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In this research, laser cladding of Stellite 6 on the 35CrMo substrate 

was done. Various parameters of the laser caldding process were 

studied and after optimization of the parameters, microstructure and 

microhardness were evaluated. Characterization of the cladded layer 

was done by scanning electron microscope, X-ray diffraction, and 

Vickers microhardness. The results show that the clad track height 

was dependent on the parameters of the powder feeding rate and the 

laser scanning speed, and the laser power had the minimal effect. 

Similarly, the clad track width was controlled by the laser power and 

laser scanning speed. The clad track dilution was proportional to the 

laser power and had the greatest impact compared to other 

parameters. The wetting angle was controlled by three parameters: 

laser power, laser scanning speed, and powder feeding rate. Laser 

power of 550 W, powder feeding rate of 0.6 g/s, and laser scanning 

speed of 10 mm/s were chosen as the optimal parameters. The results 

showed a good metallurgical bonding between the cladding and the 

substrate. The microstructure of the single clad track was dense and 

crack- and pore-free, and due to the thermal and concentration 

gradient changes during solidification, it consisted of three different 

areas, including planar, columnar dendritic, and equiaxed dendritic 

microstructures. A significant improvement in the microhardness of 

Stellite 6 cladding was observed as compared with the substrate. By 

increasing the overlapping ratio from 30 to 60%, the dilution rate 

decreased from 31 to 7%. As a result, the microhardness reached 361 

HV in the overlapping ratio of 30% and further to 452 HV in the 

overlapping ratio of 60%. The overlapping ratio of 60% between 

adjacent passes created the best results . 
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1. Introduction 
35CrMo alloy steel, owing to its properties such as 

good hardness, suitable fatigue strength, high 

strength, and good machining ability [1], is widely 

used in the fabrication of hot roll rollers, steam 

turbine engines, and petroleum machines [2, 3]. It is 

also used as a common material for gears, bearings, 

and transmission shafts due to its excellent 

mechanical properties [4-8]. For this type of 

application, plastic deformation is a common damage 

phenomenon because of stress concentration effects 

[9]. Also, the poor wear and corrosion properties of 

this material are two main reasons for limiting its 

application [10]. Creating new layers by laser 

cladding method to repair the local defects of 

machines, the production of wear and corrosion-

resistant coatings, repair worn-out parts by adding 

materials, or the production of new structures for 

rapid prototyping [11,12] is used in the military, 

aerospace, rail transportation, etc. [13]. The 

advantages of laser cladding compared to other 

common methods such as tungsten arc welding, 

thermal and flame spraying of thin coating deposits, 

are minimal dilution, minimal distortion, a low heat-

affected zone, low holes and cracks, and controllable 

thickness on the desired surface [12, 14]. Basically, 

there are two possible methods to use cladding 

material. The first mode is the use of pre-placed 

material on the substrate. This process is usually 

time-consuming, requires a higher power beam for 

complete melting and mixing with the substrate, and 

is applied on limited shapes of the substrate [12, 15, 

16]. The second one is laser cladding with injected 

powder. In this method, the powder is injected by gas 

carrier, and it is blown under the laser beam on the 

substrate and creates a molten pool, and as a result, a 

single clad track is produced. The powder injection 

can be either off-axis or coaxial by ring nozzle or 

multiple discrete nozzles [12, 15, 16]. The powder 

injection process results in complete dense cladding. 

The overlap influences the final thickness of the 

cladding, the dilution, and thus the final functional 

properties of the cladding. If the overlap is 

insufficient, the dilution is too high, and excessive 

mixing of cladding material with substrate occurs. 

This may lead to a decrease in the functional 

properties of the cladding, such as wear and corrosion 

resistance [17, 18].   

Co-based alloys are used due to their high strength, 

resistance to oxidation and corrosion, resistance to 

fatigue and creep [12], and resistance to solidification 

cracks in the melting region [19]. Stellites are a type 

of Co-based superalloy, and Stellite 6 is one of the 

most common alloys for a wide range of surface 

hardening applications [20]. The strength in these 

alloys is achieved by two mechanisms, including the 

strengthening of the solid solution with the presence 

of elements such as Cr, W, Ni, and Mo and the 

formation of carbides (commonly due to the addition 

of Cr) [12, 19, 21-22]. In terms of microstructure, the 

wear resistance of Stellite 6 alloy is attributed to the 

high amount of Cr7C3 carbides in the interdendritic 

regions [20]. According to the mentioned properties, 

Co-based alloys are widely used as cladding in the 

chemical, oil, and gas industries, including seat and 

gate valves, steam turbine blades, bearings, shafts, 

and many industrial components [23-25]. Valsecchi 

et al. [26] investigated the laser cladding of Co base 

powder on martensitic stainless steel substrate. The 

metallurgical characteristics of the clad layer, the 

substrate, and also the clad height were investigated. 

