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Abstract: In this study the TIG process was used to perform the surface treatment of Nickel-Aluminium Bronze alloy 
(C63280), the main material used in the industry for the manufacture of naval propellers. The process was applied in 
specimens obtained from a propeller blade at different current pulsation frequencies (2, 5, 6, 12 Hz and 30 kHz) and 
without pulsation. The treatments were submitted to microstructural and microhardness analysis, and the results were 
compared to the material without any treatment. As for the microstructural aspect, all treatments resulted in grain 
refining, as this aspect is more accentuated for the frequency of 6Hz. The analysis also revealed a lower volume of the 
α phase in all treatments, which was evidenced upon investigation of the microhardness, with dispersion of the β phase 
in all samples and the k phase in some samples. The results show a greater uniformity in the microhardness in the treated 
zone due to grain refining. However, when comparing the average microhardness with the microhardness of the 
reference material, a significant increase of the microhardness was reached only at the frequency of 6Hz. 

Keywords: Nickel-Aluminium bronze alloy; Naval propellers; Surface treatment; TIG; Current pulsation. 

1. Introduction 
The propeller is the main propellant mechanism of many naval vessels. Its function is paramount for their performance. 

Therefore, a harmonious compromise between its requirements such as high efficiency, low probability of cavitation, noise, erosion, 
vibration, and low maintenance costs is required [1]. The combination of these qualities, associated with the large diameters a 
propeller can attain and the nature of which it is manufactured make it a component of high added value. As a result, surveys are 
constantly carried out to extend the useful life of these components (vessel propellers) that are so important to naval vessels. 

The phenomenon of cavitation is undoubtedly the most common and, above all, the most harmful to vessel propellers, 
which occurs in flows at high speeds in a fluid, when the static pressure drops to a value less than the vapor pressure thereof. In 
this condition, steam bubbles arise that are charged to a region where if the pressure increases again, implosion occurs [2]. Due 
to the aggressive mode in which these vapor bubbles implode, the surface of the material is then attacked, thus degrading the 
blades constituting the propeller. As a way of resisting this attack, the material must possess characteristics that provide greater 
mechanical resistance. Thus, changing the microstructure of the material is a strategy normally approached as a way to provide 
the propeller more adequate properties in the attempt to prolong the exercise of its function [3-5]. In this context, the superficial 
treatments frequently found in the specialized literature indicate lasers as its main source of energy. As a result, several laser 
welding techniques have been developed in order to improve the materials, especially against cavitation erosion [6]. 

The American Bureau of Shipping [7] identifies Nickel-Bronze Aluminum Alloy (NAB) C63280 as being a material 
commonly employed in the manufacture of naval propellers. This is mainly due to the high resistance to corrosion and wear 
presented by this material. According to Hyatt et al. [8], a higher resistance to cavitation erosion is obtained by deposition 
on the NAB using the laser cladding technique (LC) using NAB itself as the addition material. Applying this technique, 
Hyatt et al. [8] obtained the alteration of the microstructure of the surface of large columnar grains for smaller ones, varying 
the contribution of heat in the material. However, it was observed the formation of the Widmanstätten α phase, 
characterized by Bell [9] due to its low corrosion resistance in the presence of sea water, making the technique not feasible 
for applications in propellers or other parts that operate underwater. In the case of the Widmanstätten phase, Cottam et al. 
[10] observed its presence by applying the technique of laser surface melting (LSM) welding in NAB. In addition, they also 
identified the presence of a lamellar precipitate (kIII), which is more susceptible to cavitation erosion and contributes to the 
low material cavitation performance. The same authors also analyzed the processing of the NAB alloy with the Laser 
Processed (LP) technique, but in this case they did not identify the presence of the kIII phase. However, the rate of cavitation 
erosion in materials treated by both techniques is very similar, since the microhardness analysis revealed that the samples 
processed by Laser Processed had a lower hardness. In this context, Tang et al. [3-5] using laser surface alloying (LSA) and 
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LSM in the surface treatment of Manganese-Nickel-Aluminum bronze alloy (MAB), a similar material and of the same 
application as NAB, obtained an increase in resistance to cavitation erosion in both cases. However, these treatments 
conferred greater brittleness to the material, as cavitation erosion tests revealed that the fragile fracture mode prevailed, 
with the material being broken in the weak triple junctions and grain boundaries. 

