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Abstract: The manufacturing of end-use parts and high-volume production tooling, such as 
molds and dies, presents distinct challenges regarding dimensional accuracy, flexibility, and 
production speed. Laser cladding has emerged as a promising technique, offering high energy 
density, low elemental dilution, and minimal thermal damage to substrates, making it ideal for 
producing dense, well-bonded coatings. By optimizing laser cladding parameters, remanufac-
tured surfaces can be generated with superior properties compared to the original, uncoated 
parts. This study focuses on the characterization of WC-7Ni-19Cr coatings applied to AISI H13 and 
AISI 4140 steels, which are representative of injection mold materials and blades used in steam 
turbine energy generation from sugarcane bagasse combustion, respectively. The coatings were 
evaluated to identify optimal cladding parameters and were characterized using laser confocal 
microscopy, Vickers microhardness testing, and microadhesive wear analysis. The results demon-
strated that the coatings were homogeneous, exhibited high hardness and wear resistance, and 
outperformed the respective substrates. These findings highlight the potential for laser cladding 
in enhancing industrial component performance.

Keywords: Laser cladding, AISI H13, AISI 4140, WC-7Ni-19Cr,  
coatings, microadhesive wear tests.
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1. Introduction

Coatings play a vital role, particularly in industrial applica-
tions, where they help extend the lifespan of mechanical 
components exposed to harsh oxidizing or abrasive con-
ditions (Chen et  al., 2022; John et  al., 2022; (Posmyk & 
Myalski, 2023). Given the wide variety of industrial needs, 
numerous coating processes have been developed to 
meet specific demands (Fotovvati et  al., 2019; Abijith 
et al., 2018). In recent decades, the rapid advancement of 
laser technology has enabled the creation of high-quality 
material coatings (John et  al., 2022). Laser cladding, an 
advanced surface modification technique, uses a high-en-
ergy-density laser beam to fuse cladding materials with 
the substrate surface, forming a protective filler layer 
(Santo, 2008). This process is characterized by its rapid 
melting and cooling (Han et  al., 2022), which promotes 
metallurgical bonding (Ahn, 2021) between the feedstock 
and the substrate while minimizing deformation (Svetliz-
ky et al., 2021). Laser cladding, classified under additive 
manufacturing (AM) as a directed energy deposition (DED) 
process in ASTM and ISO standards (Dasgupta & Dutta, 
2022), involves complex laser-material interactions and 
intricate metallurgical and physicochemical reactions 
(Ghosal et al., 2018; Toyserkani et al., 2017). These inter-
actions are directly influenced by process parameters, 
which determine the quality and characteristics of the 
coating (Shamsaei et  al., 2015; Thompson et  al., 2015). 
Various applications of laser cladding coatings have been 
studied (Birger et al., 2011; Gong et al., 2023; John et al., 
2022), with research often focusing on process variables 
(Sun et al., 2022; You et al., 2023), performance outcomes 
(Han et al., 2022), or both. There is broad agreement that 
the choice of cladding material is crucial for ensuring 
coating quality and effectiveness.

While many materials are compatible with additive 
manufacturing, metal applications deserve special at-
tention as they represent the most significant and widely 
used sectors. (Armstrong et al., 2022; Cooke et al., 2020). 
One of the key challenges in metal additive manufactur-
ing is understanding material behavior during thermal 
cycles, which involve rapid solidification, directional 
cooling, and phase transformations (Kirka et  al., 2017; 
Singh et  al., 2017). These factors introduce complexities 
in analyzing microstructural evolution and material prop-
erties that differ significantly from those in conventional 
processes (Shamsaei et al., 2015; Thompson et al., 2015). 
Among the various coating options, metal matrix com-
posites reinforced with hard ceramic particles, such as 
tungsten carbide (WC), are commonly used (St-Georges, 

2007). WC exhibits high wettability with metal alloys, such 
as nickel (Ni) and cobalt (Co), which is essential for form-
ing high-quality composites. In WC-based composites, 
the matrix typically consists of metals with lower melting 
points, such as Co, Fe, and Ni, with Cr sometimes added 
to enhance corrosion resistance (Matthews et al., 2021a; 
Tougherghi et al., 2022; Wang et al., 2022).

The WC-Ni-Cr composite material, composed of tung-
sten carbide particles dispersed within a nickel-chromium 
matrix, offers a combination of high hardness, chemical 
and thermal stability (from WC particles), and toughness, 
impact resistance, and excellent corrosion resistance 
(from the Ni-Cr matrix) (Matthews et al., 2021b; Van Ack-
er et al., 2005). The overall performance of the material is 
influenced by its composition, microstructure, and pro-
cessing parameters, all of which can be tailored to meet 
specific application requirements (Oladijo et  al., 2014). 
Key factors such as substrate dilution rate, surface qual-
ity, geometric accuracy, and mechanical properties are 
significantly affected by the cladding process parameters 
(You et al., 2023; Dong & Fan, 2015; Sun et al., 2022).

