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Abstract 

Aluminium – Copper alloy AA2219 finds application in aerospace and automotive components because of its high 

strength to weight ratio and corrosion resistance. However, joining of the alloy by conventional welding techniques results in 

poor property profile. In this study, AA2219 rolled plates of thickness 5.5 mm are joined by cold metal transfer welding 

process and friction stir welding process. The microstructure, mechanical, corrosion and wear properties of the welded plates 

are analyzed. The results indicate that cold metal transfer welded specimens have high hardness and tensile strength than the 

friction stir welded specimens. However, the corrosion resistance and wear resistance of friction stir welded specimens are 

higher than the base material and cold metal transfer welded specimens. 

© 2018 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved 

Keywords: Aluminium alloy, Friction stir welding, Cold metal transfer welding, Corrosion, Wear; 

Introduction 

Aluminium alloys are the preferred materials for light 

weighting of engineering components. Aluminium – 

Copper alloy AA2219 is widely used in aerospace and 

aircraft components because of its good strength to weight 

ratio and corrosion resistance. The high strength and 

fracture toughness of AA2219 alloy are attributable to the 

grain boundary layers [1]. The solidification cracking 

resistance of AA2219 alloy enabled joining of different 

components by welding techniques [2, 3]. Though 

AA2219 alloy has better weldability than other hardenable 

aluminium alloys, conventional welding results in 

unfavorable defects such as liquation cracking, porosity, 

and weldment distortion [4]. For an example, the tensile 

strength and fatigue strength of conventionally welded 

AA2219 alloy were much lower than the base material [5-

8]. 

Cold metal transfer welding is one of the emerging 

areas in welding, which is a modified form of the gas 

metal arc welding process. During the welding process, at 

the instance of the electrode wire tip contacting the molten 

pool, the servomotor reverses the direction of the welding 

torch and retracts the wire electrode. This enables the fall 

of a single drop of the molten wire electrode over the joint 

line. A sound joint is produced by the fusion of wire 

electrode material and the base material in the weldment. 

The advantage of cold metal transfer welding process is its 

higher electrode melting coefficient than other welding 

processes [9]. As the current drops to near-zero during the 

metal transfer, cold metal transfer welding has less 

spattering effect compared to other short-circuit welding 

techniques [10]. Hence, the wire feed rate affects the phase 

duration and short-circuit duration. An increase in the 

short-circuit duration increases the grain size of the post-

welded material [11] and slow welding speeds lead to the 

formation of heat-affected zone, which increases the 

vulnerability to liquation cracking [12].  

In this study, the AA2219 alloy plates were cold metal 

transfer welded by varying the process parameters 

(welding current and welding speed). Defect-free joint 

with high depth of penetration was chosen as the criteria 

for optimizing the cold metal transfer welding process 

parameters. To assess the performance of the cold metal 

transfer welded AA2219 alloy plates, A2219 alloy plates 

were joined by the friction stir welding process. The 

friction stir welding process is one of the preferred 

industrial techniques for welding AA2219 alloy. In this 

process, a rotating non-consumable tool is plunged into the 

workpiece and traversed along the welding line. The action 

of load and traverse of the rotating tool in the workpiece 

generates frictional heat, which plasticizes the material 

enabling a joint in the solid state [13, 14]. Friction stir 

welding process parameters significantly influence the 

evolution of microstructure and henceforth the properties 
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Figure 7. Impact Fractograph of (a) Base material (b) Friction stir welded specimen (c) Cold metal transfer welded specimen 

Table 4. Summary of the mechanical, tribological and corrosion tests performed on the base material, cold metal transfer welded and 

friction stir welded specimen 

Wear rate 

The wear test was conducted for the base material, cold 

metal transfer welded and friction stir welded specimens 

ant the wear rate of the specimens was calculated using 

equation (2) [21]. The wear rate of the specimens is 

summarized in Table 4. 

