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In spite of excellent corrosion resistance, good ductility and low cost of AISI 316 austenitic stainless
steel, the low hardness and poor mechanical characteristic of material restricts its applicability in
several industrial services. To improve the mechanical properties AlFeCuCrCoNi-WC10 high-entropy
alloy coatings were deposited via laser cladding on austenitic stainless steel AISI 316 substrate. The
influence of WC on phase constituents, microstructure, microhardness and elemental distribution were
investigated using X-ray diffractometry, optical microscopy microhardness tester and FESEM-EDS
(Energy Dispersive Spectroscopy), respectively. The XRD peaks revealed that as clad AlFeCuCrCoNiWC10 multiple principal element alloy coating composed of BCC, FCC and W-rich phase. The
cladding zone microstructure is mainly consisting of fine-grained non-directional and equiaxed crystals
away from the base material and columnar grains near the base material. The energy dispersive
spectroscopy indicated segregation of W and Cr in the interdendritic region. However, other elements
of the multiple principal element alloy are observed to be uniformly distributed throughout the
cladding. The microhardness of the AlFeCuCrCoNi-WC10 (670 Hv0.5) high entropy alloy coating was
4.5 times greater than that of substrate AISI-316.
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1. INTRODUCTION1
In order to overcome the restrictions such as elemental
segregation and formation of various brittle phases in
the conventional alloying system, Yin et al. [1]
discovered the innovative idea of multi principal
element alloy (high entropy alloy). The high entropy
alloy (baseless alloy, multi principal element) can be
defined as solid solution alloys which have a minimum
of five principal elements, but not greater than thirteen
elements, each of the primary elements having a
contribution in between 5 to 35 at% [1-2]. The baseless
alloys have some excellent characteristic such as
superior wear resistance, distinctive magnetic as well as
electrical properties, better resistance to erosion,
excellent stability at various temperature range, high
hardness and mechanical strength due to its four core
*Corresponding Author Email: akku.vyas2011@gmail.com (A. Vyas )

effect namely cocktail effect, severe lattice distortion
effect, sluggish diffusion effect as well as high entropy
effect [3]. However, bulk products of high entropy
alloys are usually made of casting as well as powder
metallurgy route. To improve efficiency and working
life of various components along with reduced cost of
high entropy alloy (Ni, Cr and Co expensive elements),
it can be used as a coating material instead of
replacement of existing bulk material [4]. The HEA
coating is deposited through different processes such as
plasma
transferred
arc,
magneto
sputtering,
electrochemical deposition and laser coating. Laser is a
versatile tool which can be used not only for cladding
but also for welding, cutting as well as forming [5-8].
The laser-assisted coating method has many advantages
compared to other methods, including rapid
solidification rate (in the range of 104 to 106 oC/s), good
metallurgical bonding, optimum dilution, narrow heataffected zone, better control on process parameters, high
repeatability and process stability. In addition, based on
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kinetic theory, the reduction in nucleation growth of
brittle intermetallics can be done through a quick
solidification rate of the laser cladding process [9]. AISI
316 steel is a very important material for many
tribological as well as marine applications due to its
superior corrosive resistivity and ductility. However, its
inferior tribological and wear characteristics impose a
limitation on this material for a broader range of
applications [10]. From the theoretical point of view and
practical consideration, it is necessary to investigate the
mechanical and metallurgical characteristics of HEA
cladding on austenitic steel in brief. Recently, ceramic
particles such as WC, TiC and SiC reinforced coatings
prepared by laser cladding technology are mostly
applied on Nickel, Cobalt or Ferrous alloys. However,
the investigation regarding HEA coating strengthened
by reinforcing phase particles are limited. WC has very
high hardness (2600 HV) and melting point (2600 oC)
making it ideal as a reinforcement material in HEA
coating to enhance mechanical characteristics [11,16].
In present work, a novel high entropy alloy coating with
an equiatomic composition of AlFeCuCrCoNi- and 10
wt.% WC (AlFeCuCrCoNi-WC10) was deposited on
AISI-316 substrate through laser cladding. Furthermore,
the phase constituents, microstructure evaluation,
elemental distribution and microhardness of high
entropy alloy coating were investigated briefly.

