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Abstract

In this study, four hardfacings, reinforced with in-situ synthesized TiB2 particles, were
cladded by tungsten inert gas (TIG) welding, applying flux-cored wires with varying Fe-Ti and
Fe-B content. Microstructural examination, macrohardness and microhardness measurements
and abrasive wear tests were performed. Morphology of TiB2 changed from a small-sized
hexagonal and rectangular to a coarse plate-like one with the increasing common proportion
of titanium and boron. Accordingly, hardness and wear resistance increased linearly with the
changing titanium and boron content in hardfacings.
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1. Introduction

Ceramic reinforced metal matrix composites are
frequently preferred for applications such as automo-
tive, military and aerospace industry due to their high
corrosion strength and wear resistance. Although ce-
ramic reinforced light metal matrix (Al, Ti or Mg)
composites are being studied intensively, ceramic re-
inforced ferrous metal matrix composites are also
investigated [1–6]. With the addition of ceramic-
based particles such as carbides and borides into
the iron-based matrix, abrasion resistance and mate-
rial strength increase [7–9]. For example, steel ma-
trix composites reinforced with ceramic particles as
a protection against wear and corrosion are recom-
mended in chemical and processing industries [10–
12].
Production cost, difficulties in making the final

shape of parts and low ductility are disadvantages of
metal matrix composites [13]. Thus, cheaper hardfac-
ings and hardfacings with ductile characteristics have
gained a more important role nowadays. Therefore,
ceramic-reinforced iron matrix composites have be-
come very important in recent years. For this purpose,
hardfacings formed by plasma arc welding and laser
welding have frequently been used [14–17]. For exam-
ple, steel surfaces are deposited by special alloyed elec-
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trodes to form chromium carbide in coating or weld
metal [18].
The studies on titanium diboride (TiB2) use in

a wide area ranging from cutting edge components
to the aerospace industry have been conducted. This
material has unique properties such as superior hard-
ness (33 GPa), high elastic modulus (530 GPa), high
melting temperature (3000◦C), low density (4.451
g cm−3) and high corrosion resistance up to 1400◦C
[19]. Upon the literature review, it was observed that
there was no study indicating hardfacing reinforced
with TiB2 on steel surface through TIG method by us-
ing titanium and boron in the flux-cored wire. There-
fore, the purpose of this study was to synthesize the
TiB2 ceramic particles in steel matrix and improve
the properties of obtained hardfacings. Thus, ferroti-
tanium and ferroboron were added to core. After pro-
duction of the flux-cored wire, SAE 1020 steel was
coated with the use of flux-cored wires. Microstruc-
tural analysis, composition analysis, hardness mea-
surements, and wear tests were performed on coated
specimens.

2. Experimental

TIG welding method was employed and four dif-
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Ta b l e 1. Chemical composition of produced flux-cored wires (wt.%)

Composition (wt.%)
No. of flux-cored wire

C Mn Si S P Al B Ti Fe

Specimen no. 1 0.15 0.50 0.25 0.025 0.03 0.20 4 10 Bal.
Specimen no. 2 0.15 0.50 0.25 0.025 0.03 0.20 6 15 Bal.
Specimen no. 3 0.15 0.50 0.25 0.025 0.03 0.20 8 20 Bal.
Specimen no. 4 0.15 0.50 0.25 0.025 0.03 0.20 10 25 Bal.

Ta b l e 2. Chemical composition of SAE 1020 steel, ferroboron, and ferrotitanium (wt.%)

Composition (wt.%)
Material

C B Ti Mn Si S Al P Fe

Substrate (SAE 1020) 0.18 – – 0.15 0.25 0.03 – 0.03 Bal.
Ferroboron 0.24 18.1 – – 0.44 – 0.06 0.02 Bal.
Ferrotitanium 0.14 – 71.71 – 0.18 0.03 1.67 – Bal.

Ta b l e 3. TIG welding parameters (wt.%)

Current (A) Voltage (V) Welding rate (mm s−1) Argon flow (m3 s−1)

