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Abstract  

In the present investigation, effect of laser melting with and without simultaneous application of ultrasonic vibrations on 

electrochemical properties of 2024 aluminum alloy is investigated. The electrochemical behavior of the laser melted 

specimens was studied using open-circuit and potentiodynamic polarization measurements. Subsequently, investigation of the 

corrosion films was performed using scanning electron microscopy. It was observed that the laser melted specimens 

exhibited significant improvement in open circuit potential (both with and without simultaneous ultrasonic vibration 

application). The open circuit potential of the laser melted specimen without ultrasonic vibrations was observed to be more 

stable compared to the laser melted specimen with ultrasonic vibrations. It was observed that the corrosion mechanism 

undergoes a transition from pitting to uniform corrosion in the laser treated specimen, particularly in the laser melted 

specimen without ultrasonic vibrations. However, the extensive agitations due to ultrasonic vibrations in the melt pool appear 

to restrict Cu migration to grain boundaries that result in porous and relatively inefficient passive layer formation in laser 

processed samples with application of ultrasonic vibrations. This behavior was also observed in the potentiodynamic 

polarization studies that showed that the laser melted specimen without ultrasonic vibrations exhibited lower corrosion 

current and corrosion rate compared to the laser melted specimen with ultrasonic vibrations as well as the as received 

substrate. Copyright © 2017 VBRI Press. 
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Introduction 

Aluminum alloys have gained rapid popularity due to 

their excellent strength-to-weight ratio, warm formability, 

and corrosion resistance, making them one of the most 

extensively used materials in aerospace, automobile,  

and sport goods applications. Their corrosion resistance  

has often been attributed to the formation of highly 

conformal and corrosion resistant oxide layer  

rendering the alloy passive to electrochemical reactions. 

However, high strength aluminum alloys such as 2024 

and 7075 have been reported to exhibit considerably 

inferior electrochemical properties due to presence of 

highly electropositive, and therefore, cathodic phases that 

trigger pitting on the surface. It has been reported that the 

pitting corrosion is particularly aggravated in chloride 

rich environments that reduce the stability of the oxide 

layer [1]. Hence, improvement of surface electrochemical 

properties of these alloys have been extensively studied 

using various surface engineering techniques such as 

anodizing [2], electrodeposition [3], and laser surface 

engineering techniques (laser surface alloying and laser 

surface melting) [4, 5]. 

Among the aforementioned processes, non-

equilibrium processing capabilities and very fast 

processing rates have made laser surface engineering one 

of the most extensively used techniques for improving 

corrosion resistance of aluminum alloys. For instance, an 

increase in open circuit potential (OCP) as well as 

transition of corrosion mechanism from intergranular to 

intragranular in laser processed 2024 aluminum alloy has 

been reported [6]. The observation was attributed to the 

dissolution of cathodic precipitates during the laser 

melting of the surface. Similarly, it has been reported that 

laser melted friction stir welds of 2024 aluminum alloy 

exhibit more electropositive behavior while large pitting 

was observed in the untreated zones [7].  

In the realm of solidification, the simultaneous 

application of ultrasonic vibrations during metal casting 

to achieve more refined microstructure, and thereby, 

superior mechanical and chemical properties has been 

widely studied [8, 9]. The ultrasonic vibrations have been 

successfully employed to achieve degassing [10], superior 

corrosion resistance and tensile strength [9], and 

elimination of unmixed zones during welding [11]. 

However, their effect on microstructure during very fast 
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solidification (usually associated with laser processing) 

has not been extensively reported. It has been reported 

that laser melting under the influence of ultrasonic 

vibrations results in significant microstructural refinement 

and improvement in surface hardness for Ti-6Al-4V alloy 

[12]. The present investigation is directed towards 

understanding the effect of ultrasonic vibration-assisted 

laser melting on the electrochemical properties of 2024 

aluminum alloys. 

        

Experimental 

Materials 

The substrate material used in the investigation was 2024 

aluminum alloy.  

