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Abstract: The paper presents the results of laser cladding of Stellite 6 + WC composite coatings using a high power direct diode laser 
(HPDDL). The laser cladding process was carried out with a direct injection of cladding powder into the melt pool. The influence of 
parameters, such as laser power beam and WC volume fraction in cladding powder, on the coatings microstructure and erosion resistance 
was investigated. The results showed that a proper selection of laser cladding parameters provides non-porous coatings with excellent 
metallurgical bonding and a homogeneous distribution of WC particles. The dissolution level of WC particles increases with increasing the 
laser power (heat input) and also increasing the WC volume fraction in the cladding powder. Erosion resistance of coatings increases with 
increasing the volume fraction of WC. 

Keywords: HIGH POWER DIRECT DIODE LASER (HPDDL), LASER CLADDING, STELLITE 6, TUNGSTEN CARBIDE, 
EROSIVE WEAR, METAL MATRIX COMPOSITE COATINGS 

 

1. Introduction 
Metal-ceramic composites, composed of cobalt based alloy and 

tungsten carbide (WC), are important materials for forming wear 
resistant coatings [1-7]. WC is widely used as a hard phase in 
metal-ceramic composites coatings because of its unique properties. 
Compared with other carbides, such as SiC and TiC, WC combines 
favourable properties such as high hardness, a certain amount of 
plasticity, high density, low coefficient of thermal expansion and 
good wettability by molten metals. However, due to a low heat of 
formation, WC is prone to dissolution in the melt pool during 
cladding process [6,7]. The dissolution of a primary carbide phase 
of WC in matrix alloy and formation of secondary carbides lead to 
both deterioration of wear properties of coatings and increase in 
sensitivity to cracking [1-7]. Thus, the heat input during cladding 
processes of composite coatings Co+WC has the direct impact on 
the WC volume content in coatings and consequently, on the wear  
resistance. Because of high and precisely controllable power density 
the laser beam as the source of heat ensures very low heat input in 
cladding process. The laser cladding is a relatively modern coating 
technology providing the unique properties of wear resistance, low 
dilution and metallurgical bonding between the composite coating 
and the substrate. To date, many studies have been carried out to 
investigate the laser cladding of composite coatings. Most of the 
research, however, was conducted using CO2 and various types of 
Nd:YAG lasers [1-7]. The high power direct diode laser (HPDDL), 
thanks to quasi-rectangular beam with a “top hat” profile in the long 
axis and a Gaussian profile in the short axis, is a ideal source of heat 
for surface treatment applications e.g. surface hardening, melting 
and alloying and also cladding processes. Furthermore, in 
comparison to Nd:YAG and especially CO2 lasers, HPDL has the 
shorter wavelength thus the absorption of HPDL beam is 
significantly higher. The above-mentioned advantages of HPDDLs 
over other laser types result in reducing the heat input and a better 
control of coatings thickness [8,9]. 

The main objective of the presented study was to investigate the 
effect of WC volume fraction in the cladding powder on the 
microstructure and erosive wear properties of cobalt-based alloy 
(Stellite 6) + WC composite coatings applied using HPDD laser 
with a rectangular laser beam spot and the uniform distribution (top-
hat) of laser power. 

2. Investigation methods and materials used 
The experiments of laser cladding were carried out using High 

Power Direct Diode Laser (HPDDL) Rofin-Sinar DL020 with 
maximum output power 2.2 kW. The rectangular HPDDL beam 
spot of size 1.8x6.8 mm, at focal length 82 mm, was focused on the 
top surface of substrate and the long beam axis was set transversely 
to the traverse direction (6.8 mm wide). The cladding powders were 
being injected into the weld pool via flat nozzle in an argon gas 

stream. The nozzle for powder feeding was set at an angle of 45° to 
the substrate and the distance from the weld pool surface to the 
nozzle was 10 mm. The cladding zone was protected by shielding 
gas – argon, with flow rate 6 l/min.  A shielding gas cylindrical 
nozzle 20 mm in diameter was set coaxialy with the powder feeding 
nozzle. The laser power used in the experiments was in a range of 
1100-1400 W. The traverse speed and powder feed rate were held 
constant at 0,2 m/min and 10 g/min, respectively. Both single-pass 
and multi-pass overlapping cladding were carried out with no 
preheat. 

