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Abstract: The purpose of the current investigation is to
analyze the effect of the operating parameters of laser-
assisted cladding process on clad height, clad depth, clad
width and the percentage dilution in a cladding of
AlFeCuCrCoNi high-entropy powder on SS-316 through
CO2 laser and to optimize the cladding process parameters
for optimum dilution. The experiments were designed by
the full factorial method and analyzed by ANOVA. The
analysis results indicate that dilution is most influenced by
scanning speed followed by the powder feed rate. The
outcomes of the single clad profile in terms of dilution,
microhardness, composition and the microstructures pro-
duced in various cladding conditions are investigated
briefly, and through which the optimum set of laser
cladding operating parameters for maximum hardness of
the clad material is determined. The optimum cladding con-
ditions in the experimental range were obtained at 4 g/min
powder feeding rate, 500mm/min laser scanning speed
and 1.1 kW laser beam power through multi-response
optimization. Furthermore, the multi-track coating with
60% overlapping ratio was deposited using optimized
parameters. The wear behavior of multi-track coating was
determined using pin on disk wear apparatus with applied
load of 20N, sliding speed of 300 RPM and test duration of
15min. The pin on disk wear test results indicates that the
friction coefficient of SS-316 is larger than that of high-

entropy alloy cladded SS-316. The wear resistivity of SS-316
improved by 40.35% after laser-assisted high-entropy alloy
coating, which confirms that the laser cladding layer plays
an essential role in enhancing the wear resistance capability
of austenite steel.

Keywords: laser cladding, high-entropy alloy, micro-
hardness, wear

1 Introduction

In the conventional method for alloying, the main concept
involved mixing one or more elements with a majority of
one element in a matrix, but the demand for alloys with
extensive physical properties is increasing with time, and
the traditional method of alloying is not adequate for the
formation of new types of alloy. In 1990s, an innovative
concept introduced by Yeh et al. has brought a revolution in
the traditional alloy [1,2]. A solid solution alloys consisting
of minimum five principal elements, but not more than 13
elements; each of the principal elements having a contribu-
tion of 5–35% in atomic fraction is designated as a multi-
principal element alloy or high-entropy alloys (HEAs), and it
is a hot frontline for the researchers in metallic material field
[3]. The surface modification process in terms of coating
consists of synthesizing a film of molten material onto a
base material. The major purpose of cladding is to redefine
the surface characteristic as an alternative to changing the
composition of bulk material [4,5]. The HEA coating is
produced with the help of several methods such as magneto
sputtering, plasma transfer arc, electrochemical deposition
and laser-assisted coating.

Laser cladding is an efficient surface cladding technique
with an advantage of a rapid solidification rate (104–106°C/s),
which eludes elemental segregation and enhancing
solubility limitation. In addition, according to the kinetic
theory, high solidification rate may lead to the reduction
in the nucleation and growth rate of the brittle inter-
metallic compound [6,7]. There are three major operating
factors such as scanning speed (mm/s), laser power (W)
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and powder feed rate (mg/s). The other operating factors
are laser spot size, speed of powder particle, flow rate,
shielding gas, etc. [8,9]. However, their effect on the final
properties of coating is less significant compared to the
major operating parameters. Considering the several
process parameters and their interdependencies, optimi-
zation of process parameters is still challenging.

Austenitic steel is extensively utilized in chemical
industries, thermal as well as hydropower plant and
marine environments attributable to their exceptional
characteristics such as corrosion resistance, high
strength and high durability. However, its capability to
resist wear is comparatively low. Therefore, it is essential
to enhance this property for application where wear
occurs, such as nuclear power plants, hydropower plants
and chemical industries by surface treatment [10,11,12].

The objective of the present work is to perform laser
cladding experiments with HEA powder as a coating
material and SS-316 as a base material to identify the
effect of laser operating factors such as laser scanning
speed and powder feed rate on clad height, clad width,
clad depth and dilution percentage and to study the
interdependency between coating morphology and its
microhardness, wear resistivity along with X-ray diffraction
(XRD) and energy dispersive spectroscopy (EDS) analyses.

2 Experimental procedure

2.1 Materials

The AISI 316 substrate was cut down from a long continuous
rod of the metal to a circular shape, having 90mm diameter
and 10mm thickness. An equiatomic Fe, Cr, Co, Ni, Cu and
Al metal powders with an approximate size of around 100 µ
were used as a cladding material. The chemical composition
of the SS-316 and wt% contribution of individual elements
of the cladding powder is mentioned in Tables 1 and 2,

respectively. The reason behind selecting the particular
individual element for making HEA is its mixing enthalpy
with each other as listed in Table 3. The base material
surface was polished with SiC paper (up to 1,200 grit size)
and cleaned with the help of acetone prior to laser cladding.

