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ABSTRACT 

In this research, a nickel-base powder reinforced with tungsten carbide particles (micron size) was applied by Plasma 

Transferred Arc (PTA) process on the surface of tool steel to improve surface characteristics to improve its lifetime in 

working condition. The Design of Experiment (DoE) method was applied to find optimum combination of hardfacing 

parameters and to minimize the number of weld runs. Current, travel speed and preheat were considered as variable 

parameters. These parameters are important to reach a final layer with an appropriate bead geometry accompanied with 

good metallurgical properties. All samples were prepared for microstructural investigations and the effect of process 

parameters on the weld bead geometry was considered. For each weld overlay, weld bead geometry parameters were 

measured including dilution, penetration and reinforcement. Microstructures and the distribution of tungsten carbide 

particles after welding were analyzed by Scanning Electron Microscopy (SEM) equipped with an EDS microprobe. In 

addition, X-ray diffraction analysis was performed to find the existing phases after welding. Also, to observe the 

distribution of each WC in the matrix 3D optical profilometry analysis was performed. At the end, among all the 

experiments, the best sample with appropriate bead geometry and microstructure was selected. 

 

Keywords: Design of Experiment (DoE), Hardfacing, Nickel-base powder, PTA process, Tool steel 

 

1. Introduction 

Hard surfacing processes lead to improve wear and corrosion properties of different components which are 

working in severe conditions [1–3]. By comparing different fusion welding processes, Plasma Transferred 

Arc (PTA) is a newly developed method with more advantages related to other conventional welding 

processes [3]. Some beneficial aspects of PTA process can be categorized as low heat input, high efficiency 

and relatively low cost. By PTA process, surface layers with high thicknesses and strong bond to the 

substrate can be achieved, in addition to possibility of high productivity and ability to automation mainly for 

weld overlay applications [1, 4, 5]. Moreover, in the PTA process, the minimum value of dilution which is an 

important parameter is achievable by adjusting the feeding rate [3,6]. In the PTA method, the filler material 

in the form of powders is carried from the powder holder to the weld pool [4]. The effect of the PTA process 

parameters on the microstructure and properties of the weld bead has been investigated by many researchers 

[7–9]. Boulithis et al. [7] studied the effect of surface treatments parameters on tool steel before and after 

applying heat treatment by PTA process. Nouri et al. [10] worked on the effect of the welding parameters on 

the properties of the hardface layer.  
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Chatterjee et al. [11] worked on the deposition of different layers, considering the change of welding 

parameters. Other authors [12–14] found that different values of these parameters leads to change the heat 

input and in the dilution. Moreover, their studies demonstrated that nickel-base powders used as hardfacing 

material can also improve the corrosion resistance of a steel product. The most widely used materials for 

wear resistance overlays and improving the surface properties of the substrates are nickel and iron based 

powder mixed with different types of carbide particles such as tungsten carbides (WC). After the deposition 

of the powders, the nickel matrix acts as a binder for the tungsten carbide particles. Carbides of different 

elements, such as tungsten, vanadium, chromium and titanium, can be mixed in different proportions to 

nickel-base powders and be applied on a steel product to improve its surface properties [15].  

 

Balamurugan et al. [16] studied the optimization of the PTA process for weld overlays reinforced by TiC 

particles. It should be mentioned that several parameters in the PTA process, such as current, feeding rate 

and travel speed, have a direct effect on the quality of surface [17, 18].  

 

Weld bead is an important geometric parameter which able to define the properties of the hardfaced layer: 

several studies demonstrated that there is a close relation between the weld bead shape and the quality of the 

layer [19–21]. Considering the different type of equipment, powder mixtures and process parameters, many 

combinations of the specifications could be used to find an appropriate welding procedure. To minimize this 

combination of parameters, it would be suggested to use the Design of Experiment (DoE) method. As a 

result, it is possible to decrease the number of test runs, to obtain an appropriate weld bead [16]. Ming et al. 

[22] and Lim et al. [23] reported effect of the feeding rate and travel speed on the quality of a nickel-based 

hardfacing layer applied on a low carbon steel. Palani et al. [24,25] investigated the parameter optimization 

for the weld overlay of stainless steel on carbon steel. Davis et al. [16] tried to find appropriate dilution and 

weld bead geometry by changing the process parameters. Siva et al. [26] worked on the optimization of the 

PTA process by using nickel-base powders on stainless steel. In addition to many investigations, still there is 

lack of information to find an appropriate model to predict weld bead geometry accompained with high 

mechanical and metallurgical properties of the layer. 

