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Abstract: 

In this work was established that serial traditional hardfacing materials based on the Fe-Cr-C system are not 

effective for improvement of abrasion resistance of elements of equipment for production of bricks, solid fuel 

briquettes and for restoration of augers, due to the fact that this equipment works at significant specific and 

cyclic loads. Features of the coarse-grained structure of Fe-Cr-C based coatings leads to intensive abrasive 

wear. The aim of this study was to increase a durability of that equipment by using of flux cored electrodes 

with reaction components of Ti, Cr, Mo, B4C and their combinations to provide synthesis, which leads to fine-

grained structure of refractory borides and carbides and their solid solutions with increased hardness. Struc-

ture of the hardfacing coatings were investigated by method of metallography, scanning electron microscopy 

(SEM), electron backscatter diffraction (BSD) mode and energy dispersive X-ray spectroscopy (EDS). Tempera-

ture dependences of equilibrium phase amount of the hardfacing materials were calculated by the CALPHAD 

technique, using JMatPro software. It was investigated that the offered materials are characterized by higher 

wear resistance at high specific and cyclic loads in comparison with serial production high-chromium hardfac-

ing materials (Lastek, ESAB, Paton IEW). It was established that the abrasion wear resistance at high specific 

and cyclic loads depends mostly of formation of the structure of hardfacing material, and not the hardness. 

Also, using of powders of pure metals and their combination as reaction mixture for FCAW leads to fine struc-

ture which contains of refractory borides and carbides and their solid solutions. 
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INTRODUCTION 

Today the objective of increasing wear resistance of 

equipment that works in environment of intense abrasion 

wear [1], as well as under high specific and cyclic loads is 

relevant and important. Such equipment includes augers 

for pressing of wood wastes, equipment for production of 

bricks, solid fuel briquettes, etc. Hardfacing using flux 

cored arc welding (FCAW) is widely used way to improve 

the resistance to abrasion wear by obtaining high alloying 

element content in the surface layers [2, 3]. The most 

commonly employed hardfacing materials based on the 

Fe-Cr-C system due to their high hardness, good corrosion 

and wear resistance [4], such materials include the mod-

ern serial production electrodes manufactured by Lastek, 

ESAB, Paton IEW, etc. However, traditional serial produc-

tion materials, based on Fe-Cr-C system, are characterized 

with low resistance in the conditions of abrasion wear un-

der high specific and cyclic loads. Therefore, there is a 

problem of creating alternative economically expedient 

systems for restoring equipment wear parts that work in 

such conditions. 
 

LITERATURE REVIEW 

The microstructure of the Fe-Cr-C hardfacing coatings 

usually consists of primary coarse M7C3 – type chromium 

carbide, eutectic carbides and Fe – based matrix [5]. Chro-

mium carbides in surface layer usually are not uniformly 

distributed in iron matrix due to formation of the M7C3 

skeleton promotes brittle fracture especially during mul-

tilayer hardfacing [6, 7].  

Advanced studies of low stress abrasion resistance for 

wide range of iron-based hardfacing materials based on 

the Fe-Cr-C system were conducted by Kotecki and Og-

born [8]. They concluded that the microstructure, not 

hardness, is the most important factor determining abra-

sion resistance and that the most desirable microstruc-

ture consists of primary carbides and austenite-carbide 

eutectic. Such type of the microstructure often presents 
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in metal matrix composites based on refractory transition 

metal compounds [9, 10]. 

In order to increase wear resistance some researchers have 

completely replaced chromium in hardfacings with another 

carbide forming elements such as Ti, V, Mo [11, 12]. Wang 

have deposited surface layers by shielded manual arc weld-

ing (SMAW) using stick electrodes coated with flux contain-

ing mixture of ferroalloys. Microstructural characterization 

studies showed the presents of dispersed and uniformly 

distributed cuboid-shaped complex carbides particles in 

the matrix.  

