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EFFECT OF  ENERGY  INPUT ON WEAR PERFORMANCE OF BORON COATING 

MADE WITH PTA 

 

Musa KILIÇ1 

It is inevitable that wear on the surfaces occur when especially metal 

surfaces contact each other. One of the most crucial problems among 

surface machining is wear problem. In this study, surface of 316 L  stainless 

steel was coated with boron via plasma arc method and 160, 165 and 170 

current values were utilized as welding parameters.  

The effect of the energy input on microstructure and on the abrasion 

resistance of the hard structures formed in the coating region was 

investigated.  

 It was determined from optical microscope and SEM analysis that the 

coating area consisted of  branched and leaf-shaped dendritics; and eutectic 

structures were formed between these dendritics. As a result of EDX taken 

from coated region, Fe, B and Cr elements were found. After wear test, low 

mass loss was determined in samples coated with Boron 2 and it is clear that 

coating os Boron on 316 L stainless steel substrate is increased wear 

resistance. While the highest weight loss was occurred in 316 L satinless 

steel with 45 mg and the lowest weight loss was obtained from Boron 2 

sample with 27 mg. 
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1. Introduction 

 

Wear is one of the problems which is not wanted in industry as a consequence of demages that it 

leads to in engineering processes in terms of cost, labor and time when the metals contact to each 

other.  

According to their usage places, the tribology properties of metals can be improved by using 

surface coating methods in order to eliminate the damages such as fatigue, friction and wear occurring 

in metals [1-2].    

As surface coating methods, hard filling processes such as plasm transferred arc welding (PTA)  

and gas tungsten arc welding (GTAW) were used with the help of thermal sparying methods such as 

high velocity oxy fuel (HVOF), atmospheric plasma spraying (APS) and flame sparying(FS) [3-7]. 
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PTA coating method is a preferred method because it is cheap and feasible. In addition, PTA method 

has attracted the attention of researchers in recent years due to its high welding speed, well penetration 

depth and good arc stability, as well as its wear-corrosion resistance and improved fatigue strength[8-

11].  In particular, in this method, besides the wide range of materials, the performance of the material 

surfaces can be greatly improved by low dilution and deterioration between the hard filler layer 

formed on the coated surfaces and the substrate material [12-16]. Plasma transferred arc (PTA) 

technique provides strong metallurgical bond formed between the coating and substrate, low porosity, 

high energy conversion efficiency, high precipitation rate, low heat input [17]. 

Since the materials are melted in PTA coatings, the melting temperature of the metal to be 

formed with the base material should be approximately the same or lower than the base metal. 

Otherwise, the plasma arc does not melt or partially melt the material to be coated while melting the 

base metal at high temperatures. In this case, since a good diffusion cannot be achieved, the coating 

layer cannot be formed completely [18]. 

Q.Y. Hou et al. [19] investigated the effects of molybdenum on the microstructure and wear 

resistance of nickel-based alloy coatings with PTA method and established that the wear resistance 

increased by 47.2%. 

Y. F. Liu et al. [20] investigated the microstructure and non-lubricated shear wear properties of 

TIC reinforced composite coating performed by PTA method; and obtained the result of high surface 

hardness and non-lubricated wear resistance of the composite coating. 

L. Bourithis et al. [21] applied boroning process to AISI 1018 steel with the help of PTA 

coating method and obtained coatings in thicknesses ranging from 1 to 1.5 mm and in hardness 

ranging from 400 to 1600 HV. In the examination, they observed that the wear was quite low. 

R. Iakovu et al. [22] showed that hardness values were established between 1000-1300 HV as a 

result of coating,  and that tool steels were successfully coated with boron by using PTA coating 

method. They determined that the boroned surface contained austenitic and martensitic mixtures 

together with the Fe2B-type boride layer, and that some cracks were observed in the austenitic regions 

and these cracks did not have any critical effects on slip wear. 

