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ABSTRACT 

Nickel-base super alloys such as Inconel 625 are preferred in high-temperature and corrosive 

environments. Since Inconel 625 is expensive and often difficult to machine, it is advantageous to deposit a 

protective coating of this alloy on a less costly and easily machinable substrate material such as stainless 

steel. In the present work, coatings were produced on AISI 304 steel substrate by depositing Inconel 625 

powder using the laser cladding technique. As-received powder particles of Inconel 625 alloy were 

characterized using X-Ray Diffraction (XRD) and Field Emission Scanning Electron Microscopy 

(FESEM). After laser cladding, it becomes important to carry out the microstructural analysis of the cross-

sectional areas of the coating and the substrate/coating interface region, for further understanding of the 

structure-property correlations. In this study, the microstructural features of the coatings and 

substrate/coating interface were examined using an FESEM equipped with X-ray elemental analysis. The 

phase analysis of the coating was carried out using XRD. In the coating region, the growth of planar, 

cellular, columnar dendritic, and equiaxed grains was noticed. It was observed that small amounts of 

Laves phase were precipitated. Furthermore, the laser-clad Inconel 625 coating showed superior 

microhardness over the stainless steel substrate. 
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I. INTRODUCTION  

Various industrial applications demand joining of dissimilar 
materials. Coatings of superalloys onto austenitic stainless 
steels find relevance in chemical process plants, oil, and gas 
industries [1]. Functional materials play a crucial role by 
imparting a range of properties to material components. These 
properties cannot be achieved through a single material alone, 
especially for long-lasting requirements [2]. Conventional 
coating methods such as surface welding and plasma spraying 
exhibit a few shortcomings. These techniques are slow, tough 
to automate, labor intensive, and require more heat input [3]. 
High heat input leads to problems such as distortion, 
embrittlement, and dimensional instability. On the other hand, 
additive manufacturing techniques are popular nowadays. 
Laser cladding is one such technique which imparts lower 
levels of dilution and distortion [4]. In the laser cladding 
technique, a laser beam melts both the additive material and a 
thin layer of the substrate, ensuring a metallurgical bonding 

between them. The additive alloy may be introduced in-situ 
into the interaction zone of the laser beam and the substrate, 
either in wire or in powder form. In recent years, a few studies 
have been conducted to investigate the laser cladding of 
superalloy coatings on stainless steel base. Authors in [5] 
compared the performances of a Nd:YAG laser and a Yb:YAG 
monomode fiber laser source by generating the cladding tracks 
of cobalt-base superalloy on AISI 304 stainless steel substrate. 
Authors in [6] explored how varying laser metal deposition 
parameters, including focal length, frequency, and scanning 
speed, influence the characteristics of cobalt-base superalloy 
deposited onto precipitation-hardened martensitic stainless 
steel. Authors in [7] noted that the quality of the cladding layer 
is contingent on the following factors, ranked in decreasing 
order of significance: scanning speed, power, and overlapping 
rate. Authors in [8-10] studied the dry friction, wear, and high 
temperature oxidation behavior of the laser cladding coatings 
produced using feedstock powders of nickel-base and cobalt-
base superalloys onto a cold rolled stainless steel substrate. 
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Authors in [11] developed a laser cladded surface by using 
preplaced TiC powder which produced a remarkable increase 
in hardness and wear resistance in the cladded region. Authors 
in [12] evaluated the optimum laser processing parameters for 
deposition of defect-free cobalt-base superalloy cladding layer 
with suitable geometry (width, height, undulation, and dilution) 
on austenitic stainless steel. Authors in [13] implemented an 
online monitoring system to observe the rapid heating and 
cooling rates occurring during the laser cladding of nickel-base 
superalloy onto AISI 304 austenitic steel.  

Limited literature exists about microstructural and 
mechanical investigations of superalloy layers fabricated via 
laser cladding on stainless steel substrate. The present work 
deals with the deposition of Inconel 625 powder, a nickel-base 
superalloy, on AISI 304 stainless steel using the laser cladding 
technique. This paper describes the clad layer microstructure, 
phase composition, and microhardness as functions of position. 
The findings from this study are pivotal for advancing the 
investigation into the viability of Inconel 625 claddings on 
stainless steel piston rings, aiming to improve their longevity. 