2.2 Laser cladding

The quality as well as the performance of the coating
layer is primarily influence by the operating factors of
the laser cladding process, so it is essential to study the
various parameters governing the cladding process [13].
Several researchers have deposited HEA coatings using
laser cladding at different laser power. The optimum
laser power mentioned was 1.0–1.1 kW. However, in-
vestigation with constant laser power and varying laser
scanning velocity and cladding powder, the feed rate
was relatively less [14–20]. Hence, in present the
investigation, laser beam power remains unchanged
and the remaining two crucial parameters were varied.
The Fe, Cr, Co, Ni, Cu and Al metal powders with an
approximate size of 100 µ were mixed in an equiatomic
proportion using a 3D Multi-Motion Mixer (Alphie 0.3
HP) for 30min (15 min forward and 15 min reverse cycle).
The homogeneous mixture with purity of above 99.00%
was fed to a 2 kW CO2 laser rapid manufacturing (LRM)
system situated in the Raja Rammna Center of Advance

Table 1: Chemical Content of AISI 316

Element C Mg Si Cr Ni Mb P S N2 Fe

Wt% 0.08 2.00 0.1 16.0–18.0 10.0–14.0 2.00–3.00 0.045 0.03 0.1 65–70

Table 2: Percentage-wise composition of HEA powder

Al Fe Cu Co Cr Ni

Atomic no. 13 26 29 27 24 28
Wt% 8.85 ± 0.40 17.67 ± 0.10 19.71 ± 0.05 18.36 ± 0.20 16.32 ± 0.05 19.05 ± 0.25

Table 3: Binary mixing enthalpies, HΔ kJ molmixij ( / ) of high-entropy
alloy [13]

Al Fe Ni Cu Cr Co

Al −11 −22 −1 −10 −19
Fe −11 2 13 −1 −1
Ni −22 2 4 −7 0
Cu −1 13 4 12 6
Cr −10 −1 −7 12 −4
Co −19 −1 0 6 −4
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Technology, Indore, Madhya Pradesh, India, as shown in
Figure 1(a). The LRM system consists of a powerful laser
system synchronized with the beam delivery system,
powder feeding system and job manipulation system. Two
coaxial feeders were engaged in the delivery of the metal
powder mixture, keeping argon gas as a medium as well
as shielding gas, as shown in Figure 1(b). The single track
of the clad material with different process parameters,
as shown in Table 4, was deposited on SS-316. The
morphology of AlFeCoCuCrNi HEA coating synthesized
over the SS-316 base material is shown in Figure 1(c and d).

2.3 Metallurgical and mechanical
characterization

2.3.1 Clad profile measurement

The metallographic specimens were transverse cross-
sectioned, Bakelite mounted, polished and etched with

aqua regia. The clad dimensions, including clad height,
clad width, molten depth and percentage dilution
measured with the help of a vision measuring system
(SDM-TRZ5 300; Spicon Instrument Industries, Ambala
Cantt, Haryana, India) at 3× magnification. The equip-
ment has a measuring range of 250 × 200 × 200mm with
resolution: 1 µm, repeatability ±2 µm, linear accuracy
<5 µm and magnification up to 450×. Figure 2 shows the
geometric aspects of a single track cross-section con-
sisting of clad height, clad width, clad depth, clad area
and diluted area. Another critical characteristic of clad

Figure 1: (a) Laser cladding experimental setup, (b) laser head, (c) single clad structure and (d) cross-sectional view for microscopic
observation.

Table 4: Laser cladding operating factors

Operating factors Level 1 Level 2 Level 3

Scanning velocity (mm/min) 300 400 500
Powder feed rate (g/min) 2 3 4
Laser power (kW) 1.1
Spot diameter (mm) 2.4
Argon flow rate (LPM) 6
Standoff distance (mm) 8
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structure is called dilution, and it can be derived by
equation (1) [9,11,17].

( ) =
+

A
A A

Dilution % d

c d
(1)

2.3.2 Metallurgical observation

The difference in the clad morphology throughout its
length and height was revealed with the aid of an optical
microscopy. The microstructure of the AlFeCuCoCrNi
HEA coating was analyzed using an optical microscope
(Leica S8APO) at 100×, 200× and 400× magnification.
The phases of coatings were identified with the help of
an XRD using a RIGAKU diffractometer with Cu-Kα radia-
tion, and origin 8.0 software used to analyze the data. The
Energy dispersive spectrometer analyzed the elemental
distribution in the coating as well as in the interface zone
(JSM-7100F).