The cladding powder was a mixture of Co-based alloy (Stellite 
6) powder, with composition of 1.2 wt.% C, 1.2 wt.% Si, 28.8 wt.% 
Cr, 2.2 wt.% Ni, 2.0 wt.% Fe, 4.9 wt.% W, and Co the balance, and 
crushed tungsten carbide particles. Both particles of Co-based 
matrix alloy powder and WC particles were in a range of 50-150 
µm. In order to investigate the effect of WC volume fraction on the 
properties of the coatings the cladding powders contained 40, 60 
and 80 vol% WC. Carbon steel S355NL substrate was machined 
into rectangular plates 60x80 mm and 10 mm thick. 

Fluorescent dry penetrant testing was used to detect cracks of 
the investigated composite coatings. Optical microscopy have been 
used to study the cross-sectional microstructure of the coatings. 
Measurements of the volume fraction of WC in coatings were made 
using a Nikon NIS-Elements quantitative image analysis system. 
Geometrical parameters of single-pass clad, showed in figure 1, 
were measured using optical microscope and image analyzer 
software. The dilution of single-pass clad was estimated using an 
equation of the form 
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where FBM is the melted cross-sectional area of the substrate and 
FR is the cross-sectional area of reinforcement of the clad. The 
cross-sectional microhardness distribution of the coatings was 
measured by means of Wilson Wolpert 401 MVD Vickers hardness 
tester at the load of 200 g. 
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Fig. 1 Geometrical parameters of the single-pass clad: b – clad width;      
hR – clad height; hBM – base metal penetration depth; FR – area of 
reinforcement; FBM – area of base metal melted. 

To determine the room temperature erosion behaviour of the 
coatings tests of erosion wear were conducted in accordance with 
standard ASTM G 76-95. Angular alumina powder (Al2O3) with an 
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average particle size of 50 µm were used as erodent. The erodent 
particles were accelerated in a stream of compressed air along 
a cylindrical tungsten carbide nozzle of 1.5 mm inner diameter and 
50 mm long. The impact velocity of the erodent particle was kept in 
the range 70±2 m/s and the distance between the surface of coatings 
and the nozzle was 10 mm. The feed rate of erodent and test period 
were 2.0±0.5 g/min and 10 min, respectively. The tests were carried 
out at four impact angles i.e. 15°, 30°, 60° and 90°. The 25 mm 
wide and 75 mm in length erosion test specimens were prepared by 
the multi-pass overlapping cladding with overlap ratio 30 %. The 
surface of coatings was ground to a smooth finish using a 400 grit 
diamond wheel. After the erosive wear test, the mass loss of 
specimens was measured with accuracy 0,01 mg. Next the weight 
loss was converted to a volume loss by dividing by the density of 
the coatings. Following ASTM Standard G76, erosion values were 
calculated as the volume loss per unit mass of erosive powder used 
over each test period. Scanning electron microscopy (SEM) have 
been used to study the worn surface of the coatings. 

3. Results and discussion 
Fluorescent dry penetrant testing revealed transverse cracks in 

single and multi-pass clads.  Cracks were induced due to a lack of 
preheating the substrate. Metallographic examination indicated that 
the cracks propagate mainly perpendicular to the substrate surface 
and do not affect the integrity of the metallurgical bonding between 
the coating and the substrate (Fig. 4, 7). 