II. MATERIALS AND METHODS 

In the present study, AISI 304 austenitic stainless steel 
substrates with 10 mm diameter and 25 mm thickness were 
prepared for depositing the clads. Prior to the cladding process, 
the substrate surface was polished with sandpaper and cleaned 
with acetone to eliminate stains and other contaminants. A 
commercial, inert gas atomized Inconel 625 powder was used 
as the feedstock material for laser cladding. The nominal 
chemical composition of the substrate and the feedstock 
powder is given in Table I. Figure 1(a) displays the Field 
Emission Scanning Electron Microscopy (FESEM) image of 
the as-received Inconel 625 powder. It was observed that the 
majority of the powder particles were spherical in shape. 
However, few particles had small satellites attached. Image 
analysis of secondary electron micrographs revealed that the 
average size of the powder particle was approximately 70.4 μm 
(Figure 1(b)). 

TABLE I.  CHEMICAL COMPOSITION OF AISI 304 STEEL 
AND INCONEL 625 POWDER 

Element (wt. %) C Si Cr Mn Nb Mo Ni Fe 

AISI 304 0.05 0.4 20.01 1.17   7.97 70.4 
Inconel 625 0.03 0.35 22.5 0.4 3.9 7.92 62.4 2.5 

 
Laser cladding process was performed using an Yb-fiber 

laser system (IPG YLS-4000). The power and scanning 
velocity of the continuous wave laser beam were set at 1.5 kW 
and 10 mm/s, respectively. The diameter of the laser beam was 
fixed at 2.5 mm. During the cladding process, to provide a 
protective atmosphere, Argon gas was used with an injection 
rate of 18 l/min. The system utilized a coaxial type powder 
feeder nozzle. Clad powder was deposited onto the substrate at 
a feed rate of 360 mg/s. Argon was also utilized as powder 
carrier gas. Figure 2(a) shows the laser powder deposition 
system and the specimen setup. The entire arrangement was 
connected to a Computer Numerical Control (CNC) platform to 
achieve precision coating. The powder focus was 17 mm 
beneath the nozzle tip. The bidirectional scanning pattern was 

adopted with constant offset distance. The coaxial nozzle and 
the cladding procedure can be better understood with the help 
of the schematic diagram given in Figure 2(b). A homogeneous 
powder stream was ensured by the coaxial nozzle. Figure 2(c) 
shows the clad coated sample. The clad coating thickness 
achieved was about 1.6 mm using single-layer powder 
deposition with a 40% overlapping ratio. The average surface 
roughness of the laser-cladded surface was measured to be 28.3 
μm. 

 

(a) 

 

(b) 

 

Fig. 1.  Inconel 625 superalloy powder: (a) FESEM image, (b) particle size 
distribution estimated using the ImageJ software. 

The laser cladded sample was sectioned using wire electric 
discharge machining to examine the evolution of 
microstructure along the coating depth. The cut section was 
polished with sandpapers down to 3000 grit size, followed by 
final polishing with a velvet cloth with alumina powder and 
diamond paste. The polished sample was chemically etched in 
aqua regia solution (3 ml HCl and 1 ml HNO3) for 30 s. The 
microstructural morphology, as well as the elemental 
composition of the clad coatings were analyzed using a FEI 
Quanta FEG 250 field emission scanning electron microscope 
equipped with an Energy Dispersive Spectroscopy (EDS). A 
Bruker D8 Advance X-ray diffractometer was used in order to 
identify the phases present in the clad samples. The X-ray 
wavelength was 1.5406 Å using a Cu target source, while the 
scanning speed and step size were 2.8º/minute and 0.02º, 
respectively. A microhardness tester, Chennai Metco Economet 
VH-1 MDX, was utilized to obtain a Vickers microhardness 
profile along the cross section of the cladded sample. A load of 
0.3 kg and a dwell time of 15 s were considered. 

