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Abstract: The article presents the results of research on an 

innovative iron-based alloy for industrial arc surfacing using 

the Plasma Transferred Arc (PTA) hardfacing process. The 

use of high cooling rates makes it possible to obtain a 

structure partially similar to metallic glass. Thus, it was 

possible to avoid the conventional dendritic solidification, 

resulting in the grain refinement through a eutectoid growth 

of laths of bainitic ferrite. The surface layer consisted of the 

fine structure of a Feα, Feγ and a high-volume fraction of 

borocarbide phases. An even distribution of borocarbide 

phases in a ductile iron matrix appears to be particularly 

desirable for achieving high hardness and resistance to 

metal-mineral abrasive wear (ASTM G-65). The surface 

layer showed a hardness of up to 69 HRC and resistance to 

abrasive wear that was more than 14 times higher than of 

steel type AR 400. In addition, the surfacing layer is 

characterized by high erosion resistance (ASTM G 76-95) 

and resistance to impact loads up to 200 J. The developed 

PTA hardfacing alloy is expected to be useful in applications 

requiring high abrasion and erosion resistance combined 

with high impact strength. 

 

Key words: PTA, Hardfacing; Weld overlay, Abrasion, 

Erosion, Shock load. 

 

1. INTRODUCTION 

 

Improving the wear resistance parts of machnines and 

devices operated under high friction conditions, shock 

loading, high pressures combined with agrressive 

corrosive environment in elevated temperatures has 

been a problem for surface engineering for many years 

[1-5]. Produced wear-resistant steels (abrasion-

resistant steels, e.g. Hardox, Brinar, XAR, Durostat or 

Raex), thanks to high metallurgical purity, are 

distinguished by high mechanical strength, good 

weldability, as well as susceptibility to plastic forming 

and machinability. Nevertheless, the costs of 

producing and purchasing these materials in terms of 

achieved abrasion resistance are relatively high. In the 

case of strong abrasion, a material with different 

tribological properties is needed [6-9]. Arc surfacing 

processes are often a cheaper and more efficient 

alternative to the production of wear-resistant layers. 

One of the types of plasma transfer arc (PTA) is 

surfacing with additional material in the form of solid 

or powder wire fused with the heat of a high-energy 

plasma arc with a temperature of about 15000-

20000°C. In this process the liquid metal is transferred 

through the plasma arc in an argon or helium shield 

gas to the surface of the base material. The surfaced 

layers are characterized by low roughness, high 

metallurgical purity and low dilution (up to 3%) and a 

wide range of thicknesses of surfaced coatings 

[1,5,10]. This process is often used as a mechanized, 

automated or robotic process.  

A new type of wear-resistant material, which is an 

alternative to chromium cast iron, is a Fe-Cr-B iron-

based alloy, containing borides and boron carbides. In 

commonly used Chromium Carbide Overlays (CCO), 

phases responsible for obtaining adequate wear 

resistance are complex carbide phases type M7C3, M3C 

[11,12], while the hard phase of the Fe-Cr-B alloy is 

mainly M2B boride [13,14]. Compared to carbides, 

borides have a higher hardness and greater thermal 

stability [15-17], which is attributed to the low solubility 

of boron in the iron matrix. According to Meric et al. 

(2006) [18], at temperatures below 700 °C, the 

solubility of boron in α-Fe is only 0.0004%. Increased 

boron concentration promotes the segregation and 

precipitation at the grain boundary of borides (mainly 

M2B). In addition, boron as an alloying additive 

significantly increases the hardenability of iron-based 

materials and can be a cheaper replacement for more 

expensive alloy components such as Mo, V or W. 

Currently, Fe-Cr-B alloys are often used to protect 

against wear of such machine and device parts as: auger 

screws, press screws, mixer paddles, kiln mixers, 

furnace chutes, trencher tool holders and exhaust fans. 

Generally, the volume fraction of the hard M2B phase in 

the weld metal is determined by the boron content in the 

alloy. However, in order to obtain high hardness of 
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material due to the M2B phase, the formation of 

M3(B,C), M23(B,C)6 phases and carbides during the 

crystallization has to be limited. Usually, alloying 

elements of chromium or manganese in the matrix 

stabilize the M2B phase, with the contents of boron and 

carbon in the relation -  B/(B+C)> 0.75 (wt%) [19,20]. 