The presence of uniformly finally dispersed hard phase in 

iron-based matrix can be obtained using Ti – alloyed flux 

cored materials. It may be possible to incorporate such 

structure of hard carbide ceramic particles into a metal ma-

trix to produce metal matrix composites (MMCs) by the “in-

situ” synthesis technique, whereby carbide reinforcements 

are produced in situ in a metal matrix during melting and 

solidification. that can withstand high abrasive wear envi-

ronments [13]. Jilleh [14] reported that additions of Ti to 

the Fe-Cr-C based flux – cored wire prevents chromium car-

bides formation due to the formation of uniformly dis-

persed TiC inclusions in the steel matrix. Similar features of 

TiC grains formation were observed after FCAW with flux of 

Fe-Cr-C-B system with Ti additions [15]. 

For alloying the Fe-Ti-C system researchers more often uses 

Mo [16], Nb [17] and V [17]. Presence of boron in the sys-

tem is also advisable, that will provide the formation of bo-

rides of and other elements. Titanium borides are charac-

terized with high hardness (~ 32 GPa), and their low solubil-

ity in Fe (~ 1 wt. %) [18] will provide heterogenous struc-

ture, where metal matrix and carbides particles would work 

in conditions of dynamic loads. 

In the present investigation the aim was to achieve a hard-

facing layer with high volume fraction of titanium refrac-

tory compounds (TiC and TiB2) dispersed in ductile Fe-

based matrix using FCAW wire containing reaction powder 

mixture of titanium and boron carbide. Also, to investigate 

the effect of Cr, Mo metal additives on the Fe-Ti-B-C sys-

tem. 

For hardfacing coating that works in conditions of intense 

abrasion wear such parameters as the microstructure, type 

of matrix, distribution of carbides, their size, shape and 

hardness are most important [19]. 
  

METHODOLOGY OF RESEARCH  

The FCAW wire was manufactured by placing mixture of 

fine (particles size ~ 20 μm) powders of initial components 

into low carbon 08 kp steel (GOST 503-81) with size 0.5 × 

20 mm sheath through rolling. The schematic wire cross 

section is shown in Fig. 1. 
 

 
Fig. 1 Schematic drawing of the cross-section of a FCAW wire 

According to the work [20], TiC and TiB2 forms during the 

self-propagating high-temperature synthesis between Ti, 

B and C according to equation: 

�� + ���� + 2�	 + �
 = ���
 + ���	�  (1) 

This equation can be transformed according to starting 

components: 

3�� + 	�
 = ��
 + 2��	�  (2) 

As initial components metal powder of Ti, Cr and Mo were 

used, as well as B4C powder. The mass fraction of initial 

components for each sample shown in Table 1.  

 

Table 1 

Nominal composition of specimen initial components 

Specimen 

No. 

Compositions, wt.% 

B4C Ti Mo Cr 

1 27.8 72.2 - - 

2 20.392 26.4 53.11 - 

3 26.948 35.01 - 38.037 

4 16.102 - 83.88 - 

5 26.167 - - 73.83 

 

The filling coefficient (Kf) of the wire was calculated as the 

mass ratio between the flux and cored wire according to 

the formula: 

�� =
����

���
∙ 100 %  (3) 

where: 

Gpow – weight of the initial powder, 

Gel – weight of filled electrode wire. 

Control of the Kf was carried out by weighing not less than 

three electrodes, with the weighing accuracy 0.01 g.  

In present study the filling coefficient was approximately 

25%, so the chemical composition of a wire was as shown 

in Table 2.  

 

Table 2 

Nominal compositions of specimen wires 

Specimen 

no. 

Compositions, wt.% 

B4C Ti Mo Cr Fe 

1 6.95 18.05 - - bal. 

2 5.098 6.6 13.278 - bal. 

3 6.737 8.75 - 9.51 bal. 

4 4.026 - 20.97 - bal. 

5 6.54 - - 18.458 bal. 