 

Material processing  

The laser processing experiments were performed using a 

set-up consisting of a continuous wave CO2 laser 

(Ferranti) and a 750 W ultrasonic power supply with a 1 

inch diameter titanium alloy probe (Sonics & Materials 

Inc.). Each aluminum alloy sample was mounted on the 

ultrasonic vibration probe that was fixed on a movable X-

Y stage, as presented in Fig. 1. The surfaces of the 

samples were carefully polished using 2000 grit SiC paper 

and then sand blasted for 15 seconds to increase laser 

absorptivity. The ultrasonic vibration-assisted laser 

melting was performed with laser power of 950 W, 

ultrasonic vibration power output of 60% at vibration 

frequency of 20 kHz, and laser scanning speeds of 20 and 

30 mm/s (corresponding to sample designations UL20 

and UL30). For comparison, samples were also processed 

with the similar laser processing parameters i.e. laser 

power of 950 W and scanning speeds of 20 mm/s and  

30 mm/s without simultaneous application of ultrasonic 

vibrations (sample designations U20 and U30). The 

summary of the experimental parameters for laser melting 

with and without simultaneous application of ultrasonic 

vibrations is given in Table 1. 

 
Table 1. Processing parameters for laser melting of 2024 alloy without 

and with the simultaneous application of ultrasonic vibrations. 

 
Sample Power 

(W) 

Working 

Distance 

(mm) 

Scanning 

Speed 

(mm/s) 

Ultrasonic 

Amplitude 

(%) 

L20 950 5 20 - 

L30 950 5 30 - 

UL20 950 5 20 60% 

UL30 950 5 30 60% 

 

Characterizations 

The open circuit and potentiodynamic polarization 

measurements were performed in naturally aerated 3.5% 

NaCl solution using a potentiostat/galvanostat (Ametek 

Scientific Instruments). The potentiostatic experiments 

were performed for 20,000 s and the corrosion films were 

subsequently characterized using a scanning electron 

microscopy (FEI Quanta 600). The potentiodynamic 

experiments were performed by scanning the current 

response from -0.25 V to +0.25 V with respect to the open 

circuit potential at a sweep rate of 0.33 mV/s. 
 

 
 

Fig. 1. Schematic diagram of the apparatus used for conducting the laser 
melting experiments with and without the simultaneous application of 

ultrasonic vibrations. 

 

Results and discussion 

Open circuit corrosion behavior 

The open circuit corrosion data of the as received, laser 

surface melted 2024 aluminum alloy with and without the 

simultaneous influence of ultrasonic vibrations is 

presented in Fig. 2. The as received material exhibited 

very stable open circuit potential of about -590 mV in the 

initial stage (<15,000s) followed by slight decrease to 

about -610 mV. Such observation is common for 

aluminum based alloys that exhibit initial increase in open 

circuit potential due to formation of passive oxide (Al2O3) 

layer and eventual exfoliation of the film in the later 

stages due to pitting [13]. In comparison, the laser melted 

specimens both with (UL20 and UL30) and without (L20 

and L30) simultaneous application of ultrasonic vibrations 

showed significant increase in corresponding open circuit 

potential to about -470 to -490 mV in the initial stages. It 

has been reported that the rapid resolidification after laser 

melting results in considerable elemental redistribution, 

particularly segregation of Cu along the grain boundaries, 

that renders the grain boundaries more electropositive as 

compared to the grain bodies [6, 7]. The laser melted 

specimens without simultaneous application of ultrasonic 

vibrations (L20 and L30) manifested not only higher open 

circuit potential but also relatively stable potential. The 

open circuit potential of the L20 and L30 specimens 

decreased from about -475 mV to -515 mV. Such a stable 

open circuit potential of laser melted specimens can be 

attributed to higher relative stability of the passive oxide 

film without the destabilizing effects from the 

electropositive precipitates that promote pitting. 
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Fig. 2. Variation of open circuit potential with time for as received and 

laser melted 2024 aluminum alloy with and without application of 
ultrasonic vibrations. 

 

Compared to laser melted specimens, the alloys laser 

melted with simultaneous application of ultrasonic 

vibrations (UL20 and UL30) exhibited notable decrease 

in open circuit potential with time (Fig. 2). The open 

circuit potential decreased from -473 mV to -630 mV and 

-500 mV to -604 mV over 20,000 s for UL20 and UL 30 

specimens, respectively. Since the variation in open 

circuit potential is often directly related with the stability 

of corrosion films, it can be inferred that the passive layer 

formation for specimens laser melted with simultaneous 

application of ultrasonic vibrations (UL20 and UL30) was 

not very efficient compared to L20 and L30 specimens. 

Hence, subsequent efforts were directed primarily in the 

characterization of the corrosion film using 

microstructural techniques. 