120 24 0.50 6

ferent flux-cored wires having a 4-mm diameter were
produced to form TiB2 in hardfacings. Table 1 shows
the composition of the flux-cored wires. Hardfacings
were deposited onto SAE 1020 steel specimens of the
size 120× 40× 10mm3. Table 2 shows chemical com-
positions of the SAE 1020 steel, ferrotitanium and fer-
roboron in powder form as a filling material in the
flux-cored wires. SAE 1020 steel surfaces to be coated
were cleaned from dirt, rust, etc., by mechanical meth-
ods before the hardfacing process. In all welding pro-
cesses, welding parameters were set as constant. Ta-
ble 3 shows welding parameters.
Hardfacing processes were performed by three-pass

welding and concerning the size of the welded layer
as a 1.7 mm thick and 10mm wide one that was ob-
tained at a single pass. The specimens taken from
the cross-section of hardfacing were subjected to pro-
cess steps of standard metallographic grinding, polish-
ing, and etching (2 % nital), respectively, in order to
carry out microstructural examinations. Microstruc-
ture analysis was performed by optical microscopy
(OM Nikon Eclipse-MA200i, Japan), scanning elec-
tron microscopy and EDX (SEM, Jeol JSM-7001F
Inca X-Act, USA) analysis. X-ray (Bruker D8 Ad-
vance, Germany, CuKα, 40 kV – 40mA, wavelength
1.54058 nm) analysis was carried out to determine the
phase composition of hardfacings. Both macrohard-
ness (Rockwell C method, indentation load 150 kgf
(1471.5 N); EMCO Test Durascan) and microhard-

Fig. 1. Scheme of the microhardness measurements: (a)
transversal section and (b) longitudinal section.

ness (Vickers method, indentation load 0.2 kgf (1.8
N); Leica microhardness tester, modified by Anton
Paar) of the hardfacings were determined. Macrohard-
ness was measured at the surfaces of the hardfacings,
and the average value was calculated from 10 mea-
surements. Microhardness was measured at the cross-
sections of the hardfacings both in the longitudinal
and the transversal directions with the 1 mm distance
between the imprints (Fig. 1). As seen in Fig. 1, in
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Fig. 2. Schematic overview of wear test samples.

order to evaluate the dilution effect on microhardness
between hardfacing and dilution zone, penetration dis-
tance was set 5 mm. The test specimens with sizes
of 12× 8× 8mm3 were prepared for wear test, and
these specimens used with pin-on-disc method were
subjected to abrasive wear tests. 10, 20, 30 N loads
and 60 mesh abrasive sandpaper were used for wear
tests (Fig. 2). Each test lasted 7min, and new abra-

sive sandpaper was used for each test to obtain more
objective results.

3. Results and discussion

3.1. Composition and microstructure analysis

Table 4 shows results of the chemical analysis car-
ried out on the surface of the hardfacings. The in-
crement of titanium and boron content occurred due
to the increase of their amount in flux-cored wires,
amounts of titanium and boron increased from 6.2
to 17.2 wt.% and from 3.1 to 7.5 wt.%, respectively.
While the lowest percentage of titanium and boron
was obtained in the first hardfacing, the highest per-
centage of titanium and boron was obtained in the
fourth hardfacing. This situation was designed during
the production of flux-cored wires. With increasing
percentage of boron and titanium in flux-cored wires,
boron and titanium percentage in hardfacings were
increased. On the other hand, hardfacings contained
less titanium and boron than flux-cored wires, due to
the dilution that occurred between the base metal and
flux-cored wires. Unlike the titanium and boron per-
centages, carbon percentages were obtained between
0.15 and 0.19 wt.%, which increased or decreased ran-
domly. This carbon percentage was compatible with

Ta b l e 4. Chemical composition of hardfacings (wt.%)

Composition (wt.%)
No. of specimen

C Mn Si P S Ti B Bal.

1 0.17 0.51 0.21 0.026 0.025 6.2 3.1 Fe
2 0.14 0.62 0.23 0.028 0.027 8.8 4.6 Fe
3 0.19 0.55 0.25 0.025 0.028 12.7 5.9 Fe
4 0.15 0.59 0.20 0.029 0.026 17.2 7.5 Fe

Fig. 3. Microstructure images of specimen no. 1: (a) OM, (b) SEM.
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Fig. 4. Microstructure images of specimen no. 2: (a) OM, (b) SEM.

Fig. 5. Microstructure images of specimen no. 3: (a) OM, (b) SEM.

Fig. 6. Microstructure images of specimen no. 4: (a) OM, (b) SEM.

SAE 1020 steel, ferrotitanium, and ferroboron com-
positions before the welding process. Similarly, man-
ganese, silicon, phosphorus, and sulfur elements were
in trace quantity and close to each other in hardfac-
ings.

Figures 3–6 show microstructure images of hard-
facings. As is seen from the microstructure images,
targeted TiB2 phases were obtained in all microstruc-
tures. This situation was supported by current studies
in the literature [3, 19, 20–25], EDX analysis results
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Fig. 7. X-Ray analysis results for hardfacings.