 𝑊𝑒𝑎𝑟 𝑟𝑎𝑡𝑒 =
∆𝑚

𝐹 × 𝐿
  (

𝑔
𝑁𝑚⁄ )     (2) 

Where ∆𝑚 is mass loss in g, 𝐹 is load in N and 𝐿 is 

sliding distance in m. 

A minimum wear rate of 2.905×10-7 g/(Nm) was 

observed for the base material, closely followed by the 

cold metal transfer welded specimen. The surface 

morphology of the worn cold metal transfer welded 

specimen is shown in Figure 8 (a). Loose wear debris and 

feeble wear tracks were observed on the worn out region, 

as the result of delamination of the surface oxide layer and 

subsurface material layer (adhesive wear). The friction stir 

welded specimens exhibited the highest wear rate and 

lowest wear coefficient. The wear track was prominent and 

the surface had deep continuous grooves on the surface as 

observed in Figure 8 (b). The worn surface had massive 

deformation and a large amount of wear debris, which 

indicated the domination of severe wear regime (abrasive 

wear). The softness of the matrix, as evident from the 

hardness test results, resulted in high wear rate of the 

specimens [24]. It is observed that wear coefficient of the 

base material and the cold metal transfer welded specimen 

was more fluctuating in comparison to the friction stir 

welded specimen. The fluctuation in the cold metal 

transfer welding specimen was attributed to the more 

fraction of hard intermetallics in the matrix. In the base 

material, the frequency of fluctuation was low in the initial 

phases and increased towards the end. The results indicate 

that cold metal transfer welded specimens had high wear 

resistance. 

Sl. Specimen 

Ultimate Tensile 

Strength 

(MPa) 

Impact 

Strength 

(J.mm-2) 

Wear rate 

(×10-7 kg.N-1.m-1) 

Corrosion test 

Immersion test Potentiodynamic polarization 

Corrosion rate 

(10-5 mm/year) 

Corrosion 

potential 

(V) 

Corrosion 

current 

(×10-3A) 27°C 45°C 

1 Base material 158.483± 1.431 0.312± 0.019 2.906± 0.628 2.856± 0.040
 

5.711± 0.090
 

-(0.559± 0.004) 5± 0.224 

2 
Cold metal transfer 

welded specimen 

159.020± 1.145 0.425± 0.022 2.802± 0.328 2.128± 0.034 8.820± 0.136 -(0.621± 0.004) 14.643± 1.905 

3 

Friction stir welded 

specimen 

86.975± 0.495 0.321± 0.015 4.213± 0.296 2.094± 0.027 3.822± 0.066 -(0.601± 0.012) 6.003± 0.127 
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Figure 8. Worn out surface of (a) Cold metal transfer welded specimen (b) Friction stir welded specimen 

Corrosion  

Immersion corrosion  

The immersion corrosion test was performed at room 

temperature and at an elevated temperature of 45°C. The 

corrosion rate of the specimens (base material, friction stir 

welded specimen and cold metal transfer welded 

specimen) was calculated from the mass loss of the 

specimens and displayed in Table 4. The corrosion rate of 

the base material at room temperature was 2.8549×10-5 

mm/year. The corrosion rate decreased by ~25% in both 

friction stir welded specimen and the cold metal transfer 

welded specimen at room temperature. It is observed that 

increase in temperature increased the corrosion rate of the 

specimens. At the elevated temperature, cold metal 

transfer welded specimens exhibited the highest corrosion 

rate of 8.8350×10-5  mm/year. The corrosion rate of the 

cold metal transfer welded specimen was ~54% higher 

than the base material at elevated temperature. The friction 

stir welded specimen exhibited the least corrosion rate of 

3.8142×10-5 mm/year at elevated temperature, which is 

~32% lesser than the corrosion rate of the base material at 

elevated temperature.  

The corrosion mechanism of the specimens is described 

as follows. Aluminium reacts with water as described by 

the Equation (3), Equation (4) and Equation (5) [23]. 