2.3.3 Microhardness measurement

The microhardness of the coating layers, initiating from
the cladding surface to the base material, was deter-
mined with the help of micro Vickers’ hardness tester
(FM 700; Future Tech Corporation, Japan) by applying a
load of 0.5 kg with a dwell time of 15 s. The displacement
between the two consecutive points of indentation
was 0.1 mm.

2.3.4 Wear testing

The tribological performance of the cladding was
investigated with the aid of pin on disc wear apparatus

(DUCOM-TR-20LE) in unlubricated condition and at
room temperature. The testing was conducted in
accordance with the procedure given in ASTM standard
G-99. The EN31 with a size of ϕ 120 × 10 mm and the
hardness of HRC 61-65 was used as a counterpart. The
specimen with dimension 10 mm × 10 mm × 10 mm was
polished with 1,200 grit abrasive paper before wear test.
The final magnitudes for mass loss during wear test were
taken from the average of the three experimental runs.
The wear specimens were worn for 15 min under a load
of 20 N and a sliding speed of 300 RPM. The micro-
structure of the worn surface was also characterized by
the S3400N SEM. The coefficient of friction was
estimated with the help of equation (2):

( ) =µ M
RP

Friction coefficient (2)

where M = friction moment, R = counterpart radius, P =
normal load acting on the target material [11].

The wear resistance of the specimen was estimated
through the method of weight loss. Before and after the
experimental runs, the samples were cleaned with
acetone and the mass loss was determined by an
analytical balance (AnaMatrix-AMX4D) with the least
count of 0.1 mg.

3 Results and discussion

3.1 Geometrical measurement

To form a desirable clad profile along with clad quality,
the proper selection of integrated factors is to be made.
Figure 3 indicates the metallographic sectional assess-
ment of the single-clad structure using vision measuring
system at different powder feed rates and scanning

Figure 2: Dimensional characteristics of melt pool profile.
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speed. The qualitative significance of the major oper-
ating factors on the dimensional characteristic of a
single clad structure can be revealed from Figure 3. At
the first glimpse, well-fused single-clad structures were
observed by combining all the operating parameter
combinations.

For the parametric study, the full factorial method
was used with three levels of powder feed rates and laser
scanning speed, while the other parameters such as laser
power (1,100W), argon flow rate (6 LPM), spot diameter
(2.4 mm) and standoff distance (8mm) remained invari-
able. The experimental results in terms of clad height,
clad width, molten depth and the percentage dilution are
indicated in Table 5.

3.2 Clad height

The clad height is one of the crucial geometrical aspects
of the clad structure. The clad height falls off with a rise
in the scanning speed, as shown in Figure 4. The reason
behind this phenomenon is an increment in the
scanning speed that leads to a decrease in interaction
time. Hence, the volume of the molten cladding material
deposited in the melt pool reduces. Besides the laser

scanning speed, the powder feed rate also plays a vital
role in determining the clad height [14,15]. As shown in
Figure 4, increment in powder feed rate leads to a rise in
clad height. However, increasing the powder feed rate
leads to an increase in the powder quantity per unit area,
so the clad height increases [11]. From the above
discussion, it was found that we can achieve a maximum
clad height (0.308mm) with the maximum scanning
velocity of 500mm/min and a maximum powder flow
rate of 4 g/min.

3.3 Clad width

As shown in Figure 5, the width of the cladding is more
or less equivalent to beam diameter and declines linearly
with a rise in the laser scanning speed at a constant
cladding powder feed rate. The reason behind this linear
relation is the availability of less heat through the laser
beam at the base material surface, as the laser power
available per unit length decreases with an increase in
the scanning speed. The powder feed rate has a negative
impact on clad width. The decrement in powder feed rate
led to a reduction in clad width as lesser amount of laser
power is required to melt the coating material. From the

Figure 3: Morphology of single clad structure.
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above discussion, it was found that we can achieve the
maximum width (2.298mm) with a minimum laser
scanning velocity of 300mm/min and a maximum
powder feed rate of 4 g/min.