Although the powder feeding rate was the same in 

samples, the clad height was lower in the case where 

less laser energy was used. The clad zone showed the 

dendritic microstructure. With the increase of laser 

energy, the grains became coarser, which can be 

attributed to the lower solidification rate. All samples 

had a much higher microhardness than the 

substrate. Chang et al. [27] investigated the laser 

cladding of Stellite 6 on the Cr-Mo-V steel substrate 

with the aim of improving wear resistance as 

compared with the plasma spraying. In the laser 

cladding sample, the microstructure included a 

hypoeutectic structure with primary gamma 

dendrites, the Co-base solid solution, and inter-

dendritic eutectics. In the plasma spraying sample, a 

layered eutectic structure was created in the inter-

dendritic regions. In general, the laser cladding, 

which obtained the fine-grained structure, showed an 

increase in hardness, toughness, and wear resistance 

compared to the plasma spraying method. Lin et al. 

[28] investigated the structure caused by the 

deposition of a thin layer of Stellite 6 on a mild 

carbon steel substrate using the laser cladding 

method. The cladding layer showed a crack-free 

structure with very good metallurgical bonding to the 

substrate. Also, the hardness of the sample after laser 

cladding increased as compared to the substrate. Sun 

et al. [29] investigated the laser cladding of Stellite 6 

alloy on an AISI 420 stainless steel substrate. The 

effect of pulse energy, pulse frequency, and powder 

feeding rate on clad height, dilution, and heat-

affected zone (HAZ) was investigated. The results 

showed that the clad height and the depth of the 

penetration zone to the substrate increase with the 

laser energy, pulse frequency, and overlapping 

percentage. The coatings were crack-free, had a low 

penetration depth to the substrate, and had a smaller 

HAZ. Oliveira et al. [30] investigated one, two, and 

five layers of laser cladding of Stellite 6 on an AISI 

304 stainless steel substrate. The effect of multilayer 

structure on the microstructure and residual stresses 
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was studied in single-layer samples. For this reason, 

a decrease in residual stress was observed, which is 

caused by a high rate of plastic deformation. In 

multilayer samples, because the rate of deformation 

was lower, an increase in thermal gradient and 

residual stresses was observed. The cross-sectional 

microstructure of the samples in two regions of the 

cladding surface and near the interface showed that 

with the increase in number of layers, coarse 

interdendritic regions were created near the interface. 

Xu et al. [31] investigated laser cladding of Stellite 

6/WC with different amounts of WC particles on a 

mild carbon steel substrate. With the increase of WC 

deposits in different amounts (range 0-90%), hardness 

and wear resistance increased. By increasing the 

amount of WC to more than 90%, due to a significant 

increase in penetration, a decrease in wear resistance 

was observed. The purpose of this research is to 

increase the hardness of 35CrMo alloy steel for use 

in hot roll rollers, petroleum machines, steam turbine 

engines, bearings, and transmission shafts. Therefore, 

investigating the behavior of Stellite 6 cladding on 

35CrMo alloy steel substrates can provide appropriate 

practical information to develop the industrial 

application of 35CrMo alloys. In the present research, 

for the first time, the characteristics of laser-cladded 

Stellite 6 on the surface of 35CrMo alloy steel were 

investigated. Also, optimizing the Stellite 6 cladding 

using different parameters of laser cladding, the effect 

of overlapping ratio, microstructure, and mechanical 

properties of the cladding were investigated. 

 

2. Materials and methods 
In this research, 35CrMO alloy steel disks with the 

diameter of 70 mm and the thickness of 6 mm were 

used as the substrate material. The chemical 

composition of this steel is listed in Table 1. The 

substrate was cleaned with sandpaper to remove 

surface oxides or contaminants. After that, the sample 

was first degreased, then immersed in acetone with 

the ultrasonic method, and then washed with distilled 

water and alcohol and dried in a cold airstream. Co-

base alloy powder of Stellite 6 (PAC companies, 

USA) according to the XRD pattern presented in Fig. 

