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ABSTRACT 

Surface modification is one of the most intensively studied issue of technology, which is related to the almost all 

branches of industry. Since more than 100 years the huge number of methods has been developed and are still in 

growth. On this field the plasma transferred arc (PTA) hardfacing and surfacing is one of the most frequently used 

group of the method. The development of this method is going in three ways: (i) modification of the classic 

technique and the equipment, (ii) development in new materials, especially with the nanometric size and (iii) 

replacement dangerous materials (e.g. high cobalt alloys). In the current article the state of the art as well as the 

development directions of the plasma hardfacing issues are described. 
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INTRODUCTION 

 

 

Surface engineering is a huge branch of science and technology. It concerns modification 

of existing surfaces and/or building a new coating. The main aim of this processes is 

improving the life time of machines components [1]. It should be stressed, that almost all 

above mentioned methods could be used for both, create a new elements and rebuilt of worn 

surfaces or part of the elements. 

An appropriate selection of the surface modification method is very complicated issue. It 

depends not only on operating conditions, base material and cost. Additional it is linked to the 

large variety of the feeding materials (metals, ceramic, cermet, etc.). The estimated number of 

materials used in surface engineering is about 70000. Furthermore, another factor in the 

proper choice is the huge number of the technological processes. Total number of the methods 

of surface modification is around 1000 [2]. For this reason the selection process should be 

systematic and includes following aspects: functional characteristic of the element and the 

requirements of the work environment, technical issues, economical aspects and many others 

details [1,2]. Different groups of the methods of the surface layers manufacturing are 

presented in Fig. 1.  
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Fig. 1. Types of surface layers manufacturing techniques [1] 

 

In this review only welding technologies will be briefly discussed. Among them plasma 

hardfacing will be described in details. On the field of welding, there are two groups of 

coating deposition methods: (i) thermal spraying and (ii) hardfacing. The fundamental 

difference between spraying and hardfacing technique is melting of the substrate. In case of 

thermal spraying methods it is not occur, what results in lower adhesion caused by only 

mechanical contact between coating and substrate. Another factor is the presence of defects, 

such pores and cracks, which could be a weak point in case of wear and corrosion resistance 

[3]. Nevertheless, thermal spray coatings are wide used in many branches of the industry. The 

flame [4,5], arc [6,7], plasma [8,9], high velocity oxy-fuel (HVOF) [10,11] spraying method, 

as well as cold gas spray [12,13] allow to obtain wear, corrosion and erosion resistance 

coatings. On the field of hardfacing technologies, there are conventional methods, including 

manual metal arc, gas metal arc, gas tungsten arc and submerged arc also existed [14-17]. On 

the other hand, there are high-energy density methods, such laser beam [18,19], electron beam 

[20,21] and plasma arc, which are widely used in surfacing layers manufacturing. 

In general, hardfacing deals with technology of additional overlays manufacturing, which 

prevent the substrate against wear, erosion, corrosion, high temperature etc. However it is also 

used in order to restore element dimensions, which were damage by means of wear [22].  

 

 

 
PLASMA ARC HARDFACING FUNDAMENTALS 

 

 

The beginnings of the plasma transferred arc (PTA) hardfacing go back to the 1960s, 

when the process of plasma welding was adopted for surface modification by the overlays 

production [23]. Generally, the PTA is a development of gas tungsten arc (GTA) method. The 

plasma arc is constricted and tungsten electrode is placed inside the torch. Due to the higher 

ionization of plasma arc it is possible to more precise parameters and results (dilution and 

penetration) steering [24]. In Fig. 2 the scheme of PTA torch as well as process principle are 

presented. As it could be observed, the filler material (in form of powder) is injected to the 
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plasma arc in the shielding gas, which prevent melting particles against the oxidation. It 

results in very pure, from metallurgical point of view, deposits and its high quality [25]. 
 