The TIG welding process allows the use of several techniques, among them a very widespread one being the pulsation of 
the welding current. This technique has been used in the processing of various materials over the past years and its application 
has shown good results. The application of the pulsed TIG process is associated with several benefits in welding, namely in 
obtaining grain refining. 

Mehdi et al. [11] compared the pulsed TIG and conventional TIG techniques in Ti-6Al-4V titanium alloy welding and 
observed a higher grain refining effect in the treated region of the samples obtained with the pulsed current, the effect being 
greater for higher pulsation frequencies of the welding current (1 to 5 Hz). On the other hand, when the microhardness of these 
samples was analyzed, the highest value obtained was for the frequency of 1Hz, while the sample submitted to the frequency 
of 5Hz presented the lowest values. This is due to the β-phase grain refinement, caused by the increase in pulse rate. 
Sundaresan et al. [12] emphasize the effects obtained with the pulsed technique when applying the TIG process with and 
without current pulsation in Ti-6Al-4V and Ti-6Al-2Sn-4Zr-2Mo titanium alloys. According to the authors, among the studied 
frequencies (2, 4, 6 and 8 Hz), the highest grain refining effect and the highest tensile strength were obtained specifically at the 
frequency of 6 Hz. Kishore Babu et al. [13] and Balasubramanian et al. [14] also carried out a similar study with titanium alloy Ti-
6Al-4V, also indicating the pulsation frequency of the 6 Hz current as the one where the effects of pulsation become more 
evident and that, therefore, microstructural and mechanical properties are obtained. These results agree with those obtained 
by Padmanaban and Balasubramanian [15], which evaluated the effects of different pulsation frequencies of the current through 
the TIG process on the tensile strength of AZ31B magnesium alloy. This shows, therefore, that the effects obtained with the 
pulsation of the current are not exclusive to titanium alloys, but also possible to be obtained in other materials, including NAB. 

In relation to the pulsation of the current in the TIG process, the most recent technique approached by the studies available 
in the literature has been the introduction of ultrasonic energy in arc welding by the pulsation of the current in frequencies 
above 20 kHz. The method of the ultrasonic excitation of the arc is a relatively recent resource, whose main purpose is to impart 
better mechanical properties to the weld bead. When dealing specifically with the microstructural aspect of the weld beads, 
researchers present as a result of the application of the mentioned technique metallurgical changes that are justified by the 
intense propagation of the ultrasonic energy in the material. According to Eskin and Eskin [16] this propagation thus causes the 
generation of cavitation inside the melting chamber. The collapse of the cavitation bubbles thus breaks down the crystals of the 
growing grains by positively altering the microstructure of the material. Another observed effect concerns the reduction of the 
gases and impurities present in the melting pool, thus improving the mechanical properties of the materials. 

Applying the current pulsation technique in ultrasonic frequencies in the SiCp / 6061Al MMCs material, for the frequencies 
of 30 kHz, 50 kHz and 70 kHz, Lei et al. [17] observed a reduction in grain size, increased tensile strength, and increased 
penetration of weld beads. According to the authors, the best results were obtained with the lower frequencies of ultrasonic 
pulsation, since increasing frequency does not allow sufficient time for the complete development of cavitation, thus reducing 
the mechanical properties of the material. Similar results were obtained by Zhu et al. [18] when studying the effects of ultrasonic 
pulsation in MGH956 alloy for the frequency range of 30 to 80 kHz. According to their results it was not possible to establish a 
correlation between the microhardness values obtained and the frequencies used. However, with respect to tensile strength, 
the highest value obtained was for the sample produced at the frequency of 30kHz. 

Despite the improvements obtained in NAB and in materials of similar nature, processed with techniques that use laser as 
the heat source, the relatively high cost of the equipment involved and the level of qualification of personnel required must be 
considered. In view of this, the use of processes that use the arc as a heat source is the most accessible alternative. Regarding 
this consideration, no reference was found in the literature addressing the use of the TIG process in NAB processing. Based on 
this, the present study aims to perform the surface treatment of NAB alloy, employing the TIG process with the pulsating current 
technique at different frequencies. This, in order to identify possible microstructural and mechanical changes that may be 
reflected in improvements in the resistance to corrosion and erosion by cavitation of the material. 