1 was used for the laser cladding process. The 

chemical composition of Stellite 6 powder is listed in 

Table 2. Fig. 2 shows the distribution and particle size 

of Stellite 6 powder with spherical morphology. 

According to Fig. 2, the average particle size of 

Stellite 6 powder is 30-100 μm. 

 

Table1. The chemical composition of the 35CrMo alloy steel (wt.%) 

Fe C Si Mn Mo Cr 

  
 
 

   

Bal. 0.32-0.40 0.17-0.37 0.40-0.70 0.15-0.25 0.80- 1.10 

 

Table 2. The chemical composition of the Co base alloy powder of Stellite 6 (wt.%)            
 

 

 

 

 
Fig.1. XRD pattern of Stellite 6 powder 
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Co(Fcc)         Cr7C3      Cr23C6  

Co C Mo Ni Fe Mn Cr Si 

Bal. 7.43 0.50 3.34 2.03 1.37 30.76 2.17 
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Fig. 2. SEM micrograph of Stellite 6 powder  

 

 
 

 

The powders were dried in an oven at a temperature 

of 120 oC for 1 h before being coaxially injected into 

the molten pool. Laser cladding was done using a 1 

kW pulsed fiber laser equipped with a 5-axis 

computer numerical controlled (CNC) machine 

under an Ar environment. In all experiments, the 

laser beam was focused exactly on the substrate 

surface with a spot size of 1 mm. A schematic of the 

laser cladding process is shown in Fig. 3. The primary 

variables of single-pass laser cladding are shown in 

Table 3. In order to achieve an appropriate cladding, 

different parameters of the laser were investigated by 

the full factorial method. Laser cladding parameters 

were selected experimentally after some tests on the 

real samples and characterization of them. 

 

 
Fig. 3. Schematic of the laser cladding process 

 

Table 3. Laser parameters used in this research 
 

 

 

 
 

 

 

 
 

After identifying the optimal parameters of power 

laser (P), laser scanning speed (S), and powder 

feeding rate (F), the cladding process was carried out 

with different overlapping ratios (OR) of 30, 40, 50, 

and 60%. To create cladding, after each pass, the 

laser beam was turned off, and the nozzle quickly 

moved to the new starting point, and the next pass 

was applied. After laser cladding in single pass mode 

with different ORs, metallographic specimens were 

cut from the cross section, sanded with 60-3000 grit 

sandpaper, polished with 0.3 μm alumina powder, 

and then were chemically etched in HCl:HNO₃=3:1 

solution. The microstructure of cladding and powder 

and cladding geometry were observed using a 

scanning electron microscope (SEM) in a Philips 

XL30. Using the image analysis software, the 

 weld pool 

 weld  

  

 focal lense 

Laser beam 

 Weld pool 

 Shielding gaz 

  

  
Cladding layer 

Carrier gaz and 

powder particle 

35CrMo 
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Value Processing parameter  

250-850 Laser power (W) 

6,8,10 laser scanning speed  (mm/s) 

0.2, 0.4,0.6  Powder feeding rate (gr/s) 

15 Shielding gas flow rate (l/min) 

20 Powder carried gas flow rate  (l/min) 
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geometric characteristics of the cladding (clad width 

(W), clad height (H), clad penetration depth (b) in 

substrate, and the wetting angle) were evaluated to 

achieve the optimal parameters. The phase analysis 

of the powders and claddings was done by X-ray 

diffraction (XRD) in a Philips X’PERT MPD 

diffractometer using filtered Cu-kα radiation (λ = 

0.1542 nm). A microhardness test was performed 

using a Vickers microhardness tester (Micromet 

model, Buehler) at a load of 300 g and a dwell time 

of 15 s according to the ASTM E384-99 standard. 

The average values of three measurements were 

reported as the microhardness number of each 

sample.  
 