 

According to the Table 2 temperature dependences of 

equilibrium phase amount of the hardfacing materials 

were calculated by the CALPHAD technique, using 

JMatPro software. 

To assure the dryness of the initial powders before weigh-

ing they were dried in the SNOL-type drying cabinet at 

120°C for 1.2 h. Mixing of the powder components was 

performed on a laboratory gravity drum mixer with an in-

clined axis of rotation for 1 h. After mixing the mixture was 

additional dried at 120°C for 0.5 h to prevent influence of 

air humidity on bulk properties. Before welding electrode 

wire was cut into 420 mm length electrodes. 

The hardfacing was carried out on 3 sp steel (GOST 380-

2005) substrate by means of manual FCAW under direct 

current with a reverse polarity using VDU-506 rectifier. 
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The welding parameters were as follows: welding current 

160-180 A, arc voltage 30-32 V. Cooling was carried out on 

air at 20°C.  

Microstructure was observed with a scanning electron mi-

croscopy (SEM) using ZeiSS EVO 40XVP electrone micro-

scope, electron backscatter diffraction (BSD) mode, en-

ergy dispersive X-ray spectroscopy (EDS). Also, the struc-

ture was observed with PMT-3 hardness meter, by camera 

added to the lens. The hardness was measured by means 

of the average measurements taken from the top surface 

of the hardfacing layers by Rockwell method, scale "A". 

The wear testing with fixed abrasive was carried out with-

out lubrication at room temperature using a wear tester 

machine, as presented in Fig. 2. The ring material of the 

wear couple was 64CF46L7V (GOST 52781-2007). The load 

in the contact area was of 3.5 kN, a sliding speed of 2 m/s 

and a sliding distance of 800 m. The test specimens were 

machined as cylinders with radius 10 mm. 

 

 
Fig. 2 A schematic diagram of wear testing: 1 – specimen;  

2 – abrasive wheel; 3 –support; 4 – lever; 5 – weight 

 

RESULTS OF RESEARCH 

As shown in Fig. 3a, microstructure of specimen № 1 con-

sists of three phases, with respect to used method of 

structural investigations (BSD), where phase density map 

is proportional to the brightness map. The dark phase 

(with lowest density) represented by large (20-60 μm) 

hexagonal-shaped and uniformly distributed particles 

with high content of boron and titanium. According to the 

XRD-pattern analysis Fig. 3b this phase was matched with 

TiB2 lines. The grey phase crystallizes in form of asymmet-

ric dendritic grains, which partially penetrated into TiB2 

grains and as a rods in rod-like eutectic structure. This 

phase generally enriched with Ti and C and due to XRD re-

sults was identified as non-stoichiometric titanium mono-

carbide (TiC). The bright Fe-rich phase coexists with TiB2 

and TiC in form of separated well-rounded grains, a layer 

surrounding TiB2 particles and matrix of rod-like eutectic 

was determined by X-ray diffraction as ferrite.  

 

 
Fig. 3 Detailed SEM+EDS analysis of the microstructure of spec-

imen 1 (a) and corresponding X-ray diffraction pattern (b) 

 

As shown in Fig. 4a,b the addition Mo and Cr in equimolar 

ratio Me/Ti to the Ti-B4C system significantly affects the 

peculiarities of structure formation mainly due to the ap-

pearance of new phases and significantly grain refinement 

of MeB2 phase. After Mo addition Fig. 4a the mean grain 

size of MeB2 decreases in approximately two times with 

remaining of hexagonal grain shape, however MC-based 

phase does not undergo significant changes in size and 

shape. It can be caused by significantly higher solubility of 

Mo in TiB2 which tends to formation (Ti, Mo)B2 solid solu-

tion with increased hardness. As shown in Fig. 5a crystal-

lization of (Ti, Mo)B2 starts at 2300°C and ends at 1600°C, 

and after that in solid state its amount is unchanged. Cr 

addition Fig. 4b leads to significant changes in size and 

shape of structure, consists of (Ti, Cr)B2 grains and (Fe, 

Cr)3Bx+γ-Fe eutectic matrix, which forms at about 1200°C 

(Fig. 5b). Specimen based on Fe-Mo-B4C system (Fig. 4c) 