In the presented research, an innovative nine-component 

iron-based alloy with a proprietary chemical 

composition was used. The material in the form of a 

wire with a metallic powder core is intended for 

industrial use in producing of wear-resistant coatings. In 

the designed alloy, the content of B and C did not 

exceed 5 wt% and 3 wt%, respectively. The 

improvement of the hardenability of the alloy was 

achieved by increasing the content of Cr, which favours 

the extension of the area of a quenched structure 

[21,22]. Moreover, the high content of chromium 

contributes to the increase of the fracture toughness of 

the layer and increase the hardness of borides [23,24]. 

 

2. EXPERIMENTAL PROCEDURE 

 

2.1 The Aim of the Study 

The aim of the research was to assess the 

metallographic structure, chemical composition and 

resistance to abrasive and erosive wear of the 

innovative PTA (Plasma Transfer Arc) hardfaced 

coatings. Chemical composition of the hardfacing 

material has been adapted to be used on the surfaces 

of screw extruders. All mechanical properties of the 

coatings were determined for the samples in the state 

after hardfacing and for the samples subjected to the 

heat treatment, i.e. stress-relief annealing at the 

temperature of 650 °C for 10 minutes. The criteria for 

the acceptance of the hardfaced coatings included: 

 geometric homogeneity of the layers, i.e. 

surface roughness, waviness 

 no unacceptable welding imperfections 

 thickness of the single pass g ≥ 2 mm, 

 depth of HAZ ≤ 1.5 mm, 

 relatively low dilution of the surface layer. 
 

2.2 Materials and Methods 

For the process, a 1.2 mm diameter metal-cored wire 

was used (patent number P.435997 PL). Chemical 

composition of material is designed in order to prevent 

conventional dendritic solidification during high 

cooling speeds (400-600 K/s) and lead to refinement of 

grain size (Table 1). The optimal process conditions 

favour the formation of an amorphous structure similar 

to metallic glass. The hardfacing process was carried 

out in automatic mode using transverse oscillation on a 

welding stand presented on Figure 1 equipped with a 

Reis SRV6 welding robot (Reis Robotics, Obernburg 

am Main, Germany), Eutronic GAP 400 power source, 

Machine Torch GAP E 42 and a KD3 wire feeder 

(Castolin Eutectic, Gliwice, Poland). Process was 

carried without preheating the base material with 

straight weaving pattern of approximately 10 mm wide 

and 2 mm high on test plates with dimensions of 

150×75×10 mm of S355J2 non-alloy steel (Table 2). 

Table 3 presents the optimal parameters of metal-cored 

wire PTA hardfacing process. 

 

 
Fig. 1. Scheme of PTA hardfacing process 

 

Table 1.  Chemical composition and typical hardness of the 

coating [33] 

Chemical composition, wt% 
Hardness, 

HRC 

C Si Cr Mn W 

68-72 
<3.0 <2.0 <20.0 <5.0 <10.0 

Mo Nb B Fe 

<10.0 <10.0 <5.0 Bal. 

 

Table 2. Chemical composition of the base material [34] 

Base metal 

S355J2 

Chemical composition, wt% 

C Mn Si P 

0.18 1.36 0.45 0.02 

S Cr Ni Fe 

0.02 0.09 0.10 Bal. 

 

Table 3.  Optimal parameters of PTA hardfcaing process on 

S355J2 base material  
Process Parameters Value of Parameter 

Main arc current, Ia (A) 80 DC (-) 

Pilot arc current, Ip (A) 10 

Arc voltage, U (V) 18 

Arc length, L (mm) 4.0 

Surfacing speed, S (mm/s) 0.8 

Wire feed rate, q (cm/min) 70 

Wire feeding angle, α (°) 15 

Weaving frequency, f (Hz) 0.4 

Plasma gas flow rate, Qp 1) (L/min) 0.7 

Shielding gas flow rate, Qo 
2) (L/min) 10 

Nozzle-workpiece distance, l (mm) 5 

Overlap ratio, O (%) 33 

Heat input, Eu 3) (kJ/mm) 1.08 

Notes: W+ThO2 electrode diameter – 2.4 mm, electrode 

sharpening angle – 30°, wire stick out – 15 mm, 1) Argon 5.0 

(99.999%) acc. ISO 14175–I1: 2009 was used as plasma, 
2) argon/hydrogen 5% H2, Ar (welding mixture ISO 14175-R1-