3.4 Clad depth

In the laser cladding process, the laser energy is divided
into three parts: absorption by substrate, absorption by
powder and refection by powder and base material. The
laser energy that reached to the base material is the power
residue after depletion by powder cloud either by absorp-
tion or by reflection. The energy depleted by powder is
directly proportional to the metal powder feed rate [14].
Hence, with increasing powder feed rate, a larger portion of
the laser energy will be absorbed by the powder rather
than the base material, leading to a reduction in penetra-
tion into the substrate. On the other hand, increasing the
laser scanning speed can decrease the heat generated per
unit area at a time, and then less laser power is consumed

by the base material in the equivalent time, causing a
reduction in clad depth. It can also be confirmed by Figure
6. From the above discussion, it was found that we can
achieve minimum clad depth (0.283mm) with a maximum
laser scanning speed of 500mm/min and maximum
powder feed rate of 4 g/min.

3.5 % Dilution

The laser scanning speed as well as powder feed rate
inversely affects the dilution of the clad material. That
consequence was due to the following reasons. Higher
scanning speed can decrease the heat input rate and then
less laser energy is absorbed by the base material at the
same period, resulting in a decreased percentage of
dilution. The increment in powder feed rate creates more
powder material that covers the surface of the base
material, and less laser energy is injected onto the base
material, similar to that with scanning speed [16]. It can
also be justified as shown in Figure 7. To investigate the

Table 5: Experimental results

S. no. Scanning speed
(mm/min)

Powder feed rate
(g/min)

Clad
height (mm)

Clad
width (mm)

Clad
depth (mm)

Clad
area (mm2)

Diluted
area (mm2)

Dilution (%)

1 300 3 0.185 2.291 0.376 0.212 0.430 67.0
2 400 3 0.223 2.21 0.376 0.246 0.415 62.7
3 500 4 0.308 2.163 0.283 0.333 0.306 47.8
4 500 2 0.223 2.098 0.3 0.234 0.314 57.3
5 400 4 0.228 2.232 0.297 0.254 0.331 56.5
6 300 2 0.147 2.265 0.373 0.166 0.422 71.7
7 300 4 0.192 2.298 0.338 0.221 0.388 63.7
8 500 3 0.25 2.16 0.327 0.270 0.353 56.6
9 400 2 0.222 2.125 0.376 0.233 0.395 62.8

Figure 4: Effect of process parameter for clad height. Figure 5: Effect of process parameter for clad width.
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effects of operating parameters cumulatively, two factors
were determined, namely, mass feed rate and linear energy
input, which can be defined by the following formula:

( / )

=
( / )

( / )

Mass feed rate g mm
Powder feed rate g min
Cladding speed mm min

(3)

The mass feed rate (g/mm) parameter was well
defined so as to summarize the effect of powder feed rate
(g/min) and cladding or scanning speed (mm/min)
on clad structure and quality. The linear energy input
(J/mm) factor was well defined so as to summarize the
effect of laser beam power (W) and cladding speed (mm/min)
on the clad structure and quality [10].

( / )

=
( )

( / )

Linear energy input J mm
Laser beam power W

Cladding speed mm min
(4)

To evaluate the effects of the linear energy input
(J/mm) and mass feed rate (g/mm) on the dilution, a
contour graph was generated (Figure 8). As shown in
Figure 8, the maximum dilution (71.7%) was achieved

with a linear energy input of 220 J/mm and a mass feed
rate of 0.006 g/mm. This result reveals that the linear
energy input has a direct influence on the dilution and
can be considered as a leading factor in the contour plot
division area (Figure 8). The minimum dilution (47.8%)
occurred when the linear energy input was 132 J/mm and
the mass feed rate was 0.008 g/mm. Therefore, the result
reveals that increment in the mass feed rate resists the
base material from excessive melting and, therefore,
lower level of dilution can be obtained [10].

3.6 ANOVA analysis

ANOVA is a statistical technique that is used to investigate
and model the relationship between a response variable and
one or more independent variables. Each explanatory
variable (factor) consists of two or more categories (levels).
ANOVA tests the null hypothesis that the population means
of each level are equal versus the alternative hypothesis that
at least one of the level means are not all equal. ANOVA
helps to investigate whether the process parameters are
significant or not and the effect of parameters on perfor-
mance characteristics. ANOVA identifies the significance of
parameters on responses. ANOVA table states the different
values such as square of means, degree of freedom, sum of
square (SS), F value and P value. The significance of factor
depends on the P value which supposes to be less than 0.05.
The basic ANOVA terminology is listed as follows:
• SS: it is the square of the deviation from the grand
mean of the response.

( ) =Adj. mean square MS Adj. sum of square
Degree of freedom

(5)

• F value: it is used to check the adequacy of the model
by the given formula,

Figure 6: Effect of process parameter for clad depth.

