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series dissociation in water and forms a weak electrolyte, (HCO3)
-
, thus the hydro carbonate is 

very low in percentage. But at raised temperature of the electrolyte, carbon dioxide will liberate 

due to its low solubility at high temperature. Hence, the electrode surface gas film could consist 

of a certain amount of CO2, with longer treatment time, the CO2 level is expected to be 

negligible. 

               
   (3.1) 

      
         

  (3.2) 

         
        (3.3) 

               (3.4) 

The electrode conductivity is dependent on solution concentration and temperature and 

hence determines the initiation voltage required for the onset of plasma.  A set of initial tests 

under atmospheric pressure are presented in the following paragraphs to show the impact of 

temperature and electrolyte concentration on the discharge voltage and current. The electrical 

conductivity is clearly proportional to the concentration of solution in the case of Na2CO3 (Figure 

3.4). In these initial tests, temperatures are taken before the test. So, all the temperatures refer to 

the initial conditions of the electrolytes. The threshold voltage decreased almost linearly with 

increase of temperature (Figure 3.5), which is mainly due to the increase of the initial thermal 

energy level in solution and insists the nucleation of bubble. Also, higher temperature reduces 

the required energy level of ionization in the gas film. Threshold voltages also decrease as 

conductivity of electrolyte increase. More free charged particles are available in higher 

conductivity solution, and hence more charges are carried towards the electrodes. This implies 
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(3.5) 

                      
        

       
 

(3.6) 

 

      
       

   
 

(3.7) 

 

Where θCB is the apparent contact angle, according to Cassie-Baxter model. θY is the 

Young angle, which is evaluated according to the surface energy (tension) only. φ is the ratio of 

the real solid-liquid area over the total solid-liquid-air contact area. γ is the surface energy 

(tension, in unit of mN/m). S, L and A denote solid, liquid and air boundaries. 

For evaluation of the model and data, the Young angles are taken as the measured contact 

angle on polished surface. Since section 3.3 suggests that EPP treatment generally increases the 

roughness of polished surface, the polished surfaces are used as a reference ‘smooth’ surface. 

The calculation according to Equation (3.5) and (3.6) indicates that the water penetration model 

is not valid in this case, since the φ results does not have physical meaning (φ>1) from Equation 

(3.6).  

The results for air pocket model are shown in Figure 3.22 and Figure 3.23.  The average 

values from contact angle measurements are used for this calculation. On 1018 steel surfaces, the 

liquid metal contact fraction in the center regions are reduced by 5-10% (for 150V) and 25- 32% 

(for 180V), comparing to the original surface. Also, edge effect is inherently reflected with 

longer treatment time, except in the case of 180V15min group.  On aluminum alloy surfaces, 

some groups hit the up limit of φ value, which could be induced from measurement error and 

also the initial assumption of polished ‘smooth’ surface might not be valid, since the roughness 
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of aluminum surface prepared by 800 grades SiC grounding paper could be higher than the 

roughness on 1018 steel, due to the lower hardness value of aluminum. These experimental 

errors could lead to the unreasonable physical values. But it still provides the indication that EPP 

treatment does not have significant impact on the behavior of liquid metal contact on aluminum 

surfaces. 

 

Figure 3.22: Results of calculated liquid-metal fraction for different EPP treated 1018 steel 

surfaces  

 

Figure 3.23: Results of calculated liquid-metal fraction for EPP treated 6061 aluminum 

alloy surfaces 

3.5 Surface Micro Structural Modification 

Due to the rapid solidification, surface of the material after EPP would contains a layer of 

material, which is repetitively being melted and solidified at a very high frequency. This process 
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would insist the refinement of grain size (Greer 1991). Cionea (2010) reported that a few 

nanometers thick of nano-grained layers are observed on stainless steel surface treated by EPP 

for 30 seconds. Such structure is due to the rapid solidification on surface. Within 1 micrometer 

in depth, the grain size has a dramatic growth. In further depth, the grain size tends to merge with 

the bulk material size. In this study, longer time of EPP is applied. It could be observed (Figure 

3.24) that the similar gradient of grain distribution appears on the long time treated samples. But 

the affected depth is increased by roughly an order of magnitude. Such nano-crystallined 

material could have a profound impact on corrosion behavior. Details of corrosion behavior are 

presented in Chapter 4. 

 

Figure 3.24: SEM image of 1018 steel with EPP150V 2min, cross sectioned with focus ion 

beam 

Not only the surface material experiences the melting-solidification cycles, the substrate 

material is effectively heat treated as well. The heat treatment of metal generally occurs with a 

consequence of recovery (relief of residual stress), recrystallization (restore stable phase), grain 

growth. These aspects could be demonstrated with the examination of X-ray diffraction patterns 
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on resultant surfaces. In Cionea’s report (2010), small glancing angle detection method is used 

for very thin (within 100 nm) surface layer, their results implies the nano grain and compressive 

stress on EPP treat sample. In this study, since the affected surface layer is much thicker (for 

example, ~3μm, with EPP 150V, 2minutes), conventional XRD method is used.  

 

Figure 3.25: X-ray diffraction patterns for 1018 with different EPP treatment 

To investigate this issue, 1018 steel sample was selected, since the X-ray (Cukα) 

penetration depth is suitable for the thickness as shown in Figure 3.24. XRD study on aluminum 

alloy does not provide significant results, because the penetration depth for this type of X-ray on 

aluminum (~20μm) is too large for a thin solidification layer. The surficial microstructural 

variation could not be detected in the aluminum case; the results for aluminum samples are 

actually representing very large volumetric statistical information (Cullity and Stock 2001). 

Figure 3.25 is a detailed view of a peak of body-centered-cubic ferrite phase in 110 directions for 

1018 low carbon steel. It is clear that with increase of EPP time, the peak gradually broadened 

which is an indication of grain refinement. For a better comparison, the full width at half 
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maximum (FWHM) is commonly used to show the refinement of grain. It is worth noting that 

the depth of X-ray penetration on this surface is roughly 2μm (with Cu kα radiation). The grain 

refinement zone is deeper than 2μm, as in Figure 3.24. Thus, this information shows the 

refinement of grain by EPP. Also, in Figure 3.25, the peaks (marked by straight lines) tend to 

shift to the right (larger angle values). It is the evidence of compressive stress induced by the 

shock wave impingement of EPP. Thus, our results confirm that with longer EPP time, the 

surface grain refinement effect persists and the refinement zone extends with time. The 

compressive residual stress with EPP treatment is confirmed as well. It is important that in 

surface treatments compressive residual stress is artificially introduced, since the existence 

compressive stress would increase the resistance of crack initiation (Kang, Song, and Earmme 

1990), (Webster and Ezeilo 2001). In later Chapters, its impact and application will be addressed 

in details.  

3.6 Experiment and Models of Surface Heat Transfer and Electric Field in EPP 

The plasma discharge on the surface together with the boiling and electrochemical 

reactions produces very complicated conditions in terms of the temperature field; meanwhile 

heat dissipates through evaporation of electrolyte, joule heating of metal, optical emission and 

acoustic emission. It is very difficult to capture an individual discharge phenomena and its heat 

transfer process locally. In the following experiment, the heat transfer is estimated over a 

spherical metal (stainless steel) surface. It provides the general information of multiple 

impingements of electrolytic plasma (cathodic) and the heat dissipation through the electrolyte. 

 

 