ArH-5) was used as shielding gas, 3) calculated acc. to the 

formula: Eu = k∙(U × I)/S The thermal efficiency coefficient for 

plasma transferred arc k = 0.6 was used. 
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The quality of the coating was assessed on the basis of 

non-destructive tests - visual (VT), penetration (PT) and 

roughness parameter Ra. The results of macro- and 

microscopic metallographic tests, X-ray diffraction, 

hardness measurements and tests of resistance to 

abrasive wear, erosive wear and impact tests were 

analyzed. Visual and penetrant tests were carried out in 

accordance with the standards ISO 3452-2 [25] and ISO 

17637 [26], respectively. Visual tests were aimed at 

verifying and assessing the quality of the tested surface 

using the direct naked eye inspection method. For the 

tests, the samples were cleaned by acetone and dried. 

For penetrant testing a color contrast technique was 

used (System Designation Type II, Sensitivity 2) Cd-2 

PT ISO 3452-2 II Cd-2 and EN 571-1. Surface 

roughness measurements were made at five locations 

using a Surtronic 3+ contact profilometer (Ametek 

Taylor Hobson, Berwyn, Pennsylvania, USA). The 

microscopic examinations were carried out on 

standardly prepared metallographic specimens. The 

etching reagent was a mixture of concentrated 

hydrochloric acid and nitric acid in a volume ratio of 

3:1. Observation and registration of macro and 

microstructure images was performed using the 

Olypmus SZX9 stereoscopic microscope (Olympus 

Corporation, Tokyo, Japan) equipped with a Moticam 

5.0+ digital camera and Motic Images plus 3.0 software 

and the Olypmus GX 71 inverted metallographic 

microscope (Olympus Corporation, Tokyo, Japan). The 

phase composition of the coatings were determined on 

the basis of X-ray diffraction tests performed on a 

Panalytical X'Pert Pro MPD diffractometer (Malvern 

Panalytical Ltd., Malvern, UK) using filtered radiation 

(Kβ Fe) of cobalt anode lamps (λKα = 0.179 nm). 

Diffractograms were obtain in Bragg-Brentano 

geometry, using a PIXcell 3D detector, in the range of 

angles 20-110 [2θ] (step = 0.05°, count time per step = 

100 ms). The diffractograms were analyzed using the 

dedicated Panalytical High Score Plus software with the 

PAN-ICSD structural database. Hardness tests were 

carried out on the polished outer surface of the coating 

using the Rockwell C method, in accordance with the 

procedure described in ISO 6508-1 [27]. The tests were 

carried out using the Super Rockwell SHRS-450M 

SUNPOC hardness tester (Guizhou Sunpoc Tech 

Industry Co., Ltd., Guizhou, China) at 6 measuring 

points located in the axis of the sample and spaced from 

each other every 10 mm. 

The metal-mineral wear resistance tests of coatings 

were performed according to the ASTM G 65-00 

standard, Procedure A [28], Figure 2. For the tests, two 

samples with dimensions of 75×25×10 mm were cut 

from the center of the coated plates and the surface of 

the samples was ground. The stand used for the tests is 

shown in Figure 3. In accordance with the standard, 

samples before and after the wear resistance test were 

weighed on a laboratory balance with an accuracy of 

0.0001 g. The weight loss of the PTA hardfaced 

samples were compared to the reference material - 

wear-resistant AR 400 type steel. Using the measured 

density of the coating and the weight loss of the sample, 

the volumetric weight loss was calculated. The 

quantitative assessment of the resistance to erosive wear 

of the PTA hardfaced samples and AR 400 type steel 

was made on the basis of the ASTM G76-95 standard 

[29]. The tests were carried out on samples with 

dimensions of 70×25×10 mm on the stand shown in 

Figure 4. Before starting the tests, the equipment in 

accordance with the recommendations of the standard, 

was calibrated by determining the flow rate of the 

abrasive particles and the mass loss on a reference AISI 

1020 steel sample. The erosion tests by solid particle 

were performed on each sample for 30° impact angle. 

