
1. Introduction:

Austenitic stainless steels are the most widely used 

ferrous materials in aerospace, biomedical, 

automobile, chemical, petrochemical, and food 

process industries because of their outstanding 

strength, toughness, and corrosion resistance [1]. 

The AISI–304 steel is one of the extensively used 

stainless steels in power plants, desalination 

plants, hulls, submarines, ships, and pipelines due 

to their excellent corrosion and wear resistance 

with moderate mechanical properties [2-5]. The 

AISI–304 stainless steel possesses excellent 

corrosion resistance due to the presence of a 

chromium passive layer on the steel surface [6-9]. 

When this passive layer is damaged, the steel 

becomes vulnerable to harsh corrosion and wear 
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Abstract

Herein, the effect of laser-scanning speeds on the morphological properties of CO  laser-modified, wire-arc 2

sprayed aluminum bronze coating was investigated. Firstly, the aluminum bronze coating was deposited on 

AISI–304 stainless steel by wire-arc spray method. The surface of the deposited coating was then modified, 
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a gradual reduction in the thickness of the diffused coating was observed. At the maximum scanning speed of 

500 mm/min, a 57% reduction in the diffused coating was observed, resulting in a thickness of 225.21 µm. 

SEM-EDS validated the diffusion of the aluminum bronze coating into the substrate by exhibiting 33.52 wt% 

Fe, 41.22 wt% Cu, and 2.39 wt% Al in the newly formed coating. With an increase in CO  laser scanning speed, 2

the percentage of Fe was reduced whereas the percentage of Cu was increased in alloyed coatings. A maximum of 

~11% reduction in Fe percentage and ~18% improvement in Cu percentage were achieved at the highest 

scanning speed of 500 mm/min, compared to 100 mm/min scanning speed. 
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environments, which can lead to the failure of the 

steel component [9]. Therefore, it is mandatory to 

protect its surface from harsh conditions to extend 

its applications further by utilizing the application 

of proper protective coating [10, 11]. Various types of 

protective coatings, such as HVOF sprayed SiC-

WC-Cr C  multilayer coatings [12], smart 3 2

conducting polypyrrole coatings [13], ZrO -gelatin 2

nanocomposites coatings [14], superhydrophobic 

coatings [15, 16], HVOF thermal sprayed NiAl 

coatings [17, 18], Ni S  coatings [19], TiO  coatings 3 2 2

[19, 20], ethylaniline coatings [21], polyaniline 

coatings [22, 23], graphene coatings [24, 25], Ni 

coatings [26], Ni-Cr coatings [27], and many more 

[28-34] have been deposited on AISI–304 stainless 

steel surface. 

The aluminum bronze alloys (Cu-Al-Fe) are known 

for having good wear properties and providing 

excellent resistance to corrosion in seawater [35]. 

Aluminum bronze can form layers of alumina (Al O  2 3

and cuprous oxide (Cu O) which provides excellent 2

resistance to corrosion —[36]. The aluminum bronze 

alloy (Cu-Al-Fe) coatings demonstrate high 

hardness, excellent tensile strength, high corrosion, 

and wear resistance [37, 38], superior oxidation 

resistance at elevated temperatures, significant 

bondability, high deposition rate, and low cost [39, 

40]. Although aluminum bronze coatings were 

applied on different substrates [37-40] there is no 

literature about the deposition of aluminum bronze 

coatings on AISI-304 stainless steel to the best of 

our knowledge. 

All the above-mentioned properties are associated 

with the morphology and elemental composition of 

the coatings [41]. This implies that the 

aforementioned properties of aluminum bronze 

coatings can be further improved by modifying their 

morphology and elemental composition, which is 

possible through laser surface modification [42-44]. 

Laser surface modification (LSM) is a novel surface 

treatment process that involves rapid heating and 

partial melting of the surface of the materials. The 

cooling rate during solidification and solid phase 

transformation determines the final morphology 

[43, 45-48]. Laser processes have been successfully 

applied before, during, or after coatings to improve 

the adhesion and mechanical properties of coatings 

[49]. Chen et al. deposited Ni-Cr-B-Si composite 

coatings on Ti6Al4V substrate and reported that 

microhardness increases by increasing laser 

scanning speed from 5 mm/sec to 20 mm/ sec [50]. 