III. RESULTS AND DISCUSSION 

A. Microstructure and Phase Analysis 

The interaction between the laser beam, the additive alloy, 
and the substrate material results in complex metallurgical and 
solidification processes. The process variables such as laser 
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power, beam spot size, laser scanning velocity, laser beam 
absorption, and powder feed rate decide the temperature 
distributions in the melt pool. Within the melt pool, high 
temperature gradients induce intense convection due to the 
Marangoni effect [14, 15]. According to the Marangoni flow, 
the flow velocity is higher at the edge of the melt pool than that 
at the center. Also, the flow velocity at the bottom of the melt 
pool is higher than that at the top. The Marangoni effect leads 
to rapid homogenization of the melt. The cooling rates are very 
high during the laser cladding process due to which solid-state 
diffusive transformations are usually inhibited. Therefore, 
microstructural evolution is dependent on the solidification rate 
(R) and temperature gradient at the solid-liquid interface (G) 
[16].  

 

 
 
 

(a) 
 
 
 
 
 
 
 
 
 
 

(b) 

 

(c) 

 

Fig. 2.  Laser cladding process: (a) experimental arrangement, (b) 
schematic diagram of the coaxial powder deposition system, and (c) a laser 
cladded sample. 

Figure 3 shows the secondary electron images of the laser 
clad layer and the interface region. The various grain 
morphology transformations observed throughout the cross-
sectional area of the coating are due to the combined effects of 
G and R. This could be elucidated with the help of the 
solidification behavior of the melt pool [17]. While the ratio 
G/R governs the morphology preference of solidification 
structure, the product G×R, termed as cooling rate, decides the 
solidification microstructure size. From Figure 3, it is observed 
that the solidification began by epitaxial growth on the 
substrate. Due to the high value of G/R (constitutional 
undercooling criterion) at the bottom of the melt pool, few 
planar crystals appeared firstly, as shown in Figure 3(b). The 

formation of the region of plane fine grains indicated that the 
metallurgical bonding between the substrate and the clad layer 
is of high strength [18]. Cracks or pores have not been found in 
the coating/substrate interface. With the solidification 
progression, the value of G/R decreased. Simultaneously, the 
cooling rate increased from zero at bottom of the layer to a 
maximum value at the top of the coating. As the solid/liquid 
interface shifted, the solidification structure changed from 
planar to cellular (Figure 3(b)) on account of the decreasing G 
and the enhancing R. In the middle zone of the coating, further 
reduction of G resulted in columnar dendritic structure (with 
primary and secondary dendritic arms) along the direction of G, 
as shown in Figure 3(c). Due to the very low G and the 
increased degree of constitutional supercooling, the 
solidification mode transitioned to equiaxed grains in the top 
zone of the coating, as displayed in Figure 3(d). 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Fig. 3.  FESEM images of a laser cladded sample: (a) cross-sectional, (b) 
coating/substrate interface zone, (c) middle, and (d) top zone of coating. 
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Figure 4 shows the EDS spot analysis results at different 
locations on the specimen cross-section. Figure 5 depicts the 
EDS elemental distribution maps near the clad/substrate 
interface.  

 

 
(a) 

 
(b) 

 
(c) 

Fig. 4.  FESEM-EDS spot analyses of a laser cladded sample: (a) clad 
region near the interface, (b) interface, (c) substrate. 

(a) 

 

(b) 

 

(c) 

 

Fig. 5.  EDS mappings around the clad/substrate interface: (a) existing 
elements, (b) Fe, (c) Ni. 

It can be seen from Figure 4(c) that the Fe, Cr, and Ni 
contents in the substrate are consistent with the nominal 
composition of AISI 304 steel (see Table I). The Fe content in 
the coating (58.4 wt. % for white fusion zone and 50 wt.% for 
the clad region near the interface) increased significantly when 
compared with that of the additive alloy (2.5 wt.%), due to the 
dilution of Fe from the substrate into the coating. It is to be 
noted that the bulk composition of the substrate is Fe. Increase 

in Fe concentration in the transition region between the 
cladding layer and the substrate can be seen in Figure 5(b). The 
concentration of Ni is diminished in the region where Fe is 
enriched, as seen in Figures 4(a), 4(b), and 5(c). Similar 
observations were reported in [19]. 