 

 
 

Fig. 2. Scheme of PTA torch and hardfacing process [26] 

 

Plasma hardfacing is a technique, which has many advantages compared to other arc 

methods, such as high melting efficiency, high stability of the energy flux and improved 

adhesion to the overlaid substrate [27]. Moreover, the process costs are lower and its 

efficiency is higher in compare PTA with others high density of energy methods (laser- and 

electron beam) [28,29]. Despite the fact, that filler material for PTA hardfacing could has a 

form of wire, in this method powder consumables are mainly used. This form is easier to feed 

and requires lower value of heat input in order to melt it to form a weld overlay. The scheme 

of wire PTA hardfacing method is presented in Fig. 3. 

 
 

Fig. 3. Scheme of wire PTA hardfacing [2] 
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Powders, as a form of feeding material, give wide flexibility it terms to manufacture overlays 

with desired composition, including composite coatings. On the other hand, there are many 

types of materials in the form of powder wires, which gives the opportunity of the relatively 

wide selection. Nevertheless, from a technological point of view, there are some difficulties to 

produce wires with diameter 1.6 mm and larger, which is especially important with high 

efficiency methods and applications [30]. Very interesting, from hard industry application 

point of view, are metal matrix composites (MMCs), which combine wear and erosion 

resistance (carbides, nitrides, borides) with corrosion resistance and high operating 

temperatures (Ni- and Co-based alloys) [28,31-33]. The major advantages as well as 

disadvantages of PTA hardfacing method in compare to the conventional arc processes are 

collected in Table 1. 

 
Table 1. Main advantages and disadvantages of PTA hardfacing method [26,34] 

 

Advantages Disadvantages 

low dilution – it could be about 5%, so it means 

that there is very small quantity of base material 

in the weld metal 

metallic substrate is required in order to plasma 

arc ignition between substrate and electrode in 

comparison with thermal spraying methods 

fine microstructure of deposit as well as smooth 

surface after the process 

the vertical surfaces are very difficult to deposit 

because of gravity 

high powder feed rates poor adaptation to complex shapes 

high deposition efficiency (more than 95%) relatively high values of residual stresses 

low porosity of deposits metallurgical compatibility between substrate and 

coating should be considered 

strong adhesion by metallurgical bonding  

between substrate and coating 

 

low heat affected zone 

saving the cost because of low dilution, the layer 

could be thinner and the surface of the substrate 

does not require grooving 

high productivity – without filling the grooving 

as well as minimalization or even no finishing 

operation 

very wide range of the coatings material,  

especially in form of the powders, which is able 

to use metal matrix composites 

 

The overlays quality and properties are strongly dependent on the hardfacing material 

powder but also on process parameters. The fundamental ones are as follow: the pilot and 

transferred arc current, plasma gas, carrier gas and shield gas flow rate, powder feed rate, 

hardfacing distance and surfacing velocity and plasma torch oscillation. There is a wide 

literature dedicated of the above mentioned parameters influence on the overlays [26,30,35]. 

In general, three production levels of PTA hardfacing method could be listed, depending 

on dimensions of the coated element: (i) micro-PTA – for small components or with complex 

shapes, (ii) regular PTA and (iii) high-power PTA – for rapid deposition or hardfacing large 



L. Łatka, P. Biskup:  Development in PTA surface modifications – a review                                                      43  

 

 

components surface [26]. The summary of the fundamental conditions for each levels are 

collected in Table 2. 

 
Table 2. Fundamental differences between various scales of PTA method [26] 

 

Operating parameter micro-PTA regular PTA high-power PTA 

pilot arc current (A) – 50 – 100 50 – 100 

pilot arc voltage (V) – 40 40 

transferred arc current (A) 5 – 50 100 – 300 200 – 400 

transferred arc voltage (V) 20 40 50 

powder feed rate (kg/h) 0.1 – 2 2 – 10 10 – 20 

 

Because of many PTA hardfacing advantages, as well as wide range of filler materials, 

the are a huge number of industrial applications of such overlays. The main ones are 

connected with: wear resistance [36,37], corrosion resistance [38] and abrasive resistance 

[39]. Additional applications are connected with e.g. high temperature wear resistance [40] or 

like a self-lubricating surfaces [41]. In general, the industrial branches, where PTA hardfacing 

is used are as follow: ore mining, oil drilling, power generation, steel manufacturing, 

petrochemical, marine, etc. [42-44]. Some typical examples of applications are: valve and 

valve seats, bucket of wheel excavator, tools for metals forming, agriculture machines 

elements, compressor blades of aircraft engines, aluminum die-casting metal mold [45]. 