3. Results and discussion  

3.1. Optimization of Stellite 6 cladding using 

different laser cladding parameters 
Fig. 4 shows cross-sectional SEM micrographs of 

single clad tracks of Stellite 6 for each laser power, 

laser scanning speed, and powder feeding rate. As 

can be seen in Fig. 4, in low values of laser power, 

the substrate is less melted, which leads to the 

detaching of the clad track. According to the results 

of Fig. 4, the clad height changes from 118 to 1993 

μm. Also, the laser track height increases with 

increasing the amount of powder feeding rate as well 

as reducing the laser scanning speed. According to 

the results, by keeping all process parameters 

constant, increasing or reducing the laser power had 

a lower effect on the clad height. By increasing the 

powder feeding rate and reducing the laser scanning 

speed, interaction between powder and laser energy 

increases, and therefore, more amounts of powder 

reach molten temperature, leading to more height of 

the clad track. This issue is in agreement with the 

research results of Toyserkani et al. [32] and Barekat 

et al. [33]. According to Fig. 4, the value of clad 

tracks width changes from 1.39 to 2.567 mm. 

According to the results, by increasing the laser 

power and decreasing the laser scanning speed, the 

clad track width increased. Also, the laser power 

effect was greater than the laser scanning speed, and 

the powder feeding rate parameter had the lower 

effect. In laser cladding, when a molten pool is 

formed, there are several external and internal forces. 

External forces depend on nozzle design, powder 

flow settings, shielding gases, and transfer pressure. 

Internal forces of the molten pool are composed of 

buoyancy and Marangoni forces. Buoyancy forces 

are caused by the density difference in the molten 

pool. Marangoni forces in the absence of a surface 

active agent are dependent on the surface tension 

gradient induced by the temperature gradient in the 

molten pool [34]. In the absence of a surface active 

agent, the warmer liquid metal with lower surface 

tension at the center is pulled outward by the cooler 

liquid metal with higher surface tension at the edge. 

In other words, an external shear stress on the pool 

surface is created by the surface tension gradient 

along the pool surface. This causes the liquid metal 

to flow from the center of the pool surface to the edge 

and return below the pool surface. As a result, the 

width of the track increases with the increase of laser 

power [35]. This issue is in agreement with the 

research results of Barekat et al. [33]. The cladded 

layer with poor diffusion bonding with the substrate 

as a result of low dilution is the important and main 

characteristic of the laser cladding [12, 15]. 

Assuming that the clad track is a hemisphere, the 

geometrical dilution can be calculated from laser clad 

height (H) and the clad penetration depth (b) 

according to Eq. (1) [12] : 

Geometrical dilution=  
b

(H+b)
                                           (1)  

 

According to results, the clad depth and dilution 

percentage are related to all parameters such as laser 

power, laser scanning speed, and powder feeding 

rate. According to the results of Fig. 4, the value of 

dilution changes from 3 to 74%. Increasing the laser 

power leads to an increase in the values of clad track 

penetration depth and dilution and has the most effect 

as compared with other parameters. In general, the 

laser power has an effect on the geometry of the 

molten pool and has a direct relationship with the 

cladding thickness, width, and depth of the molten 

pool [36,37]. According to the results of Fig. 4, at a 

constant powder feeding rate and laser scanning 

speed, higher laser power can increase the heat input, 

and more laser energy is absorbed by the substrate. 

Therefore, the substrate melts significantly, and as a 

result, the penetration depth and dilution increase. 

The wetting angle plays an important role in 

preventing porosity and appropriate overlapping. 

Also, reducing surface oxides for creating interfaces 

of clad metal is also necessary to achieve appropriate 

wetting [12, 33]. Assuming that the clad track is a 

hemisphere, the wetting angle can be calculated from 

the laser track width (W) and the laser clad height (H) 

according to Eq. (2) [15]: 

 =2arctan(
2H

W
)                                                     (2) 

The values of the wetting angle of the single clad 

tracks of Stellite 6 were calculated with the image 

analysis software, according to Eq. (2). Based on the 

results of Fig. 4, the value of the wetting angle 

changes from 19.1 to 103̊. According to the results, 

the wetting angle is related to all three parameters of 

laser power, laser scanning speed, and powder 

feeding rate. With increasing the power and scanning 

speed of the laser, the wetting angle decreased, and 

with increasing the powder feeding rate, the wetting 

angle increased. 
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Fig. 4. Cross-sectional SEM micrographs of the single clad tracks of Stellite 6. For each laser power, laser scanning 

speed (S) increases from the left to the right and the powder feeding rate (F) increases from the top to the bottom. 
 