The cross-sectional macrographs of a series of single pass clads 
produced, using powder containing 40 vol% WC, by varying the 
laser power from 1100 to 1400 W, while travel speed and powder 
feed rate remain unchanged, are shown in figure 2. The clads 
exhibit a flat fusion line and a good fusion bond (metallurgical 
bonding) with the substrate. As can be seen from figure 5, 
a significant increase of the laser power (heat input) leads to 
a moderate increase in the dilution level of clads. It results from 
a higher powder capture efficiency occurring at the higher laser 
power, during the HPDD laser cladding with a lateral powder feed 
nozzle [10]. During the above-mentioned cladding process, 
a melting of the powder particles occurs only when they enter the 
melt pool, that results from a short interaction time between the 
laser beam and the powder stream. Thus, the area of the melt pool is 
responsible for the amount of melted powder. The increase in the 
laser power, while other parameters remain unchanged, leads to the 
larger melt pool area and the larger amount of melted powder and, 
in consequence, the larger reinforcement area of the clad. Moreover, 
macrographic analysis of the clads showed that the WC volume 
fraction in the cladding powder do not affect the dilution level of 
clads (Fig. 5). Typical dimensions of a single pass clad produced 
using all tested powders are width of approx. 5.5 mm and height in 
the range of 0.80 to 0.85 mm. Dilution of clads can be controlled 
from 5 to 17 %. The multi-pass overlapping HPDD laser cladding 
with overlap ratio 35 %, in the whole range of laser power and 
using all investigated powders, results in a formation of full dense 
coatings with a uniform thickness of about 1.2 mm (Fig. 3). 
Moreover, the metallographic examination of multi-pass clads, 
produced at the lowest heat input, revealed that the uniform 
intensity of laser radiation in the focal spot of HPDDL prevents WC 
particles from dissolving in overlap zones between consecutive 
passes, resulting in the homogeneous distribution of WC particles 
throughout the matrix (Fig. 4).  

Figure 6 presents the microstructure of coatings applied at the 
lowest heat input, using different WC volume fraction in the 
cladding powders. All coatings exhibit an homogeneous distribution 
of WC particles throughout the matrix alloy. Moreover, the WC 
particles are not melted and conserve their angular shape. 
Quantitative analysis of micrographs indicates that WC particles 
occupy approx. 28, 40 and 48 vol% in coatings produced, at the 
lowest heat input, using powders with WC volume fraction 40, 60 
and 80 %, respectively (Fig. 8). Thus, in the case of above-
mentioned coatings the amount of WC particles, which have 
undergone dissolution in the matrix alloy, is approx. 30, 33, and 40 
%, respectively. It follows that, at the same cladding parameters, the 

increase in WC volume fraction in the cladding powder increases 
the WC dissolution level. As can be seen from figure 7 and 8, the 
increase in the laser power (heat input), while other parameters 
remain unchanged, leads to both the reduction of WC volume 
fraction and an inhomogeneous distribution of WC particles in the 
coatings. In the case of coatings obtained using powder containing 
60 vol% of WC particles the WC dissolution level was 33 and 57 
vol% at the laser power 1100 and 1400W, respectively. Moreover, 
when the heat input increases the volume of melt pool becomes 
higher what allows much heavier WC carbides (density of WC - 
15,72 g/cm3) to sink towards the fusion zone of cobalt based alloy 
matrix coating (density of Stellite 6 - 8,44 g/cm3), resulting in the 
inhomogeneous WC distribution in the coatings (Fig. 7). 

(a)                                                  (b)                                 

   
(c)                                         (d) 

  
Fig. 2 Macrographs of single-pass clads produced using powder containing 
40 vol% WC, at laser power: (a) 1100W; (b) 1200W; (c) 1300W; 
(d) 1400W. 

 

Fig. 3 Macrograph of multi-pass clad produced at laser power 1100W with 
overlap ratio 35 % and using powder containing 60 vol% WC.  

 
Fig. 4 Macrograph of the cross-section morphology of the overlap zone of  
multi-pass clad produced at 1100W, using powder containing 60 vol% WC. 

