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1 Introduction

Magnesium alloys are influencing various sectors due to their low density and better
manufacturing characteristics [1]. Themagnesiumand its alloys have extensive usage
in orthopedic applications due to their biocompatibility and similar modulus of elas-
ticity with the natural bone [2]. Their inferior corrosion resistance of the magnesium
limits their end usage [3]. Numerous surface modification techniques are utilized to
retard the corrosion rates of themagnesiumalloys, like laser treatment, ion implemen-
tation, friction stir processing and thermal spraying [4]. Additionally, the protective
coating can be applied to the magnesium surfaces through thermal spraying and
laser cladding routes. In recent years, laser cladding gains more attraction to apply
the protective coatings on the metallic materials. The laser cladding significantly
improves the tribological properties of the metallic materials [5]. Various researchers
have been attempting laser cladding technique to enhance the tribological properties
of themagnesium alloys. Zeqin et al. [6] investigated a composite coatings onAZ31B
magnesiumalloyby laser cladding.The results revealed that the coatinghad enhanced
the tribological properties of the AZ31B magnesium alloy substrates. Huang et al.
[7] fabricated zirconium-based coating on AZ91D magnesium by laser cladding.
The corrosion resistance and wear resistance of the AZ91D magnesium alloy had
been enhanced by the presence of zirconium oxide and zirconium aluminide in the
coating. Gao et al. [8] laser clad Aluminum–Silicon on AZ91HP magnesium alloy.
The results showed that the formation of multiple intermetallic particles like Mg2Si,
Mg17Al12, and Mg2Al3 showed higher hardness, improved the tribological proper-
ties. However, the hardness of the coated magnesium alloys was higher than their
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uncoated counterparts. Even though the corrosion resistance of the coatedmagnesium
alloys showed improvement than un-coated magnesium alloys; the results were not
up to the expected level. There is a lack of literature regarding the Ti6Al4V cladding
on pure magnesium. Therefore, the present work attempts the laser clad Ti6Al4V
powder on puremagnesium substrate and aims to study its compatibilitywith the pure
magnesium substrates by investigating throughmacrostructures andmicrostructures.

2 Experimental

Commercially pure magnesium with a dimension of 30 × 60 × 10 mm was used.
The surfaceswere polishedwithmetallographic sandpapers andwashedwith alcohol.
The Ti6Al4V powders with the average particle size of 60 microns were used as the
coating material. The laser cladding on the magnesium substrate was carried out
using the YB:YAG disk laser (solid-state laser), 4 kW capacity. The laser power
of 600 watts and powder feed rate of 5 g/min were kept constant, and the laser
scan speed was varied from 100 mm/min to 600 mm/min with the increment of
100 mm/min. The Ti6Al4V powders were coaxially fed into the molten pool of the
substrate material, and the Argon was supplied at the rate of 10 L/min to protect the
molten pool. Metallographic characterizations were carried out by cross-sectioned
the laser clad specimens and polished to the silver finish. The Kroll’s etchant was
applied on the Ti6Al4V coating and Picral. Microhardness measurements were taken
on the coating, interface and the substrate with the test load of 0.5 kg. The XRD
analysis was performed at the cross-section of the clad substrates to identify the
secondary phase particles formed due to laser cladding.

3 Results and Discussion

3.1 Ti6Al4V Clad Morphology with Magnesium Substrate

Figure 1 indicates the cross-section of the sample coated in 100 mm/min scan speed.
Figure 1a reveals that coating has a large void present in themagnesium substrate near
the interface. Microcracks were visible (Fig. 1a). Figure 1b shows the interface of the
coating and the substrate. The interface indicated that the coating and the substrate
were a metallurgically bonded. Formation of the oxide layer at the interface was
evident from Fig. 1b. The micro-dimples were observed near the interface in the
magnesium. Figure 2a shows the cross-section of the sample coated in 200 mm/min
scan speed. Presence of microcracks was observed in the coating (Fig. 2b), and the
metallurgical bonding was created between the substrate and the coating. Formation
of the oxide layers was evident at the interface, and micro-dimples were also formed
in the magnesium side near the interface (Fig. 2b). Figure 3a shows the cross-section
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Fig. 1 SEM images of sample coated in 100mm/min scan speed, a overall cross-section,b interface