Fig. 5 shows a cross-sectional SEM micrograph of the 

optimal single clad track of Stellite 6 with the values 

of clad height, clad track penetration depth in the 

substrate, wetting angle, and thickness. According to 

the review and comparison of the optimization 

process parameters of single clad tracks produced by 

laser cladding with a laser power of 550 W, the laser 

scanning speed of 10 mm/s, and a powder feeding 

rate of 0.6 g/s, with a minimum dilution below 12% 

and an appropriate wetting angle, which caused the 

creation of a cladding with appropriate microhardness, 

was chosen as the optimal cladding. 
 

 
Fig. 5. Cross-sectional SEM micrograph of optimal single clad track of Stellite 6. 

 

3.2. Microstructure of single clad track of 

Stellite 6  
Fig. 6(a) shows a cross-sectional SEM micrograph of 
a single clad track of Stellite 6, which indicates a 
crack- and porosity-free structure with a thickness of 

about 450 μm and good metallurgical bonding with 
the substrate. As can be seen, the solidification state 
and the size of the dendrites changed from the 
cladding/substrate interface towards the clad surface. 
The microstructure near the interface of the cladding 

    

 

 P=250w  P=350w  P=450w 

S=6mm/s S=8mm/s S=10mm/s  S=6mm/s S=8mm/s S=10mm/s  S=6mm/s S=8mm/s S=10mm/s 

F
=

0
.2

 g
/s

 

 

Detached Detached Detached 

F
=

0
.2

 g
/s

 

 

   

F
=

0
.2

 g
/s

 

 

   

F
=

0
.4

 g
/s

 

 

Detached Detached Detached 

F
=

0
.4

 g
/s

 

 

   

F
=

0
.4

 g
/s

 

 

   

F
=

0
.6

 g
/s

 

 

Detached Detached Detached 

F
=

0
.6

 g
/s

 

 

Detached Detached Detached 

F
=

0
.6

 g
/s

 

 

Detached Detached Detached 

 P=550w  P=650w  P=750w 

F
=

0
.2

 g
/s

 
 

   

F
=

0
2

 g
/s

 

 

   

F
=

0
.2

 g
/s

 

 

   

F
=

0
.4

 g
/s

 

 

   F
=

0
.4

 g
/s

 

 

   F
=

0
.4

 g
/s

 

 

   

F
=

0
.6

 g
/s

 

 

   F
=

0
.6

 g
/s

 
 

   F
=

0
.6

 g
/s

 

 

   
 P=850w 

F
=

0
.2

 g
/s

 

 

   

F
=

0
.4

 g
/s

 

 

   

F
=

0
.6

 g
/s

 

 

   

300µm 300µm 
300µm 

θ=56.9•      
D=34 % 

θ=48.4•      
D=49 % 

θ=49.7•      
D=35 % 

θ=48.4•      
D=26 % 

θ=54.4•      
D=35.5 % 

θ=51.8•      
D=55 % 

θ=53.6•      
D=51 % 

θ=23.7•      
D=74% 

θ=35.6•      
D=53% 

θ=47.7•      
D=40 % 

θ=37.8•      
D=54% 

θ=38.6•      
D=11.8 % 

θ=48,9•      
D=26 % 

θ=31.5•      
D=63% 

θ=44.3•      
D=60% 

θ=42.6•      
D=56 % 

θ=56.4•      
D=48.2% 

θ=24.4•      
D=71.8% 

θ=27.3•      
D=62 % 

θ=24.1•      
D=65% 

θ=31.3•      
D=49 % 

θ=34.3•      
D=60 % 

θ=29.6•      
D=69% 

θ=19.1•      
D=73 % 

θ=46.3•      
D=57 % 

θ=48.6•      
D=47.6 % 

θ=47.4•      
D=53 % 

θ=28.8•      
D=71 % 

θ=36.7•      
D=59 % 

θ=67.7
•      

D=4.2 % 

300µm 
300µm θ=81.6

• 
     

D=3.3% 
θ=65.1•      
D=5.1%  

θ=88.2 •      
D=3.7% 

θ=64.1•      
D=4. 5% 

θ=70.3•      
D=4.5%  

θ=77.3•      
D=3.8%  

θ=103.9•      
D=3.4 % 

θ=60.7•      
D=7.6 % 

θ=40.3•      
D=52% 

θ=39.2•      
D=56% 

θ=33.5•      
D=68 % 

θ=33.5•      
D=69.7 % 

θ=48.2•      
D=57 % 

θ=36.5•      
D=58% 

θ=58.4•      
D=29% 

300µm 

θ=88.4•      
D=3 % 

θ=82.8•      
D=3.2% 

θ=74.3•      
D=4% 

    