consists of hexagonal-shaped MoxBy grains which are em-

bedded in an eutectic matrix of (Mo,Fe)xBy+γ-Fe. Such eu-

tectic forms at about 1200°C (Fig. 5c). Specimen based on 

Fe-Cr-B4C system (Fig. 4d) has solidified in coarse struc-

ture of (Cr, Fe)B2 phase which are embedded in (Fe, 

Cr)3Bx+γ-Fe eutectic (Fig. 5d) matrix.  
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Fig. 4 Results of optical microscopy analysis of hardfacing weld 

deposits with different combinations of Me/B4C systems:  

Fe-Ti-Mo-B4C specimen 2 (a); Fe-Ti-Cr-B4C specimen 3 (b); Fe- 

Mo-B4C specimen 4 (c); Fe- Cr-B4C specimen 5 (d) 

 

 
Fig. 5 Temperature dependences of equilibrium phase amount 

in Me-B-C systems: Fe-Ti-Mo-B-C specimen 2 (a); Fe-Ti-Cr-B-C 

specimen 3 (b); Fe- Mo-B-C specimen 4 (c); Fe- Cr-B-C specimen 

5 (d) 

 

It can be seen (Fig. 6) that tested hardfacing obtained by 

modern serial production electrodes are given in higher 

wear level, whereas the hardfacing based on Me-B-C sys-

tem investigated are situated in a lower level of wear rate 

in conditions of abrasion wear with high specific loads.  

Hardfacing based on Fe-Cr-B-C shows highest hardness  

(~ 88 HRA) among other tested hardfacing with the lowest 

wear resistance. This difference between hardness and 

wear resistance is the result of influence of coarse struc-

ture on wear resistance in such conditions. Thus, in condi-

tions of abrasion wear with high specific loads the main 

feature that determines wear resistance is features of 

structure formation, not hardness.  

High wear resistance can be observed for hardfacing 

based on Fe-Ti-B-C and Fe-Mo-B-C systems. These hard-

facing due to “in-situ” synthesis reaction during FCAW 

contains of hexagonal-shaped and uniformly distributed 

particles in eutectic matrix. Such structures (Fig. 3a, Fig. 

4c) works better in such conditions of abrasion wear. 

Hard facing based on Fe-Ti-Cr-B-C system shows higher 

wear rate than hardfacing based on Fe-Ti-B-C and Fe-Mo-

B-C with hardness lower than hardfacing based on Fe-Cr-

B-C system. Such wear resistance is result of fine structure 

of specimen 3 (Fig. 4b). The highest wear resistance can 

be observed for hardfacing based on Fe-Ti-Mo-B-C due to 

fine structure which contains refractory borides and car-

bides and their solid solutions that forms due to “in-situ” 

synthesis reaction during FCAW, what can be obtained 

with using powders of pure metal and their combinations 

as initial reaction mixture for electrodes. Such hard facing 

are characterized with high hardness (~ 86 HRA) and in-

creased wear resistance in conditions of abrasion wear 

with high specific and cyclic loads. 

 

 
Fig. 6 Dependence of relative wear resistance ε (wear testing 

with fixed abrasive) and hardness on hardfacing material 

 

DISCUSSION 

Obtained hardfacing coatings are characterized with 

higher wear resistance in conditions of abrasion wear with 

high specific loads compared with tested serial production 

electrodes. It can be seen that the hardfacing layer pro-

duced by Fe-Ti-Mo-B-C hardfacing system shows wear re-

sistance: more than 2 times higher than T-590 Paton IEW 

electrodes, 2 times higher than ESAB OK Weartrode 60 

(OK 84.78) electrodes, and about 1.4 times higher than 

Lastek 2400 electrodes.  