The elemental composition of AISI 316 steel is as
indicated in Table 1. As a cladding material, an
equiatomic Fe, Cr, Co, Ni, Cu and Al metal powders
with a reinforcement of 10 wt.% WC were used. The
contribution of individual elements for making high
entropy alloy is as listed in Table 2. The motive behind
selecting a particular individual element for the
preparation of high entropy alloy is mixing enthalpy of
every principal element with each other, as listed in
Table 3 [16].
All powders having 99.9% purity procured from
Chrome special materials pvt ltd., Mumbai with an
average mesh size of 80-100 were used in the present
investigation. The substrate surface was polished
through emery paper (320-1200 grit size) and rinsed
with the acetone before laser cladding. The selected
high entropy alloy powders (AlFeCuCrCoNi-WC10)
were mixed in an equiatomic composition using 3D
Multi-Motion Mixer (Alphie 0.3 Hp) for 30 minutes (15
min forward and 15 min reverse cycle). The laser
cladding experiment was performed through 4 kW CO 2
laser system situated at the Magod Fusion Technology,
Pune, as shown in Figure 1. The operating parameters
for laser cladding process were, spot diameter (d) = 2.4
mm, standoff distance (a) = 8 mm, laser power (p) = 1.1
kW, laser scanning velocity (v) = 500 mm/min, argon
flow rate (r) = 6 lit/min and the powder feed rate (f) = 4
g/min. An overlapping ratio of 60% was chosen
between successive tracks to generate a homogeneous
cladding on the substrate. The laser cladded
metallurgical specimens were cut cross-sectional, resin
mounted, polished, and etched with an aqua regia
solution. The difference in clad morphology and

2. EXPERIMENTAL PROCEDURE
Circular samples of AISI 316 stainless steel with a size
of ɸ90mm x 10mm were chosen as the base material.

TABLE 1. Chemical content of AISI 316 steel (wt.%).
Elements
Composition

Ni

Mo

P

S

N2

C

Mg

Si

Cr

Fe

10.0 - 14.0

2.00 - 3.00

0.045

0.03

0.1

0.08

2.00

0.1

16.0 -18.0.

65-70

TABLE 2. Chemical composition of AlFeCuCrCoNi-WC10 high entropy alloy powder (wt.%).
Elements
Composition

Al

Fe

Cu

Co

Cr

Ni

WC

7.96± 0.40

15.90± 0.10

17.73± 0.05

16.52± 0.20

14.68± 0.05

17.14± 0.25

10.00 ± 0.05

TABLE 3. Binary mixing enthalpies, ∆Hmixij (kJ/mol) of high entropy alloy [16]
Al-Fe

-11

Fe-Ni

2

Cu-Ni

4

Cr-Ni

-7

Co-Ni

0

Ni-W

-9

Al-Ni

-22

Fe-Cu

13

Cu-Co

6

Cr-Co

-4

Co-W

-5

Ni-C

-39

Al-Cu

-1

Fe-Co

-1

Cu-Cr

12

Cr-W

5

Co-C

-42

Al-Co

-19

Fe-Cr

-1

Cu-W

23

Cr-C

-61

Al-Cr

-10

Fe-W

4

Cu-C

-42

Al-W

-2

Fe-C

-50

Al-C

-30
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Figure 1. A 4 kW Co2 laser cladding experimental setup
equiped with robotic arm
Figure 2. XRD spectra of AlFeCuCrCoNi-WC10 HEA

microstructure along its length and height was revealed
by optical microscopy (Leica S8APO). The phase
constitution of the as cladded specimen was identified
through X-ray diffractometer (XRD) using a Cu Kα
radiation (PANalytical X’Pert Powder). The variation in
microhardness from cladded zone to substrate metal was
determined using a Micro Vickers Hardness Tester
(Future Tech Corporation, Japan –FM 700) applying a
load of 0.5 Kg with a dwell time of 15 Sec. The field
emission scanning electron microscope (FESEMJSM7100F) along with energy dispersive spectrometer
(EDS) was used to analyze the elemental distribution in
the coating as well as in the interface zone.
3. RESULTS AND DISCUSSION
3. 1. Phase Constituents
Figure 2 indicates
the X-ray diffraction profile of the AlFeCuCrCoNiWC10 high entropy alloy coating. The solid solution
phases consisting of a combination of two phases FCC
+ BCC, an additional set of diffraction peaks
corresponding to W rich carbide phases can be observed
[12]. The results revealed that additional phases in the
coating observed to be very limited and the laser rapid
melting and solidification process effectively
constrained the precipitation of undesired intermetallic
compounds in the cladding. No oxide formation was
revealed in XRD Spectra, which signifies that during
laser cladding adequate protection against oxidation was
maintained through continuous supply of Argon gas
[13]. As stated by Gibbs phase rule, the number of
phases for non-equilibrium solidification leads to be p >
n+1 (p= number of phases, n= number of elements),
while the phases formed in AlFeCuCrCoNi-WC10 high
entropy alloy cladding is much less than 8 [14]. The
reason behind this phenomenon is the influence of high
mixing entropy generated by multi principal element.
Considering intensity of XRD peaks, it is observed that
BCC solid solution phase is much higher than that of
FCC solid solution phase, and it can be concluded that
the BCC solid solution phase is the primary phase [15].