Figure 7: Effect of process parameter for dilution.

Figure 8: Contour plot for dilution.
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- =F value Adj. mean of square
Error means square

(6)

• P value: it provides a way of testing the relationship
between independent variable and the response.

• R2 (coefficient of determination): which measures the
amount of reduction in variability of the response or R2

indicates how well the model fits your data.
• R2 (adj.): adjusted R2 is a modified R2 that has been
adjusted for the number of terms in the model.

• R2 (Pred.): used in regression analysis to indicate
how well the model predicts responses for new
observations. Predicted R2 can prevent overfitting the
model.
As seen from the ANOVA in Table 6, the laser

scanning velocity and powder feed rate both are the
most influencing factor for percentage dilution. From the
main effect plot, it was observed that percentage dilution
is minimum at a scanning speed of 500mm/min and
powder feed rate of 4 g/min. The above result follows
the fundamental of dilution. Normal probability plot
indicates that points follow the straight line, so residuals
are normally distributed and the fit is good enough.
ANOVA results for percentage dilution indicate dilu-
tion is significantly influenced by scanning speed with
a contribution of 70.70% and P = 0.001, followed
by powder feed rate with a contribution of 26.48% and
P = 0.009. The model is sufficiently accurate at R2 97.18%
and R2 (adj) 94.35%.

3.7 Multi-response optimization

The multiple response optimization is predicated on the
desirability function approach. The optimization module
searches for an amalgamation that concurrently satiates the
desirable placed on each of the responses and factors in an
endeavor to obtain the apt model. The objective of the
optimization processes is to identify the optimum magni-
tude of input parameters in laser-assisted coating process to
achieve better quality and geometry of the clad structure.
To deal with this type of contradictory objective problem,
the desirability function approach is used [17].
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= ≤d 0 if mini i (9)
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where di = desirability for the ith response, wi =
weighting of desirability, Yi = Value of the ith output,
mini = minimum value of the ith response, maxi =
maximum value of the ith response, Ti = target value of
the ith response.

For multi-response optimization target, upper and
lower limit of response, the parameters are predefined as
shown in Table 7. The optimum operating parameter
combinations for maximum cladding height, maximum
cladding width, minimum penetration depth and
minimum dilution were 4 g/min powder feed rate and
500mm/min scanning velocity as indicated in Figure 9.

3.8 Microhardness

Microhardness measurements were carried out at three
regions including cladding zone, interface zone and
substrate zone across the HEA cladded SS-316. The
enhancement of microhardness in the cladding zone is
due to solid solution strengthening initiated from a
considerable variation in the atomic radius of the
alloying individual elements. The variation in atomic
radius leads to lattice distortion and results in consider-
able residual compressive stress in cladding [14,18]. The
hardness value decreases in the following sequence:
clad zone, interface zone or dilution zone and substrate
region. The hardness fluctuation within the clad zone
depends on processing conditions. However, due to the
crystal phase, with the increase in laser scanning speed,
the grain is refined, and the hardness of the crystal
phase is enhanced [19,20]. Therefore, the coating has the
peak hardness at laser scanning velocity of 500mm/min.

As shown in Figure 10, the microhardness values
enhance with decreasing percentage dilution. The maxi-
mum microhardness (241 HV) was achieved at minimum
percentage dilution (47.8%) and clad parameters at
500mm/min scanning speed and 4 g/min powder feed
rate; while at 300mm/min laser scanning velocity and
2 g/min cladding powder feed rate, the average hardness
was 180 HV due to maximum dilution of 71.7%. The
decreasing microhardness is due to the influence of
substrate property in the cladding structure.

Table 7: Identification for lower and upper limit of responses for optimization

Response Goal Lower Target Upper Weight Importance

Clad height Maximize 0.147 0.308 0.308 1 1
Clad width Maximize 2.098 2.298 2.298 1 1
Clad depth Minimize 0.283 0.283 0.376 1 1
Dilution (%) Minimize 47.8 47.8 71.7 1 1

Figure 9: Optimization plot for clad geometry.
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3.9 Constituent phases

The XRD analysis for sample having maximum and
minimum microhardness value among the nine clad
structure is given in Figure 11(a). While Figure 11(b)
indicates the XRD of HEA powder and HEA-coated multi-
track (with optimum process parameters) substrate. The
XRD analysis of the powder was done after mixing the
powder properly through a multi-motion mixer. The graph
clearly suggests the presence of each element that was
incorporated and homogenously distributed. The phases
formed in coatings depend on the (1) melting point
temperature, (2) composition and (3) solidification rate.
For AlFeCoCuCrNi HEA, its mixing entropy reached a peak
with an equiatomic ratio. Hence, it forms a solid solution,
rather than intermetallic or ordered phases. On the other
hand, Boltzmann’s hypothesis suggested that the high
mixing entropy of solid solutions along with multiple
principle elements reduces the tendency to segregation and

ordering. The multi-track coating with 60% overlapping ratio
was analyzed after cooling down, and it was found that the
formation of both structures body centered cubic (BCC) and
face centered cubic (FCC) but there is no sign of intermetallic.