 

 
Fig. 5 The effect of laser power and WC volume fraction in the cladding 
powder on the dilution of single-pass clads. 
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(b) 
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Fig. 6 Optical micrographs of the microstructure of coatings produced at  
laser power 1100W, using powders with different volume fraction of WC: 
(a) 40%; (b) 60%; (c) 80%.  

Microhardness profiles of coatings produced at the lowest heat 
input, using powders with different volume fraction of WC, are 
compared in figure 9. The microhardness of WC particles and the 
matrix alloy were found to be in the range 2100-2180 HV and 550-
1000 HV, respectively. An average microhardness of the coatings 
increases with the increasing of WC volume content in the cladding 
powder. This increase can be explained by the change of the 
chemical composition of matrix alloy due to the dissolution of WC 
particles. 
  

 
Fig. 7 Optical micrograph of the microstructure of single-pass clad 
produced at laser power 1400 (the highest heat input), using powder 
containing 60 vol% WC.  
 

 

Fig. 8 The effect of laser power and WC volume fraction in the cladding 
powder on the WC volume fraction in the coatings. 

 

 
Fig. 9 Cross-sectional microhardness profile of the coatings produced at  
laser power 1100W, using powders with different volume fraction of WC. 

 The results of erosion tests of coatings, applied at the lowest 
heat input, showed that there are significant differences in wear 
behaviour for different erodent impact angles (Fig. 10). The erosion 
degradation mechanisms are highlighted by SEM images shown in 
figure 11. All tested coatings exhibit the highest erosion value at 60º 
impact angle. Moreover, the erosion resistance of tested coatings 
depends directly on the volume fraction of WC particles embedded 
in cobalt base alloy matrix. The higher volume fraction of WC in 
coatings lead to the higher erosion resistance. Those results indicate 
that the erosion behaviour of the investigated coatings is closer to 
behaviour of ductile materials, which have a maximum erosion 
value between 30º and 60º impact angle, rather than behaviour of 
brittle materials [11,12]. Thus, during the erosion wear of tested 
coatings, there are two competing mechanisms of material loss, one 
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responsible for the loss of the softer matrix alloy and the other 
leading to the loss of the brittle WC particles. The ratio of brittle 
and ductile modes of wear is dependent on the erodent impact 
angle. This is consistent with SEM images (Fig. 11), which reveal 
that the coatings are worn by both chipping and cracking of the WC 
carbide particles and through extrusion and scratching of the ductile 
cobalt based matrix alloy. The coating containing the highest WC 
volume fraction provides the highest erosion wear resistance, at all 
tested erodent impact angles.  

 
Fig. 10 The effect of erodent impact angle on the erosion value of the 
investigated coatings. 

 (a) 

 
(b) 

 
Fig. 11 SEM image of worn surfaces of the coatings produced using powder 
containing 60 vol% WC after erosion testing at erodent impact angle: 
(a) 90o; (b) 15o. 

4. Conclusion 
The HPDD laser cladding process allows to produce non-porous 

composite coatings with excellent metallurgical bonding, flat fusion 
line, low dilution and homogenous distribution of WC particle 
throughout the cobalt based matrix alloy.  

The dissolution of WC particles is strongly dependent on the 
level of heat input and also the WC volume fraction in the cladding 
powder. The increase in the heat input level leads to the reduction 
of WC volume fraction in the coatings. The excessive heat input 
results in the inhomogeneous distribution of WC particles in the 
coatings. Moreover, the dissolution of WC particles increases with 
the increasing of the WC volume fraction in the cladding powder. 

The erosion resistance of investigated coatings depends directly 
on both the volume fraction of WC particles embedded in cobalt 
base alloy matrix and the erodent impact angle. The coatings 
containing the highest WC volume fraction provide the highest 
erosion wear resistance, at all tested erodent impact angles. All 
coatings have shown the highest erosion value at an impact angle 
of 60º.  
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