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A B S T R A C T   

In this study, Fe(13-x)VxB7 (x = 0, 1, 2, 3 and 5) based hard surface alloy layers were formed on SAE 1020 steel 
substrate surface by tungsten inert gas (TIG) welding method. The effects of vanadium addition on micro-
structure, hardness and wear rate in this coating layer were investigated using optical microscope, SEM (EDS), X- 
ray diffractometer, hardness and wear tests. As a result of microstructure studies and phase analysis, it was 
determined that the structures of alloy layers consist of α-(Fe,V), α-(Fe,V) + (Fe,V)2B eutectic, and (V,Fe)B 
phases. As a result of the macrohardness tests, it was found that the hardness of the alloy layers varied between 
42.3 ± 1.7–57.2 ± 5.1 HRC. Moreover, the microhardness of iron and vanadium borides formed in the coating 
layers was found to be between 1901 ± 127–3082 ± 299 HV0.01, respectively. As a result of the wear tests, it was 
observed that as the amount of vanadium added to the hard surface alloy layer increased, the wear rates 
decreased for all applied loads. Morover, Scanning Electron Microscopy (SEM) images of the worn surfaces 
showed that the wear mechanisms were adhesive, micro-abrasive and oxidative.   

1. Introduction 

Coatings and surface treatments are a successful approach to extend 
the life of machines by preventing severe wear and corrosion of work 
tools [1,2]. One of the most important methods of surface coating is 
hardfacing by welding technique [2].This method is used to increase the 
hardness and wear resistance of the substrate material without signifi-
cant loss in ductility and toughness. In this method, an alloy is homo-
geneously deposited on the surface of a soft material (generally low and 
medium carbon steels) by various welding techniques [3]. The most 
common of these techniques are tungsten inert gas (TIG) [4], plasma 
transfer arc (PTA) [5], oxyacetylene welding (OAW), gas metal arc 
welding (GMAW), shielded metal arc welding (SMAW) and submerged 
arc welding (SAW) [6]. Among these techniques, TIG welding has an 
important place with advantages such as high deposition rate, high 
maneuverability, large-scale availability, low cost and compatibility 
with a wide range of materials [7–10]. In this proses, the desired powder 
composition and the surface of substrate material are simultaneously 
melted by the TIG welding process and an alloy layer is formed by so-
lidification, which metallurgically bonded to the base material [11,12]. 

The elements such as vanadium and boron are added in various 

complex alloys (such as modified ferritic and austenitic steels) for en-
ergy industry [13]. Boron is used to increase their hardenability and 
vanadium is an element that forms stable borides such as VB and V2B3. 
In addition, vanadium borides such as Zr, Ti and Cr borides also have 
high melting temperature, high hardness and wear resistance [13,14]. 
According to the V-B binary phase diagram, there are six boride phases 
which include V3B2, VB, V5B6, V3B4, V2B3 and VB2. Vanadium borides, 
which are used for surface protection elements and wear-resistant ma-
terials, are promising for use as anode material for alkaline batteries due 
to their extremely high discharge capacity [15,16]. 

Studies on the ternary Fe-V-B system were limited in the literature. In 
these studies, experimental and theoretical information about the sys-
tem has been published [13,17,18]. Its superior properties such as high 
hardness and high wear resistance make the Fe-V-B system attractive for 
hardfacing applications. However, research on the use of this alloy 
system in hardfacing applications has been limited. Abakay et al. [19] 
produced a hard Fe-V-B based surface layer using ferro‑boron, fer-
ro‑vanadium and pure iron powders on AISI 1020 steel with TIG 
welding method. Microstructure studies, phase analysis, hardness and 
wear tests of the Fe-V-B based hard surface alloy layer obtained with 
three different compositions in which boron is fixed at 25% atomic rate 
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were carried out. As a result of the investigations, the presence of Fe4V, 
Fe2B and VB phases in the hard alloy layer was determined and it was 
found that the increase in the vanadium content in the alloy composition 
caused an increase of the formed in the boride phases in the micro-
structure. In the wear test, it was observed that the increase of vanadium 
content in the alloy composition caused a decrease in the wear rate. 