Given that 70–80 % of mechanical equipment fail-
ures are attributed to cumulative wear (Han et al., 2022; 
John et al., 2022), understanding and improving the wear 
resistance of components is a critical area of research. 
This paper investigates the hardness and wear behavior 
of a WC-7Ni-19Cr coating applied via laser cladding to 
substrates used in high-wear environments where dura-
bility is crucial. This particular combination of coating, 
substrate material, and cladding technique has not been 
extensively documented in the literature, and the results 
offer promising insights for future applications.

2. Materials and Methods

2.1 Materials
Two distinct steel sheets, AISI 4140 and AISI H13, were uti-
lized as test substrates in this experiment. The selection of 
these materials was based on their unique processing and 
mechanical properties, making them suitable for diverse 
applications. AISI 4140 steel is renowned for its versatil-
ity, commonly used in manufacturing axles, shafts, and 
gears. In contrast, AISI H13 is widely employed in produc-
ing hot work tooling for die casting, extrusion, and forging 
applications. All substrate sheets maintained a uniform 
thickness of 5 mm, a dimension chosen based on prelim-
inary tests that indicated it was optimal for minimizing 
distortion caused by thermal stresses. The rationale for 
selecting these specific substrate materials stems from 
their excellent wear resistance, aligning perfectly with 
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the requirements of their respective application areas. 
Despite intrinsic differences in chemical composition 
and mechanical characteristics, the selected substrates 
enable a comparative investigation into the coating pro-
cess’s effectiveness across various operational scenarios.

The substrates were heat-treated according to the 
conditions outlined in Table 1. During the austempering 
procedure, two distinct temperature thresholds were 
carefully established, guided by a thorough literature re-
view (Borchers et al., 2020; Du et al., 2023) and previous 
research experiences (Edson Mariani et  al., 2023). This 
approach ensured a thoughtful integration of relevant 
material properties and desired outcomes. The samples 
underwent meticulously planned isothermal quenching 
processes using oil-based media, aimed at achieving a 
specific microstructural configuration that imparts en-
hanced mechanical properties and wear resistance. One 
inherent advantage of the austempering process is its 
ability to facilitate slow cooling rates, which reduces the 
risk of distortion and fracture—key concerns in material 
processing. As a result, the specimens exhibit improved 
performance profiles during operational deployment, 
benefiting from these advantageous cooling kinetics.

Table 1. Substrates heat treatment conditions.

Material
Austenization Quenching 

Medium
Tempering

°C Time °C Time

AISI 4140 870 4 hours Oil 200 1 hour

AISI H13 1030 4 hours Oil 540 2 hours

The treatment parameters for various materials are 
critical to achieving optimal properties. For AISI 4140, aus-
tenitizing at 870 °C for 4 hours is within the recommended 
range, allowing for the dissolution of carbides and for-
mation of a homogeneous structure. This is essential for 
effective quenching and heat treatment. Oil quenching 
provides fast yet controlled cooling, minimizing deforma-
tion and fractures. Tempering at 200 °C for 1 hour reduces 
brittleness without significant loss of hardness. However, 
tempering temperature may vary based on the material’s 
final use, with higher temperatures sometimes used to 
enhance hardness.

Austenitizing AISI H13 at 1030 °C for 4 hours is ideal 
for this high-alloy steel, commonly used in hot-working 
tools. This temperature ensures the complete dissolution 
of carbides, resulting in a homogeneous microstructure 
that enhances wear resistance and thermal stability. Oil 
quenching is necessary to prevent the formation of soft 
or brittle structures, which would reduce wear resistance. 

Tempering at 540 °C for 2 hours improves both hardness 
and wear resistance, maintaining a balance between 
hardness and toughness, crucial for applications such as 
forging dies and high-temperature casting.

While the heat treatment parameters for AISI 4140 
and AISI H13 were standardized to optimize mechanical 
properties like wear resistance, the study did not directly 
measure or report hardness values. The primary focus 
was on the impact of the cladding process on the com-
ponents’ properties.

The cladding material used in this study was a com-
mercially available WC-7Ni-19Cr powder. The structural 
characteristics of the powder were meticulously exam-
ined using a confocal microscope. Figure 1 presents the 
confocal image of the powder along with its particle size 
distribution.

The powder used for cladding has a size distribution 
ranging from 15 to 45 μm, and the figure clearly shows 
that the predominant particle geometries are spherical, 
although some irregularities in morphology are present, 
along with a minimal occurrence of satellite formation. 
The selection of the cladding material was based on its 
exceptional hardness and wear resistance properties, 
making it ideal for use as a protective layer on compo-
nents that require resistance to abrasive particles, hard 
surfaces, fretting, particle erosion, and wear in various 
environmental conditions. 