2. Materials and Methods 
The specimens were obtained from a propeller blade. Due to the complex geometry and thickness variations, the dimensions 

of the specimens were optimized in order to maximize the number of specimens. Thus, six specimens were obtained, initially 
obtained by a water-cooled cutting process in order to maintain their microstructural integrity and, afterwards, finishing with a 
machining process in order to give them the dimensions of 90 x 80 x 6 mm. The composition of the NAB alloy employed in the 
present work was determined by Atomic Absorption Spectrophotometry and Gravimetry to determine the Copper (Cu) content. 

The Pulsed TIG process was used with the parameters shown in Table 1. As a reference, a non-pulsed test was also 
performed, using a constant current (CC-) with a value equal to the mean value used in the tests with pulsed current. 
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Table 1. Regulated welding parameters used in the tests. 

Specimens Welding speed 
[cm/min] Base current (Ib) [A] Peak current (Ip) [A] Average calculated 

current [A] 
Current pulse 

frequency [Hz] 
Current pulse 
amplitude [A] 

1 5 - - 68 - - 
2 5 35 85 68 2.5 50 
3 5 35 85 68 6.0 50 
4 5 35 85 68 12.0 50 
5 5 35 85 68 30000.0 50 

In all tests pure argon was used as the shielding gas, with a flow rate of 10 l/min. The distance between electrode and piece 
(DEP) used was 3mm, with the EWTh-2 electrode having a diameter of 2.4mm. The tests involved casting a surface area of 30mm2. 
In order to do so, a displacement system with two degrees of freedom was used, in which it was programmed to develop a 
rectangular trajectory. Thus, at the end of each section traversed in the X direction, the system displaced the welding torch 0.5 mm 
from the Y direction before performing the return movement at X direction. With this, it was possible to establish an approximate 
0.25 mm overlap between the weld beads. After the tests were carried out, the specimens were cooled to room temperature. 

The samples were obtained by means of the subdivision of the treated area of 30mm2 of the specimens. These samples, 
together with an untreated sample of the material (MB - withdrawn directly from the propeller blade) were then cold embedded. 
Subsequently, they underwent a sanding process starting with the grit size 80 and then with the grades 120, 320, 600 and 1200, 
followed by polishing with diamond paste with granulometry of 3μ and 1μ, respectively. Finally, the samples were chemically 
attacked according to Cottam et al. [10] in a solution containing 5g FeCl3 + 15ml HCl + 60ml ethanol for 3s. 

The depth of the treated region (surface region of the specimens that were melted by the welding process) was analyzed in a 
stereoscope, and the values presented in the present study consist of the arithmetic average obtained from three measurements. 
For the micrographic analyses, an optical microscope model IM100i was used. For the purposes of identifying the observed phases, 
the images were compared with those obtained by the authors Marsico [19], Rodrigues et al. [20], and Cottam et al. [10]. The 
analysis of the volumetric fractions of the present phases was done with the aid of the software Digimet Plus 5G provided by MIPS 
Systems from the images with the magnification of 200X. Furthermore, analyses were carried out of these images to determine the 
average grain size using the intercept method according to ASTM E 112. 

Finally, Vickers microhardness tests were performed according to ASTM E384-11. The microhardness profile, composed of 
20 indentations in each sample, was collected along the thickness of the specimen, starting at 0.5 mm from the surface of the 
samples. The load applied in the test was 200g (0.2 kgf) lasting 15s. 

3. Results and Discussions 
The analysis of the chemical composition, shown in Table 2, revealed that the material studied is a NAB alloy classified by 

the Unified Numbering System for Metals and Alloys (UNS) as the alloy C63280 [21]. 

Table 2. Composition in wt.% of as-received NAB. 

Cu Al Fe Ni Mn 
80.55 8.30 4.54 4.30 0.98 

As can be seen, this alloy has 8.30% Al. Due to this percentage of Al, the phase ɤ is not present in this material. This phase has 
a low electrochemical potential and is therefore a preferential phase for corrosion in the presence of salt water. Thus, its absence 
is beneficial to the material as it does not reduce its mechanical resistance and corrosion [22]. 