 Al + 3H2 O → Al(OH)3 + 3H+ + 3e−     (3) 

 Al + 2H2 O → AlO(OH) +  3H+ + 3e−     (4) 

 Al +  
3

2
H2O →  Al2O3  +  3H+ + 3e−     (5) 

But the aggressive chloride ions in the electrolyte 

transforms aluminium hydroxide to aluminium chloride as 

per the Equation (6), Equation (7), and Equation (8). 
 

Al(OH)2+ + Cl−  → Al(OH)Cl+ 
    (6) 

 Al(OH)Cl+ + H2O → Al(OH)2Cl + H+     (7) 

 2Al(OH)2Cl +  4Na+ + 4Cl−  → 2AlCl3 + 4NaOH        (8) 

Aluminium hydroxide is transformed into Al(OH)2Cl in 

the presence of chloride ion, as given by Equation (7). 

Hydrolysis of Al(OH)Cl+ yields an unstable compound, 

which on further reaction with chloride ion forms 

aluminium chloride, as per the Equation (8). Aluminium 

chloride dissolves into solution and exposes a fresh area of 

the metal surface to the electrolyte. This process of salt 

formation, its dissolution, and exposure to fresh surface 

increase the corrosion rate of the specimen. Figure 9 (a) 

shows the corroded surface of the base material, which 

showed the striations on the surface. In agreement with the 

highest corrosion rate, the cold metal transfer welded 

specimen had many cracked layers on the surface, as 

shown in Figure 9 (b). The friction stir welded specimen 

had the least corrosion rate among the tested specimens. 

Hence, meager corrosion products were observed on the 

surface as shown in Figure 9 (c). The results indicate that 

the corrosion resistance of friction stir welded specimen is 

higher than the corrosion resistance of cold metal transfer 

welded specimen. 

Electrochemical corrosion  

The corrosion characteristics of the base material, cold 

metal transfer welded and friction stir welded plates were 

studied using potentiodynamic polarization technique. The 

Tafel plots for the specimens are shown in Figure 10, 

which sufficiently prove that pitting occurs only at very 

high positive potentials. The corrosion current and 

corrosion potential were extrapolated from the Tafel 

region and presented in Table 4. The formation of 

aluminium oxide layer limits the flow of current, 

decreasing the corrosion rate. The corrosion potential of 

the base material is nobler (more positive) than the cold 

metal transfer welded and friction stir welded specimens. 

Comparing the welding techniques, friction stir welded 

specimen exhibited a noble corrosion potential of -0.585 

V. The cold metal transfer welded specimen exhibited the 

highest corrosion potential of -0.615 V. The anodic 

reaction on the surface of the specimen is the formation of 

aluminium ion, as per the Equation (9). 

 Al → Al3+ + 3e−     (9) 

The principal cathodic reaction in pitting corrosion of 

aluminium-magnesium alloys, in the marine environment, 

is the formation OH- ions [25]. The cathodic reaction is the 

reduction of atmospheric oxygen in the electrolyte, as per 

the Equation (10). 

 𝑂2 + 2𝐻2O + 4𝑒−  → 4OH− (10) 

The existence of a potential difference between the 

intermetallics and the matrix created local galvanic sites, 

which decreased the corrosion potential of cold metal 
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transfer welded specimens. This is attributed to the high-

volume fraction of intermetallic present in the cold metal 

transfer welded specimen than the base materials and 

friction stir welded specimen. The cold metal transfer 

welded specimen had more corrosion products than the 

base material and friction stir welded specimens, as 

observed in Figure 11. Pitting corrosion is the dominant 

mechanism in the corrosion of cold metal transfer welded 

specimen. The energy dispersive X-ray spectroscopy 

analysis justified that the corrosion products consisted of 

aluminium, copper, silicon, sodium, oxygen, and chlorine 

atoms. The EDS spectra are shown in Figure 12 and Table 

5 shows the elemental composition of the corrosion 

products. The probable corrosion products are chlorides of 

aluminium, copper, and oxides of aluminium, copper, 

silicon. Sodium came from the electrolyte, which was 

made by dissolving the sodium chloride in distilled water. 