2.2 Cladding Procedure 
WC-7Ni-19Cr powder was used as the coating material 
and applied via a pre-placed cladding technique (see Fig-
ure 2). In this method, the powder is initially distributed 
over the substrate. However, maintaining the particles 
in position until melting can be challenging and costly 
due to machine limitations and gas flow interactions. To 
overcome this issue, a sludge mixture consisting of the 
powder and a polyvinyl acetate (PVA) polymer solution 
in a 1:1 ratio was utilized. The sludge was applied to the 
substrate and dried at 150 °C for 20 minutes to facilitate 
water evaporation and curing. 

Figure 1. WC-7Ni-19Cr powder confocal image.
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PVA, commonly used as a binder in powder metallurgy 
and additive manufacturing, helps stabilize the powder 
during the pre-cladding stage. During rapid heating—
particularly in laser cladding—intense thermal gradients 
promote its quick evaporation. Based on previous tests, 
the range of laser power employed in this study guaran-
tees the complete evaporation of PVA during processing, 
thereby preventing the formation of gas pockets, voids, 
or other defects in the final coating.

The preplaced technique offers significant advantages, 
particularly in optimizing powder utilization and reducing 
wear on the machine, especially on the components of 
the deposition head, which are prone to damage when 
using coarse powders. This variation of the cladding pro-
cess has been previously employed and described by da 
Silva et al. (2023). To ensure the even distribution of the 
mixture of powder and polyvinyl acetate (PVA) polymer 
solution on the substrate surface, a mechanical method 
is employed to aid in achieving uniform application. This 
approach enhances the consistency of the coating, en-
suring that the powder-polymer mixture is evenly spread 
across the surface before the cladding process begins.

The BeAM® Modulo 250 machine was employed as the 
energy source for this experiment. This directed energy 
deposition (DED) machine is equipped with a coaxial Nd 
laser focused 3.5 mm above the surface to create a 0.8 
mm spot size, featuring a top hat energy distribution and 
controlled by a Siemens® 840D CNC. To protect the optical 
system and the melt pool from contamination or oxida-
tion, an argon flow of 12 L/min was directed through the 
deposition head. These parameters were selected based 
on previous successful coating operations performed 
with the same machine, as reported in (Barragan et  al., 
2021a; Edson Mariani et al., 2023), which achieved excel-
lent fusion zones and optimal equipment protection.

Laser single tracks were produced by adjusting the la-
ser power and travel speed. Two travel speeds, 300 and 
500 mm/min, and three laser powers, 250, 350, and 450 
W, were used, resulting in six different configurations for 
study. The choice of these parameters was based on pre-
liminary tests and a review of the literature (G. Barragan 
et  al., 2021b). The tracks were then analyzed to deter-
mine the most suitable parameters for coating, focusing 
on achieving strong adhesion without layer detachment, 
while minimizing the heat-affected zone (HAZ) to pre-
serve the substrate properties. Additionally, appropriate 
dilution of the cladding material was critical—excessive 
dilution compromises the material’s intrinsic properties, 
while insufficient dilution prevents a solid metallurgical 
bond with the substrate. The dilution rate of a laser track 

was determined by measuring its cross-section. The pro-
cess parameters yielding the best results were selected 
for coating a 35 mm x 35 mm area using a zigzag laser 
movement strategy with 33% overlap.

2.3 Metallographic Observation
To examine the cross-sectional regions, the samples were 
labeled and embedded for metallographic analysis. They 
were then polished and sanded using an alumina sus-
pension (0.05 μm) and SiC sandpaper with progressively 
finer meshes: 80, 140, 220, 320, 400, 600, 1000, and 1200 
grit. For microstructural observation, a chemical etching 
process was performed: AISI 4140 steel was etched with 
Villella’s reagent (5 m HCl + 2 g picric acid + 100 ml ethyl 
alcohol) for 10 seconds, while AISI H13 steel was etched 
with Nital 2% (2 mL HNO₃ + 98 ml ethyl alcohol). After 
metallographic preparation, the coatings were examined 
using an Olympus® OLS4000 laser confocal microscope 
with an integrated camera.

2.4 Microhardness Tests
To measure the hardness of the generated substrates and 
coatings, Vickers microhardness (HV) tests were conduct-
ed using a Buhler® micro durometer, model 1600-6300, in 
accordance with the ASTM E384-17 standard. The tests 
utilized a load of 200 gf applied for 15 seconds. In addition 
to calculating the average hardness, micro-hardness pro-
files were established by taking a series of measurements 
at approximate intervals of 0.05 mm. These intervals were 
selected to ensure a uniform distribution of samples, 
covering the entire coating and extending to a significant 
depth of the substrate. This methodology facilitated the 
evaluation of how the surface property evolved toward 
the center of the substrate sample, as well as how the 
coating hardness varied with distance from the substrate 
surface.