The values of the welding current and arc voltage measured, and welding energy calculated are shown in Table 3. The 
Equation 1 was used to calculate the welding energy as a function of the sum of the product of the instantaneous welding current 
(Ii) and instantaneous arc voltage (Ui) measures in “n” points and as a function of the welding speed (Ws). It is possible to observe 
that the welding energy for all the tests was approximately equal. This allows, therefore, to disregarding possible effects related 
to the influence of the welding energy on the obtained results. 

𝐸𝐸 = 1
𝑛𝑛.𝑊𝑊𝑊𝑊

∑ 𝑈𝑈𝑖𝑖 . 𝐼𝐼𝑖𝑖𝑛𝑛
𝑖𝑖=0   (1) 

Table 3. Measured and calculated variables. 

Specimens 
Measured Calculated 

Current pulse frequency [Hz] Average arc voltage [V] Average welding current [A] Welding Energy [J/mm] 
1 - 12.4 69 1058 
2 2.5 12.9 68 1084 
3 6.0 12.0 68 1003 
4 12.0 11.9 69 1001 
5 30.000 12.5 69 1051 
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Figure 1 shows the mean penetration depth values of the treated region for each of the samples produced. The mean value of this 
depth for all the tests was approximately 2.5mm, which is compatible with those obtained by Cottam et al. [10] applying the LP technique. 
However, it is possible to notice significant variations (in the order of 40%) in this value, when considering the depths obtained in the tests 
with 6 and 12 Hz. This result can be related to the arc profile or process fusion efficiency obtained in these frequencies, and its possible 
influence in weld bead width. According to Ugla [23], the pulsation frequency is an important parameter of influence on the aspect ratios 
of bead width and depth of penetration. Its results show a significant reduction in the weld bead width obtained with a 6 Hz current 
pulsation frequency when compared to that obtained in constant current, in which it can be attributed to a more constricted arc due to 
current pulsation. Thus, since the welding torch displacement was the same in all tests, this would affect the overlapping indices between 
the weld beads. As a result, different energy inputs are locally delivered to the piece, thus affecting the depth of the treated region. 

 
Figure 1. Average depth of treated region. 

Figure 2 shows the microstructural aspect of the untreated sample of the material (MB) and the interface between the treated 
(ZT) and untreated (ZNT) regions. In these images a significant grain refining in the ZT is evident, relative to the material as received 
(MB sample shown in the Figure 3 - CC), as a result of the application of the surface treatment. The grain refining obtained is possibly 
a consequence of the heating process of the material, raising its temperature just above the melting temperature, at approximately 
1070 °C, promoting, thus, the grain breakage and phase transformations, reconciled to a cooling at room temperature that 
prevented the growth of the grains. Also in these images, it is possible to identify variations in the depth of penetration of the 
treated region, accompanied by a very characteristic pattern of lines in the ZT region. A more detailed analysis of this region 
(Figure 3) shows a considerable variation in the grain sizes present in the ZT region, especially in samples treated with 2.5 and 6.0 
Hz, which is a result of the overlap between the weld beads. Thus, it is believed that when the voltaic arc overlaps the previous 
bead, the heat input from the voltaic arc promotes the fragmentation of the growing crystals in the preceding bead. This reinforces, 
therefore, the effect that the thermal cycle imposed by the voltaic arc has on the microstructure of the material. 

 
Figure 2. Micrographs of the interface region between ZT and ZNT. 
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Figure 3. Micrographs of the ZT region. 

By comparison with images present in works available in the literature, in Figure 3 (30.0 kHz) it is possible to identify phase 
α, rich in Cu, and phase β, composed of phases α + k [10]. As can be seen, the α phase is predominant in the microstructure, 
which is responsible for the ductility characteristic of the material. The β phase, due to its constitution, is a phase that naturally 
presents a higher hardness, thus contributing to increased resistance to erosion by cavitation. In order to identify a possible 
influence of the treatment employed in relation to the quantity of these phases, analysis of the volumetric fraction of the phases 
α and β was carried out. The result is shown in Figure 4. As can be seen, the base material (MB) is the one with the largest 
volume of the α-phase. However, the samples processed, including those without any current pulsation, had lower percentages 
of that phase. This was most accentuated for the samples produced with the 2.5Hz and 6Hz current pulse frequencies, which 
resulted in β phase percentages of about 40%. However, the volume of the α-phase present in these samples is still considerably 
higher than the volume of the β-phase. Thus, even with the percentage increase of about 70% of the β phase, the resulting 
proportion of these phases leads to obtaining a material with higher ductility and, consequently, a greater elongation, thus 
reducing the probability of the occurrence of fragile-fracture-type faults. 