 

 
                       a)                                       b) 

Fig. 2. Wear resistance testing stand according to ASTM 

G65 standard: a) schematic diagram of the testing stand,  

b) view of the testing stand 

 

 
                 a)                                     b) 

Fig. 3. Solid particle erosion testing stand according to 

ASTM G 76-95 standard: a) Schematic drawing of solid 

particle erosion testing stand, b) view of the testing stand 

 

The resistance to impact load of coatings were carried 

on testing stand shown in Figure 5. The criterion of 

resistance to impact loads was the number of cracks and 

chipped off fragments from the specimen as a result of 

repeated impact on the surface of a 20 kg carbon steel 

ball dropped freely from a height of 1002 mm (impact 

energy 200 J). The quality of the surface was assessed 

on the basis of visual tests after 50 impact load cycles. 
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     a)                                          b) 

Fig. 4. Impact load testing stand: a) schematic diagram of 

the testing stand, b) view of the testing stand 
 

3. RESULTS 

 

3.1 Non-destructive Testing Results 

The coatings were characterized by low roughness 

and the symmetry of overlapping weave beads, 

Figure 5(a). Penetrant inspection provided on the 

surface revealed the presence of single indications 

from cracks propagating transversely (1021) and 

longitudinally (1011) to the cladding direction 

according to ISO 6520-1 [30], Figure 5(b). The 

results of the observations are presented in Table 4. 

 
a) 

 
b) 

 
Fig. 5. View of the PTA surfaced sample: a) after VT 

inspection, b) after PT inspection 
 
Table. 4. The influence of PTA hardfacing parameters of 

S355J2 steel plate on the quality of weave bead 

coating 

Heat input 

(kJ/mm) 

Wire feeding 

rate  

(cm/min) 

Weaving 

frequency 

(Hz) 

Surfacing 

speed, 

(mm/s) 

1.08 70 0.4 0.8 

Quality 

Number of 

transverse 

cracks 1) 

Longitudinal cracks 

between transverse 

cracks 1) 

high 1 1 

Notes: 1) examination of the quality of coatings on the length of 

50 mm. 

 

3.2 Results of the PTA hardfcaing process on the 

geometry of coating 

Macroscopic tests allowed to assess the impact of the 

parameters of PTA process on the geometry of the 

coating on S355J2 base material. Coating was 

characterized by the lack of internal incompatibilities 

and low dilution with the substrate material. The 

amount of dilution was about 17%, Figure 6. The 

basic geometric parameters of the coating are 

presented in Table 5. 
 

 
Fig. 6. Macrostructure of cross-section 

 

Table 5. Geometrical parameters of coating 
b (mm) hR (mm) hBM (mm) FR (mm2) 

10.55 2.16 0.52 15.69 

FBM (mm2) D 1) (%) W 2) (kg/h) 

3.17 16.81 0.29 

Geometrical parameters of coating 

b

h
R

h
B
M

FR

FBM

 
Notes: 1) dilution D(%)=FBM/(FBM+FR)×100%, 2)deposition rate 

W (kg/h) = FR (mm2) × speed of surfacing (m/min) × density of 

the deposit (g/cm3) × 0.06. Density of deposited metal: 

7.57 (g/cm3).  

3.3 Hardness Measurements Results 

The results of the Rockwell C hardness measurement on 

the surface of the coating showed that the average 

hardness of the non-heat treated sample (D1) was 68.6 

HRC. In the case of heat treated sample (D2), it was 

found that process of stress relief annealing at a 

temperature of 650 °C for 10 minutes caused a decrease 

in hardness on the surface of about 5 HRC, Table 6. 
 

Table 6.  Results of HRC hardness tests on the surface of 

PTA hardfcaed coatings 

Deposit 

no 

HRC hardness measurement points 
HRC 

average 

1 2 3 4 5 6  

D1 1) 70 70 69 69 69 69 70 

D2 2) 64 64 64 66 66 66 65 

Notes: 1) non-heat treated sample, 2) heat treated sample. 

 

3.4 Abrasive Wear Resistance Tests Results 

The results of metal-mineral abrasive wear test of 

coatings were compared to the reference material - 

steel type AR 400, determining the relative abrasion 
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resistance, Table 7. The surface view of the samples 

after abrasive wear test carried out in accordance with 

ASTM G65-00, Procedure A is shown in Figure 7. 

