electrode exposed to a jet of sand 
particles. Two impacts by the same particle were recorded in the period shown: (a) 
“primary impact” at -0.55 ms and a “scrape” (b) at 0 ms.  The electrode-to-jet 
separation was ~1 mm.  The electrode to hydrophone separation was ~15 mm (13 
mm from a speed of sound calculation).  

 

The high-speed imaging of the electrode/particle encounter elucidates the mechanisms 

occurring in this case.  Figure 7 shows imaging of the particle and its motion with respect to 

the electrode surface and jet.  Initially the particle travels out of the jet and through the space 

between the jet and the electrode substrate. Deceleration and impact occurs at ~-550 µs in the 

impedance time history shown. 
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Figure 7.  High-Speed Camera images of a single sand particle hitting the surface to 
cause the peaks -0.58 ms and 0 ms in figure 6.  The images were recorded at 60000 
fps (1/60000 shutter).  The frame number w.r.t. the trigger is shown in parenthesis.  
The arrows show the approach (and velocity) are indicated in the first row.  The 
hollow red dashed circle highlights the first impact, the yellow circle shows the 
motion of the edge that causes the erosion which occurs in the frames highlighted by 
a red solid circle.  Scale bar (top left) represents 500 µm. 

 

     Figure 7 shows the impact of the particle at frame -34 (-567 µs) with respect to the trigger.  

This impact is accompanied by a significant acoustic event but comparatively minor 

erosion/corrosion.  This is presumably because the exact point of contact of the particle with 

the surface misses the aluminium interface in this case (an assumption supported by the small 



 15 

impedance increase w.r.t figure 6(b)).  The particle is then seen to rotate in the fluid in front of 

the electrode substrate over the next 500 µs and then scrape the surface.  It is this second action 

that is registered as a second (larger) impedance transient and accompanied with a large 

erosion/corrosion signal.  However, this ‘scraping’ motion (akin to scratching the electrode an 

causing erosion/corroision[40,41]), due to the particle rotation that occurs in this case, does not 

appear to generate a significant acoustic event.  This suggests that these type of event, although 

causing a significant amount of surface damage (note the size of the Faradaic repassivation 

transient) cannot easily be detected using the acoustic analysis alone.  The high-speed images 

allow for an estimate of the rotational period of the particle (~500 µs, estimated from first 

impact in frame -34 to ‘scrape’ in frame 4) to be gathered.  This corresponds to a rotational 

energy[42] of ~22 nJ assuming a spherical geometry with a diameter of 300 µm.  This is 

approximately the magnitude of the actual direct impact energy (considering the deceleration 

of the particles as they approach the solid/liquid interface of the electrode substrate).  However, 

the rotation of the particle was not halted by the scrape across the electrode.  Hence, we should 

expect that only a fraction of the rotational energy was required to cause the surface damage 

registered as the anodic transient centred at 0 ms in figure 6.  The impedance data, in 

combination with the high-speed imaging and the acoustic data can allow a complete picture 

of the interaction of individual particles with a surface. 

While the direct impact and the rotational ‘scrape’ events can clearly both cause damage to 

the interface, it is of interest to consider the likely frequency of both type of events.  To this 

end, a series of experiments were performed where sand particles (and their impact and 

interaction) were monitored using the AC technique in combination with high-speed imaging.  

Over a series of 31 repeats runs (each representing a data set corresponding to ~13 ms in length) 

detailing ~406 ms in total time, a significant number (156) of events where analysed.  The 

results of these experiments are summarised in Table 1.  
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Primary 
events 

Rebound 
events 

Scrapes Total 

Impact type from high-
speed imaging 

112 22 21 156 

71.8% 14.1% 13.5% 100.0% 

Impedance events detected 
92 7 10 109 

59.0% 4.5% 6.4% 69.9% 

Significant 
Erosion/corrosion event 
detected 

40 0 1 41 

25.6% 0.0% 0.6% 26.3% 

Table1. Distribution of impact events for 406 ms of electrochemical data 
combined with high-speed video.  The % in each cell refers to the total number of 
electrode substrate/particle encounters (156) analysed in the complete data set.  
Primary events are when the particle leaves the jet and hits the substrate directly, 
rebound events are when the particle bounces on the surface but appears to then 
re-hit the interface and scrape events are when the particle was observed to rotate 
in the space in front of the electrode assembly. 

 

Over the data set analysed three different types of impact event were noted.  These were 

classed as primary impact (see figure 4), rebound (when the particle bounces off the surface 

and then re-hits the solid substrate surface but without rotation) or finally scrape where after 

the initial primary impact the particle then goes on to rotate and scrape the electrode assembly 

surface (see figure 7, for example).  Included in these data is a number of particles/electrode 

encounters that were detected as an impedance transient but did not cause surface erosion.  

These are attributed to ‘near misses’ of the electrode surface itself or where there was 

insufficient impact energy to cause erosion.  Almost all surface erosion events were found to 

be as a result of direct impact of a particle onto the electrode surface.  No erosion events were 

detected during a second impact (rebound hits) suggesting the energies in these cases was 

insufficient to cause damage.  Only one example of an erosion event caused by a tumbling 

event, or “scrape”, was recorded in this data set.  This suggests that this type of rotation event 

is relatively rare compared to the direct event within this experimental setup and with the 

particles deployed in the system. 
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4. Conclusions 

The motion of individual sand particles within a jet system can be monitored with a high-

speed (with a 2 µs time resolution) AC impedance technique.  Particles can be detected as they 

approach the electrode surface as transient impedance increase before any erosion/corrosion 

event can be detected.  Faradaic transients, caused by the repassivation of the surface damaged 

by the particle, can also be extracted from the data.  High-speed imaging indicates significant 

deceleration of the particles (and hence a large decrease in kinetic energy) as they approached 

the solid/liquid interface.  Erosion of the surface is caused, in most of the cases recorded, by 

direct primary impact, however, rotation and ‘scraping’ events are possible but appear less 

frequent for the conditions employed.   
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