 
Figure 4. Volume of the α and β phases present in the samples. 

The average grain size analysis, shown in Figure 5, shows that all treated samples obtained significant grain refining. Based 
on the standard deviation of the results, it can be stated that the refining achieved is very similar in all samples. This result 
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indicates that the thermal cycle to which the material was subjected during the treatment is the main factor attributable to the 
microstructural changes. This implies, therefore, that the use of current pulsation is not necessary. This is favorable from an 
economic and productive point of view, as the use of simpler equipment can be used while not relying on highly specialized 
knowledge in order to properly define the variables related to pulsed current. However, although not significant in relation to 
the other samples, the result obtained with the frequency of 6Hz presented the highest value of grain refining. This result agrees 
with Sundaresan et al. [12], which found in their investigation that the frequency of 6Hz is the most appropriate for grain 
refinement, as well as Reddy et al. [24], who also obtained optimal values of ultimate tensile strength of Al alloys in welded 
joints at 6Hz. According to Sundaresan et al. [12], the effect of the current pulsation on the solidification of the bead at very low 
frequencies is very small. On the other hand, at very high frequencies, the amplitude of vibration and temperature oscillation 
induced in the weld pool are reduced. Therefore, the effects are maximized at intermediate pulsation frequency. 

 
Figure 5. Average grain size of samples according to ASTM E 112-11. 

An even more detailed analysis of the treated region (with 1000X magnification) revealed the existence of spherical 
intermetallic precipitates (Figure 6). By comparison with images present in the works of Rodrigues et al. [20] and Cottam et al. 
[10], it is assumed these precipitates are phase k (designation given by these authors). The intermetallic phases designated k (kI, 
kII, kIII, kIV) can be constituted of Fe3Al, FeAl, or NiAl depending on the composition of the alloy. The identification of phase k 
present in the resulting microstructure is not within the scope of this work, being treated only as phase k. As explained by 
Marsico [19], these phases are derived from the higher concentrations of Ni and Fe introduced into the material to increase its 
mechanical strength. In this context, Ni increases corrosion resistance, while Fe acts as a grain refiner increasing tensile strength. 
Thus, the presence of both contributes to increasing the stability of the α phase and reduces the formation of the β phase. 

It is possible to observe that in the samples obtained with pulsation frequencies of 2.5Hz, 6Hz and in constant current, a 
homogenous distribution of these precipitates (of smaller size) was obtained in the material. Already in the frequency of 12Hz 
and 30kHz, this phase is present in islands of great volume. The pulsed current applied in the TIG process promotes cyclic thermal 
energy variations on the weld pool. In this context, Garland [25] exemplifies that decreasing the pulse current allows the solid-
liquid phase to advance toward the arc and become increasingly vulnerable to any perturbation in the shape of the arc, 
subsequently with the increase of pulse current, growth of the grains of the material is interrupted, thereby consequently 
reducing the cooling rate and promoting the refining of the grains. The thermal cycles used in the higher frequencies (12Hz and 
30kHz) occur in short intervals, interrupting the solidification process of the material, thus preventing further refining of phase 
k and other phases for these frequencies. Due to its characteristics, Marsico [19] shows that the more refined and dispersed 
these precipitations are in the α phase, as in samples produced with 2.5Hz, 6.0Hz, and CC, the higher the corrosion resistance 
and the hardness of the material. On the other hand, when the k phase is concentrated in specific regions, the hardness of the 
material is basically defined by phase β, which is more dispersed in its microstructure with respect to phase k. According to 
Rodrigues et al. [20], this is one disadvantage of this condition as it imparts a lower corrosion resistance. 