According to the Hume–Rothery rule, factors such as
ΔH, ΔS, ΔX and valence electron concentration (VEC) can
play an essential role in the formation of solid solution.
Several researchers concluded that when the magnitude of
δ (atomic size difference) in between 1% and 6%, ΔHmix

(mixing enthalpy) is in between −15 and 7 kJ/mol, ΔSmix

(mixing entropy) in between 11 and 19.5 J/Kmol, Ω more
than and equal to 1.1, VEC less than and equal to 8.0 and
ΔX (electronegativity difference) leads to form solid solu-
tion. In the present investigation, the values obtained are
shown in Table 8, indicating the formation of stable solid
solution [21–27]. Furthermore, XRD spectra did not show
any oxide in the laser-assisted cladding, indicating that
adequate protection against oxidation was obtained during
laser cladding. The XRD peak intensities indicate that the
volume fraction of FCC is considerably more than BCC. The
presence of BCC structure is due to the atom-level strain
effect of Al in AlCoCrCuFeNi. The presence of Al element
with a higher atomic radius leads to a higher elastic strain
and a higher atomic packing efficiency (APE) in laser
cladded HEA coatings. The dissolution of Al can also be
observed, which further combines to form BCC crystalline
phase [21–23]. Per the XRD graph, increase in percentage
dilution percentage leads to give an additional peak in
terms of iron. Both of the XRD have a combination of FCC +
BCC phases but as the percentage dilution increases
(microhardness decreases) and additional peaks of iron
were observed. The reduction in microhardness is due to
the influence of iron contribution to degrade the coating
properties in terms of microhardness.

Figure 10:Microhardness with respect to the percentage dilution for
single clad structures.

Figure 11: XRD of (a) minimum and maximum hardness value of single clad and (b) HEA powder and coating.
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3.10 Optical microstructure and EDS
observations

Optimized process parameters consist of the following
parameter set: laser beam power of 1.1 kW, cladding
powder feed rate of 4 g/min and laser scanning velocity of
500mm/min for minimum dilution (47.8%). Figures 12
and 13 is a micrograph of a single laser track transverse
cross section with maximum and minimum dilution,
respectively. Figures 12 and 13(a) show the microscopic
features of the minimum and maximum dilution specimen
and Figures 12 and 13(b) shows the cladding zone, while
Figures 12 and 13(c) shows an interface zone. The clad
coating with minimum dilution (47.8%) is free from pores
and cracks, while coating with maximum dilution (71.7%)
consists of some interface cracks and pores. The fine
cracks at interface for maximum dilution sample were
attributed to the high temperature gradient between the
cladding layer and the substrate due to the low powder
feed rate and slow scanning speed. The quick directional
solidification can be observed at the interface zone of the
cladding where the growth direction of the columnar
grains is perpendicular to the interface line. It is caused by
the high temperature gradient in laser-assisted cladding
process. The columnar grains transform to equiaxed grains
with reducing temperature gradient in the center of the
coatings. Figures 12 and 13(c) show the details of the
microstructure along the interface line of the laser cladded
SS-316. The interface line indicates a curved shape,
instead of a straight line, indicating that the cladding
layer and the base material have a good metallurgical

bond, which plays a vital role in the performance of the
material [28]. Close examination revealed a change in the
mode of solidification from primary ferrite, as seen
commonly, to primary austenite. The presence of inter-
cellular or interdendritic ferrite is further evidence of such
a change in the mode of solidification. This may be
rationalized due to the excessive undercooling at the tip of
the primary delta-ferrite cells or dendrites that could have
changed the mode of solidification from primary delta-
ferrite to primary austenite [29].