Although boride-based hard surface alloys are produced using 
various coating technologies, studies on vanadium boride-based hard 
surface alloys are limited. In this study, Fe-V-B based hard surface alloys 
were fabricated in various proportions by TIG welding technique. The 
coatings were deposited onto an SAE 1020 steel substrate. The objective 
of this study is to investigate the effects of vanadium content on the 
microstructure, hardness and wear resistance of Fe-V-B based hard 
surface coatings. 

2. Experimental procedure 

In this study, SAE 1320 steel cut to a size of 30 mm × 70 mm × 5 mm, 
was used as the substrate material for hard surface alloying process. The 
chemical composition of the steel used in the experiments, SAE 1320, 
was determined using the Foundry-Master Pro spectral analyzer and is 
given in Table 1. Applications on low carbon mild steel plates are 
generally preferred for hardfacing in industrial applications. For this 
reason, the steel plate SAE 1320 was preferred in our study. The surfaces 
of these plates were cleaned from oil, rust and dirt for hardfacing 
process. 

In the experimental studies performed, ferrous boron, ferrous 
niobium alloys and ASC100.29 coded pure iron powder were used. 
Compositions of ferrous alloys and pure iron used to form boride based 
hard surface alloys are given in Table 2. 

Ferrous alloys which were taken as a rock form was subjected to 
crushing, grinding and sieving processes to be less than 75 μm. Pure iron 
powder was only sieved. The prepared powders were determined in the 
composition ratios given in Table 3 to form Fe-B, Fe-V-B based hard 
surface alloys and mixing was carried out. 

The Fe-V-B ternary phase diagram [20] was used to determine the 
composition ratios. The prepared powders were ground and mixed in a 
ball mill at 200 rpm for 2 h to ensure a homogeneous distribution of the 
composition. The powder to ball ratio was selected as 1/3 and 7 mm 
diameter steel balls were used in the mixing process. Before mixing, the 
containers and balls were thoroughly cleaned with pure alcohol. The 
powder mixtures were applied to prepared substrates with a thickness of 
about 2–3 mm and pressed under a pressure of 100 MPa using a hy-
draulic press before welding. In this way, the negativity caused by gas 
pressure during the TIG welding process was eliminated. 

The Fe-V-B based mixture powders formed by pressing on steel 
substrates were melted by TIG welding method and the alloy was formed 
on the surface. Hardfacing with TIG welding method is a preferred 
method because it is economical, easy to apply and the surface quality of 
the coating layer is good. The coating of the hard surface alloy processes 
were carried out by Magmaweld ID 220 T AC/DC Pulse TIG inverter 
welding machine. After the process, the samples were cooled in the open 
atmosphere and subjected to sandblasting to remove the oxide layers 
and burrs formed during welding. The welding parameters applied 
during the process are shown in Table 4. 

The specimens were prepared according to standard metallographic 
procedure by grinding, polishing and etching with (3%) Nital reagent. 
An optical microscope Nikon Epiphot 200 (OM) and a scanning electron 
microscope JEOL-JSM-6060 (SEM/EDS) were used for microstructural 
characterization of the specimens. X-ray diffraction (XRD) was 

performed with Rigaku XRD/D/MAX/2200/PC model X-ray diffrac-
tometer using Cu-Kα radiation. The macro hardnesses taken from the 
outer surfaces of the alloy layers were measured using a Bulut brand 
Rockwell (C scale) hardness tester by measuring in three separate areas 
under 150 kg load. The hardness of the phases formed in the alloyed 
layer, transition zone and matrix were measured under a load 0.1 N by 
using Future Tech FM 700 micro-hardness tester. 

The surfaces of steels alloyed by the TIG welding method were pre-
pared metallographically before the wear test. For this purpose, the 
alloyed surfaces were roughly polished with abrasive papers of grits 60, 
120, 240, 400, 600, 800 and 1000. The wear tests of the specimens were 
carried out on the tribometer apparatus according to the ASTM G-99 
standard. The experiments were carried out by the method Ball-On Disk 
using spheres of aluminum oxide (Al2O3) with a diameter of 10 mm and 
a hardness value of 2720 HV0.05 [22]; they were carried out under 2.5 N, 
5 N and 10 N load at 200 m distance and 0.1 m/s speed, 65 ± 5 humidity 
and 21 ± 3 ◦C temperature in an open atmosphere. The volume from the 
wear track was measured using the cross-sectional area of the wear track 
(A), which was determined using 3D optical microscopes (Huvitz). In the 
measurements, the standard deviation on the worn track was typically 
less than 10% of its mean value. The wear volume, Vd, was calculated 
using Eq. (1) [23]: 

Vd = 2πrA (1)  

where r is the radius of the wear track, and A is the track cross-sectional 

Table 1 
Chemical composition of the substrate (wt%).   