 

 
PLASMA ARC HARDFACING PROCESS MODELING 

 

 

Numerical analysis and modeling is recently more and more important in all 

technological branches [46-48] because it allows in better understanding the processes and 

helps in selection of fundamental properties [49-51]. On the other hand, on the field of PTA 

hardfacing, the numerical modeling deal with rather to residual stresses determination or HAZ 

prediction. The physical phenomena of plasma jet are based on physicist researches. 

From a physical point of view many studies deals with interactions between plasma and 

electrodes. The investigations are carried out in order to energy distribution estimation in 

plasma arc [52] or to predict plasma temperature profiles, which is very important for next 

estimation of plasma velocities [53]. The interaction between anodes [54] and cathodes [55] 

are also often investigated by numerical simulation. 

In the literature there is very small articles about typical numerical modeling of the PTA 

hardfacing process. One of the few examples is [56], in which the plasma surfacing has been 

modeled. The main reason was big number of process parameters and the need to reduce the 

carried out experiments. On the other hand, the PTA method is very complex process, so the 

comprehensive approach includes many factors and makes numerical calculations extremely 

complicated. 

Another example of mathematical modeling application in PTA process is prediction of 

the overlay geometry [57]. In this paper the analysis of variance (ANOVA) combined with 

response surface methodology (RSM) are used in order to describe the detailed influence of 

fundamental parameters on the weld overlay geometry [57]. The generic theoretical model 
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and finite element simulation is also used for modeling and prediction dilution, especially for 

micro-PTA processes [58]. 

In practice, the numerical studies are used for determine the residual stresses and 

distortion field, as well as temperature distribution during the process [59,60]. In these 

examples, the finite elements analysis was applied to estimate stresses distribution in order to 

optimize the overlays thickness and process parameters. After hardfacing, the non-destructive 

ultrasound and X-ray diffraction methods were used to validate numerical analysis. In both 

cases, the agreement numerical and experimental results was in a good level [59,60]. 

Recently, the multi-layer PTA hardfacing is more popular and in order to understand the 

complex phenomena occurred during this process also the numerical analysis is required [61]. 

 

 
MODIFICATIONS OF THE PLASMA ARC HARDFACING 

 

 

Since 1960s, when the PTA hardfacing was invented, many modifications of the 

conventional process were developed. One group has been connected with process 

fundamentals and new techniques. Another one is linked to the new materials issue, especially 

in nanoscale reinforced additions. In this review the most frequently used modifications will 

be briefly described. 

 

Modification of powder feeding 

 

Small powder particles could be overheated in plasma jet. It is an undesirable 

phenomenon, especially for hard phases (e.g. carbides), because they could be dissolved and 

results in decreasing of the wear resistance. Proposed solution assumed modification of 

powder feeding place, as follow: (i) into the fringes of plasma arc [62] or through a special 

extended tubes directly to the weld pool [63]. The powder could be also feed outside the 

plasma handle. The first way is to feed it before plasma arc, which results in lower dilution. 

The other way is to feed after plasma arc, which results in high penetration depth and smooth 

face of the weld overlay [45,64]. 

 

Nitriding of weld overlays 

 

Modifications of the conventional process are invented in order to improve manufactured 

overlays. In case of nitriding, the main aim is increasing the hardness, which should results in 

better wear resistance. The classic PTA hardfacing is made under the nitrogen atmosphere. It 

was observed, that higher concentration on nitrogen in plasma gases mixture results in some 

instabilities of the arc. Moreover the adhesion on the edges was lower, as well as the life time 

of electrode. On the other hand, small quantity of nitrogen results in significantly 

improvement of wear resistance [65,66]. Another approach was proposed by Wang et al. [67], 

who deposited composite TiN/Ni weld overlays. In the microstructure of produced overlays 

TiN and Al2N3 phases were uniformly distributed. The hardfacing layers have significantly 

higher hardness and lower friction coefficient as well as improve corrosion resistance [67]. 