The predominant corrosion product in base material and 

friction stir welded specimen is aluminium chloride as 

evidenced by a higher concentration of aluminium and 

chlorine. The electrochemical corrosion test also reveals 

that the corrosion resistance of friction stir welded 

specimen is higher than the corrosion resistance of the cold 

metal transfer welded specimen. 

 

Figure 9. Surface morphology of the corroded (a) Base material (b) Cold metal transfer welded specimen (c) Friction stir welded specimen 

 

Figure 10. Tafel plot of the base material, Cold metal transfer welded and Friction stir welded specimens 
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Figure 11. Surface morphology of the corroded (a) Base material (b) Cold metal transfer welded specimen (c) Friction stir welded specimen 

 

Figure 12. Energy dispersive X-ray spectroscopy analysis of the corroded specimens (a) Base material (b) Cold metal transfer welded 
specimen (c) Friction stir welded specimen 
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Table 5. Energy dispersive X-ray analysis of the corroded specimens 

Sl. Element 

Normalized concentration 

Wt. % 

Atomic concentration  

Wt. %  

Error (3 σ) 

Wt. % 

Base CMTW FSW Base CMTW FSW Base CMTW FSW 

1 Aluminium 92.49 36.79 77.47 96.40 26.83 80.01 10.97 3.83 5.67 

2 Copper 7.07 - 9.05 3.13 - 3.97 2.81 - 2.22 

3 Sodium 0.29 9.59 12.72 0.35 8.21 15.42 0.14 1.38 1.30 

4 Chlorine 0.16 0.19 0.76 0.13 0.11 0.60 0.11 0.11 0.15 

5 Silicon - 1.63 - - 1.14 - - 0.26  

6 Oxygen - 51.80 - - 63.71 - - 13.56  

Total 100 100 100 100 100 100 100 -  

CMTW – Cold Metal Transfer Welding; FSW – Friction Stir Welding 

Conclusion 

Aluminium alloy 2219 plates were welded by cold 

metal transfer welding and friction stir welding process. 

The weldments were characterized for microstructure, 

microhardness, tensile strength, rupture load, impact 

strength, wear rate, and corrosion rate. The results 

demonstrated the following.  

 The optimum parameters for complete penetration in 

cold metal transfer welding process were current of 170 

A and welding speed of 700 mm.min-1. The optimum 

parameters for complete penetration in friction stir 

welding process were tool rotation speed of 1600 rpm 

and a welding speed of 60 mm.min-1. The results 

demonstrated the following.  

 The microstructure of the base material AA2219 had 

Al2Cu particles, cold metal transfer welded specimens 

had Al2Cu and β-(Al, Fe, Si) particles. The friction stir 

welded specimens had Al2Cu particles.  

 The microhardness of the cold metal transfer welded 

specimens were found to be higher than the base 

material and friction stir welded specimens. High 

microhardness was attributed to the presence of both β-

(Al, Fe, Si) and Al2Cu phases.  

 The cold metal transfer welded specimen was 

dominated by severe wear and the friction stir welded 

specimen was dominated by mild wear. 

 Electrochemical corrosion test revealed that the 

corrosion rate of the cold metal transfer welded 

specimens was higher than that of the friction stir 

welded specimens, which was accredited to the 

presence of large volumes of inter-metallics with a 

significant difference in corrosion potential. The results 

are consistent with the immersion test results.  

The results indicated that cold metal transfer welded 

specimens had high hardness, tensile strength, impact 

strength, and wear resistance than the friction stir welded 

specimens. However, the corrosion resistance of cold 

metal transfer welded specimens was lower than the 

friction stir welded specimens. 
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