Ta b l e 5. Results of EDX analysis on TiB2 phases (wt.%)

Composition (wt.%)
No. of specimen

Ti B Mn Fe

1 63.20 25.10 0.03 11.67
2 64.80 26.40 0.01 8.79
3 66.90 28.70 0.03 4.37
4 67.30 29.30 0.02 3.38

(Table 5) and X-ray analysis results (Fig. 7) proved
and supported the presence of TiB2 in hardfacings.
There was a significant difference between speci-

men no. 4 and the other specimens in terms of TiB2
crystal size and morphology. Namely, increasing the
amount of ferrotitanium and ferroboron in hardfac-
ings, TiB2 crystal size increased and morphology of
TiB2 transformed from rectangular and hexagonal to
rod-shaped whisker. At this point, the specimen no. 1
had the smallest TiB2 crystals size with rectangu-
lar and hexagonal morphology, and specimen no. 4
had the largest TiB2 crystals size with rod-shaped
whisker morphology. So, it may be assumed that dur-
ing synthesis the TiB2 crystals grow in the 〈001〉 or
in 〈002〉 crystallographic direction and the growth
is the most intensive in the case of the specimen
no. 4. In addition to TiB2 phases in hardfacings, the
presence of TiC and Fe2B phases was determined

by microstructural examinations and X-ray analy-
sis.
Figure 8 shows volume fraction of the matrix and

reinforcement phases in hardfacings. Reinforcement
phases TiB2 and Fe2B, as well as the matrix phase α-
Fe (ferrite), were present in all the microstructures. In
specimens no. 1 and 4, the formation of TiB2 phases
was determined as 26.7 and 47.3 vol.%, respectively,
and the rest of the composition were determined as
ferrite phase. In specimens no. 2 and 3, Fe2B phases
were also available besides these phases. In specimens
no. 2 and 3, the formation of TiB2 phases was deter-
mined as 34.3 and 35 vol.%, and Fe2B phases were
determined as 7.9 and 15.9 vol.%, respectively, and
the rest of the composition was determined as ferrite
phase. Based on these results, the volume fraction of
TiB2 phases increased in all microstructures and vol-
ume fraction of Fe2B phases dominated in specimens
no. 2 and 3 with increasing rates. On the other hand,
the volume fraction of the ferrite decreased in all mi-
crostructures except specimen no. 3. With the forma-
tion of Fe2B phase in the specimens no. 2 and 3, the
volume fraction of ferrite decreased, while volume frac-
tion of TiB2 increased. Compared to specimens no. 3
and 4 in terms of volume fraction of ferrite phases,
specimen no. 4 had a greater fraction of ferrite phases
than specimen no. 3. It may be assumed that volume
fraction of TiB2 and ferrite matrix phases in hardfac-
ings were affected by increasing the volume fraction of
Fe2B phases.
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Fig. 8. The volume fraction of the matrix and reinforcement phases in hardfacings: (a) specimen no. 1, (b) specimen no. 2,
(c) specimen no. 3, and (d) specimen no. 4.

Ta b l e 6. Macrohardness results obtained by mean values

No. of specimen Hardness, HRC

1 45 ± 2
2 47 ± 2
3 51 ± 2
4 54 ± 2

3.2. Hardness measurements

Table 6 shows macrohardness results and Figs. 9–
10 show transversal and longitudinal microhardness
results, respectively. According to the macrohardness
results, the highest hardness result (54 HRC) was mea-
sured in specimen no. 4 and the lowest hardness re-
sult (45 HRC) was measured in specimen no. 1. These
changes in hardness results were associated with in-
creasing amount of ferrotitanium and ferroboron in
flux-cored wires, change of TiB2 morphology in mi-
crostructures and increase of volume fraction of rein-
forcement phases such as TiB2 and Fe2B in coated
specimens. Macrohardness results were investigated

Fig. 9. Microhardness results for transversal measure-
ments.

in detail; rectangular and hexagonal morphology of
TiB2 phases dominated in first two specimens with
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Fig. 10. Microhardness results for longitudinal measurements.

macrohardness results from 45 HRC to 47 HRC, rect-
angular, hexagonal, and rod-shaped morphology of
TiB2 phases dominated in third specimen with macro-
hardness result 51 HRC, and rod-shaped morphology
of TiB2 phases dominated in the last specimen with
macrohardness result 54 HRC. It may be assumed that
morphology effect on macrohardness is minor due to
the absence of the significant increase in hardness val-
ues with morphology change. Therefore, it can be said
that major effect on macrohardness has an increase of
volume fraction of reinforcement phases.
In transversal measurements, specimen no. 1 had