 

Based on the DoE method, number of weld overlays with different parameters were performed on the surface 

of tool steel. The microstructural properties of each layer was evaluated by means of Scanning Electron 

Microscopy (SEM) equipped with Energy Dispersive Spectroscopy (EDS). Surface topography and detection 

of existing phases was performed by optical profilometer and X-ray diffraction (XRD) analysis respectively. 

Finally, based on the metallurgical features and the weld bead geometry measurements of the layers, the 

best-investigated process parameters were detected. The aim of this study was to identify the important 

parameters to reach good hardfaced layer of nickel base powder mixed with tungsten carbide on tool steel 

using PTA process. The response surface methodology was used to design the number of experiment based 

on different parameters. Also, in addition to metallurgical characterization of the hardfaced layers, a 

mathematical modeling by software was performed to predict optimal weld bead geometry.  
 

2. Materials and Experimental procedure  

2.1. Base metal and powders 

In this study, the Plasma Transferred Arc (PTA) welding process was used to apply a hardfacing layer nickel 

base powder on the tool steel. The tool steel in the form of a plate block with dimensions of 130 mm × 50 

mm × 12.5 mm was chosen as a substrate. Before applying the hardfacing layer to the steel substrate, a 

specific heat treatment was performed on blocks in order to reach appropriate hardness and toughness. In 

particular, the blocks were preheated at 790 °C for 1 hour, then the temperature was increased to 1100 °C 

and maintained for 35 min [27]. The blocks were then quenched in an oil bath and subjected to two 

subsequent steps of tempering at 315 °C for 2 hours. After the heat treatment, oxides and possible 

contaminants were removed from the surfaces by smooth grinding. In this investigation, a mixture with 40 % 

by weight of spherical nickel-base powders and 60% of agglomerated WC particles was selected as the 

hardfacing material. In Table 1, the nominal chemical compositions of the base metal, nickel-base powders 

matrix and the WC reinforcing material are reported. The morphology of the nickel-base powders is shown 

in Figure 1. 
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Table 1. Chemical composition (wt%) of the base metal and powder 

 
                                                         Elements      

C Si Cr B W Ni Mn Mo V P, S Fe 

Base metal  1.58 0.37 11.53 - - - 0.48 0.89 0.56 ≤0.03 Bal. 

Hardfacing 

powder 

alloy 

Matrix 0.7 4.5 15.1 3.2 - Bal.      

Reinforce 6.1 - - - Bal. - 
     

 

 

Figure 1. Morphology of the nickel-base powder mixed with WC particles 

2.2. PTA equipment and parameters 

In this investigation, the plasma machine with the Castolin Eutectic Eutronic Gap 3001DC trademark was 

used to apply the hardfacing layer on the tool steel plates. In the PTA process, several working parameters 

have to be carefully adjusted. Some of these parameters were considered as fixed and they are reported in 

Table 2, while current (I), preheat (T) and travel speed (S) were considered as variable. Figure 2 indicated 

schematic of torch of PTA equipment. 

Table 2. Constant parameters of the PTA process 

 

 

 

 

 

 

Parameter Value 

Voltage (V) 20 

Nozzle diameter (mm) 3.2 

Torch to work piece distance (mm) 10 

Plasma gas Ar (l/min) 12 

Shielding gas Ar+10%H2 (l/min) 3.5 

Carrier gas (l/min) 3.5 

Feeding rate (g/min) 29 
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Figure 2. Schematic of the PTA process used for depositing wear resistant overlays 

 

2.3. Specifying the important parameters and developing the design matrix 

In PTA process, there are many variable parameters which have effect on surface layer quality, but in this 

investigation based on suggested important parameters and considering design of experiment (DoE) method 

three factors of current (A), travel speed (S) and preheat (T), with five level for each factor were considered. 

The reason for choosing pre heat as variable was because of susceptibility to crack initiation in tools steel 

during welding. Tool steel as a base metal with high carbon and high chromium percentage is sensitive to 

crack during welding. The design matrix chosen to perform the experiment was a central composite rotatable 

design. This method is useful in response surface methodology, which is a collection of statistical and 

mathematical methods for analyzing and modeling of engineering issues, for building a quadratic model for 

response variables without needing to run complete factorial level. For three factors and five levels, the 

required number of experimental runs is equal to N=2
3
=8 factorials with added six center points and six star 

points at distance of 1.6817 units from the center points, consequently twenty runs (8+6+6=20) are required. 