Fig. 2 SEM images of sample coated in 200mm/min scan speed, a overall cross-section,b interface

Fig. 3 SEM images of sample coated in 300mm/min scan speed, a overall cross-section,b interface
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Fig. 4 SEM images of sample coated in 400mm/min scan speed, a overall cross-section,b interface

of the sample coated in 300mm/min scan speed. Figure 3a reveals that the formations
of microcracks were minimum and the interface revealed a metallurgical bonding
existed. Formation of oxide layer was also evident at the interface (Fig. 3b). Figure 4a
shows the cross-section of the sample clad at 400 mm/min scan speed. Figure 4a
indicates that the coating was not uniformly deposited and the presence of large
cavities was observed. Figure 4b shows the formation of cracks in the coating. Like
other samples, oxide layers were formed at the interface as evident from Fig. 4b.
Insufficient coating formed at 500 and 600 mm/min scan speeds, as evident from
the Figs. 5 and 6 Laser scan speed significantly affects the coating deposition on the
magnesium substrate. Figures 1, 2, 3, 4, 5 and 6 indicate the deposition nature of the
different scan speeds. The observations from the figures clarified that increased scan
speed has resulted in unsatisfactory coating deposition. Especially in higher scan
speeds like 500 and 600 mm/min, poor deposition has been resulted. The coating
material was coaxially fed along with laser source and argon gas. The laser source
melts the coating materials and forms the plume. The plume was focused on the
surface of the magnesium substrate. When the high energy plume hits the substrate
surface, it loses the energy and got solidified. This mechanism continues along the
desired length on the substrate. The scan speed affects interacting period of the plume
with the substrate. At lower scan speed, the plume has sufficient interaction time for
the deposition and solidification. However, at the higher scan speed, the plume has

Fig. 5 Sample coated in 500 mm/min scan speed, a overall cross-section, b interface
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Fig. 6 Sample coated in 600 mm/min scan speed, a overall cross-section, b interface

lower interaction timewith the substrate which resulted in insufficient deposition and
solidification. The substrate magnesium material was subjected to high irradiation
in lower scan speed like 100 mm/min due to intense laser energy interaction which
forms voids at the interface and cracks in the coating material (Fig. 1a).

3.2 Microstructure of the Ti6Al4V Clad Magnesium
Substrates

Figure 7 shows the microstructures of the Ti6Al4V coating. Distinct grains were
formed (Fig. 7a) and secondary phase particleswere precipitated in their grain bound-
aries (Fig. 7b). During laser melting, the Ti6Al4V alloy powder attained beta transus
temperature and rapidly solidified while hitting the surface of magnesium substrate.
This rapid solidification yields various sizes of the grains and allows the some phases
precipitated at grain boundaries. These precipitates form a dendritic structure at the

Fig. 7 Microstructure of the Ti6Al4V coating, a lower magnification SEM image, b magnified
SEM image
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Fig. 8 a SEM image of the precipitate, b EDS result of the precipitate

grain boundaries. This phase contains α + β platelet structure. This is the commonly
forming phased in Ti6Al4V alloy [9]. Figure 8 shows the magnified image of the
precipitate and the corresponding EDS result. The EDS result indicates that the
precipitate contains the major elements of titanium, iron and aluminum and small
traces of magnesium (Fig. 8b). During laser cladding process, considerable amount
ofmagnesium substratematerials diffused in the titanium alloymatrix. The elemental
mapping for cladding material proves the diffusion of magnesium substrate is signif-
icant (Fig. 9). Interface indicates the formation of oxide (Fig. 10a). EDS results
ensure that the magnesium oxide is the constituent of this oxide layer (Fig. 10b).
Elemental level diffusion occurred between Ti6Al4V coating and the magnesium
substrate. However, substrate material shows higher diffusion in coating side than

Fig. 9 Elemental mapping of Ti6Al4V coating, a SEM image of Ti6AlV4 coating, b Titanium
elements in the coating, c Magnesium elements in the coating