Figure 6 displays the XRD patterns of the Inconel 625 
powder and the Inconel 625 laser coating. For both samples, 
the major XRD peaks can be noticed at 2θ = 43.6°, 50.6°, and 
74.6°. These are very comparable to the peak positions of pure 
Ni, as available from the JCPDS standard, present at 2θ = 
44.5°, 51.9°, and 76.4°. Alloying and other trace elements in 
the solid solution of Inconel 625 affected the inter-planar 
spacing of the fcc-Ni present in the Inconel 625 [20]. 
Consequently, a slight difference occurred between the peak 
positions of pure Ni and the XRD peak positions of the Inconel 
625. 

 

 
Fig. 6.  XRD spectra of Inconel 625 powder and the laser cladded coating. 
L denotes the Laves phase. 

 
 
 

(a) 
 
 
 
 
 
 
 

(b) 
 
 
 
 
 
 
 
 

(c) 
 

 

Fig. 7.  (a) FESEM image showing Laves phases in the cladding layer, (b) 
EDS analysis of Laves phase, (c) EDS analysis of coating matrix phase. 
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As is evident from Figure 6, the Laves phase structure also 
appeared in the laser clad layer. However, the presence of the 
Laves phase was limited to a small region of the clad layer. 
Figure 7(a) shows the FESEM image of the Laves phases. The 
results of the EDS analysis revealed that the Laves phase 
contained more concentrations of Nb and Mo elements, and 
lesser Ni, Cr, and Fe elements (se Figure 7(b)) than the coating 
matrix phase (Figure 7(c)). Due to the reduced solid solubility 
of Mo and Nb elements in the fcc-Ni matrix, these alloying 
elements were rejected into the bulk liquid. During the 
solidification process, microsegregation of Nb and Mo into the 
interdendritic region resulted in the formation of Laves phases 
[21, 22]. The brittle nature of the Laves phase is detrimental to 
the mechanical properties [23]. 

B. Microhardness 

Figure 9 shows the Vickers microhardness values along the 
cross-section of cladding layer and substrate. Hardness is 
significantly increased from 174 HV0.3 to 256 HV0.3 when 
traversed from the substrate to the top layer of the coating. The 
microhardness depth profile can be divided into three regions: 
cladding zone, Fe dilution zone, and substrate (Figure 8). The 
high hardness of the Inconel 625 cladding zone is attributed to 
the solid solution strengthening of the matrix phase by 
elements such as Mo and Nb. A small fraction of the secondary 
precipitates, i.e. the Laves phase, present in the interdendritic 
regions is also responsible for the high hardness values. The 
enhanced hardness at the top layer of the clad exists due to the 
fine equiaxed grains, which were evolved by higher cooling 
rate due to the direct exposure to the surrounding air. The 
decrease in microhardness in the Fe dilution zone is attributed 
to the element composition change due to the diffusion of iron 
by partial dilution from substrate to coating. The clad hardness 
decreases with increasing Fe dilution [24]. 

 

 
Fig. 8.  Vickers microhardness profile obtained for the Inconel 625 laser 
cladded sample. 

IV. CONCLUSION 

In the present work, defect-free laser cladding coatings 
were fabricated on the surface of AISI 304 stainless steel 
samples using Inconel 625 powder deposition. The 
solidification microstructures, compositions, phases formed, 
and microhardness of the coating and bonding regions were 
investigated. Laser cladding exhibited a good metallurgical 

bonding between the substrate and the coating. The 
morphology of the grains varied from the bonding region to the 
top layer of the clad in the following fashion: planar, cellular, 
columnar dendritic, and equiaxed crystals. At the bottom region 
of coating, Fe dilution from the substrate to the coating was 
found. The indexing of diffraction pattern of Inconel 625 clad 
coatings showed that the coating consisted primarily of γ-Ni 
phase. The existence of a small Laves phase fraction was also 
detected. A maximum in microhardness appeared at the top 
zone of the clad coating, which is about 1.5 times higher than 
that of the stainless steel substrate. This indicates that the 
coated cladding sample may effectively resist the abrasive 
wear. 
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