Among all the tested materials, the highest abrasion 

resistance was that of the non-heat-treated sample 

(D1), Table 7. The relative wear resistance for this 

layer was almost 14 times higher than for the steel type 

AR 400. The volumetric loss of mass for the not heat-

treated sample (D1) in relation to heat-treated sample 

(D2) was lower by 2.25 mm3. Under the conditions of 

the experiment, the wear-resistant steel had the lowest 

value of relative abrasive wear resistance. 
 

a) 

 
b) 

 
c) 

 
Fig. 7. Surface view of the samples after the metal-mineral 

abrasion wear resistance test carried out in accordance with 

ASTM G65-00, Procedure A: a) sample D1 - non-heat 

treated, b) sample D2 - heat treated, c) sample AR 400 - 

wear-resistant steel 
 

Table 7.  Results of low-stress abrasive wear resistance of 

coatings in comparison to AR 400 reference steel 

plate (test in accordance to ASTM G 65-00) 

Specimen 

designation 
Specimen no 

Weight 

before test 

(g) 

Weight after 

test 

(g) 

AR 400 
AR-1 62.2260 60.7526 

AR-2 63.1222 61.6721 

D1 1) 
D1-1 125.1707 125.0677 

D1-2 123.5423 123.4414 

D2 2) 
D2-1 120.8593 120.7385 

D2-2 128.9584 128.8413 

Specimen 

designation 

Average 

mass loss (g) 

Average 

volume loss 

(mm3) 

Relative 

abrasive 

wear 

resistance 

AR 400 1.4617 185.7300 1.00 

D1 1) 0.1019 13.4610 13.80 

D2 2) 0.1189 15.7067 11.83 

Notes: 1) non-heat treated sample, 2) heat treated sample, density 

of coating: 7.57 (g/cm3); density of AR 400 steel: 7.86 (g/cm3),  
3) abrasive wear resistance relative to AR 400 steel plate.  

3.5 Erosion Wear Resistance Tests Results 

The results of the relative erosive wear resistance of the 

tested materials according to the ASTM G76-95 

procedure test are presented in Table 8 and in Figure 8. 

Sample D1 that was not subjected to heat treatment had 

the highest value of relative erosion resistance. The 

erosive wear resistance of this coating was about 11% 

higher than the wear-resistant steel (AR 400 sample), 

while the heat-treated sample (D2) had a slightly lower 

value compared to D2 sample. The increase of erosive 

wear resistance of this material compared to the 

reference material was about 9%, Table 8. 
 

Table 8.  Results of erosion wear resistance tests of coatings in 

comparison to AR 400 reference steel accordance to 

(test in accordance to ASTM G76-95) 

Specimen 

designation 

Specimen 

no 

Erosion 

weight loss 

(mg) 

Erosion rate 

(mg/min) 

AR 400 
EAR-1 7.6 0.76 

EAR-2 7.8 0.78 

D1 1) 
ED1-1 6.8 0.68 

ED1-2 6.6 0.66 

D2 2) 
ED2-1 6.7 0.67 

ED2-2 6.9 0.69 

Specimen 

designation 

Erosion 

value 

(0.001 

mm3/g) 

Average  

erosion value 

(0.001 

mm3/g) 

Relative 

erosion wear 

resistance 3) 

AR 400 
48.2846 

48.9199 1 
49.5553 

D1 1) 
44.9141 

44.2536 1.11 
43.5931 

D2 2) 
44.2536 

44.9141 1.09 
45.5746 

Notes: 1) non-heat treated sample, 2) heat treated sample. Erosion 

rate (mg/min) = mass loss (mg) : time plot (min), Erosion value 

(mm3/g) = volume loss of specimen (mm3) : total mass of 

abrasive particles (g). Erosion conditions: velocity – 70 ± 2 (m/s), 

erodent impact angle 30°, temperature 20 °C, erodent - Al2O3 of 

nominal dimension – 50 (µm), feed rate – 2.0 ± 0.5 (g/min),  
3) erosion wear resistance relative to AR 400 steel plate.  

 

  
a) b) 

 
c) 

Fig. 8. Surface view of the samples after the erosive wear 

resistance test carried out in accordance with ASTM G76-95 

standard: a) sample D1 - non-heat treated, b) sample D2 - heat 

treated, c) sample AR 400 - wear-resistant steel 
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3.6 Impact Resistance Test Results 

Subjecting the samples to moderate, cyclic impact 

loads allowed the quantitative assessment of the wear 

resistance by counting the number of impact cycles 

leading to formation of a mass loss or a crack 

propagation. Each sample was subjected to 50 impact 

cycles on the surface of the coating with of a 

potential energy of 200 J, Figure 9. Both of the 

samples – D1 and D2 showed no tendency to chip off 

the weld metal and were characterized by good 

resistance to moderate dynamic impact loads. 

Nevertheless, the cycle of fifty impact loads on the 

surface of the non-heat-treated sample contributed to 

the formation of a much larger number of surface 

cracks in the weld metal than in the case of the heat-

treated layer, Table 9. 