Figure 2. Schematic of preplaced 
powder cladding procedure.
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2.5 Wear Test
The wear resistance of both the produced coatings and 
the substrates was evaluated using microadhesive wear 
tests as detailed in (Esteves et  al., 2019). Figure 3 illus-
trates the schematic of the test machine utilized. The 
wear test machine was developed by the Department 
of Materials Engineering at the São Carlos School of En-
gineering, University of São Paulo. The specimens were 
sanded with sandpaper of various grits (80, 140, 220, 320, 
400, 600, 800, 1000, and 1200 mesh) and polished using 
a 0.05 μm alumina suspension to obtain a smooth, in-
terference-free surface suitable for micro-scale testing. A 
1-inch steel ball made of AISI 52100, which was quenched 
and tempered to a hardness of 61 HRC, was employed 
for the tests. Each trial utilized a single test sphere at 
room temperature with a humidity level of 53%. The ball 
was meticulously cleaned before each test to prevent 
any potential contamination. Four tests were performed, 
varying in duration (5, 10, 15, and 20 minutes), under a 
load of 300 g (5.25 N) at a constant speed of 265 rpm.

For each sample, the test was conducted four times to 
determine the mean volume removed and the associated 
standard deviations. These parameters were specified to 
prevent any interfacial characteristics from influencing 
the microstructural properties during the experiments. 
Initially, the tested sections took on a cap-like shape, and 
their average diameters were used to calculate the worn 
volumes. The distances traveled and average volumes re-
moved were calculated from the average diameters of the 
wear tracks created by the friction between the steel ball 
and the sample, as described in Equation 1.

V = (𝜋.dˆ4)/(64.R) f or d << R (1)

Where V represents the removed volume, d is the average 
diameter of the produced cap, and R is the radius of the 
sphere.

3. Results

The initial depositions aimed to optimize the parame-
ters for the selected material combination, WC-7Ni-19Cr 
coating, on two substrates: AISI 4140 and AISI H13. Since 
laser cladding involves melting and rapid solidification, it 
induces intense thermal cycles that can impact the struc-
tural integrity of the clad component due to significant 
thermal stresses between the coating and the substrate. 
These stresses may result in cracking, delamination, or 
deformation, adversely affecting the component’s func-
tional properties. A preliminary visual inspection of the 
coated samples revealed no visible defects, with the 

macroscopic properties being consistent and continuous, 
indicating an absence of surface flaws.

The laser-clad coating can be divided into three distinct 
zones: the WC-7Ni-19Cr cladding layer, the heat-affected 
zone (HAZ), and the substrate. To assess the quality of 
the coating, cross-sectional profiling was performed to 
evaluate coating uniformity, the HAZ region, and dilu-
tion. Dilution is a critical factor in determining cladding 
quality, as the substrate inevitably dilutes the cladding 
material during the process. The surface of the substrate 
must melt to form a strong metallurgical bond at the 
interface. However, controlling dilution is essential to pre-
serve the material properties of both the substrate and 
the cladding. In this study, the parameter configuration 
that achieved favorable coating properties with minimal 
dilution was deemed optimal. Optical images of trans-
verse sections of the deposited layers of WC-7Ni-19Cr on 
the AISI 4140 substrate, along with their respective laser 
power and travel speed parameters (300 mm/min or 500 
mm/min), are shown in Figures 4 to 6.

When laser cladding was performed at the lowest 
deposition speed of 300 mm/min with a laser power of 
250 W, several notable issues became apparent in the 
resulting microstructure, as can be observed in the micro-
graph. This combination of parameters led to incomplete 
melting of the cladding material, primarily due to the low 
energy density provided by the laser. Insufficient ener-
gy caused poor wettability between the molten cladding 
and the substrate surface, which prevented a strong 
metallurgical bond from forming. As a result, significant 
irregularities, such as pores, were visible in the depos-
ited layer, and in some regions, no deposition occurred 
at all. This lack of uniformity highlights the challenges 
of achieving proper material fusion at lower power and 
speed, which can severely impact the mechanical integ-
rity of the coating.

Figure 3. Test machine schematic.
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In contrast, when a higher deposition speed of 500 mm/
min was combined with a laser power of 450 W, the amount 
of deposited material increased significantly. The clad-
ding material fully melted and adhered to the substrate, 
producing a thicker and more continuous deposition 
layer. However, this improvement in deposition quality 
came at the cost of a significantly enlarged heat-affected 
zone (HAZ), as shown in the corresponding image. The 
HAZ represents the area of the substrate that underwent 
thermal alteration during the cladding process, which can 
lead to changes in the substrate’s microstructure, such 
as grain growth or phase transformations. An excessively 
large HAZ is undesirable because it can weaken the sub-
strate, particularly if it reduces toughness or alters the 
hardness of the steel. Additionally, at higher power levels, 
disturbances in the molten pool were more pronounced, 
leading to increased surface roughness, which could neg-
atively affect the coating’s tribological performance, such 
as wear resistance.