L. Bourithis and G. Papadimitrou [23] achieved successful coatings in boron and CrB2 coating 

work of the plain carbon steel surface with PTA coating method. As a result of the study, they stated 

that the wear rates were low in both coatings, and they obtained hardness between 1000-1300 HV in 

boron coatings and 900 HV hardness in coating made with CrB2 powder. 

In this method, since the arc temperature rises to high temperatures, the surface of metal and 

metal alloys with high melting temperature is applied by using many coating powders and 

combinations of these powders. Thanks to its high coating thickness and high energy density, PTA 

hard fill coating is widely used in sectors such as  defense industry, aircraft industry, machinery and 

manufacturing, medicine, automotive industry [24-26]. 

Boron and boron-derived products with different uses have also been widely used in the 

surface hardening process of steels in the industry [27]. 

Boron surface coating can be applied to tempered steels, tool steels, stainless steels, cast steels, 

cast irons, non-ferrous metals and alloys such as sintered metal powders, nickel, cobalt, molybdenum 

and titanium [28-29]. 

 

The high hardness of the boride layer and the low friction coefficient contribute to the increase 

of wear resistance[22, 29]. 
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Boroning can increase the service life of the steels by increasing the wear resistance, corrosion-

erosion resistance and microhardness [30-31]. The surface coating process with boroning method is a 

method that is used a lot in the industry, and it brings the surface of the applied material to very high 

hardness values. The hardness of the boron layer varies between 1800-2100 HV and can reach up to 

2400 HV in high alloy steels [22, 32]. In addition, boron coating contributes to increase the breaking 

and flowing fatigue and corrosion fatigue resistance of metals [33-34]. 

In this study, surface of 316 L stainless steel was coated with boron element by plasma transfer 

arc method (PTA). Coating morphology was characterized by optical microscope and SEM-EDX. The 

effect of energy in put on the hard structures which formed after coating on substrate was examined by 

wear test  and under the load of 5N, 10N and 20N for ASTM G99 standards with the help of a pin on 

disc method.The mass loss of the wear zone after the wear process was characterized by 

microstructure. 

2. Materials and Method 

In this study, surface coating was applied to the surface of AISI 316 L steel   by using 

elemental boron powder  with PTA. The chemical composition of boron powder and substrate 

materials are given in Table 1 and Table 2, respectively. The boron  used in the coating process 

had a grain size of 1µm. Table 2 shows the chemical composition of boron powder and the 

properties of the powder. 

Tablo 1:  Boron chemical composition 

 Purity 

(%) 

Average 

particle 

size 

Melting 

Temp. 

(oC) 

Density 

(gr/cm3) 

Molecular  

weight 

(gr/mol) 

Boron 96.21 <1.5µm 2076 2.34 10.81 

 

Table 2: AISI 316L stainless steel chemical composition 

Cr C S Ni Si Mn Mo P 

18.0 0,03 0,03 14.0 0,75 2.0 3.0 0.045 

 

Before coating, the surface of AISI 316L stainless steel, which would be used as 

substrate material, was cleaned with a lathe to remove dirt and oxides. As shown in Figure 1a, 

10mm width and 3mm deep grooves were opened on the surface of AISI 316 L stainless steel 

with the help of milling machine so that dust can be deposited on the substrate after surface 

cleaning process. 

 

                           Figure 1:  (a) AISI 304 satinless steel substrate , (b) Boron powder laid base 
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After the grooving process was completed, the samples were then cleaned by washing in 

acetone bath to remove dirt and debris.  

Into the groove opened sample, the boron element was deposited in the substrate after soaked 

with polyvinyl alcohol in an atmosphere of argon gas Figure 1b. Samples were placed in the oven at 

30℃ and dried so that the wetting agent would be removed from coating zone before coating with 

PTA. The main purpose of wetting the powders with polyvinyl alcohol is prevent flying of boron 

powder from channel during arc blow.. For the welding parameters(160A, 170A and 180A), only the 

mechanical impacts provided by the different current values on the coating surface and the interface 

surface were examined. 