 

 
a) 

 

 
b) 

Fig. 9. Surface view of the samples after the impact load 

test: a) sample D1 - non-heat treated, b) sample D2 - heat 

treated, c) sample AR 400 - wear-resistant steel 

 

Table 9.  Results of impact resistance of coatings 

Specimen 

designation 

Number of cracks Number 

of 

impact 

loads 

Remarks before 

test 

after 

test 

D11) 2T, 2L 
14T, 

13L 
50 no spalling 

D22) 2T, 1L 7T, 2L 50 no spalling 

Notes: 1) non-heat treated sample, 2) heat treated sample. 

Examination of the quality of the deposits and calculation of 

number of cracks on the length of 100 mm, T - transverse cracks, 

L – longitudinal cracks. 

 

3.7 Metallographic Test Results and Results of the 

XRD Analysis 

Coating deposited by plasma transferred arc 

hardfacing process on the S355J2 non-alloy steel 

was composed of a α-Fe, γ-Fe and high volume 

fraction of hard boron carbides and borides type 

M7(BC)3 and M23(BC)6 uniformly distributed in the 

matrix, which made it possible to obtain coatings 

characterized by high hardness and resistance to 

abrasive metal-mineral wear, Figure 10. The 

observation on the transmission electron microscopy 

showed that coating material had a multiphase 

character, i.e. it consist of laths and plates of lower 

bainite and areas of strongly defected parallel 

bainitic plates. Figure 11(a) shows the image at low 

magnification of a relatively large cross-sectional 

area of coating with a structure similar to the Laves 

phase. At higher magnification, lath crossing the 

plates of lower bainite are visible, Figure 11(b). In 

addition to the lamellar structure, the matrix shows 

structure corresponding to the bainitic ferrite, Figure 

11(d). Analysis of the chemical composition with 

EDS technique, showed the presence of iron and 

molybdenum in the matrix, while chromium and 

tungsten are distributed in the lamellar colonies, 

Figure 12(a)-(d). The EDS chemical analysis carried 

out point by point along the line marked on the Cr 

map showed the increased content of Cr, a 

decreased content of molybdenum and tungsten, 

Figure 12(e). The diffractogram (Figure 13) and the 

result of the X-ray qualitative phase analysis (Table 

10) and the transmission electron microscopy TEM 

(Figure 14) confirmed the presence of the M7(BC)3 

and the M23(BC)6 boron-carbides described as 

Fe17.97Cr4.13Mn1.14(B,C)6 crystallizing in a face-

centered cubic unit cell. Using the Scherrer 

equation (1), the crystallite size of the structure was 

determined, which was in the range of 25-40 nm. 

 

  
a) b) 

 

 
c) 

Fig. 10. Micrographs of PTA coating and fusion zone: 

a) undersurface area of the coating, b) middle area of the 

coating, c) fusion zone area of the coating 
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a) b) 
  

  
c) d) 

Fig. 11. TEM image of the structure of coating: 

(a) structure similar to the Laves phases, (b) lath-like shape 

ferrite, (c) image of lamellar carbide precipitation, (d) lath-

like shape ferrite with plate-like precipitation of carbides 

 

  

a) b) 

 

  
c) d) 

 

 

e) 

Fig. 12. EDS analysis of the chemical composition on the 

cross-section of the coating with a map of elements: a) iron 

- red, b) molybdenum - blue, c) tungsten - purple,  

d) chromium - green and e) analysis along the line (red) 

marked on the Cr d) map 

 

 
Fig. 13. X-ray diffraction pattern of the coating with 

marked reference lines of the identified phases 

 

Table 10. Results of X-ray qualitative phase analysis 

Phase 
Crystal 

Structure 
Space Group 

Lattice 

Parameter(s) 

(Å) 

α-Fe cubic Im-3m a=2.876 

γ-Fe cubic Fm-3m a = 3.609 

M7(BC)3 orthogonal Pnma (62) 

a = 4.532 

b = 7.048 

c = 12.161 

M23(BC)6 cubic Fm3m (225) a = 10.618 

 τ = (K × λ)/(β × cosθ) = 25-40 nm   (1) 

 
a) 

 

 
b) 

Fig. 14. The structure of M23C6 (Fe17.97Cr4.13Mn1.14(BC)6) 

precipitate: (a) bright field image, (b) selected area 

diffraction of M23C6 (Fe17.97Cr4.13Mn1.14(BC)6) precipitate 

 