The microstructural observations at these different 
parameter combinations provide clear evidence of the 
trade-offs involved in laser cladding. For instance, at 300 
mm/min and 250 W, the deposition layer showed visible 
pores and incomplete bonding, while at 500 mm/min and 
450 W, the larger HAZ and rough surface texture indicated 
excessive heat input and molten pool turbulence. This 
highlights that while higher power can improve material 
melting and deposition uniformity, it can also introduce 
thermal stresses and surface defects that are detrimental 
to the overall coating quality.

The most favorable configuration was found with a depo-
sition speed of 500 mm/min and a lower laser power of 
250 W. This combination yielded a relatively uniform 
and defect-free deposition layer, as seen in the micro-
graph, with minimal porosity and a controlled HAZ size. 
The reduced HAZ under these conditions minimized the 
thermal impact on the substrate, preserving its original 
microstructure while still allowing for sufficient melting 
and bonding of the cladding material. This suggests that 
a balance between laser power and speed is essential 

Figure 4. WC-7Ni-19Cr deposited on AISI 4140 
steel substrate using a power of 250 W.

Figure 5. WC-7Ni-19Cr deposited on AISI 4140 
steel substrate using a power of 350 W.

Figure 6. WC-7Ni-19Cr deposited on AISI 4140 
steel substrate using a power of 450 W.
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surface roughness and porosity remain concerns at cer-
tain parameter combinations.

Once the parameters were defined (500 mm/min-1; 250 
W), a single layer was deposited using the overlapping strat-
egy previously defined (33%) in a region of 1225 mm2 to 
carry out future tests. The samples exhibit homogeneous, 
uninterrupted macrostructural features with no discern-
ible surface anomalies or defects, indicative of a uniform 
and continuous coating process via laser cladding. It was 
possible to observe a thin and homogeneous deposited 

for optimizing the coating’s performance. By careful-
ly adjusting the deposition parameters, it is possible to 
achieve a high-quality coating with a strong bond to the 
substrate, minimal defects, and limited alteration of the 
substrate’s microstructure.

Overall, the images and analysis reveal the critical im-
portance of optimizing the laser cladding parameters to 
achieve the best possible coating quality. At low power 
and speed, the deposition was inconsistent, with pores 
and incomplete melting. At high power, the coating im-
proved in uniformity, but the excessive heat created a 
large HAZ and surface roughness. The optimal balance 
was found at 500 mm/min and 250 W, which provided 
good deposition with minimal thermal effects on the 
substrate, demonstrating the delicate interplay between 
energy input, deposition speed, and the resulting micro-
structure in laser cladding processes.

Figures 7 to 9 show the results of the process employ-
ing the same parameter combination over an AISI H13 
steel substrate. Consistent magnification levels were em-
ployed during the image acquisition process to enable 
straightforward comparisons across all images of the 
deposition lines.

The laser cladding process on an AISI H13 steel sub-
strate shows both similarities and notable differences 
compared to the previous results with the AISI 4140 sub-
strate. As seen in Figure 7, irregular deposition is present 
at lower power and speed settings (300 mm/min and 250 
W), similar to the results with AISI 4140. The insufficient 
energy density once again causes poor wettability and 
incomplete bonding between the cladding layer and the 
substrate, leading to defective coating formation. How-
ever, in the AISI H13 substrate, the irregularity of the 
deposition appears more pronounced, with rougher and 
more uneven features in the deposited material, possibly 
due to the different thermal conductivity or alloy compo-
sition of H13 steel, which could affect heat distribution 
and energy absorption.

At higher power and speed settings (e.g., 500 mm/
min and 450 W), the heat-affected zone (HAZ) remains 
significant, as seen in both materials. The larger HAZ 
reflects the higher energy input, leading to deeper ther-
mal penetration into the substrate, but here, the HAZ in 
AISI H13 appears slightly more controlled, with smoother 
transitions in the deposited layer compared to AISI 4140. 
Similarities include the overall trend of improved deposi-
tion thickness and layer uniformity at higher power levels, 
but with the trade-off of increased thermal impact on the 
substrate. Both materials exhibit relatively good deposi-
tion layers at higher power (350 W and 450 W), although 

Figure 7. WC-7Ni-19Cr deposited on AISI H13 
steel substrate using a power of 250 W.

Figure 8. WC-7Ni-19Cr deposited on AISI H13 
steel substrate using a power of 350 W.
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layer and the heat-affected zone (HAZ) of each path tra-
versed by the laser. In the case of the AISI H13 substrate, 
the region of interest exhibited a discernible presence of 
incompletely melted spherical powder particles, likely due 
to their higher mass fraction relative to the molten liquid 
phase during the laser cladding process. A limited number 
of pores and cracks were also observed in both substrates, 
yet did not impinge on the final quality of the coatings, as 
evidenced by the absence of delamination. Cross-sectional 
micrographs of the deposited layers, obtained using the 
specified parameters, are presented in Figure 10.