3. 2. Microstructure
Figure 3 shows the optical
micrograph of AlFeCuCrCoNi-WC10 HEA coatings
synthesized through the laser-assisted cladding. The
micrograph indicates that cladding is dense enough and
free from cracks as well as pores, with a coating
thickness of 0.9 mm. As can be seen in Figure 3(a),
there are three categorical regions in the cladding, that is
clad zone (CZ), Bonding Zone (BZ) and Heat affected
zone (HAZ) the span of which depends on variation in
the microstructure. The cladding zone microstructure is
mainly consisting of fine-grained non-directional and
equiaxed crystals away from the base material and
columnar grains near the base material. The columnar
grains (Figure 3(c)) are transformed to equiaxed (Figure
3(b)) with a reduction in a temperature gradient in the
center of the cladding zone. The layer of planar crystals
with a thickness of approximately 20-25 µm is observed
at the interface region of the high entropy alloy
cladding, as indicated by “PC” in Figure 3 (a). The
planar crystal is hard to corrode for metallurgical
investigation. In addition, the curved line at the interface
zone instead of a straight line also indicates an excellent
metallurgical bonding between the cladding and the
base material. When the high entropy alloy cools down
during laser cladding process, agreeing to the
constitutional undercooling criterion, the temperature
difference at liquid solid interface and the cooling rate
are the major factors to identify the microstructure
behavior of HEA. In the laser cladding process, due to
quick melting-solidification phenomena a thin layer of
substrate melts with the cladding layer, and this diffused
layer cools down through heat dissipation of the base
material. Therefore, the temperature difference (∆t) is
very high, while the solidification rate (r) is less, which
tends to give large ∆t/r. Therefore, the nucleation rate is
much quicker than the growth rate of the crystal and it
will lead to grow as the planar crystal at the interface
[16-18]. The growth direction of the columnar grain is
perpendicular to the interface zone due to the rapid
directional solidification, typical of the laser cladding
process [19].
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Figure 3. Optical micrograph of the HEA coatings (a) Interface zone (b) Cladding zone and (c) Grain orientation near the interface
zone

3. 3. Compositional Analysis
The EDS (Energy
Dispersive Spectroscopy) results (Figure 4(b)) for the
elemental composition of the cladding layer revealed
that all the individual principal element were uniformly
distributed in approximately designed weight proportion
across the coating. The quantitative composition of
elements in the different areas as indicated in region 1
(Bright) and region 2 (Dark) in Figure 4(c) is shown in
Table 5. The elemental distribution in the region 2
(Dendritic) is similar to the quantitative composition of
the cladding, while region 1 (Interdendritic) is enriched
with tungsten particles. [18]. Additionally, high
proportion of Cr is observed in interdendritic region
indicating partial
dissolution of tungsten carbide
particles and replacement of W with Cr. This could be
majorly due to the capillary phenomena of melted
material and concentrated laser energy, which may tend
to increase in the temperature of the molten pool beyond
the melting point of tungsten carbide particles and lead

to the partial dissolution of tungsten carbide particles
[16].
Figure 5 shows the EDS elemental mapping for the
individual elements in the cladding layer. As in area
EDS analysis mapping also revealed the segregation of
tungsten rich particles in the inter-dendritic region,
while the other elements of the HEA are observed to be
uniformly distributed throughout the cladding. The
rapid melting and solidification process of laser
cladding along with the sluggish diffusion effect of
HEA leads to the uniform distribution of alloying
elements [20]. In order to study the degree of iron
dilution and its effect on the elemental distribution of
the cladding layer, line EDS analysis was conducted
near the interface zone, and the results are indicated in
Figure 6. The concentration of the iron is higher than
design composition at the interface as compared to
surface due to dilution from iron based substrate.

Figure 4. EDS elemental analysis of high entropy alloy coatings (a) SEM image of cladding zone (b) Elemental distribution of the
cladding zone (c) High magnification image of cladding zone indicating various regions