However, there is no literature available on the 

effect of laser scanning speed on aluminum bronze 

coated AISI-304 stainless steel. Therefore, it was 

worth to study the surface modifications by laser, 

especially the effect of laser scanning speed on 

coating thickness. 

For this purpose, aluminum bronze coatings were 

deposited on AISI-304 stainless steel substrate by 

wire arc spray deposition process. The aluminum 

bronze coatings were then modified by CO  laser 2

under various scanning speeds, ranging from 100 to 

500 mm/min. Scanning electron microscopy (SEM), 

and energy dispersive spectroscopy (EDS) was 

performed to evaluate the morphological properties 

of the modified coatings. The thickness of the 

modified coatings was also measured by SEM to 

elucidate the effect of laser scanning speed on 

coating thickness.

2.   Experimental work:

2.1.  Material:

The AISI-304 stainless steel was selected as a 

substrate material and obtained in the form of a 

sheet of 5 mm thickness. The chemical composition 

of the steel was determined by the optical emission 

spectrometer (MetaLab, Germany) as tabulated in 

Table 1. After the composition analysis, five 

samples of the AISI-304 stainless steel were wire 

cut into the dimensions of 3×1.5×5 mm and grit 

blasted by the alumina grits/particles of 5 µm size to 

attain a smooth and defect-free surface before 

deposition. The surface roughness of all samples 

was measured with a profilometer (Surfcorder 

SE1700α, USA) equipped with a 2 μm radius 

diamond tip, worked at 1 mm/sec speed for a 4 mm 

distance. For all samples, the average surface 

roughness of 5.5 µm was achieved after grit 

blasting.
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Aluminum bronze alloy, having 89.5% Cu, 9.5% Al, 

and 1% Fe in chemical composition (wt%), was 

selected as a coating material and obtained in the 

form of SPRA-BRONZE–AA wires (Sulzer Metco, 

USA) of diameter 1.62 mm.

2.2  Wire-arc spray deposition process:

The aluminum bronze coatings were deposited on 

AISI–304 stainless steel substrate by the twin wire 

arc spray method. The aluminum bronze wires of 

diameter 1.62 mm were fed into the wire arc 

spraying system (Sulzer Metco, USA). The coating 

was sprayed on the substrate at a current/feed rate 

of 6.5 kW, spray distance of 4 inches, air pressure of 

40 psi, and voltage of 30 V. The aluminum bronze 

coatings were deposited and cleaned for subsequent 

modification by CO  laser remelting process. 2

2.3.  Coating modification by CO  laser 2

remelting process:

To homogenize the surface and improve the surface 

properties of the deposited aluminum bronze 

coatings, a CO  laser (NOVA pulse, 543CD-L, USA) 2

was used for the remelting process. The surface 

modification of aluminum bronze coatings was 

made by applying the CO laser in continuous wave 2 

mode at a frequency of 10 Hz, wavelength of 532 nm, 

and energy of 150 MJ. The schematic of the CO  2

laser modification process employed in this study is 

shown in Figure 1.

Five beads of laser were drawn on the aluminum 

bronze coating at varying scanning speeds of 100, 

200, 300, 400, and 500 mm/min as shown in Figure 

2.

Figure 2: Surface modification of aluminum bronze 

coating with CO  laser remelting process, applied at 2

various scanning speeds, ranging from 100 mm/min 

(bottom bead) to 500 mm/min (top bead).

2.4.  Scanning electron microscopy:

To analyze the properties of original and laser-

modified coatings, all the samples were 

metallographically prepared by manual grinding 

using standard practice and procedure on FEPA 

(Federation of European Producers of abrasives) 

grades P100, P200, P400, P600, P800, and P1000 

grinding papers followed by automatic polishing on 

diamond pastes (6, 3, 1 and 0.25 µm) coated nylon 

and velvet cloths using an automatic polisher 

(StruersTegrapol–15 Grinder/Polisher, USA). 

Morphological examination of a cross-section of the 

ground and polished samples, comprising a 

substrate, coating, and the laser-modified zone, was 

carried out on an SEM (FEI brand Inspect S50, 

USA). 

2.5.  Energy dispersive spectroscopy:

To verify the coating deposition, elemental 

compositions, and elemental distribution of a cross-

Table 1. Chemical composition of AISI-304 stainless steel used as a substrate (wt%).