The surface of the WC-7Ni-19Cr coating exhibits a con-
sistently smooth and uniform appearance, which can 
be attributed to both the selected overlapping pattern 
and the compatibility of the cladding material with the 
substrates. The smoothness of the deposition ensures a 
stable interface between the coating and substrate, which 
is critical under wear conditions. In the detailed cross-sec-
tional views, the deposited layer shows a uniform and 
defect-free surface, in comparison, suggesting good 
metallurgical bonding and thermal compatibility. The 
transition between the deposited layer and the substrate 
is smooth, with minimal disturbance to the substrate mi-
crostructure in the HAZ, indicating controlled heat transfer 
and solidification during the cladding process. Overall, 
the combination of a well-selected overlapping pattern 
and the favorable properties of the substrates leads to a 
more reliable and durable coating, making it better suited 
for applications requiring high wear resistance.

Table 2 shows the average of microhardness results for 
the samples produced, with the possibility of comparing 
with microhardness values referring to the substrate in 
question. For both depositions, the deposited material 
showed an improvement in surface hardness, with em-
phasis on the deposition of WC-7Ni-19Cr on AISI 4140, 
which presented approximately an average microhard-
ness value 80 % higher than the substrate value. For the 
AISI H13 the average microhardness value is lower, but 
this can be explained by have few defects that weaken the 
deposited layer; however, the value is similar to reported 
by John et al. (2022), Sun et al. (2022) and Hu et al. (2022) 
working with a WC cladding on 16 Mn steel (Mn—1.2 to 1.6, 
C—0.1 to 0.2); WC/Ni cladding on Cr12MoV steel, and WC/
Ni cladding on 0Cr17Ni12Mo2 stainless steel, respectively.

Table 2. Average measurements of microhardness.

Material Substrate WC-7Ni-19Cr

AISI 4140 532,51 ± 34,31 HV 954,95 ± 149,01 HV

AISI H13 578,42 ± 35,51 HV 617,46 ± 61,49 HV
Figure 10. Detail of the WC-7Ni-19Cr layer 

deposited on AISI H13 (a) and AISI 4140 (b).

Figure 9. WC-7Ni-19Cr deposited on AISI H13 
steel substrate using a power of 450 W.
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Vickers microhardness profiles were conducted for each 
sample, extending from the surface down to the sub-
strate. Figure 11 presents the microhardness profile 
of a WC-7Ni-19Cr coating applied on an AISI 4140 steel 
substrate, illustrating the variation in hardness with 
increasing distance from the surface. The coating demon-
strates exceptionally high surface hardness, reaching 
approximately 1200 HV, which is characteristic of WC-
based coatings known for their excellent hardness and 
wear resistance due to the presence of hard tungsten 
carbide particles. However, a steep decline in hardness 
is observed within the first 200 micrometers, marking 
the transition into the heat-affected zone (HAZ). This 
reduction in hardness is attributed to the thermal expo-
sure during the deposition process, which may result in 
tempering effects, microstructural alterations, or partial 
diffusion between the coating and substrate. Beyond the 
HAZ, the hardness stabilizes around 400 HV, consistent 
with the typical hardness of AISI 4140 steel after appro-
priate heat treatment, with a slight increase after 400 µm 
indicating some residual effects from the thermal process 
before reaching the unaffected region of the substrate.

High hardness of the WC-7Ni-19Cr coating underscores 
its effectiveness in providing superior wear resistance, 
which is crucial for applications involving significant abra-
sion or erosion. The pronounced drop in hardness within 
the HAZ emphasizes the necessity of controlling thermal 
effects during the deposition process, as an excessively 
large HAZ can compromise the mechanical integrity of the 
substrate, adversely impacting its fatigue life and wear 
resistance at the interface. Furthermore, the graph high-
lights the importance of managing the interface region 
between the coating and substrate, particularly within 
the HAZ, to ensure proper metallurgical bonding while 
minimizing dilution that could weaken the overall coating 
performance. Overall, this microhardness profile serves as 
a valuable tool for optimizing process parameters, ensur-
ing that the coating delivers the desired surface hardness 
while mitigating adverse thermal effects on the substrate.

Figure 12 illustrates the microhardness profile of a 
WC-7Ni-19Cr coating applied on an H13 steel substrate, 
revealing the hardness behavior in relation to the distance 
from the surface. The hardness in the deposited layer is 
approximately 700 HV, which is lower than the values ob-
served for the same coating on an AISI 4140 substrate. 
This difference may stem from variations in deposition 
conditions or microstructural interactions between the 
coating and the H13 steel, a tool steel recognized for its 
toughness and thermal resistance. In the heat-affected 
zone (HAZ), a more gradual decrease in hardness is noted 

as the profile transitions from the deposited layer, ex-
tending approximately 400 to 600 micrometers. This less 
steep decline suggests a better thermal compatibility 
between the coating and the H13 steel, or a more con-
trolled diffusion zone compared to the previous data on 
AISI 4140.