  

  

  

  

  

  

  

  

  

b=60.35µm 

θ=38.6  

H=450.21µm 

W=1720.41µm 



Bahman Mansouri et al,    47 

  

JMATPRO (2023), 11 (2): 41-53 

 

and the substrate is planar (areas A). Further, by 
moving away from the interface, the microstructure 
changed to coarse and fine columnar dendritic (areas 
B and C), and finally, the fine equiaxed dendritic 
microstructure (area D) was observed on the surface 
of the cladding. It can be recognized that the average 
size of dendrites also decreased from the interface 
towards the cladding surface. Fig. 6(b and c) shows 
the SEM micrographs of B, C, and D areas at higher 
magnification. The heat at the bottom of the molten 
pool is transferred from the substrate to the outside. The 
temperature gradient (G) at the cladding/substrate 
interface is high enough. Therefore, at the interface, 
the G/R ratio is high, and the solidification speed (R) 
tends to 0. As a result, the solidification is in planar 
mode. Approaching the surface of the molten pool, 
the temperature gradient (G) decreases, and the 
solidification rate near the surface sharply increases, 
resulting in the transition from planar to dendritic 
solidification mode [38]. Fig. 6(d) shows the cross-
sectional BSE SEM micrograph of Stellite 6 cladding 
at a distance of about 442 μm from the interface and 
near to the surface. The hypoeutectic microstructure, 
which includes primary dendrites (point A) and 
interdendritic eutectics (point B), was seen. The 
results of EDS analysis of these areas are presented 
in Table 4. According to the results, it was found that 

the matrix dendritic phase (point A) is Co-rich and 
contains amounts of Fe and Cr, while the inter-
dendritic phase (point B) is Cr-rich and contains 
amounts of Co. Since the C element is one of the light 
elements and the sensitivity of EDS is too poor to 
detect this element, therefore, the results are presented 
regardless of the C percentage, and only the C 
percentage in Table 4 is used for comparison. By 
comparing the chemical composition of the primary 
Stellite 6 powder in Table 2 with the EDS analysis of 
the Stellite 6 cladding in Table 4, it is concluded that 
there are not many changes in the chemical 
composition of the cladding. The content of the main 
component of Stellite 6, Co, in the cladding is only 
slightly less than the original amount. Also, a small 
amount of Fe has diffused from the substrate to the 
cladding, which shows that the process was carried out 
with appropriate parameters and caused the degree of 
dilution to be relatively controllable. Also, according 
to the EDS analysis presented in Table 4, the inter-
dendritic phase of the stellite 6 cladding is Cr-rich 
and is higher than the initial chemical composition of 
the stellite 6 powder, which indicates the diffusion of 
Cr from the substrate to the cladding, which leads to 
the formation of carbides and, as a result, better 
resistance to wear and hardness of cladding [21].  

 

 
Fig. 6. SEM micrographs of (a) cross-sectional microstruture of single clad track of Stellite 6 and, (b) the image of areas 

B and C at higher magnification, (c) the image of area D at higher magnification and (d) BSE SEM micrograph of 

image (a) at a distance of 442 μm from the cladding surface. 
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Table 4. EDS Analysis of the different areas marked in Fig. 6(d) 

 

 

 

 

 

 

 

 

 

 
 

In order to investigate the possible phases in different 

microstructural regions observed in Fig. 6, the XRD 

analysis was done from the clad surface (Fig. 7). As 

seen, the main phase is γ-Co (fcc). Carbide phases 

such as Cr23C6, Cr7C3, and CoCx are also observed. 

With the diffusion of C from the substrate to the 

cladding, the amount of C in the cladding increases, 

which leads to the formation of chromium carbides 

and, as a result, increases the hardness and wear 

resistance [21]. By combining the results of EDS and 

XRD, it can be concluded that the microstructure of 

the Stellite 6 clad includes γ-Co (fcc)-rich solid 

solution eutectics containing a small amount of Fe 

and Cr, and also Cr-rich interdendritic eutectics 

consisting of Cr23C6 and Cr7C3 carbides.  