TABLE 5.EDS results of AlFeCuCrCuNi-WC10 coating
Region

Fe

Cu

Cr

Co

Ni

Al

W

Region 1

14.6

8.3

26.1

7.4

8.8

3.6

31.2

Region 2

29.1

9.5

19.2

15.2

15.3

5.1

6.6

3. 4. Microhardness
Figure 7 shows the
measured values of microhardness for the
AlFeCuCrCoNi-WC10 high entropy alloy coatings along
the cross-section from the cladding zone to the
substrate. It was observed that the maximum
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Figure 5. EDS maps of the HEA coating for elements Fe, Cr,
Co, Ni, Al, Cu and W
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carbide particles into high entropy alloy matrix, increase
lattice distortion and enhance solution strengthening.
The substitutional and interstitial solution strengthening
is the major phenomenon behind the solution
strengthening of high entropy alloy. (2) The quick
melting solidification behavior of the laser-assisted
cladding process leads to grain size reduction, the
development of nano-precipitates and the enhancement
of solubility constrained in the coating. (3) The solution
strengthening due to lattice distortion as a result of the
difference in the atomic radius of the various metallic
elements leads to large lattice strain distortion and solid
solution effect in the AlCrFeNiCuCo-WC10 coatings. In
addition, a high-density dislocation can be seen due to
this variation in the atomic size. In AlCrFeNiCuCoWC10, Al contributes more to the lattice distortion
because of its larger atomic radius compared to the
other five elements. (4) Rapid solidification restricting
grain growth leads to increasing the amount of grain
boundary and tends to generate grain boundary
strengthening [19].

4. CONCLUSION

Figure 6. The line scan analysis of the AlFeCuCrCuNi-WC10
HEA coating (a) SEM micrograph of the interface zone of (b)
Elemental distribution through line scan analysis

Figure 7. Microhardness distribution of the AlFeCuCrCoNiWC10 coating

microhardness of AlFeCuCrCoNi-WC10 high entropy
alloy coating reaches to 670 HV0.5, which is
approximately 4.5 times greater than the base material
AISI-316 (155 Hv0.5). This increasing hardness is
attributed to the following reasons, (1) The ex-situ WC
particles in the alloy coatings act as strengthening phase
distributed in the solid solution phase due to the
detachment of free carbon atoms from molten tungsten

The XRD peaks revealed that as clad AlFeCuCrCoNiWC10 high entropy alloy coating composed of BCC,
FCC and W-rich phase. The morphology of laser
cladded AlFeCuCrCoNi-WC10 high entropy alloy
includes cladding, bonding, planer crystal and heataffected zones. The cladding zone microstructure is
mainly consisting of fine-grained non-directional and
equiaxed crystals away from the base material and
columnar grains near the base material. The energy
dispersive spectroscopy results revealed the segregation
of W and Cr particles in the inter-dendritic region. At
the same time, the other elements of the HEA are
observed to be uniformly distributed throughout the
cladding. The contribution of the iron is higher than that
of the other elements near the substrate as compared to
the cladding zone due to the rich iron content in the
AISI-316substrate. Maximum microhardness of
AlFeCuCrCoNi-WC10 high entropy alloy coating
reaches 670 HV0.5, which is approximately 4.5 times
greater than that of the base material AISI-316 (155
Hv0.5).
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Persian Abstract
چکیده
 کاربرد، به علت سختی کم و ویژگیهای مکانیکی ضعیف،AISI 316  شکلپذیری خوب و هزینهی پایین فوالد زنگنزن آستنیتی،علیرغم مقاومت در برابر خوردگی عالی
 از طریق روکشکاری فلزی باAlFeCuCrCoNi-WC10  پوششهای آلیاژی آنتروپی باالی، برای بهبود ویژگیهای مکانیکی.آن در چند زمینهی صنعتی محدود میشود
 ریزسختی و توزیع عناصر بهترتیب با، ریزساختار، بر ترکیب دیگر فازهاWC  تاثیر ترکیب. قرار گرفتندAISI 316 استفاده از لیزر بر روی زیرالیهی فوالد زنگنزن آستنیتی
 نشان داد که به سطح پوشیدهشده باXRD  قلههای.) آزمایشگر میکرو سختی بررسی شدFESEM-EDS(  طیفسنجی پراکندگی انرژی،طیفنگار پرتو ایکس
 است ریزساختار ناحیهی پوششی عمدتاً از بلورهای ریزدانهی غیرجهتدار و مخلوط درFCC  وBCC  با ساختارW  حاوی فاز غنی از، AlFeCuCrCoNi-WC10
، البته. را در منطقهی فصل مشترك نشان دادCr  وW  تفکیك، طیفسنجی پراکندگی انرژی. و دانههای ستونی در نزدیکی مواد پایه تشکیل شده است،نواحی دور از مواد پایه
670 (AlFeCuCrCoNi-WC10)  ریزسختی پوشش آلیاژی آنتروپی باال. سایر عناصر آلیاژی بهطور یكنواخت در سراسر روکش توزیع شدهاند،آن طورکه مشاهده شد
.( بودAISI-316)  برابر بیشتر از مادهی زیرالیه4/5  یعنی،(670 Hv0.5) 0/5 عدد ریزسختی ویکرز