In the substrate region, hardness stabilizes around 
400 HV, which is typical for H13 tool steel after temper-
ing. Interestingly, there is a slight increase in hardness 
just before reaching the substrate (around 500 to 600 
µm), potentially due to re-austenitization and marten-
sitic transformation from localized laser heating and 
rapid cooling. From an engineering perspective, these 
microhardness values demonstrate that the WC-7Ni-19Cr 
coating provides effective wear resistance on H13 steel, 
albeit slightly lower than on AISI 4140. Nevertheless, this 
performance remains suitable for high-stress applica-
tions, particularly where toughness and thermal stability 
are critical, such as in tooling and dies.

The extended HAZ and smoother hardness transition 
indicate that the process parameters achieved a more 

Figure 11. Vickers microhardness profile for the 
WC-7Ni-19Cr layer deposited on AISI 4140.

Figure 12. Vickers microhardness profile for the 
WC-7Ni-19Cr layer deposited on AISI H13.
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uniform heat distribution, thereby reducing the risk of 
excessive thermal stresses. This finding suggests an 
optimized process for balancing coating adhesion and 
substrate integrity. Furthermore, the compatibility of the 
H13 steel substrate appears to promote better metal-
lurgical bonding with the WC-7Ni-19Cr coating, which is 
evidenced by the gradual hardness variation and stable 
transition, potentially enhancing performance in service, 
particularly regarding crack resistance and wear at the 
interface. Overall, this microhardness profile is promis-
ing for applications demanding both wear resistance and 
durability under thermal cycling, making WC-7Ni-19Cr a 
suitable coating choice for H13 steel substrates in chal-
lenging conditions.

Figures illustrate the hardness gradient results as they 
transition away from the surface and the deposited lay-
er, clearly identifying the heat-affected zone (HAZ). The 
microhardness values reveal a consistent trend, with the 
highest hardness observed in the region just below the 
coating surface. This phenomenon can be attributed to 
the rapid heating and cooling dynamics of the laser clad-
ding process, which enhances the nucleation rate and 
inhibits grain growth. Consequently, this leads to grain 
refinement and an increased density of grain boundaries. 
A sharp decline in hardness values corresponds to the 
HAZ, where the substrate’s properties are altered during 
processing. Beyond the HAZ, there is a normalization of 
microhardness values that aligns with the characteristic 
measurements of the substrate obtained previously. The 
microhardness profile measurements concluded once 
these values stabilized, indicating a return to the inherent 
hardness of the substrate. This comprehensive analysis 
underscores the significant effects of the laser cladding 
process on microhardness, particularly in terms of the 
gradient behavior from the surface to the substrate.

The following figures present the microadhesive wear 
graphs for the substrates, along with the results for the 
coated layers. The graphs depict the amount of material 
removed (in mm³) as a function of the distance covered 
(in meters), corresponding to the sphere’s rotations 
during testing. The coated layers exhibited greater wear 
resistance compared to the uncoated substrates, demon-
strating their effectiveness in enhancing the durability 
of the metals used. A direct comparison of the material 
volume removed from the coated samples shows similar 
performance for the WC-7Ni-19Cr coatings on both sub-
strates under investigation.

In Figure 13, the uncoated AISI 4140, represented by the 
blue curve, shows a marked increase in material remov-
al with increasing distance, culminating in a wear track 

volume of approximately 0.00055 mm³ after 450 meters. 
This behavior indicates significant wear in the uncoated 
substrate under the test conditions. In contrast, the yel-
low curve, corresponding to the WC-7Ni-19Cr-coated AISI 
4140, reveals a substantially lower wear rate, with minimal 
material removal even at greater distances—highlighting 
the coating’s effectiveness in greatly improving the wear 
resistance of AISI 4140 steel.

Examining the AISI H13 substrate (Figure 14), the red 
curve indicates a steeper increase in material removal 
compared to AISI 4140, with the wear volume reaching 
around 0.002 mm³ after 450 meters. This suggests that 
while AISI H13 is a robust tool steel, it experiences greater 
wear than AISI 4140 under the same conditions. However, 
the green curve for the WC-7Ni-19Cr coating on H13 shows 
minimal material removal throughout the test, remain-
ing close to the x-axis. This indicates exceptional wear 
resistance provided by the coating on H13, surpassing its 
effectiveness on AISI 4140 and nearly eliminating wear 
observed in the uncoated substrate.

For the AISI H13 substrate (Figure 14), the red curve 
shows an even steeper increase in material remov-
al compared to AISI 4140, with wear volume reaching 

Figure 13. Results of microadhesive wear tests for 
WC-7Ni-19Cr coating on AISI 4140 substrate.