The EDS results for the elemental composition of multi-
track HEA cladded specimen in regions A (clad zone), B
(near to interface zone) and C (interface zone) is shown in
Figure 14. The outcomes reveal that all the elements (Al, Co,
Cu, Cr and Ni) are evenly distributed through the clad zone,
near to the interface zone and in an interface zone
excluding iron. There is approximately 3wt% increment
in iron percentage in the interface zone as compared to the
clad zone. The increment in iron percentage is due to the
influence of substrate material composition (consists
65%–70wt% of iron). The EDS results reveal that the iron
content is more than the theoretical content in the clad
zone, near to the interface zone as well as in the interface
zone due to the quick heating rate of the high-energy laser
beam. During laser cladding, the substrate material melts
along with the cladding powder, which leads to increased
iron content as we move toward the interface zone. The
small thin layer of substrate SS-316 melt and then
solidification together with the cladding material, iron
content was increased, but marginally shows appropriate
dilution during processing [29].

Table 8: Parameters of AlCrFeNiCuCo HEA coating [27]

Alloys δ (%) ΔSmix (J/K mol) ΔHmix (kJ/mol) Tm (K) Ω VEC ΔX

AlCrFeNiCuCo 4.82 14.9 −4.78 1622.25 5.06 7.83 0.109

Figure 12: Cross-sectional microstructure of single clad structure with maximum dilution (a) interface zone with lower magnification,
(b) cladding zone with higher magnification and (c) interface zone with higher magnification.
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3.11 Friction and wear behavior

The tribological performance of HEA was assessed by a
pin on disc wear test apparatus. The samples utilized for
friction and wear tests were made by multi-pass laser
cladding (60% overlapping ratio) with the optimum
operating factors obtained from the laser-assisted cladding
process (laser power: 1.1 kW, powder feed rate: 4 g/min,
scanning speed: 500mm/min, argon flow rate: 6 LPM,
spot diameter: 2.4mm and standoff distance: 8mm).

The graph of friction coefficient with respect to time
for cladded as well as untreated sample is shown in
Figure 15. The friction coefficient graph is typically
characterized by two friction regimes as reported in the
literature [1,7]. Initially, the coefficient of friction increases
rapidly until reaching a peak value μp. Then a gradual
decrease is followed to a steady-state value μss. Their
ranges of friction coefficient are different, as listed in
Table 9. Both the friction curvatures of a specimen with
and without laser cladding show a peak coefficient of

Figure 13: Cross-sectional microstructure of single clad structure with maximum dilution (a) interface zone with lower magnification,
(b) cladding zone with higher magnification and (c) interface zone with higher magnification.

Figure 14: EDS elemental analysis.
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friction of approximately 0.3846 and 0.5948, respectively.
Figure 15 also indicates that the specimen without laser
cladding exhibits relatively large fluctuation (Δµ = 0.00305),
whereas specimen without laser cladding (SS 316) does
show a small fluctuation (Δµ = 0.00206). Primary two
reasons cause considerable variation in friction coefficient:
(1) periodic localized fracture of the surface layer and (2)
periodic aggregation and removal of debris from the worn
surface. The friction coefficient was found to increase as the
large-sized debris aggregate on the worn surface, while it
decreases as the debris eliminate from the worn surface.
The coefficient of friction for substrate (SS-316) is larger
than that of the HEA cladded SS-316. The coefficient of
friction for the sample with laser cladding and without laser
cladding varies in between 0.28–0.37 and 0.48–0.57,
respectively, as shown in Figure 15.

The reduction in friction coefficient also reduces the
shear force at the contact face. As a result, the mass of
peeling in a coated surface reduced per unit time. In
accordance with the molecular-kinematic and mechanical
model theories of the frictional behavior of elastomeric
materials, the magnitude of the frictional coefficient is
inversely proportional to the hardness of the target surface.
The reduction in friction coefficient reduces the shear force
at the contact face, which reduces the chances of the

occurrence of the adhesive wear. On the other hand,
Archard’s law indicates that the sliding wear resistance is
proportional to the alloy hardness [30,31]. The wear
resistivity of SS-316 and HEA cladded SS-316 is shown in
Figure 16. The average mass loss of SS-316 (substrate) is
107.8mg, while the average mass loss of HEA cladded SS-
316 is only 64.3mg. The standard deviations for HEA
cladded specimen and substrate SS-316 are 5.62 and 7.89,
respectively. This magnitude of mass loss indicates that
wear resistivity of SS-316 has been improved by 40.35%
after laser cladding of HEA powder.