 

Modulation of process parameters 

 

The main parameters, which are modulated are: arc current and plasma gas flow rate. In 

case of arc current the first works were made by Shubert [68]. Pulse current allows to create 
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the weld pool, which solidify in very short time. It results in fine grain microstructure of 

deposited overlays and consequently, better properties. The lower heat input also promoted 

lower dilution as well as lower distortion of the hardfaced element [24,69,70]. 

Pulsation of the plasma gas flow was examined by Ebert et al. [71] as a possibility of the 

more uniform distribution of the reinforcing tungsten carbides particles in the cobalt-based 

matrix. It results in wear resistance improvement [71]. 

 

Hardfacing with negative workpiece polarity 

 

In recent years the light metals (manly aluminum and magnesium ones) and its alloys are 

more and more frequently used in wide industry applications. In case of aluminum, its 

mechanical properties should be reinforced, but for magnesium alloys also the corrosion 

resistance is poor and need improvement. Moreover, these materials have a low melting point 

and high thermal conductivity, which require low level of heat input during hardfacing [2]. 

Reversing polarity, when the workpiece is a cathode results in lower heat transfer. Moreover, 

additional advantage is cathodic arc de-oxidation, which is necessary to remove oxide layers 

from the Al- and Mg-based surfaces. This phenomenon is commonly used with GTA welding 

of above mentioned materials. With negative polarity authors of [72] obtained better wear 

resistance because of uniformly distribution of hard phase in aluminum surface, alloying base 

material with deposited one and hard phases creation. Another example of negative polarity 

PTA hardfacing could be found in [73]. Authors used aluminum alloy as a matrix for hard 

phases, fused tungsten carbide and TiC. After deposition and tribological investigations the 

results of abrasion and adhesion wear rates were better, than for stellite 6 deposited on steel 

[73]. 

 

Other process modifications 

 

As it was mentioned above, one of the PTA limitation is complex shape of the workpiece. 

In order to rebuilt the worn components, the novel method PTA combined with tape casting 

was applied [74]. The surface was coated by metallic slurry, then was heat treated for better 

electrical conductivity and finally was treated by plasma arc. The process efficiency is much 

lower, than conventional PTA (about 50%), but allows to obtain uniform overlays up to 0.6 

mm in thickness [74]. 

Another modification was proposed by researches from SNMI (Avignon, France) [75]. 

They developed a new plasma torch with high constricted nozzle, which results in 

improvement of current and energy densities. It allows to extremely increase movement 

velocity. In such conditions, deposited overlays have very low dilution, fine microstructure 

and higher hardness [75].  

 

Materials modifications – nanoparticles and nanophases 

 

Development and applications of nanomaterials is present in all manufacturing 

technologies. On the field of hardfacing the main advantages of such materials are connected 

with improvement of mechanical and tribological properties in compare to their conventional 

counterparts. In general, there are two methods of improvement the PTA overlays in “nano-

way”: (i) metallurgical nanophases creation and (ii) nanoparticles addition. 

From a metallurgical point of view, the specific variations of the elements in alloy makes 

it possible to solidify with common cooling rate as a form of nanostructured carbides and 

borides. Very important are also fundamental process parameters, which strongly influence on 
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the heat input value. Moreover, for overlays deposited from hard metals in soft matrix, 

improvement of tribological properties is connected with strengthening of the binder phase. It 

could be done by nano-grain reinforcement [76,77]. The results obtained in referenced articles 

are very promising. For new CrVFeCoB-alloy Authors got more than 2 times higher hardness 

and around 7 times lower wear rate in compare to the standard stellite 6 overlays [76]. Other 

paper deals with new WC-based alloys (W-C-Fe-Cr-Si), which have a relatively low-metling 

point and unique properties. As in comparable with conventional WC-Co their wear resistance 

is at the same level with simultaneous lower hardness [77]. 