Based on range of parameters which suggested by powder producer and literatures, the upper limit of the 

factor was considered as +1.6817 (𝑋max) and its lower limit -1.6817 (𝑋𝑚𝑖𝑛), the intermediate levels can be 

found as 

 𝑋𝑖 = 1.6817[(2𝑋 − (𝑋𝑚𝑎𝑥 + 𝑋𝑚𝑖𝑛)]/(𝑋𝑚𝑎𝑥 − 𝑋min).  

Table 3 indicates, value of parameters which were selected in this experiment.  

Table 3. Variable parameters considered in this investigation 

Parameter  Notation 
Factor levels 

– 1.682 -1 0 +1 +1.682 

Current (A) I 86.36 100 120 140 153.63 

Preheat (°C) T 181.82 250 350 450 518.18 

Travel speed 

(cm/min) 
S 59.7 70 85 100 110.2 

 

The responses function (dilution, penetration and reinforcement) representing weld bead dimensions of one 

layer which is affected by value of current (𝐼), travel speed (𝑆) and pre heat (𝑇), can be written as followed:  

𝑌 is the response or Yield which is shown in equation (1) 

                                            𝑌 = 𝑓(𝐼, 𝑆, 𝑇)                         (1) 
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the second order polynominal (regression) equation used to represent the response surface for 𝐾 factors is 

given by equation (2) 

𝑌 = 𝑏0 + ∑ 𝑏𝑖𝑋𝑖 + ∑ 𝑏𝑖𝑖𝑥𝑖^2 + ∑ 𝑏𝑖𝑗𝑋𝑖𝑋𝑗
𝑘
𝑖𝑗=1

𝑘
𝑖=1
𝑖≠𝑗

𝑘
𝑖=1                    (2) 

For three factors, the selected polynominal could be specified as equation (3) and (4) 

𝑌 = 𝛽0 + 𝛽1𝑥1 + 𝛽2𝑥2                   (3) 

𝑌 = (𝑏0 + 𝑏𝑖𝑋𝑖 +𝑏𝑖𝑖𝑋𝑖
2 + 𝑏𝑖𝑗 𝑋𝑖𝑋𝑗)        (4) 

Where b0 is the free term of the regression equation. The coefficient 𝑏1, 𝑏2, … , 𝑏𝑘, are linear 

terms.𝑏11, 𝑏22, … 𝑏𝑘𝑘 are Quadratic term interaction terms. The coefficient 𝑏12,𝑏13, … , 𝑏𝑘−1,𝑘 are interaction 

terms. For three factors the selected polynominal could be expressed as equation (5) 

𝑌 = 𝑏0 +𝑏1 ∗ (𝐼) + 𝑏2 ∗ (𝑆) + 𝑏3 ∗ (𝑇) +𝑏11 ∗ (𝐼)
2 + 𝑏22(𝑆)

2 +𝑏33(𝑇)
2 + 𝑏12(𝐼 ∗ 𝑆) +𝑏13(𝐼 ∗ 𝑇) +

𝑏23(𝑆 ∗ 𝑇)     (5) 

 

The value of coefficient this polynominal were calculated by regression analysis with Minitab software. 

Also, the less important coefficient did not consider. The second order polynominal (regression equation) 

used to represent the response surface for 𝐾 factors which is given by Minitab to determine important 

coefficients. The final mathematical modeling for each response was determined by regression analysis as 

following. The adequacies of the models were tested using the analysis of variance technique (ANOVA) to 

study the effect of input parameters on weld bead geometry and properties. According to this technique, if 

the calculated value of the F-ratio of the model exceeds the standard tabulated value of F-ratio for desired 

level of confidence (95%), then the model may be considered appropriate within the confidence limit. It 

showed that the quadratic model is the best suggested model. The final models were developed using only 

these significant coefficients.  

 

2.4. Preparation of samples 

In order to observe if there are any defects in the layers, before microstructure analysis, liquid penetrant 

testing was performed on the samples. All the samples were cut perpendicularly to the welding direction and 

a small pieces including all weld area and base metal embedded in a thermoset resin and prepared with 

standard metallographic procedures. An Olympus SZX A0 stereomicroscope equipped with Infinity analyze 

software was used for the measurements of the geometrical features of each weld layer. The schematic shape 

of the weld bead with indication of the most important geometrical parameters is shown in Figure 3. The 

values of reinforcement, penetration and dilution were measured. Microstructural analysis by Zeis EVO 

EMA 15 scanning electron microscope equipped with an EDS analyzer was carried out on both the base 

metal and the weld overlay, after chemical etching in a 2% solution of HNO3 in ethylic alcohol (Nital 2) and 

in a solution of 70% HNO3 + 30% HF, respectively.  