4. DISCUSSION 

 

The results of research on the mechanical and structural 

properties of PTA deposited coating showed high 

hardness and mechanical strength of the material. It is 

difficult to find publications focused on extensive 

research of wear-resistant coatings deposited by the 

PTA process. Most of the publications concern only on 

abrasive wear [6,11,15] excluding data of erosive wear 

or resistance to impact load. The developed iron-based 

alloy is characterized by resistance to abrasion, erosion 

Fe Mo 

W 
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and moderate cyclic impact loads. Microstructure tests 

did not confirm the presence of amorphous structure in 

the coatings. The absence of this structure should be 

attributed to the high-temperature of PTA hardfacing 

process which was not conducive to the formation of 

this type of metallographic structure. Therefore, it seems 

unreasonable to use this type of amorphous alloys in 

high-energy surfacing processes. This thesis is 

confirmed by the submicro and nanoscale structure 

observations, for which the crystallite size of the matrix 

was in the range of 25-40 nm. The metallographic 

investigation have shown the mechanism of metal 

solidification, where a eutectoid growth of the plate-like 

bainitic ferrite, which leads to grain refinement in the 

structure. This resulted in the successive enrichment of 

the liquid with transition metals and the formation of 

several micrometers boron phases. Similar research 

results were presented by Branagan et al. (2006) [13] 

and Ding et al. (2018) [31]. It seems that boron carbides 

were the last liquid phase that crystallized and was 

formed after the α-Fe dendrites. Although it was shown 

that in the investigated alloy the primary formation of 

dendrites in the liquid was not completely inhibited, 

because microstructure consisted of bainitic ferrite laths 

passing through lamellar carbides. The temperature and 

mechanism of the growth of the dendrites and the 

eutectoid growth of the bainitic ferrite laths are 

inherently different. Iron dendrites will form at high 

temperatures if nucleation begins in a small volume of 

undercooled liquid. However, if undercooling is 

achieved before nucleation begins, conventional 

dendritic solidification of iron phases can be 

avoided [13]. It should be assumed that the 

crystallization of the tested alloy was the result of 

intermediate transformation of austenite to carbon-

supersaturated ferrite at a temperature below 350 °C, 

analogous to the formation of lower bainite in 

conventional steels. The microstructure of coatings 

consist of ferritic laths set at an angle of 55-60°, inside 

which there was a plate-like precipitations of fine 

carbides. The carbides showed similar crystallographic 

orientation to each other. It should be noted that, 

depending on the chemical composition of the alloy, the 

range of lower bainite formation in conventional steels 

is in the range of 200-600 °C, which coincides with the 

temperature range of the eutectoid growth of the bainitic 

ferrite laths. Bhadeshia et al. (1999) [32] presented a 

scheme of the formation of lower bainite based on the 

hypothesis that easier diffusion in ferrite enables 

nucleation and growth of carbide precipitation from 

supersaturated ferrite. The solid state transformation 

resulted in the formation of very hard boron carbides 

and metal borides uniformly distributed in the matrix. 

The surfaced layer after heat treatment did not show any 

significant changes in the morphology, chemical 

composition and volume fraction of the carbide phase. It 

was only observed that a spherical secondary borides 

M23(BC)6 precipitate from the matrix.  

The average hardness value on the surface of the non-

heat-treated sample was 68.6 HRC, while after the 

heat-treatment it decreased to 64.8 HRC. The 

obtained values are equal to the hardness of materials 

containing a hard carbide phases, such as WC or TiC 

particles. Coatings are characterized by high hardness 

value due to formation of M7(BC)3 and M23(BC)6 

boron carbides which was confirmed by microscopic 

observations. It should be noted that many factors 

influence the hardness of iron-based alloys, i.e. grain 

refinement of the microstructure, formation of 

specific intermetallic phases and their supersaturation 

with transition metal elements [13]. 

Wear-resistant, high-hardness coatings exhibit high 

abrasion and erosion resistance and low fracture 

toughness because they typically contain large 

fractions of hard carbides, borides and silicides phases. 