After the samples were prepared, coating was performed with plasma arc welding using the 

parameters given in Table 3. The schematic picture of the plasma source used in the experimental 

phase and the coating sample produced after the process are given in Figures 2a and b. 

 
Figure 2:  (a)Schematic figure of PTA source and coating process [23] , (b) Sample processed with 

cooating, (c) Wear device schematic picture 

After successful coating process, samples were cut in a precision cutting machine in a 

perpendicular direction to the coating for wear and microstructure analysis. The samples, of 

which the cutting process was completed, were subjected to coarse polishing with optical 

microscope, SiC sandpaper with 240-1200 mesh size for SEM-EDX analysis. In the fine 

polishing process, the samples were polished with 1 micron diamond paste and broadcloth. In 

microstructure and SEM-EDX analysis, samples were etched with Nital solution before 

internal structure analysis. Microstructured analysis of the etched samples was carried out 

with Nicon optical microscope. JSM5600 Brand SEM-EDX device was used for detailed 

microstructure and elemental analysis. 

Table 3:  Boron coating process parameters 

Sample 

No 

Setback 

Adjustment 

(mm) 

Nozzle 

Diameter 

(mm) 

Current 

(A) 

Protectve 

Gas 

L/min 

Plasma 

Gas 

L/min 

Boron-1 0,8 2,4 160 25 0,5 

Boron-2 0,8 2,4 165 25 0,5 

Boron-3 0,8 2,4 170 25 0,5 

 

Samples with coating process were subjected to abrasion using the ASTM G99 standard with 

the pin-on disk device of Turkyus Podwt, the schematic picture of which is given in Figure 2c. 

b c 
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The wear parameters were chosen as applied load 10 N, the sliding speed 0.4 m / s and the 

sliding distances 250 m, 5000 m and 1000 m. stalked grit sandpaper was used as abrasive.Mass Losses 

from the sample after wear were determined by weighing the residue on a balance with a sensitivity of 

0.0001 mg. 

3. Results and Discussion 

3.1.Microstructure 

The optical microscope, SEM pictures of the coating layers are shown in Figure 3 a, c, d and in 

Figure 3b, the EDS result table in the SEM image. 

As seen in Figure 4, the XRD result containing the phase compounds obtained in the coating 

layer is given. 

It was observed that the coating zone did not contain any adverse effects such as cracks and 

pores. The feed rate and energy inputs used in PTA surface coating process melted the substrate 

material together with the coating material, resulting in metallurgically bonded coatings [35]. 

However, with the increasing current value, the increase of energy input increased the melting of the 

substrate material. 

It is estimated that the melting depth has increased in parallel with the increase in the current 

value and the increase in the melting rate [9]. 

In the coating process, the tungsten electrode in the plasma arc welding torch was used as heat 

source. The method allows the formation of a liquid bath with the coating layer and the substrate 

melting together with the start of the arc. It is based on the rapid solidification of the liquid bath with 

the advancement of the torch. Fu Liu et al. stated that with the advancement of the torch in the coating 

process with PTA, the melt at the bottom of the melting pool would result in solidification in the form 

of a fusion line. They also noted that with the formation of the fusion line, interdiffusion occurred 

between the coating layer and the substrate, and a high-quality metallurgical bond was formed [2]. 

Diffusion between the substrate and the coating layer appears to have been successful. As shown in the 

optical microscope picture, deep lines seen in the substrate region are thought to be traces of rolling. In 

the coating area, it was determined that dendritic structures were formed intensely together with the 

eutectic structure. 