Figure.1. Schematic representation of laser modification process
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section of the ground and polished samples, 

comprising a substrate, coating, and the laser-

modified zone, an EDS, equipped with new 

generation silicon drift detector (SDD) attached 

with SEM, was used. For this purpose, the spot 

analysis technique was applied by selecting spots on 

modified coatings. To visualize the elemental 

distribution throughout the coated and modified 

substrate, the EDS mapping technique was also 

applied. 

2.6   Thickness measurement:

For the measurements of the thickness of coatings, 

the micrographs of cross-sections of the ground and 

polished samples, captured by SEM (FEI brand 

model Inspect S50 USA) were utilized. The coating 

thickness was measured by software (Gatan Digital 

Micrograph) on SEM images. 

3.  Results and discussion:

3.1.  Morphological properties:

SEM images and EDS spectra of CO laser-modified 2 

aluminum bronze coating, deposited on AISI–304 

stainless under various laser scanning speeds, 

ranging from 100–500 mm/min, are illustrated in 

Figure 3, whereas the corresponding SEM-EDS 

maps are presented in Figure 4. CO  laser beam 2

properties, including coherence, polarization, angle 

of incidence to the target, and scanning speed, have 

a significant impact on the periodic energy 

absorption of the substrate, and resultant 

microstructure [51]. In general, the theory of 

microstructure formation after laser modification is 

very complicated and based on the Laser-Induced 

Periodic Surface Structure effect (LIPSS) [52, 53]. 

LIPSS effects are usually observed on metals, 

semiconductors, and other materials that have good 

absorbability of laser radiations and occur at low, 

medium, and high energy densities [54, 55]. In this 

work, the SEM micrographs demonstrated the 

significant CO  laser modification of aluminum 2

bronze coating deposited on AISI–304 steel at all 

scanning speeds. SEM-EDS spectra validated the 

surface modification of aluminum bronze coating by 

exhibiting elemental mapping. The application of a 

CO  laser on the surface of aluminum bronze coated 2

on AISI–304 stainless steel results in the melting of 

both the coating and the substrate, leading to the 

development of an alloyed coating on the substrate 

surface. Consequently, after CO  laser surface 2

modification at a scanning speed of 100 mm/min, a 

significantly thicker, modified, and alloyed coating 

was obtained, as illustrated in Figure 3(a). SEM-

EDS analysis was conducted on two spots: Spot 1, 

situated within the modified coating, confirmed the 

formation of the alloyed coating, with 33.52 wt% Fe, 

41.22 wt% Cu, and 2.39 wt% Al, indicative of an 

aluminum bronze coating. Conversely, analysis at 

point 2, located within the substrate, revealed a 

composition of 72.51 wt% Fe, closely resembling the 

chemical composition of the examined sample. 

Furthermore, the increase in CO  laser scanning 2

speed from 100 to 200 mm/min resulted in a 

relatively thinner coating with a slightly increased 

percentage of Fe (37.26 wt%) and a slightly 

decreased percentage of Cu (35.33 wt%) as depicted 

in Figure 3(b). This suggests a potential influence of 

scanning speed on the elemental composition and 

thickness of the alloyed coating. Further increase in 

scanning speeds to 300 and 400 mm/min led to a 

reduction in coating thickness and Fe percentage 

(35.68 wt%), while enhancing the Cu percentage 

(38.88 wt%, 38.85 wt%, respectively) as depicted in 

Figure 3(c, d). This trend is attributed to the 

reduced time for melting per unit area at higher 

scanning speeds, resulting in less melting of the 

substrate and more melting of the coating.
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Figure 3: SEM spot EDS spectra of CO laser-modified aluminum bronze coating, deposited on 2 

AISI–304 stainless steel at scanning speeds of (a) 100mm/min, (b) 200mm/min, (c) 300 mm/min 

(d) 400mm/min and (e) 500 mm/min

At a very fast scanning speed of 500 mm/min, the 

modification time per unit area was reduced 

further, causing the CO  laser to melt the coating to 2

its maximum extent but failing to fully melt the 

substrate. This is corroborated by the data in Figure 

3(e), which indicates the highest percentages of Cu 

(48.72 wt%) and Al (2.92 wt%), along with the lowest 

percentage of Fe (29.78 wt%). Consequently, the 

percentages of Cu and Al are relatively higher, 

while that of Fe is lower at this scanning speed.

Figure 4: EDS maps of CO laser-modified aluminum bronze coatings, deposited on AISI–304 stainless steel 2 

at scanning speeds of (a) 100 mm/min (b) 200 mm/min (c) 300 mm/min (d) 400 mm/min (e) 500 mm/min.