In order to analyze the wear mechanism of samples
with and without laser cladding, the worn surface
morphologies of the target material were investigated by
SEM (Hitachi-3400) as shown in Figure 17. It was noted that
the prominent wear mechanism is abrasive with the
indentation of microploughing and plastic deformation.
The worn surface of a specimen without laser cladding
(substrate) is more severe compared with laser cladded
specimen. As shown in Figure 17(c and d), the substrate
(SS-316) worn surface consisted of deep grooves with
plastic deformation. Furthermore, some wear debris was
peeled off from the worn surface. On the other hand, the
worn surface of the coated specimen occupied finer grooves
as shown in Figure 17(a and b). As compared to the
substrate AISI 316, the worn surfaces of the laser cladded
specimen shown in Figure 17(a and b) have less peel holes,
adhesive zones, ploughed grooves and slighter scaling
chips due to the enhancement in hardness. The variation in
the hardness and cracking susceptibility leads to convert
wear mechanism from micro cutting to delamination wear
for substrate to HEA cladded SS-316, respectively. The high
microhardness of the coating material leads to enhanced
resistivity from the micro cutting [32–35]. As shown in

Table 9: Magnitude of coefficient of friction

Target material µP µSS Δµ

SS-316 0.5948 0.5643 0.0305
Laser cladded SS-316 0.3846 0.3640 0.0206

µP, µSS = peak and steady-state coefficient of friction, Δµ =
fluctuation of coefficient of friction.

Figure 15: Coefficient of friction for SS-316 and HEA cladded SS-316.

Figure 16: Mass loss comparison.
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Figure 17, the mechanism of wear changes to adhesive wear
to abrasive wear for substrate (SS-316) and HEA-coated
specimens, respectively. The disappearance of adhesive
wear was due to not only an increase in microhardness but
also the decrease in the friction coefficient.

4 Conclusion

In this research article, multi-response optimization of
laser cladding operating parameters was carried out and
the wear test was conducted on the multi-track cladding
sample achieved through optimum laser cladding
process parameters. Based on the above research, the
following conclusion can be drawn.
• Clad height and clad width rise with increment in
powder feed rate. On the other hand, the clad depth
and percentage dilution have inverse relationship with
powder feed rate. Clad depth, dilution percentage and
clad width decrease with increment in scanning speed.
However, the clad height increases.

• ANOVA results for percentage dilution indicate that dilution
is significantly influenced by the scanning speed with a

contribution of 70.70% and P = 0.001, followed by powder
feed rate with a contribution of 26.48% and P = 0.009.

• The optimum operating parameter combination for
maximum cladding height, maximum cladding width,
minimum penetration depth and minimum dilution
were laser power: 1.1 kW, powder feed rate: 4 g/min
and scanning speed: 500mm/min.

• The XRD results indicate that an increase in the
dilution percentage leads to additional peak in terms
of iron. The quick directional solidification can be
observed at the interface zone of the cladding where
the growth direction of the columnar grains is
perpendicular to the interface line. It is caused by
the high temperature gradient in laser-assisted clad-
ding process. The columnar grains transform to
equiaxed grains with reducing temperature gradient
in the center of the coatings. The clad coating with
minimum dilution (47.8%) is free from pores and
cracks, while coating with maximum dilution (71.7%)
consists of some interface cracks and pores. The fine
cracks at interface for maximum dilution sample were
attributed to the high temperature gradient between
cladding layer and substrate due to the low powder
feed rate and slow scanning speed.

Figure 17: SEM morphologies of worn surfaces for (a and b) HEA cladded SS-316 and (c and d) untreated SS-316.
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• The microhardness results revealed that the magnitude
of microhardness enhances with decrease in percen-
tage dilution. The maximum microhardness (241 HV)
was achieved at minimum percentage dilution (47.8%)
and clad parameters at 500mm/min scanning speed
and 4 g/min powder feed rate; while at 300mm/min
laser scanning velocity and 2 g/min cladding powder
feed rate, the average hardness was 180 HV due to the
maximum dilution of 71.7%. The reason behind the
decrease in microhardness is due to the influence of
the substrate property on the cladding structure. The
average microhardness of the coating layer reduced
linearly with increase in dilution (20% reduction).

• The multi-track coating was deposited with optimum
parameters of single track and subjected to wear
testing. It was revealed that the friction coefficient of
substrate (SS-316) is larger than that of the HEA
cladded SS-316. The wear resistivity of AISI 316 steel
has been significantly enhanced after multi-pass laser
cladding (60% overlapping ratio) of HEA powder, with
optimum laser cladding process parameters deter-
mined by multi-response optimization. The wear
resistivity of SS-316 has been enhanced by 40.35%
after laser-assisted HEA coating.
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