% C % Cr % Mn % Si % P % S % Ni % Mo % Fe 

Comp. 0.183 0.021 1.37 0.204 0.018 0.002 0.062 0.006 98  

Table 2 
Composition of used powders (wt%).  

Powders %Fe %B %V 

Ferrous boron 82 18 – 
Ferrous vanadium 33.5 – 65.5 
Pure iron 99.9 – –  

Table 3 
Combination rates of powders prepared for Fe(13-x)VxB7 (x = 0,1,2,3 and 5) 
based surface alloys (at.%).  

Metal alloy Compositions Fe Nb B 

Fe-B based Fe13B7 65 – 35 
Fe-V-B based Fe12VB7 60 5 35 

Fe11V2B7 55 10 35 
Fe10V3B7 50 15 35 
Fe8V5B7 45 20 35  

Table 4 
Experimental parameters of TIG Surface alloying.  

Parameter Value 

Electrode Type WT-2 pct ThO2 

Electrode diameter 2.4 mm 
Angle 70 degrees 
Voltage 20 V 
Current 110 A 
Heat input 12.3 kJ/cm 
Protective gas Type Ar (%99.9 Ar) 
Flow 12 L/min 
Welding speed 0.116 cm/s 

Heat input Q = η.U⋅I/(V.1000) (kj/cm); U: voltage (V), I: current 
(A), V: travel speed (cm/s), η = efficiency coefficient (η = 0.65 for 
the TIG method) [21]. 
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of the worn track calculated from the profile of the wear track. Finally, 
the wear track formed on the disks was examined by optical microscopy, 
scanning electron microscopy (SEM) and energy dispersive X-ray spec-
troscopy (EDS). 

3. Results and discussion 

3.1. Microstructural and phase analysis 

Fig. 1 shows the microstructure of the Fe8V5B7 hard surface alloy 
with the substrate and coating layer. As a result of the microstructure 
investigation, it was found that the thickness of the hard coated layer 
was approximately 2–3 mm and had a good bonding with the substrate. 
It was found that this relatively thick coating layer has a smooth surface 
topography without porosity. In the studied microstructures, a structure 
consisting of three different layers such as hard surface layer, interface 
and substrate can be clearly seen. 

SEM microstructure images of the Fe-B based alloy (Fe13B7) formed 
on the steel surface are given in Fig. 2a. Upon examination of the mi-
crostructures, it was found that eutectic (α-Fe + Fe2B) phases were 
observed along with the hypereutectic primary Fe2B massive phase. 

In the study of Eroğlu [24], Fe-B based filler alloys were selected as 
hypoeutectic and hypereutectic alloys and the solidification structures 
were investigated. He found that during solidification of hypereutectic 
microstructures, firstly FeB (few) and the primary Fe2B phase grow by 
nucleation in the liquid phase and the microstructure transformed into a 
eutectic (γ-Fe + Fe2B) structure with the primary Fe2B massive phase at 
1174 ◦C. He explained that as the temperature decreased, the γ-Fe phase 
in the system transformed into martensite phase below 910 ◦C, and the 
eutectic (martensite + Fe2B) phases/structures were formed with hy-
pereutectic the primary Fe2B massive phase and FeB (few). When the Fe- 
B phase diagram is examined [25], it is seen that solidification for hy-
pereutectic compounds will be similar to Eroğlu’s explanations. How-
ever, as a result of the analysis, no FeB and martensite phases were found 
in the coating layer. This is an expected situation, since the formation of 
these phases occurs under conditions outside the equilibrium. Morover, 
the x-ray diffraction pattern in Fig. 4 shows that the Fe13B7 based alloy 
consists of α-Fe and Fe2B phases. Consequently, it can be said that the Fe- 
B coating layer formed on the steel surface consists of the primary Fe2B 
block phase and the eutectic (α-Fe + Fe2B) phase. 