The diffusion occurring in the solid with the solidification of the liquid bath changes the 

distribution of the dissolved substrate and the elements of the coating layer. The dendrite formed after 

solidification causes a minimum soluble content in the arms [36]. Dendrites occurring in the form of 

primary and secondary arms in metal or alloy elements are the most frequently observed 

microstructure in solidified metals and other materials. While rapid cooling produces thin dendrites, 

slow cooling affects the properties of the materials by providing large and coarse dendrites [37-39]. 

Dendritic structures formed in the form of leafy, cellular and branched shapes at the same time, 

especially in the region close to the interface and in the coating area, are more clearly seen in SEM 

pictures given in Figure 3b. The dendritic arms formed showed a developed perpendicular to the 

coating layer. 

This liquid bath was determined after XRD analysis that substrate elements and coating material 

formed hard phases such as FeB, Fe2B and CrB after solidification. 
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Figure 3:  (a) Picture of Optical Microscope, (b) Boron1 coating zone SEM picture and 

EDS table, (c) Boron2 coating zone SEM picture, (d)Boron3 coating zone SEM picture 

 

 
Figure 4: XRD result 

 

In Figure 3b,c and d SEM picture of the coating zone and 3b SEM picture EDX result are given. 

The interface is evident in SEM pictures. The coating zone consists of dendtrite and eutectic 

structures. Dendtirit structures are observed to be mostly composed of cellular dendtritis and leaf-

shaped dendtirites. As shown in Figure 3 SEM picture, with the high temperature occurring as a result 
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of plasma arc temperature, diffusion transitions have occurred from the coating layer to the base 

material and from the base material to the coating layer [35]. Figure 4 presents the XRD analysis 

result.  It was determined that FeB, Fe2B and CrB compound phases are formed. 

As a result of EDS analysis, wt. 7,271% B, wt. 16,245% Cr and wt. 76,484% Fe elements were 

determined. According to these results, when Fe-B-Cr phase binary and ternary diagrams are 

examined in  Figure 5 SEM-EDS, it is thought that FeB, Fe2B and CrB compound phases are formed.. 

Homolová et al. stated that chromium has solubility in iron borides and iron in chromium borides, as a 

result of which Cr2B, Cr5B3, CrB, Cr3B4, CrB2 and CrB4, two iron borite Fe2B and FeB phase 

compounds are formed in the isothermal section study of the B-Cr-Fe triple phase system,  [40]. In the 

study Gür et al. conducted, they stated that FeCrC TIC, SIC and B4C powders were melted as a result 

of PTA source energy after the solidification, as a result of EDS analysis in micro-structure EDS 

analysis, Fe,Cr,B,Si elements were formed, and in XRD results, FeB, Fe2B, Fe3(C, B), C3B6 phases 

applied for surface coating were formed [41]. As a result of this study, it is thought that there are 

probably the same phase compounds in their structures that have similar results with our EDS analysis.  

As a result of the literature review, the authors match the phase compounds obtained after their 

analysis with the phase compounds obtained after XRD analysis in this study. 

 
Figure 5:  a) Fe-B binary, b) Fe-Cr binary  c) Fe-B-Cr ternary phase diagram system [40].  

   

3.2. Surface Wear 

Other processes such as load, sliding distance, sliding time, lubrication status, material pair 

and coating methods applied in the wear of the materials are very important parameters. Some of these 

parameters are important when producing materials and some are important when making new 

processes such as coating on the produced material. The rest can be intervened in the wear test device. 

When these parameters are considered as a whole during the experiment, the important thing is the 

heat released during the friction, whether the tribo surface is formed, the friction coefficient value and 

the loss of mass or shape have changed [42]. According to the parameters specified in Table 1 on AISI 

316 L stainless steel, the friction coefficients were measured during the wear tests of the materials 

coated with Boron. In Figure 6, the friction coefficient measured for 2250 s in abrasive wear 

experiments is given. 
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Figure 6:  Graph of friction coefficient depending on time after wear 

 