 

Figure 3. Schematic of weld bead geometry characteristics 
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3. Results and discussion 

3.1. Effect of process parameters on geometry of the weld overlay 

The weld bead characteristic measurements were performed on all the samples; Table 4 indicates some of the 

obtained results from all twenty samples. Based on the weld bead characteristic measurements performed on 

the samples, Figure 4 and Figure 5 describes the effect of the travel speed and current on reinforcement and 

dilution respectively; in particular, when the travel speed is increased, the penetration decreases and, mainly 

with a travel speed of 85 and 100 cm/min, the minimum penetration values are obtained. The increase in the 

travel speed does not have a significant effect on dilution. When the travel speed is increased, the heat input 

and diffusion rate decrease; as a consequence, penetration decreases and reinforcement increases, thus 

keeping dilution relatively constant with just a smooth upward trend. When the current is increased, the 

values of penetration and dilution increase steeply, which is probably due to the increase in the heat input. 

 
 

Table 4. Parameters and results of some selected samples 

 

Sample 

name 

Current 

(A) 

Travel 

speed 

(cm/min) 

Preheat 

(°C) 

Dilution 

(%) 

Penetration 

(mm) 

Reinforcement 

(mm) 

W1 100 70 250 42.03 1.30 1.82 

W2 140 70 250 72.27 3.06 0.98 

W7 100 100 450 59.97 1.33 0.98 

W9 86.36 85 350 30.52 0.69 1.43 

W19 120 85 350 50.10 1.22 1.15 

W20 120 85 350 59.17 1.60 0.79 

 

 
 

Figure 4. Effect of travel speed and current on reinforcement 

 

 

 
 

Figure 5. Effect of current and travel speed on dilution 
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3.2. Microstructural characterization  

The Macro-structure of one sample cross-section observed at the stereomicroscope is shown in Figure 6a: the 

deposited layer, the heat affected zone and the base metal can be clearly identified in this image. The optical 

microscopy microstructure of different zones with relevant differences in higher magnification are visible in 

Figure 6b. The microstructure of the tool steel base metal, consists of predominant Cr23C6 which are mainly 

dissolved during austenization process is shown in Figure 7. The carbide structure in tempered matrix mainly 

related to secondary Cr7C3 secondary carbides [28]. Based on the EDX analysis existing chromium and 

vanadium carbides are highly detectable. VC and V2C are hard and thermally stable which leads to improve 

the wear and abrasion resistance of the material. The heat affected zone (HAZ) is characterized by two 

different microstructures close to the fusion zone and close to the base metal. The reason for the formation of 

these zones is probably due to the different heating and cooling rates during the hardfacing process. The 

relevant microstructure accompained with EDX analysis of the HAZ is shown in Figure 8.  

 

 
 

Figure 6. Macrostructure of one weld overlay  

 

 

     
Tool steel C Si V Cr Mn Fe 
Spectrum 1 11.54 - 3.89 44.27 0.4 Bal. 

Spectrum 2 6.13 0.46 0.64 13.80 0.51 Bal. 

 

Figure 7. Microstructure of the base metal  
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HAZ C Si V Cr Mn Mo Fe 

Spectrum 1 4.08 0.66 0.47 10.45 0.34 - Bal. 

Spectrum 2 12.46 - 2.91 33.72 - 2.62 Bal. 

 

Figure 8. Microstructure of the heat affected zone and EDX analysis of phases 

 

The SEM micrographs of a nickel-based hardfacing layer in different magnifications is shown in Figure 9. 

The microstructure can be characterized by a -Ni primary hypereutectic dendritic phase and a lamellar 

eutectic structure in the interdendritic regions [29]. Irregular blocky-shaped tungsten carbide particles are 

distributed in the nickel matrix and are clearly visible in Figure 9a and b. Also the dendritic microstructure of 

nickel matrix in high magnifications can be observed in Figure 9c.  