Figure 14. Results of microadhesive wear tests for 
WC-7Ni-19Cr coating on AISI H13 substrate.
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approximately 0.002 mm³ after 450 meters. This suggests 
that, although H13 is a high-performance tool steel, it 
experiences more wear than AISI 4140 under the same 
test conditions. However, the green curve, representing 
the WC-7Ni-19Cr-coated H13, shows negligible material 
removal throughout the test, with values remaining close 
to the x-axis. This indicates an exceptional enhancement 
in wear resistance provided by the coating, even greater 
than that observed on AISI 4140, effectively eliminating 
the wear seen in the uncoated condition.

The influence of the substrate material is evident, as 
AISI H13 exhibits higher wear in its uncoated state. Nev-
ertheless, both substrates show excellent wear resistance 
once coated, emphasizing the crucial role of protective 
layers in improving durability under frictional loads. The 
WC-7Ni-19Cr coating proves to be highly effective for ap-
plications exposed to high stress, friction, or abrasive 
environments, particularly when applied to high-strength 
substrates like AISI 4140 and H13. Overall, the data un-
derscore the significant impact of WC-7Ni-19Cr coatings 
on improving wear performance across different steels, 
offering considerable advantages for use in demanding 
operational conditions.

The wear test results indicate that the primary wear 
mechanism in the uncoated substrates is microadhesive 
wear, characterized by progressive material loss due to 
localized bonding and tearing at the contact interface. 
This is evident in the steadily increasing wear volumes 
observed for both AISI 4140 and H13, with the latter dis-
playing a higher wear rate—likely attributed to its thermal 
behavior and potential for microcrack formation under 
frictional stress. In addition to adhesion, secondary wear 
mechanisms such as mild abrasive wear and oxidative 
wear may also be present, particularly in the uncoated 
samples, where surface roughness or debris could ac-
celerate material removal. In contrast, the WC-7Ni-19Cr 
coatings effectively suppress these mechanisms. The 
high hardness of the WC particles and the stable, ductile 
Ni-Cr matrix minimize adhesion, resist abrasion, and may 
assist in the formation of protective tribolayers during 
sliding contact. This results in significantly reduced wear 
rates—especially on the H13 substrate—confirming the 
coating’s ability to mitigate multiple wear mechanisms 
and extend the life of metallic components.

Conclusions

The deposition of both steels in the parameter defined 
as ideal resulted in an increase in hardness and wear 
resistance. Laser cladding is a process renowned for its 

remarkable economic efficiency, yielding superior quali-
ty coatings on cost-effective substrates while preserving 
the substrate’s bulk properties. The technique’s excep-
tional performance stems from its ability to fuse metallic 
powders onto the substrate surface using a high-powered 
laser beam. The resulting coatings exhibit superior me-
chanical, thermal, and wear resistance properties, making 
them highly desirable for various industrial applications. 
It was established that the deposition of the WC-7Ni-19Cr 
coating on the tool steel (AISI H13) used as a substrate 
allows the improvement of properties such as hardness 
and wear resistance, both very important for molds and 
tooling where these properties are highly demanded. 
Similarly, by using an alloy steel (AISI 4140) widely used 
for the manufacture of mechanical components due to 
its medium mechanical strength and fracture resistance, 
properties such as wear resistance allow it to amplify its 
applications.

The process presents a promising avenue for achieving 
optimal material utilization, reduced production costs, 
and improved product quality, thus positioning it as a po-
tential game-changer in advanced manufacturing. When 
tool steel (AISI H13) was used as a substrate, the intention 
of the deposition is to increase the interesting properties 
for applications of these materials, such as hardness and 
wear resistance, both very important for molds and tool-
ing where these properties are highly demanded. Also, 
when using an alloyed steel (AISI 4140), widely used for 
the manufacture of mechanical components due to its 
medium mechanical strength and fracture resistance, it 
still needs properties such as wear resistance to amplify 
its applications. As a result, the deposition of both com-
positions in the parameter defined as ideal resulted in an 
increase in hardness and wear resistance, which demon-
strates the fulfillment of the objective of the work. In this 
way, from the characterized coatings and the optimized 
process in the study, it is possible to solve very common 
problems of deterioration by tribological processes, pro-
viding different improved mechanical properties and 
improving their performance and tool life.

The experimental results obtained from the conduct-
ed tests have revealed crucial insights into the interplay 
between the process parameters and the resultant qual-
ity of the cladding samples. Notably, the energy density 
emerged as a critical factor affecting the cladding coat-
ing’s performance. In the case of the composition under 
study, it was determined that configurations featuring a 
deposition velocity of 500 mm/min-1 and a power output 
of 250 W generated the highest quality layers, charac-
terized by minimal or no pores, cracks, or material 
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detachment. Furthermore, the resulting heat-affected 
zone (HAZ) was relatively small, a critical consideration 
given the potential impact of an excessively large HAZ 
on the microstructure and properties of previously de-
posited layers. Such distortions could compromise the 
final product’s dimensional accuracy and induce residual 
stresses, underscoring the importance of minimizing the 
HAZ in layer-by-layer construction processes.
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