In abrasive wear experiments, it is seen that fluctuations occur while friction coefficient graph 

is obtained. In abrasive experiments, the fact that abrasive sanding has some certain pores and that it 

continuously ruptures materials from the surface of material has been the biggest factor in these 

fluctuations. When we look at the friction coefficient result of Boron 1 and Boron 2 samples, it is seen 

that it starts with 0,5 and continues in a stable direction with 0,4. Boron 3 sample, on the other hand, 

starts with 0,4, and draws a lineer graphic with fixed 0,3 value. No difference is observed in values 

and graphics of friction coefficient obtained for different sliding distances. Accordingly, the average 

friction coefficients should be taken into account, especially when measuring the friction coefficient. 

Average friction coefficients of AISI 316 L material and materials coated with Boron1, Boron2 and 

Boron3 are obtained 0,276; 0.381; 0.368 and 0.324, respectively. According to the average friction 

coefficient results, it is seen that the friction coefficient of the coated layers is higher than the 

substrate. Studies have reported that there are opinions that the friction coefficient increases or 

decreases depending on the wear parameters, and the reason for this is related to the formation of the 

tribo surface [43]. The tribo surface formed between the wear part and the sliding surface reduces the 

friction coefficient. In other words, when the load increases, the nominal contact area between the pin 

and the opposite surface increases, so the increase in the contact temperature leads to softening of the 

surface, thereby resulting in more sliding movement between the contact surfaces, thus reducing the 

coefficient of friction [44]. In Figure 7, mass losses due to shear distance are given in abrasive wear 

tests. 

The mass loss graph obtained as a result of the wear analysis is given in Figure 7. As seen in 

the results, the highest mass loss was obtained from the AISI 316L stainless steel uncoated sample. It 

is seen that losses of approximately the same value occurred in the coated samples. Wear losses 

increased due to the sliding distance and this is an expected case. As shown in the graph in Figure 7, 

the lowest weight loss value at 250 m distance was obtained in Boron2 sample with approximately 5 

mg, while the highest value was obtained from uncoated AISI 316L sample with a value of 13 mg. 
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While the distance was about 1000m, the lowest weight loss value was obtained with Boron2 sample 

with approximately 25 mg, while it was found that there was a loss of approximately 45 mg in the 

uncoated AISI 316 L sample. 

 
                  Figure 7: Mass loss graphic based on post-wear distance 

 

According to these results, it is thought that hard boride structures formed as a result of coating 

with boron reduce the wear losses. An inverse proportion was found between mass loss and friction 

coefficient. The main reason for this inverse ratio is thought to be caused by hard boride layers formed 

on the surface. Kainz et al. stated that the addition of B, C or a combination of these during their 

surface treatment resulted in an increase in mechanical properties [45]. Çelik and Kilickap stated that 

hard particles also improved their tribological properties as they increased the hardness of the material 

[46]. With the results obtained, the surface losses of boron-coated samples were less than that of the 

uncoated sample. According to the results, it was determined that the coated samples had better 

abrasion resistance. 

 

4. Conclusions 

In this study, BORON coatability on AISI 316L steel surface was investigated by Plasma 

Arc Welding method. For this purpose, the following results have been achieved depending on the 

factors affecting the coating process, microstructure and abrasion results at different current 

values. 

1. It has been determined that less mass loss has occurred in the coated samples 

compared to the uncoated sample as can be seen in the graph obtained. 

2. 316 LL stainless steel with low hardness and weak abrasion resistance is thought to 

give more efficient results as a result of coating process with these materials. 

3. From the microstructure analysis after coating, it is seen from the microstructure 

pictures that a good bond has been formed as a result of successful diffusion 

between coating layer in the materials coated with boron. 
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4. It has been determined that dense dentric arms and eutectic structures have been 

formed between the coating samples, especially in the coating area, and the formed 

dentric structures have been perpendicular to the coating layer. 

5. As a result of XRD analysis, it was determined that the microstructure consists of 

CrB, F2B and FeB phase compounds. 
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