Non-heat treated sample showed almost 14 times 

greater resistance to metal-mineral abrasive wear and 

about 10% greater resistance to erosive wear than the 

reference material - a wear-resistant, heat-treated, low-

alloy steel with a nominal hardness of 400 HBW (AR 

400 steel type). As a result of the heat treatment 

carried out after the surfacing process, the plasticity of 

the coating increased, which contributed to increasing 

the resistance to impact load, but reduced abrasion and 

erosion resistance. The microscopic observation of the 

surface after metal-mineral abrasive test of non-heat-

treated sample, Figure 15(a), showed that material was 

subjected to the micro-cutting process, while the heat-

treated sample was characterized by greater plasticity 

and deformability of the matrix, due to which sample 

was subject to gouging abrasive wear and flaking, 

Figure 15(b). 
 

 

 
a) 

 
b) 

Fig. 15. Macroscopic surface view of the samples after the 

metal-mineral abrasion wear resistance test: a) sample D1 - 

non-heat treated, b) sample D2 - heat treated 
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Profile data of worn surface after G65 test of non-

heat treated sample had a lower surface roughness 

compared to the heat treated sample. The mass loss 

after the abrasive wear test of the heat-treated sample 

was higher by about 17% compared to the non-heat-

treated sample, Table 11. The greater mass loss is 

attributed to lower hardness, deterioration of the bond 

between the carbides and the solid solution matrix, 

which made it easier to remove the M7(BC)3 and 

M23(BC)6 hard phases from the surface.  

 
Table 11. Surface profile and weight loss of the sample 

after the ASTM G65 test 

Specimen 

designation  

Ra 

(µm) 

Weight 

loss (g) 

Hardness 

(HRC) 

D1 1) 1.46 0.1019 68.6 

D2 2) 1.89 0.1189 64.8 

Notes: 1) non-heat treated sample, 2) heat treated sample 

 

The high resistance to impact loads of the heat-

treated coating is attributed to the stress relieving 

process which increases the ductility of the 

material [31]. It should be noted that commercial 

materials for PTA surfacing contains particles of 

carbide ceramic mixed with a metallic matrix, which 

often causes additional problems in wetting the hard 

phase with liquid metal and leads to a reduction in 

fracture toughness. The problem of lack of 

wettability, improper formation of the weld metal or 

loose of the metal fragments as a result of shock 

loading does not occur in the developed alloy, 

because no carbide ceramic particles were added to 

the electrode core, and all phases were formed as a 

primary phase or from secondary precipitation 

process during solidification. The main reason for 

increasing the resistance to formation of cracks on the 

surface of the heat treated sample D2 seems to be 

related to the reduction of primary carbides in the 

microstructure. Large cubic boron carbides can be 

initiators of crack propagation. After heat treatment 

of the alloy, it was found that precipitated from the 

matrix spherical secondary M23(BC)6 borides are 

characterized by good resistance to cracking under 

impact load. One of the factors for improving the 

resistance to impact load of the alloy may be its 

microstructure which included both the -Fe phase 

and the  -Fe phases. It is known that due to the slip 

planes in the lattice, the -Fe phase will be more 

ductile and more effective in inhibiting crack 

propagation than the -Fe phase, which shows higher 

strength and toughness [13,20]. However, it seems, 

that the main factor contributing to the achievement 

of very high mechanical strength of the designed 

alloy is its fine-grained microstructure with uniformly 

distributed boron carbides in the alloy matrix. 

 

5. CONCLUSIONS 

 

Abrasive wear resistance in commercial hardfacing 

materials used in PTA processes is usually achieved by 

the appropriate composition of ceramic particles and 

metal matrix where important function of a matrix is to 

hold the reinforcement phase in its embedded place. 

This paper shows that alloys for PTA hardfacing can be 

designed in a way that allows for changing the 

mechanism of nucleation and crystal growth during 

solidification, creating large in-situ phases of complex 

boron carbides. High hardness (70 HRC) combined 

with high abrasive wear resistance (38 % higher than 

typical AR 400 steel) was obtained as a result of grain 

refinement and the presence of hard boron phases 

characterized by different stoichiometry [13]. The 

eutectoid growth of bainitic packets of laths indicates 

that a high cooling rates avoid the formation of primary 

dendrites and cause a fast crystal growth from the a 

undercooled liquid. The unique structure of the 

eutectoid seems to be important in order to obtain high 

mechanical strength of the coating. In the case of wear-

resistant alloys, this mechanism of crystallite growth 

combined with the unique microstructure can be a 

breakthrough hardfacing method, allowing to obtain 

coatings characterized by high abrasion resistance while 

maintaining a high mechanical strength. 
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