Another method for PTA hardfacing overlays reinforce is an addition of nanoparticles to 

the feed material. Authors of [78] doped Ni-based powder by TiN and AlTiN nanoparticles 

and then deposited the overlays and investigated them. The results clearly showed 

nanoparticles reinforcement phenomenon. Improved coatings were characterized by higher 

wear resistance and lower friction coefficient. Moreover, based on H to E ratios (resistance of 

the material to elastic deformation, correlation with abrasive and erosive wear, evaluation the 

ability of material to dissipate energy at plastic deformation during loading) it is clear 

confirmed, especially for overlays with AlTiN addition, that nanoparticles strongly reinforced 

the Ni-based overlay [78]. One more example of nanoparticles doping a conventional feeding 

material is [79]. In this paper Authors added nano Al2O3 to the Ni-based alloy. The results in 

wear resistance was almost 2 times better for the nano-reinforced overlay. It was a result of 

forming stacking faults and dislocation cell walls by nano Al2O3 addition [79]. 

 

Additive manufacturing by PTA 

 

Nowadays, the additive manufacturing is very promised technology, which is used in 

wide range in industry. It could be applied for fabrication and/or repair components. For PTA 

method the main advantage is lower heat input and precise control of feeding material. 

Moreover, by PTA additive manufacturing is possible to produce new elements with complex 

shapes, which is cross the limits of conventional PTA hardfacing. The scheme of wall 

building by modify PTA additive manufacturing is presented in Fig. 4a. Very important is to 

obtain the effective wall are as big as possible, which is connected with proper selection of the 

process parameters [80]. An example of produced wall of Ni-based alloy is presented in Fig. 

4b.  

                   
 

Fig. 4. Scheme of PTA additive manufacturing, with the effective wall area (a)  
and Ni-based alloy wall produced by PTA method (b) [80] 

a) b) 
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Among others popular methods of additive manufacturing, like selective laser sintering 

(SLS), selective laser melting (SLM) and electron beam melting (EBM), the PTA technique 

has many advantages. It does not required such pure powders, the building rate is higher and 

there is no necessity of using vacuum conditions, which leads to important reduce of the 

production costs [81]. The new method called 3D plasma metal deposition (3DPMD) is used 

for aviation industry for building elements from titanium. An example pure titanium block 

produced by 3DPMD is presented in Fig. 5. 

 

 
 

Fig. 5. View of pure titanium block produced by 3DPMD [81] 

 

Generally, the main types of material used by plasma transferred arc – additive 

manufacturing (PTA-AM) are Ni-based alloys (Inconel, Hastelloy). More details about the 

process parameters and quality of the elements could be found in [82,83]. Moreover, for very 

precise applications, the micro-PTA additive manufacturing technology is used. The idea was 

developed for low-cost and high-efficiency method for repair and remanufacturing of the 

broken dies and molds [84]. 

 

 
SUMMARY 

 

 

The plasma transferred arc hardfacing is a method of deposition manufacturing, which 

allows to obtain high quality overlays, with good or even excellent functional properties. 

Additional advantages of PTA process are connected with huge amount of filler material 

types (especially for powders), lower cost and higher efficiency in comparable to the others 

high-energy methods (a beam ones) [2,26]. 

Depending on the specific application, there are many process modifications, including 

micro-PTA [85] or high-energy PTA [86]. In order to improve functional properties 

(mechanical and tribological ones) many investigations were carried out [87-89]. Another 

method of the reinforcement deposited overlays the conventional feeding materials are 

modified by nano-phases creation [90] or by nanoparticles doping [91]. 

On the other hand, the major disadvantages are limited ability to produce deposits on 

complex shapes and high level of emerging residual stresses. Moreover, very important is 

ensuring of the metallurgical compatibility between substrate and overlay [26]. 

Nevertheless, there are a huge number of investigations, which provide continuous 

develop in new materials and its treatment, new intermetallic phases manufacturing or even 
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new torch and generation of the set-up. The main trends are very clear, from an industrial 

application point of view, it should be better and (as it will be possible) also cheaper than 

existing materials and technology. 

To summarize, in this literature review could be seen some deficiencies. There is only 

few information about functionally graded overlays. Moreover, in the industrial applications 

the overlays often meet a complex conditions, in which the different wear types operate at the 

same time, as well as corrosion with salts or acids and high temperature. It is an area for 

deeper investigations, which will included a complex resistance for different operating 

conditions, dedicated to various branches of the industry. 
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