 
Fig. 7.  XRD  pattern  of Stellite 6 cladding.  

 

In order to investigate the solidification of phases in 

the microstructure of Stellite 6 cladding, the 

equilibrium phase diagram (Co-C-%30Cr) was used. 

The dashed line in the Co-C-%30Cr phase diagram 

(Fig. 8) represents the used alloy (Stellite 6) in the 

current research. According to this figure, in the first 

stage of solidification for the alloy (near Stellite 6), 

by crossing the liquidus line, the γ-Co solid solution 

is first formed in cellular or dendritic form. 

According to this figure, in the initial stages of 

solidification for the alloy near Stellite 6, by cutting 

the liquidus line, γ-Co solid solution is first formed in 

cellular or dendritic form. At the same time, the inter-

dendritic melt is enriched with C and Cr, and 

therefore the composition of the melt is near to the 

eutectic composition. During the final stages of 

solidification, the formation of a eutectic solid 

solution from Co and Cr carbides occurs. Finally, it 

can be concluded that the microstructure of Stellite 6 

cladding consists of γ-Co (fcc)-based solid solution, 

which is surrounded by eutectics consisting of Cr23C6 

and Cr7C3 carbides [12,39]. According to Eq. (3), the 

G/R ratio decreases from the fusion line (FL) to the 

center line (CL). Therefore, the solidification mode 

changed from planar to cellular, columnar dendrite, 

and equiaxed dendrite throughout the melt zone [40] . 
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 Fig. 8. Co-C-%30Cr equilibrium phase diagram [41]. 

 
 

 3.3. Microhardness of Stellite 6 cladding 
Fig. 9 shows the cross-sectional microhardness of a 

single clad track of Stellite 6. As can be seen, the 

microhardness increased by moving from the 

interface to the surface of the cladding, which can be 

attributed to the reduction in the size of the dendrites 

due to higher cooling rates and also the reduction of 

the dilution. During the process, the 

cladding/substrate interface is under the effect of the 

highest temperature; therefore, the cooling is slow 

during solidification, and the formed grains are 

coarse. In addition, in the vicinity of the interface, 

there is a higher dilution, which causes a greater 

decrease in hardness owing to a decrease in the 

amount of C and Cr (decrease of hard carbide phases) 

in the cladding layer, which leads to a decrease in 

hardness. The average microhardness of the single 

clad track of Stellite 6 and the 35CrMo alloy steel 

substrate are 445 and 247, respectively. In general, 

the reason for the higher microhardness of the single-

clad track of Stellite 6 is the presence of Cr23C6 and 

Cr7C3 carbides in the solid solution matrix of Co. 

Also, the W element in the Stellite 6 clad helps to 

increase the strength and microhardness. This issue is 

in agreement with the research results of Lin et al. 

[28] and Valsecchi et al. [26]. 

 
Fig. 9.  Cross-sectional microhardness of single clad track Stellite 6.  

 

3.4. Investigating the different ORs of single 

clad track of Stellite 6  
In order to better understand the laser cladding 

process and the influence of the parameters, it is 

essential to produce a single clad track and 

investigate the geometry and mechanical properties 

of the cladding [15, 16, 42]. Assuming that the clad 

track is a hemisphere, the OR can be calculated from 

the laser track width (W) and the distance between 

neighboring tracks (D) according to the Eq. (4) . 

OR=
(W−D)

W
                                                             (4) 

According to the optimal parameters of cladding 

presented before, ORs of 30, 40, 50, and 60% were 

used. Fig. 10 shows the cross-sectional SEM 

micrographs of the cladding layers with ORs of 30, 

40, 50, and 60%. As can be seen in Fig. 10 (a, b, d, 

and e), in ORs of 30 and 40% in the interface of the 

passes, there are gaps, cracks, and pores, which cause 

a lack of complete bonding between successive 

passes. According to Fig. 10 (c) in OR of 50%, holes 

and cracks reduced. According to Fig. 10(d), in OR 

of 60%, a uniform and continuous cladding with 

minimum porosity was achieved. Dark spots in the 
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cladding can be the result of the gas confinement of 

the protective environment, atmosphere, and carrier 

gas during solidification, unmelted powder particles, 

and also impurities. The values of height, dilution, 

and depth penetration of cladding layers with 

different ORs are given in Table 5. According to the 

presented information in Table 5 and also Fig. 10(d), 

it can be concluded that the Stellite 6 cladding with 

OR of 60% has a higher height, lower dilution, lower 

percentage of porosity, and more importantly, 

without cracks as compared with other ORs. 
 