The Widmanstätten phase was not observed in any of the treated samples. It is assumed that the absence of this phase, 
characteristic of the alloy NAB when cooled rapidly [10], is due to the slow cooling occurred at room temperature. Another 
benefit provided by slow cooling was non-formation of the β' phase. This is called the martensitic phase due to its acicular shape, 
which gives the material a high hardness value. Thus, the use of a subsequent heat treatment in order to transform the β' phase 
to β is unnecessary. Furthermore, according to Zhang et al. [26], phase β' is anodic with respect to the matrix α, which reduces 
the corrosion resistance of NAB. In this context, the presence of the β phase as a result of the treatment carried out results in 
smaller variations in the hardness of the material, as can be observed in Figure 7. 
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Figure 6. Micrographs of the ZT region. 

In Figure 7 the microhardness profiles obtained at the interface between the ZT and ZNT regions are presented for all 
samples. It is observed that the microhardness values obtained in the ZT region show a significantly lower amplitude of variation 
than those obtained in the ZNT region. This result can be attributed to the fragmentation and dispersion of the phases β and k 
within the α phase. On the other hand, the dispersion of the results obtained in the ZNT can be justified by the larger grain size 
present in this region. Thus, the hardness peaks obtained represent the indentations performed on the β phases, whereas the 
points of lesser hardness represent the indentations performed on the α phase, as shown in Figure 8. 

 
Figure 7. Microhardness profile obtained at the interface between the ZT and ZNT regions. 
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Figure 8. Indents carried out in the regions a) ZNT and b) ZT. 

In the images of Figure 8 the location where three indentations were performed in each of the ZNT and ZT regions is shown. 
As can be observed, these indentations are located on different phases present in the ZNT. Phase α (indentation 1) has the 
lowest value of microhardness, approximately 139HV. Indentation 2 was performed on phase k, resulting in a microhardness 
value of about 200HV. The highest microhardness value was obtained for indentation 3, performed in a larger volume of the β 
phase, at a value of approximately 220HV. The indentations performed in the ZT region (Figure 8b) presented similar values. 
This result was already expected, considering that in this region the microstructure is more refined due to the treatment 
performed with the TIG arc. However, analyzing Figure 8b it is possible to observe that the indentation 6 was performed in a 
region of grains of smaller size (possibly due to overlap between the weld beads), resulting in a hardness value of 195HV. 
Indentations 4 and 5 are located in a coarser granulation region, resulting in lower hardness values, 160 and 170HV, respectively. 

Figure 9 shows the mean value of microhardness obtained in the ZT region in the different samples. As expected, the 
highest microhardness value obtained for the sample was processed at the frequency of 6Hz (198HV), due to the higher grain 
refining obtained (Figure 5). This means a hardness increase of about 10% when considered the untreated material sample (MB), 
of which the mean value was 176HV. 

 
Figure 9. Mean value of microhardness obtained in the ZT region of the different samples. 

The higher hardness observed in the ZT is derived from obtaining the most dispersed phases β and k on the α phase, an 
aspect that tends to increased resistance to erosion by cavitation. Furthermore, the α phase, which is responsible for the ductility 
characteristic of the material, is present in considerable volume in the ZT. This, together with the significant grain refining in the 
treated region, makes the surface treatment with the TIG process a promising technique for obtaining superior mechanical 
properties in the Nickel-Aluminium Bronze Alloy with a lower cost involved. 

4. Conclusions 

The microstructural and microhardness characteristics of NAB alloy submitted to the TIG process were analyzed and 
compared with untreated NAB. On that basis, the following conclusions were reached: 
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▪ Regarding the effects obtained with the application of the technique in relation to the resulting microstructure, it is 
concluded that all surface treatments achieved a visible level of grain refining. For the sample treated with the frequency 
of 6Hz, the greatest level of grain refining was obtained; 

▪ The phases of Widmanstätten and β' were not observed, thus avoiding the problems arising from them; 

▪ Dispersion of the β phase was observed in all samples and of phase k in samples produced with CC, 2.5Hz and 6.0Hz, 
providing higher values of microhardness for these samples; 

▪ When it comes to microhardness, the application of the technique resulted in higher values of microhardness with respect 
to the CC sample for all the treatments performed, but in order to achieve a higher level of grain refining, the frequency 
of 6Hz provided a hardness increase of about 11%. 
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