 

Microstructural characterization 

Surface microstructures of as received and laser melted 

2024 aluminum alloy with and without simultaneous 

application of ultrasonic vibrations after immersing for 

20,000s are presented in Fig. 3. It can be clearly observed 

that as received specimens exhibit pitting characteristics 

with extensive corrosion products on the surface  

(Fig. 3a). It has been widely accepted that the passive 

oxide layer in aluminum alloys is primarily composed of 

aluminum oxide formed according to reaction [14]:  

 

                      (        )       

 

     

    
 

Fig. 3. Microstructures of corroded surfaces for (a) as received, (b) L20, 

(c) L30, (d) UL20, and (e) UL30 specimens (higher magnification 

images are provided in the insets). 

The laser melted specimens without simultaneous 

application of ultrasonic vibrations (L20 and L30) 

exhibited highly plate like features for the surface oxide 

layer (Fig. 3b-c). The formation of such conformal oxide 

layer with polygonal plate-like features is a characteristic 

of microgalvanic uniform corrosion [15]. It also indicates 

that the oxide layer most likely nucleated from the bulk of 

the grains (compared to the grain boundaries that were 

cathodic due to copper migration) and was a relatively 

stable formation process. In comparison, the specimens 

laser melted with simultaneous application of ultrasonic 

vibrations (UL20 and UL30) exhibited a corrosion 

mechanism highly similar to the as received specimen 

with porous and uneven corrosion surface (Fig. 3. d-e). It 

appears that even the passive layer formation was not 

very continuous in the UL20 and UL30 specimens that 

resulted in the aforementioned morphology of the 

corrosion film. It can be inferred that while the laser 

melting under the influence of ultrasonic vibrations 

resulted in partial elimination of the precipitates, the 

extensive turbulence in the melt due to ultrasonic 

vibrations restricted the complete migration of the Cu 

atoms towards the grain boundaries and the atoms most 

likely remained segregated in the grains. This observation 

is in good agreement with the initial passivation and 

eventual decay of the open circuit potential of the UL20 

and UL30 specimens in the potentiostatic experiments.  

 

Potentiodynamic polarization measurements 

The potentiodynamic polarization curves for as received 

and laser melted 2024 aluminum alloy with and without 

simultaneous application of ultrasonic vibrations are 

presented in Fig. 4. The presence of single polarization 

line in each of the scans clearly indicate that the 

polarization current is controlled exclusively by charge 

transfer across the electrode-electrolyte interface [16]. 

Also, very similar to the observations from the 

potentiostatic results, it can be clearly observed that laser 

melting resulted in considerable improvement in 

corrosion potential, Ecorr (Table 2). The specimens laser 

melted without simultaneous application of ultrasonic 

vibrations also showed an improvement in corrosion 

resistance (based corrosion current, Icorr, and corrosion 

rate calculated from Faraday’s law). 

 

 

Fig. 4. Potentiodynamic polarization curves for as received and laser 

melted 2024 aluminum alloy with and without simultaneous application 
of ultrasonic vibrations. 
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 The application of ultrasonic vibrations during laser 

melting apparently resulted in slight deterioration of 

corrosion resistance compared to both as received and as 

laser melted specimens. 

 
Table 2. The results of potentiodynamic polarization tests on laser 

melted 2024 aluminum alloy with and without application of ultrasonic 

vibrations. 

 

Sample Ecorr 

(mV) 

Icorr 

(μA/cm
2
) 

Corrosion 

rate (μm/y) 

As Received  -601 2.875 4.56 

L20 -465 2.575 4.08 

L30 -409 1.248 1.98 

UL20 -427 5.244 8.32 

UL30 -526 9.438 14.97 

       

Conclusion  

In this investigation, laser melting of 2024 aluminum 

alloy specimens with and without application of 

simultaneous of ultrasonic vibrations was successfully 

performed. The laser melted specimen without ultrasonic 

vibrations exhibited increase in open-circuit potential 

(higher corrosion potential) as well as decrease in 

corrosion rate compared to the specimens laser melted 

with ultrasonic vibrations. The laser melted specimen 

with ultrasonic vibrations exhibited an initial 

improvement in open-circuit potential, however, their 

open circuit potential underwent rapid decrease that was 

confirmed to be a consequence of decreased stability of 

the passive corrosion film. 
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