 

Table 5. Parameters of the cladding layer with different ORs 

 

 

 

 

 

 
 

 

 

 

 
Fig. 10. Cross-sectional SEM micrographs of single track clad of Stellite 6 with different ORs of (a) 30%, (b) 40%, 

  (c) 50%, and (d) 60%,  (e) areas A and B from image (a) with higher magnification and (f) areas C and D from image  

(b) with higher magnification.  

 
Fig. 11 shows the cross-sectional SEM micrographs 

of Stellite 6 cladding with different ORs. The average 

thickness of dendrites affects the microstructure, 

making it thinner and thereby increasing the strength 

[30,43,44]. Fig. 12 shows the cross-sectional 

microhardness of claddings with ORs of 30, 40, 50, 

and 60% as compared with the 35CrMo alloy steel 

substrate. As can be seen, in an OR of 30%, the 

microhardness changes of the cladding layer are 

more than the substrate. The microhardness increased 

from 247 HV to 361 HV in OR of 30% and further to 

376 HV in OR of 40%. By increasing the OR to 60%, 

the microhardness reached the highest value of 452 

HV. The reason for the increase in the microhardness 

in OR of 60% compared to other ORs, according to 

Table 5, is more clad height and, as a result, lower 

dilution (lower diffusion of Fe from the substrate to 

the surface cladding) and also, according to Fig. 

11(d), the finer equiaxed dendrite microstructure 

with minimum crack and porosity.  
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Fig. 11. Cross-sectional SEM micrographs of laser-cladded Stellite 6 with different ORs of (a) 30%, (b) 40%, (c) 50% 

and (d) 60%. 
 

 

 
Fig. 12. The  microhardness of laser-cladded Stellite 6 with different ORs as compared with the 35CrMo alloy steel 

substrate. 

 

4. Conclusions 
In the present research, the characteristics of laser-

cladded Stellite 6 on the surface of 35CrMo alloy 

steel were investigated. Also, optimizing the Stellite 

6 cladding using different parameters of laser 

cladding, the effect of overlapping ratio, 

microstructure, and mechanical properties of the 

cladding were investigated, and the following results 

were obtained: 

1. Laser power had a lower effect on the clad height. 

By increasing the powder feeding rate and reducing 

the laser scanning speed, interaction between powder 

and laser energy increased, and therefore, more 

amounts of powder reached molten temperature and 

led to more height of the clad track. 

2. By increasing the laser power and decreasing the 

laser scanning speed, the clad track width increased. 

Also, the laser power effect was greater than the laser 

scanning speed, and the powder feeding rate 

parameter had the lower effect.  

3. The clad track penetration depth was primarily 

proportional to the laser power, while the powder 

feeding rate and laser scanning speed had a lower 

influence on this parameter.4. With increasing the 

power and scanning speed of the laser, the wetting 

angle decreased, and with increasing the powder 

feeding rate, the wetting angle increased.5. The 

optimal parameters for the single-track laser-cladded 

Stellite 6 on the 35CrMo alloy steel substrate were 

found to be a laser power of 550 W, a laser scanning 
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speed of 10 mm/s, and a powder feeding rate of 0.6 

g/s, resulting in an average dilution below 12%. 

6. The microstructure of the laser-cladded Stellite 6 

on the 35CrMo alloy steel substrate transitions from 

planar to columnar dendritic and finally to equiaxed 

dendritic as it moves from the interface to the 

cladding surface. This microstructure included 

Cr23C6 and Cr7C3 inter-dendritic eutectics within the 

𝛾-Co (fcc) matrix. 

7. The microhardness of the Stellite 6 cladding was 

at about 452 HV, which was higher than the 

microhardness of the substrate. The hardness of the 

cladding changed with the distance from the interface 

due to the microstructural variations along the cross-

section of the cladding. 

8. The cross-sectional microstructure of Stellite 6 

cladding with different ORs was equiaxed dendritic. 

Additionally, in the microstructure of samples with 

ORs of 30%, 40%, and 50%, the amount of porosity 

was higher with some cracks. However, in OR of 

60%, the surface microhardness increased. 
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