SEM microstructure images of Fe(13-x)VxB7 (x = 1, 2, 3 and 5) based 
alloys formed on the steel surface are shown in Fig. 2b-e. As a result of 
the SEM investigations, it was found that the primary α-Fe was formed 
first in compositions in which the amount of V was 5% (at.) and 10% 

(at.), then the Fe2B phase was realized in eutectic form with α-Fe. Some 
dissolution of vanadium was also observed in both α-Fe and Fe2B. 
Homolova et al. found that iron and vanadium can substitute for each 
other in the metal sublattice [13]. In EDS and MAP analyzes, iron and 
vanadium peaks can be seen together for the corresponding phases. In 
this case, it would be more correct to say that the primary α-(Fe,V) and 
eutectic (α-(Fe,V) + (Fe,V)2B) phases coexist in the microstructure for 
compositions with atomically 5% and 10% vanadium content. However, 
when the vanadium content reaches 15% and 25% atomic VB is assumed 
to form as the phase with the highest melting temperature in block form 
and then continues the formation of α-Fe and Fe2B phases in eutectic 
form. Also for these compounds, the microstructure at room tempera-
ture can be said to consists of primary (Fe,V)B and eutectic (α- (Fe,V) +
(Fe,V)2B) phases. The Fe-V-B equilibrium diagram [20], analytical re-
sults of EDS and elemental distribution maps (Fig. 3(b-i)) support this 
idea. Miettinen et al. found that the increase in V content promoted 
formation of the VB phase in their study [18]. As a result, the amount of 
V was not sufficient for the formation of the (V,Fe)B phase up to 15% or 
it caused the microstructure change to be limited. However, with the 
increase in vanadium (V,Fe)B phase was primarily formed, followed by 
formation of the eutectic α-(Fe,V) + (Fe,V)2B. However, the presence of 
α-(Fe,V) was also observed in some cases. However, during the coating 
process, the local concentration differences of the composition elements 
and the rapid solidification conditions increased the possibility of the 
presence of different phases in the system. In fact, the possibility of a 
V3B4 phase was detected in analyzes of EDS and MAP, especially in 
coatings with 15% and 25% Vanadium content. 

SEM images EDS analysis and elemental distribution maps of 
Fe8V5B7 sample are given in Fig. 3. In the EDS analysis shown in Fig. 3(b- 
e), it can be seen at the number 1 that the intensity of the V peak is high 
and that there are very few Fe and B peaks. In the EDS analysis at point 
number 2, it can be seen that the intensity of the Fe peak is higher than 
the intensity of V peak. For this reason, it is assumed that the phases at 
points 1 and 2 are (V,Fe) B and (Fe,V)2B, respectively. However, the 
solubility of iron in the EDS analysis from the 4th point is higher than the 
solubility of the iron in the EDS analysis from the 1st point. Homolova 
et al. he reported that the solubility of iron in the V3B4 phase is much 
higher than in the VB phase [17]. For this reason, it is assumed that it is 
the (V,Fe)3B4 phase in EDS number 4. The x-ray diffraction analysis in 
Fig. 4 also supported this idea. For Fe10V3B7 and Fe8V5B7 compounds, it 
was observed that the structure consisted of α-(Fe,V) + (Fe,V)2B+(V,Fe) 
B phases and (V,Fe)3B4 phases due to the rapid solidification conditions. 
It is possible to say that there are α-(Fe,V) + (Fe,V)2B phases for Fe12VB7 
and Fe11V2B7 compounds. 