the lowest microhardness values (700–850 HV0.2),
specimens no. 2 and 3 exhibited higher microhard-
ness values (850–1100 HV0.2) than specimen no. 1, but
lower than specimen no. 4 (800–1400 HV0.2). First two
specimens showed homogeneous hardness distribution
because of the low amount of TiB2 phases in hard-
facing and homogeneous TiB2 distribution in ferrite
matrix due to the smaller size of TiB2 phases. Mi-
crostructures were examined in specimens no. 3 and
4, two specimens also showed homogeneous distribu-
tion, notwithstanding the bigger size of TiB2 phases
in hardfacing. However, specimens no. 3 and 4 showed
microhardness fluctuation, unlike the first two speci-
mens. It was considered that this microhardness fluc-
tuation was associated with the bigger size of TiB2
phases, and accordingly hardness trace between fer-
rite and TiB2 phases due to the microhardness indent
size. Namely, when the indentor hits a TiB2 particle
or a region in its proximity, the microhardness value
is high, and when the indentor hits a ferrite region
between two TiB2 particles, the microhardness value
is low.
In longitudinal microhardness results, specimens

no. 1 and 2 had a microhardness values between 400–
900 HV0.2 and specimens no. 3 and 4 had a microhard-
ness values between 400–1400 HV0.2. Compared with
transversal microhardness measurements, longitudi-
nal microhardness values were similar to each other
except for those taken from the hardfacing bound-
ary and measured as 400 HV0.2. In the same way,
specimens no. 1 and 2 showed more homogeneous mi-
crohardness values compared to specimens no. 3 and
4 as well as transversal measurements. Microhard-
ness results taken from hardfacing boundary decreased
from 800 to 400 HV0.2 due to the decreasing amount
of reinforcement phases. Likewise, it was determined
that longitudinal microhardness values partially de-
creased approaching the hardfacing boundary. Lastly,
macrohardness results measured by using Rockwell-C
(HRC) scale and microhardness results measured by
using Vickers HV0.2 scale were compared with current
studies in literature; these results were in good agree-
ment [3, 19–22, 24, 26–28].

3.3. Abrasive wear assessment

Figure 11 shows abrasion wear loss results. As
shown in Fig. 11, specimen no. 4 had the lowest wear
loss and specimen no. 1 had the highest wear loss for
all loads. This condition was substantially associated
with structure morphology of TiB2 and increasing the
volume fraction of reinforcement phase such as TiB2
and Fe2B in hardfacings [7, 9, 14, 23, 26, 27, 29]. In ad-
dition to these results, wear losses increased with the
increase in applied loads. Increasing of the wear losses
due to the increasing applied loads was an expected
result because of the increased plastic deformation be-
tween abrasive paper and hardfacing surface [30].
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Fig. 11. Abrasive wear test results.

Figure 12 shows SEM images of abrasive wear sur-
face under 20 N load. Wear behavior mechanism was

micro-ploughing and micro-cutting in general. In ad-
dition to these results, specimen no. 1 had deep, large,
and continuous abrasive wear scratches. When pro-
ceeding from specimen no. 1 to specimen no. 4, wear
scratches were changed to shallow, narrow and discon-
tinuous scratches. According to these conditions, abra-
sive particles were not enabled to insert and scratch
sufficiently due to the increasing volume fraction of
TiB2 and consequently increasing of hardness. It is
well known that hardness results and abrasive wear re-
sistance are directly proportional to each other. With
the increase in hardness, wear resistance increases or
wear loss decreases as in this study.

4. Conclusions

The surface of SAE 1020 steel was coated by using
tungsten inert gas welding with flux cored wires con-
taining ferrotitanium and ferroboron. The following
results were obtained:
1. Targeted TiB2 phases were formed in all hard-

facings; Fe2B, TiC, and ferrite phases were determined
as well.
2. With the increasing proportion of titanium

Fig. 12. Scanning electron microscopy (SEM) images of abraded surfaces (load 20 N): (a) specimen no. 1, (b) specimen
no. 2, (c) specimen no. 3, and (d) specimen no. 4.
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and boron in flux-cored wires, the morphology of
TiB2 changed from rectangular and hexagonal to rod-
shaped whisker. Rod-shape whisker morphology of
TiB2 dominated with 17.2 wt.% titanium and 7.5
wt.% boron in specimen no. 4, the rectangular and
hexagonal morphology of TiB2 dominated with 6.2
wt.% titanium and 3.1 wt.% boron in specimen no. 1.
3. Due to the increasing proportion of ferrotita-

nium and ferroboron in the flux-cored wire, macro-
hardness of the hardfacings increased from 45 to 54
HRC proportionally to the increasing amount of TiB2
phase from 26.7 to 47.3 vol.% in hardfacings.
4. While wear losses decreased with the increase in

titanium and boron in the flux-cored wire, wear losses
increased with the increase in applied loads.
5. According to the hardness and abrasive wear test

results, the lowest wear loss, and the highest macro-
and microhardness results were obtained in hardfacing
no. 4 which contained 47.3 vol.% TiB2 phase.
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