In such conditions the main factor that determines the 

wear resistance is not the hardness, but the features of 

structure formation. As shown on the Fig. 6 hardfacing 

material based on Fe-Cr-B-C system shows the highest 

hardness (~ 88 HRA) among the tested hardfacings, as well 

as the wear rate is the highest. This is explained by the fact 

that structure of S5 are characterized with high amounts 

of coarse grains structure. The structure of Fe-Ti-Cr-B-C 

hardfacing shows decreasing of hardness (~ 84 HRA) with 

increasing of wear resistance, which can be explained by 

the fact of grain size reduction. The hardfacing based on 

Fe-Ti-B-C and Fe-Mo-B-C systems shows higher hardness 

and higher wear resistance than hardfacing based on Fe-

Cr-B-C system, which is result of the difference between 

structure. Fe-Cr-B-C structure consist of coarse dendrites, 
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while Fe-Ti-B-C and Fe-Mo-B-C consist of metal matrix and 

hexagonal-shaped borides. It is a result of “in-situ” synthe-

sis, which leads to fine grains structure which contains of 

refractory borides, carbides and their solid solutions. The 

“in-situ” synthesis technique can only occur with FCAW 

while used powders of pure metals as reactional compo-

nents and not the ferroalloys. The highest wear resistance 

shown by specimen 2 based on Fe-Ti-Mo-B-C system due 

to fine structure with metal matrix and solid solutions 

with increased hardness.   

Results of this investigation can be provided for improve-

ment of abrasion resistance of equipment that works in 

conditions with abrasion wear and high specific and cyclic 

loads, as well as to regulate the time between overhauls 

(TBO) periods for such equipment: augers for production 

of solid fuel briquettes, augers for production of construc-

tion ceramics, bricks, etc. Improvement the quality of the 

management system in production engineering is achived 

by using of Ti and Mo powders that is more economical 

than using of expensive Nb, Co, W powders, and the in-

creasing of TBO period by cheaper restoration of wear 

parts and prolonging of working time of these parts. 

Further complex tests of the developed materials as hard-

facing coatings on working elements of equipment and 

theoretical calculation of phase compositions of hardfac-

ings is desire. Investigations of proposed Fe-Ti-Mo-B-C 

and Fe-Ti-Cr-B-C systems with not equimolar ratio of 

Me/Ti and investigations of such systems with different 

filling coefficient (Kf) of the wire can be done. Also, harfac-

ings based on Fe-Ti-Mo-B-C, Fe-Ti-Cr-B-C, Fe-Mo-B-C and 

Fe-Cr-B-C systems obtained by using as reaction mixtures 

powders of pure metals and their combinations need to 

be investigated with SEM and EDS analysis.  

 

CONCLUSIONS 

The present work showed that using the powders of pure 

metals leads to “in-situ” synthesis reaction during FCAW, 

what leads to fine structure which contains of refractory 

borides and carbides with increased wear resistance in 

conditions of abrasion wear with high specific and cyclic 

loads. 

Hardfacing coating based on Fe-Ti-Mo-B-C system possess 

much higher wear resistance than the modern serial pro-

duction electrodes based on Fe-Cr-C and Fe-Cr-B-C sys-

tems and higher wear resistance than materials based on 

Fe-Ti-B-C, Fe-Mo-B-C systems, with high hardness (~ 85.5 

HRA).  

Hardfacing material based on Fe-Cr-B-C system showed 

the highest hardness (~ 88 HRA) among other tested har-

facings but with the much lower wear resistance due to 

high amounts of coarse grains of (Cr, Fe)B2 in the struc-

ture. 

The wear resistance in such conditions were affected by 

features of structure formation, not by hardness.  

Using of proposed systems leads to improvement of qual-

ity of the management system in production engineering 

of restoration of equipment parts. 
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