3.2. Hardness 

Fig. 5 shows the measured HRC hardness values on the surfaces of 
the hard surface alloyed samples. As a result of the hardness measure-
ments, HRC hardness from the surface of the Fe-B based hard surface 
alloy layer was determined to be 42.3 ± 1.7. The surface hardness values 
of Fe-V-B based hard surface alloy layers were changed between 48.3 ±
4.1–60.7 ± 3.2 HRC. The highest hardness value for this group of ma-
terials was observed composition of Fe8V5B7. When the macro hardness 
curves seen in the figure are examined, it is observed that the hardness 
values of the alloy layer increase with the increase of vanadium. Durmuş 
et al. in their study found that the hardness of hard surface coatings 
depends largely on the proportion of primary hard phases and micro-
structure [26]. Gou et al. found that the hardness of the primary carbides 
was much higher than that of the eutectic matrix, and found that the 
increasing the volume fraction of the primary carbides/borides increases 
the hardness of the hard surface alloys [27]. A similar situation arises for 
the Fe-V-B based hard surface alloy system. It can be seen that with the 
increase of V ratio in the system, the amount of hard (Fe,V)B phase in-
creases and the surface hardness increases in accordance with the above 
explanations. Fig. 1. Cross-section of Fe8V5B7 hard surface alloy.  
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Fig. 6 shows the phase hardness values obtained from the micro-
hardness measurements of Fe-B, Fe-V-B based hard surface alloys. As a 
result of the measurements, the hardness value of the substrate (SAE 
1320 steel) was found to be 185 ± 9 HV0.01. The hardness values of the 
iron boride phases in the Fe-B based hard surface alloys are 1901 ± 127 
HV0.01, the hardness of the eutectic structure (α-Fe + Fe2B) is 897 ± 82 
HV0.01 and hardness of the transition zone was found to be 369 ± 76 
HV0.01. The hardness of Fe2B phase varies between 1100 and 2000 HV 
values [24,28]. The measured hardness values are in agreement with 
those reported in the literature. 

The hardness values of the boride phases in the Fe-V-B based hard 
surface alloy layer vary between 2828 ± 383–3082 ± 299 HV0.01. The 
highest hardness value for this phase was obtained in the Fe8V5B7 alloy. 
Acording to literature review, the hardness values of vanadium boride 
phase vary between 2200 and 3700 HV [17]. The fact that the measured 
hardness value was compatible with the literature confirmed the accu-
racy of the findings obtained as a result of the EDS and X-ray diffraction 

analyzes. The hardness values of the eutectic mirostructure in the hard 
surface alloy layer change between 1254 ± 57–819 ± 77 HV0.01. The 
hardness values of the transition zone in the hard surface alloy vary 
between 431 ± 27–605 ± 82 HV0.01. 

3.3. Wear behavior 

The change in wear rates of Fe-B and Fe-V-B based hard surface alloy 
layers as a function applied load is shown in Fig. 7. Observing the wear 
rate curve; as given in Archard Eq. [29], the increase in load resulted in 
an increase in wear rate. Moreover, it can be seen that the wear rate 
decreases with increase in addition of V for all applied loads. The reason 
is believed to be that the amount boride (V and Fe) phase in the hard 
surface alloy layer increases. Buytoz and Eren in their study found that 
the increase of reinforcement content in composites decreases the values 
of the wear rate [30]. As stated in the microstructure explanations, it can 
be seen that the amount of high hardness vanadium boride phases 

Fig. 2. SEM microstructure images of hard surface coating layers (a) Fe13B7 (b) Fe12VB7 (c) Fe11V2B7 (d) Fe10V3B7 (e) Fe8V5B7.  
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increases due to the increase of vanadium content in the coating layer. 
The values obtained as a result of the hardness test clearly show that the 
macro hardness values of the specimens increase with the increase of V 
ratio. In accordance with these explanations, the wear performance of 
the coating layers increased with the increase of V ratio. Among the 

coating layers, the lowest wear rate values were obtained for Fe8V5B7 
composition for 2.5 N, 5 N and 10 N load. 

While 100% increase in load (from 2.5 N to 5 N) causes 73.8% in-
crease in wear rate for Fe-B based hard surface alloy; for 300% increase 
in load the increase in wear rate is 303.4%. This value causes an increase 

Fig. 3. (a) SEM image (b-e) EDS analysis and (f-i) elemental distribution maps of the hard surface alloy layer of Fe8V5B7 sample.  
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in wear rate for (Fe (13-x) VxB7) x = 1. 2. 3 and 5 with the rates of 
50–210.1%, 85.7–234.6%, 80.5–190.2% and 74.3–190% respectively, 
depending on the increase in V ratio. The increases in values are 
generally close to each other. As can be seen from the graph, the increase 

in V ratio has decreased significantly to 54.3%. 
The SEM microstructure of the worn surfaces of Fe-B and Fe-V-B 

based hard surface alloys subjected to wear tests under 0.1 m/s and 
10 N load, is shown in Fig. 8. In Fig. 8(a-b), it can be seen that the ad-
hesive wear on the worn surface of the Fe-B based hard surface alloy 
layer is dominant, but there is also a small amount of abrasive wear. As a 
result of EDS analysis, the presence of oxides on the worn surface was 
found. On the worn surface of Fe-B hard surface alloy, the main wear 
mechanism was adhesive and oxidative wear. In addition, it could be 
said that there was a small abrasive wear. 