SEM-EDS elemental maps of CO laser-modified 2 

aluminum bronze coating, deposited on AISI–304 

stainless steel at various scanning speeds, ranging 

from 100 to 500 mm/min are illustrated in Figure 4. 

The results of SEM-EDS elemental maps are in 

good agreement with EDS spot analysis. At a 

scanning speed of 100 mm/min, SEM-EDS 

elemental maps exhibited 26 wt% Fe, 10 wt% Cu, 5 

wt% Cr, and 7 wt% Al in the CO laser-modified 2 

aluminum bronze coating. The overall composition 

of the coating showed all elements including Fe, Al, 

Cu, and Cr confirming the alloyed coating formation 

with the application of laser.  

3.2  Coating thickness:

The influence of CO  laser scanning speed on the 2

thickness of the aluminum bronze modified coating 

was found to be significant. To account for non-

uniform coating thickness, measurements were 

taken from various areas and averaged. Cross-

sectional images of the coated samples were 

captured at five different locations along the length 

of each sample. At each location, thickness 

measurements were obtained at three equidistant 

points, resulting in a total of 15 measurements per 

sample. The average coating thickness was then 

calculated from these measurements. SEM 

micrographs used for thickness measurements of 

the aluminum bronze coatings are illustrated in 

Figure 5. Variations in average coating thickness 

values across different scanning speeds are 

depicted in Figure 6. At a scanning speed of 100 

mm/min, the aluminum bronze coating exhibited 

the highest average thickness of 530.13 µm, 

attributed to the slower scanning rate of the CO  2

laser. As the scanning speed increased, there was a 

gradual reduction in coating thickness. Specifically, 

the aluminum bronze coating deposited at 200 

mm/min showed a 23% decrease in thickness 

(~408.85 µm) due to the slightly reduced time 

available for melting the coating and substrate 

compared to the coating deposited at 100 mm/min.

At moderate and relatively higher scanning speeds 

of 300 and 400 mm/min, considerable reductions in 

coating thickness were achieved, compared to the 

coating deposited at 100 mm/min.  This is because, 

at relatively higher scanning speeds, the CO  laser 2

found less time to melt the coating as well as the 

substrate. Therefore, relatively thinner coatings 

were produced at these scanning speeds. These 

results are in agreement with the previous findings 

about laser scanning speed reported somewhere 

else [56-58]. At a very fast scanning speed of 500 

mm/min, a maximum 57% reduction in aluminum 

bronze coating thickness was observed, which is 

attributed to the very low available time for melting 

coating and substrate to produce an alloyed thicker 

coating.
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Figure 5: SEM images showing coating thickness of CO laser-modified aluminum bronze coatings, deposited2 

 on AISI–304 stainless steel at scanning speeds of (a) 100, (b) 200, (c) 300, (d) 400, and (e) 500 mm/min.

Figure 6: Variations in average coating thickness of CO laser-modified aluminum bronze coating, 2 

deposited on AISI–304 stainless steel at various scanning speeds.
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The relationship between laser scanning speed and 

average coating thickness is summarized in Figure 

6. The data reveals a clear trend: as the scanning 

speed of the CO  laser increases, the average coating 2

thickness decreases. For instance, at a scanning 

speed of 100 mm/min, the average coating thickness 

is 530.13µm, indicating a slower scanning rate 

results in a thicker coating. Conversely, at higher 

scanning speeds such as 200 mm/min, the average 

coating thickness decreases to 408.85 µm, 

signifying a reduction in thickness due to the 

increased speed of the laser scanning process. These 

findings provide valuable insights into the effect of 

scanning speed on the resulting coating thickness, 

which is essential for optimizing the laser surface 

modification process.

4.  Conclusions:

From the present work, it can be concluded that the 

aluminum bronze coatings applied on AISI-304 

stainless steel can be successfully modified to an 

alloyed coating having Fe, Al, Cu, and Cr. The CO  2

laser scanning speed exhibits an inverse 

relationship with the coating thickness i.e. thinner 

coating (225.21 um) is achieved at a higher scanning 

speed (500 mm/min), compared to a thicker coating 

(530.13 um) at a lower scanning speed (at 100mm/ 

min). These findings underscore the importance of 

controlling scanning parameters for tailored 

coating thicknesses in laser surface modification 

processes.
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