 

 
Figure 9. Microstructure of the weld overlay: (a) WC particles close to base metal, (b) WC in high magnifications and 

(c) dendritic nickel matrix  

 

3.3. Distribution of Tungsten carbides in the matrix 

The distribution of tungsten carbides in the layers were not completely uniform and homogeneous as it 

shown in Figure 10, also mainly they were accumulated at the bottom of the weld bead near to the base 

material. It is due to their high density; the volume fraction of tungsten carbides close to the top surface of 

the layer is lower than in the area at the bottom of the weld pool close to the substrate. 
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Figure 1. Distribution and morphology of tungsten carbides at the bottom of the layer  

 

Figure 11 shows the cross-sections of some selected layers obtained from image analyser software to observe 

the distribution of WC in the weld bead. As can be seen, sample W9 and W19 show more regular weld bead 

geometry and a more homogenous distribution of tungsten carbides and these particles are better distributed 

through the weld bead area. For most of the other samples, tungsten carbide particles are preferentially 

distributed at the bottom of the weld pool. Moreover, different samples present different values of 

penetration and reinforcement due to the different process parameters. The interface between WC and Ni 

matrix was fine but in some cases pores were form close to the WC particles. Generally, the hardness of WC 

is very high and it is difficult to grinding with emery papers, during grinding, some part of carbides was 

worn and stick to the emery papers, in this case the papers acts as abrasive material, consequently pits and 

ducts forms on the carbide particles. Also, based on previous research in case of increasing the current, there 

is possibility of the changing WC phase to W2C phase which is more brittle than WC. [30, 31].  
 

 

Figure 11. Distribution of WC particles at the bottom of the weld pool 

 

In addition, based on calculation of image analyzer, the percentage of tungsten carbide in the weld pool was 

measured and the relevant results are listed in Table 5. As it is clear, mainly this percentage for most of the 

samples are between 30 to 45%, which is appropriate value.  
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Table 5. Percentage of WC in some selected samples 

Sample W1 W2 W5 W11 W19 W20 

% WC in 

matrix 

33.65 30.36 43.02 45.04 38.62 34.28 

 

3.4. SEM and EDS analysis 

Back scattered images of the deposited layer, obtained by means of SEM from one sample is reported in 

Figure 12. To observe the distribution of alloying elements in the matrix, EDS analysis was performed on 

different in different parts of the microstructure, the results are shown in Table 6. In addition to large 

tungsten carbides, there are other different intermetallic phases containing nickel, chromium and silicon, 

distributed between matrix and WC particles. The diffusion of interstitial carbon in the matrix is faster than 

other carbide former elements; in the presence of WC as a reinforced material, the formation of other 

complex and brittle carbides was reported in the literature [32]. EDX analysis of the carbides indicates that, 

in addition to chromium, there is possibility of existing vanadium to form carbide and distributed in the 

matrix. From the results, it can be observed that tungsten is also distributed in the matrix about 15%. This 

could be due to decarburization of WC/W2C during the welding process; moreover, tungsten and carbon 

could be dissolved into the nickel and nickel-chromium phases. Dissolution of tungsten carbide particles in 

the matrix causes the precipitation of secondary carbides around the primary ones.  
 

 
 

Figure 12. SEM micrograph of WC in the matrix and position of EDX analysis EDS analysis 

 

Table 6. Qualitative data (wt%) of EDX analysis 

 Position C W Si V Cr Fe Ni 

Spectrum 1 Matrix 2.78 15.24 2.56 - 5.61 37.33 36.48 

Spectrum 2 Carbide/Matrix 5.01 50.86 3.15 0.37 13.70 9.21 17.70 

Spectrum 3 Carbide 7.24 92.76 - - - - - 

 

 

Figure 13 indicates the EDX map analysis of the elements in cross section of the layer. It is clear that 

tungsten and silicon are the main elements in large particles, also distribution of Ni, Cr and Fe elements in 

matrix are uniform and homogeneously distributed. 
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Figure 13. Distribution of elements in weld layer 

 

 

3.5. X-ray diffraction 

Figure 14, shows the obtained X-ray spectrums from the one welded sample.  The main phases formed in 

optimized sample are W2C, WC, Cr3Si, Ni2B and NiCrFe. As it is clear tungsten carbide is formed in two 

forms of W2C and WC. Based on peak intensity value, the amount of W2C is less than WC. The main peak 

intensity in the matrix is related to NiCrFe phase. It is important to mention that WCrC phase in the 

microstructure is not possible to observe which is due to its location close to the bottom of the weld bead and 

low percentage of this phase in the microstructure.   

 
Figure 14. XRD spectrum of the optimized sample 

 

3.6. Surface optical profilometry 

Surface profile analysis was performed by means of optical profilometer in two and three dimensions. Based 

on obtained data maximum differences between matrix and tungsten carbides are around 9µm. Also, 3D 

profile of the sample in Figure 15 indicates the distribution and height of the tungsten carbide on matrix. 