SEM images of the worn surfaces of Fe-V-B based coatings are shown 
in Fig. 8(c-h). From these images, it can be seen that microabrasive 
scratches were formed on the worn surface parallel to the sliding di-
rection. It was also possible to say that the main wear mechanism in the 
Fe-V-B system was adhesive wear. However, delamination wear was 
observed together with fatigue cracks on the worn surface of the FeV3B7 
based coatings. In addition, worn debris was found on the surface. Fig. 9 
shows the SEM image and EDS analysis of the worn surface of the 
Fe12VB7 based coating. In Fig. 9(b-d), the EDS analysis showed the 
presence of oxygen on the corroded surfaces. In this case, it could be said 
that there was oxidative wear in Fe-V-B based coatings. It was observed 
that hard boride phases ((Fe,V)2B, (V,Fe)B and (V,Fe)3B4) increased in 
the microstructure with the increase of V ratio in the alloy layers and 
accordingly the wear track widths and wear rate decreased. In particu-
larly, it can be seen that the region where the borides phase is present 
remain intact and the soft phases are eroded. 

4. Conclusions 

In this study, the effect of V element on microstructure and wear 
resistance in Fe(13-x)VxB7 (x = 0, 1, 2, 3 and 5) based hard surface alloy 
layers was investigated. In accordance with the research and experi-
ments, the following results were obtained:  

1. The thickness of the coating layers was about 2–3 mm and showed 
good bonding to the substrate. In addition, a smooth surface topog-
raphy without porosity was observed  

2. The Fe-B base alloy (Fe13B7) consisted of a hyperutectic primary Fe2B 
solid phase and eutectic (α-Fe + Fe2B) phases. In compositions where 
the amount of V was 5% (at.) and 10% (at.), it was found that the 
primary α-(Fe,V) phases was formed first, followed by the eutectic 
(Fe,V)2B+(Fe, V) phase. However, when the amount of vanadium 
reached the values of 15% (at.) and 25% (at.), it was found that (V, 
Fe)B was formed first in block form and then α-(Fe,V) + (Fe,V)2B 

Fig. 4. X-ray diffraction pattern of Fe-V-B based hard surface alloyed steels.  

Fig. 5. Macro hardness of Fe(13-x)VXB7 (x = 0, 1, 2, 3 and 5) based hard surface 
alloyed steels. 

Fig. 6. Phase hardness of Fe(13-x)VXB7 (x = 0, 1, 2, 3 and 5) based hard surface 
alloyed steels. 

Fig. 7. Change of wear rates of Fe-B and Fe(13-x)VXB7 (x = 0, 1, 2, 3 and 5) 
based hard surface alloy layers depending on load. 
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eutectic phases were formed. In X-ray diffraction analysis α-(Fe,V), 
α-(Fe,V)2B, (V,Fe)B and (V,Fe)3B4 phases were determined.  

3. The addition of V improved the hardness and wear resistance of Fe-V- 
B hard surface alloys. This indicates that the increase of vanadium, 
the size and volume fraction of boride particles and Fe-rich dendrites 
become particularly important. Among these alloys, it was found 
that the best wear resistance belonged to sample Fe8V5B7. Moreover, 

the wear rate values of Fe (13-x)VxB7 (x = 0, 1, 2, 3 and 5) alloy layers 
were lower than the wear rate values of Fe13B7 hard surface alloy 
layer.  

4. The wear test results were directly related to the hardness of the hard 
surface alloys. Scanning electron micrographs of the worn surfaces 
showed that the wear mechanisms were adhesive, micro-abrasive 

Fig. 8. The SEM micrographs of worn surfaces of samples tested at 5 N load: (a-b) Fe13B7 (c-d) Fe12V2B7 (e-f) Fe10V3B7 (g-h) Fe8V5B7.  

B. Kılınç et al.                                                                                                                                                                                                                                   



Materials Characterization 179 (2021) 111324

8

and oxidative. However, a little fatigue and delamination wear 
mechanisms were also found. 
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