Fig. 10 a SEM image of the interface oxide layer, b EDS result of the oxide layer
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Fig. 11 a SEM image of heat affected zone of Ti6Al4V clad substrate, b Magnesium substrate
microstructure

coating material into the substrate side as evident from the line scan. The magnesium
substrate attained the melting temperature during the laser irradiation and diffused
into the solidifying Ti6Al4V plume. The rate of solidification of Ti6Al4V plume
was high compared to the magnesium substrate, thus the quantity of diffusion of
magnesium into the coating material was high. Figure 11a shows the heat affected
zone of Ti6Al4V clad magnesium substrate.

The heat affected zone of the magnesium contains network dendrites usually
forms during laser treatment [10]. Figure 11b shows SEM image of magnesium
substrate microstructure taken below the heat affected zone and the parent metal
primary phase with large grains. The effect of heat input during laser cladding has no
effect in this region. The laser scan speeds have less influence on the grain sizes and
orientation of the coating and heat affected substrate. However, the scan speeds affect
the intensities of intermetallic particles in the coating and heat affected substrate
material. The intensities of the intermetallics vary with the scan speed. Figure 12
shows the XRD results of the laser clad specimens processed in various scan speeds.
The XRD results revealed that the dominating intermetallic particles in the clad
zones are Al12Mg17, Fe2O3Ti and MgO. The Fe2O3Ti has been precipitated in the
clad material and MgO has been precipitated in the interface (Fig. 10a). However,
Al12Mg17 has been resulted from the diffusion of substrate and coating materials on
either side. Especially, due to the diffusion of magnesium into the coating side. The
intensities of these intermetallic particles increasing while increasing the scanning
speed (Fig. 12). At the higher scan speed, rapid heating and cooling of the coating
and substrate material restricts the dissolution of the precipitated intermetallics into

Fig. 12 XRD results of Ti6Al4V clad samples at a 100 mm/min, b 200 mm/min, c 300 mm/min
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Fig. 13 Microhardness of
the Ti6Al4V clad
magnesium substrates at
various scan speeds

their matrix. However, in case of lower scan speed, sufficient dissolution time was
persisted.

3.3 Microhardness of Ti6Al4V Clad Magnesium Substrate

Figure 13 shows the microhardness of the Ti6Al4V clad magnesium substrates at
various scan speeds. Themicrohardness result revealed that the clad zone has attained
higher hardness than other zones like heat affected and non-heat affected magnesium
substrate. Cladding zone shows ~95% higher microhardness than other zones. Simi-
larly, heat affected zone shows ~44% increase than non-heat affected magnesium
substrate. The intensities of the intermetallics present in the clad, HAZ zones influ-
ence themicrohardness of the clad samples. Figure 13 indicates that the sample clad at
300mm/min scan speed shows comparatively higher cladmicrohardness with higher
intensity of intermetallics. The intermetallics are hard particles and offer resistance
to indentation. Therefore, their increase in intensities increases the hardness of the
clad specimens.

4 Conclusion

In this work, Ti6Al4V alloy was clad on pure magnesium substrate by laser cladding.
The influence of laser scan speed on cladding morphology, microstructure and
microhardness were investigated. Following conclusions were derived from this
investigation.
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• The optimum scan speed is identified as 300 mm/min. Increasing the laser scan
speed above 300 mm/min resulted in inadequate coating deposition. However, at
lower scan speeds, cracks and voids formed due to high interaction time of intense
laser energy.

• The influence of laser scan speed on the grain size and their orientation was
minimal in the clad and heat affected zones. However, it influences the intensities
of intermetallic particles formed. The intensity of the intermetallics increase with
increase in scan speed due to rapid solidification. The lower scan speed let the
intermetallic particles to dissolve again into the matrix.

• Cladding zone shows ~95% higher microhardness than other zones and heat
affected zone shows ~44% increase than non-heat affected magnesium substrate.
Intensities of intermetallics affect themicroahrdness of the clad specimens.Higher
intensity of intermetallics offered high resistance to indentation which resulted in
increase in microhardness.
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