Figure 16 indicated 3D and 2D surface profile of one single tungsten carbide in the matrix accompanied with 

one-line scan profile between two points. As it is visible, there is differences between height of tungsten 

carbide and matrix even if after metallographic preparation. 2D profile line scan specified that for one single 

tungsten carbide particle is about one micron higher than reference line of interface, but the maximum height 

differences reach to 3.5 micron. Also based on intrinsic irregular morphology of tungsten carbide, some 

holes and voids on the particles and interface of particles and matrix are visible.     
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Figure 15. 3D surface profile of distribution of tungsten carbide 

 
Figure 16. Profile of a single tungsten carbide in matrix (a)3D (b)2D (c) surface profile between two pints  

 

  

3.7. Weld bead geometry and optimization of the process 

Considering the weld bead geometry parameters, the distribution of tungsten carbides and surface 

profilometry the quality of sample W9 can be considered the optimum compared to other samples. The 

process parameters and the weld bead geometry results for the optimum experimental sample and optimum 

prediction by modelling is specified in Table 7. Nevertheless, considering the several possible sets of process 

variables, it is relatively difficult to find the best welding parameters to predict and reach appropriate weld 

bead characteristics. Based on what is suggested in the literature [5, 10, 26, 33], to reach appropriate weld 

layer geometry, the value of reinforcement should be the maximum, while the values of penetration and 

dilution should be the minimum. It is very important to select appropriate process parameter to obtain 

optimal weld bead geometry [10] and [33]. To find the optimum parameters, there are many optimization 

methods [34], which needs more in depth mathematical investigation, but according to optimization of the 

parameters with using the multiple objectives, it is possible to obtain optimum parameters which can be 

obtained by Minitab software. As can be seen, the parameters obtained from the model is relatively close to 

the sample W9, just there is a little change in the value of penetration. Also, the obtained optimum data by 

modeling should be validated experimentally. 
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Table 7. Parameters and results of optimum experimental sample 

Sample name. 

Current 

(A) 

Travel 

speed 

(cm/min) 

Preheat 

(°C) 

Dilution 

(%) 

Penetration 

(mm) 

Reinforcement 

(mm) 

W9 86.36 85 350 30.52 0.69 1.43 

Optimum by 

model prediction 

86 60 225 36.84 1.38 1.80 

 

 

4. Conclusions 

In this study a powder consists of nickel matrix reinforced by tungsten carbide particles was applied on the 

tool steel by Plasma Transferred Arc (PTA) process. To reach optimum weld bead geometry accompained 

with appropriate metallurgical properties, a combination of different process parameters (current, travel 

speed and preheat) by using design of experiment (DOE) method were considered. After characterization of 

the samples the following conclusions can be drawn:  

- Design of experiments was a useful method to investigate the effect of process parameters on the 

weld bead geometry in the PTA process. When the current, penetration and dilution increase, the 

reinforcement decreases. By increasing the travel speed, penetration decreases, dilution mainly 

remain constant with a slight increase. The current was the most important process parameter which 

had strong effect on the geometry of the weld and the distribution of the carbides. 

- The WC particles was not homogeneously distributed in the weld pool and mainly accumulated at 

the bottom of the layer close to the base metal. Among all conditions just for two sets of parameters 

these carbides in the matrix were well distributed. 

- Analysis by SEM and EDX on the samples indicated that, in addition to WC particles, tungsten was 

dissolved in the nickel matrix. Complex phases containing tungsten and other carbides former 

elements were detected in the layers. 

- Results of surface profilometry showed that, in addition to well surface preparation, still there is 

inhomogeneity between the height of the WC and nickel matrix. 

- From the microstructural and geometrical data obtained from the analyzed samples, the optimum 

parameters for hardfacing were actually found as: current 86.36 A, travel speed 85 cm/min and 

preheat 350 °C. With these parameters, the values of dilution, penetration, reinforcement and bead 

width were 30.52%, 0.69 mm, 1.43 mm and 6.53 mm, respectively. It is very difficult to find the 

optimum parameters to obtain high quality weld bead geometries. The obtained model proposed that 

with choosing the parameters of 86 A current, 60 cm/min travel speed and 225 °C preheat the 

dilution 36.84 %, penetration and reinforcement will be 1.38 and 1.80 mm respectively. These 

parameters practically should be validated.  
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