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Abstract:In this study, the microstructure, hardness, and dry sliding wear behavior of the hardfaced layers made by a
cored wire Fe-B-C-Ti alloy were investigated. St37 steel was used as the substrate and the deposition of the hardfaced
layers was conducted by the flux cored arc welding (FCAW) process under single-, two-, and three-pass conditions.
Dry sliding wear tests were performed by a pin-on-disk apparatus, based on ASTM-G99, at room temperature (25°C) at
the normal applied loads of 50, 100, and 150 N with a constant speed of 0.08 m/s for a sliding distance of 1000 m. The
microstructural and phase analyses were carried out by field emission scanning electron microscopy (FE-SEM) and
X-ray diffraction (XRD), respectively. The results showed that the hardfaced layer produced by the single-pass process
contains TiC rectangular phase distributed within a matrix containing ferrite and the eutectic of (a-Fe,B). But, the
hardfaced layers produced by the two- and three-pass process contain TiB, hexagonal phase in addition to TiC, which
prevents the formation of detrimental FeB phase around Fe,B and reduces the number of micro-cracks. Moreover, the
sample hardfaced by the three-pass process had the best wear resistance due to the greater hardness resulted from the
higher amounts of TiC and TiB, phases. In addition, increasing the number of passes has led to the reduction of wear
rate at all the three applied loads. At the applied load of 100 N, the wear mechanism for the all three hardfaced samples
was an oxidation wear. However, at the applied load of 150 N, the wear mechanism was a combination of oxidation

and delamination.
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1. INTRODUCTION

Wear is one of the most important causes for
the destruction and failure of the engineering
components in the related industries leading
to the considerable economic losses [1-3].
Producing a wear-resistant layer on the surface
of the engineering components is one of the
ways to control wear [4-8]. The deposition of
hardfaced layer with the aim of achieving the
desired thickness and metallurgical bond between
the layer and the substrate can be performed
by different methods of surface modification,
such as arc welding [9, 10], laser, plasma spray
[12] and thermal spray [13]. Under impact and
abrasive wear condition, the layers deposited
by arc welding are preferred because it is a
cost-effective method and produces relatively
thicker and more resistant layers [14-17]. Flux
cored arc welding (FCAW), among other arc
welding methods, is an economical process due

to applying a high deposition rate and good
efficiency. And, because of its automation ability,
it can be used for coating different materials in
mass scales [18]. The alloys used for depositing
hardfaced layers on carbon and low-alloy steels
are divided into two groups: ferrous alloys and
non-ferrous alloys. Nowadays, ferrous alloys
have attracted more attention from researchers
and craftsmen because of their reasonable price
and a higher wear resistance compared to non-
ferrous alloys [19]. Crushers and excavators work
under severe wear conditions and are required to
be repaired in a very short time. This is why the
hardfacing of their components is carried out by
high amounts of ferrous-based hardfacing alloys
which has the least time and cost [17-19]. Fe-B-C
alloy is a new wear-resistant hardfacing alloy
which has drawn great attention in recent years
[20, 21]. The boron solubility in iron is very low
(its maximum solubility in y-iron and o-iron is
0.02wt% and 0.0081, respectively). Therefore,
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its excessive amount forms a continuous network
of eutectic borides (FeB and Fe B) increasing
the hardness and wear resistance [22, 23]. Since
the specific volume and the thermal expansion
coefficient of FeB and Fe,B differ significantly,
cracks are nucleated at their interface [24, 25].
Due to the presence of the weak B-B bond in
the preferred direction of [002] in Fe B lattice,
Fe,B is considered a hard phase with intrinsic
brittleness. However, regarding the fact that the
boron-rich FeB phase is more brittle than Fe B, in
industrial applications, there is a more tendency
towards the formation of Fe,B as a strengthening
phase [26, 27]. On the other hand, the high
brittleness of the columnar Fe B phase along grain
boundaries leads to the surface delamination and
fracture during sliding abrasive wear which in
turn reduces the wear resistance [28]. Therefore,
in the recent years, improving the toughness of
the microstructure obtained by hardfacing using
Fe-B-C through controlling the Fe B brittleness
by adding alloying elements, have been the
focus of researchers [28-30].Dawei Yi et el. [29,
31] have reported that adding cerium (Ce) and
aluminum (Al) to Fe-B alloy modifies the borides
and austenite structures during solidification
and increases the wear resistance. Huang et el.
[32] have improved the hardness and fracture
toughness of Fe B by adding tungsten (W). A
large number of studies have been conducted
on the addition of chromium (Cr) to Fe-B-C
alloy. The results showed that the morphology of
borides is changed and their fracture toughness is
improved. Jian et el. [26] have indicated that the
addition of Cr and manganese (Mn) improves the
fracture toughness of M B in Fe-B alloy which
has a positive effect on increasing the abrasive
wear resistance.

In the present study, titanium was chosen as
the additive to Fe-B-C alloy due to its mechanical
strength, making it a suitable strengthening
element in hardfacing alloys. Moreover, the
boride produced by Ti is stronger than that
produced by iron [33]. Thus, before a-iron and
Fe B are solidified, the stable and high-melting-
point TiB, is formed [34]. Ti is also a strong
carbidizing element leading to the formation of
hard TiC in the presence of carbon, reducing the
carbon concentration in the matrix of hardfacing
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alloy [35]. In this study, the hardfaced layers
were produced by self-shielded FCAW using a
cored wire Fe-B-C-Ti alloy under single-, two-
, and three-pass conditions. The effect of Ti and
B content on the microstructure, hardness and
sliding wear behavior of the hardfaced layers was
investigated.

2. EXPERIMENTAL PROCEDURE

Three St 37 plain carbon steel plates with
dimensions of 200 x 200 x 10 mm® were
chosen as the substrate. Prior to hardfacing,
top surfaces of the St37 steel plates were
cleaned with acetone to remove all surface
contaminations, and then preheated to 150°C.
Hardfacing was performed by self-shielded
Flux-cored arc welding according to the
parameters present in Table 1. It should be
noted that welding parameters were determined
under standards of ASME Section IX, parts
of Qw400 & Qw216. Also, the mentioned
welding process was performed as given in
Table 1 on 3 series of samples according to
Table 2. Classifying of samples was occurred
on basis of cored wires and pass numbers;
the three samples were welded by Fe-B-C-Ti
cored wire during three stage process of single
pass, two-pass and three-pass. Subsequently,
after the prepared hardfacing coatings was air-
cooled to ambient temperature, the plates were
cut out to organize different test specimens.
Welded samples were labeled according to the
pass numbers, respectively given in Table 2.
Fig. 1 illustrates the schematic of deposited
layers on the substrate in the welding different
passes along with the samples prepared for
microstructural, hardness and wear studies.
Chemical analysis of the base metal and
hardfacing layers was obtained by spark
emission quantometery measurement using
an Oxford Instrument machine. Moreover,
according to ASTM D4951-14, boron amount
was measured by Induction Coupled Plasma
- atomic emission spectrometry test (ICP —
AES). The plates were cut to prepare different
disk-shape specimens for wear tests, and cubic
specimens for microstructural and hardness
investigations. The cross sections of cubic
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Tablel. Welding parameters used in hardfacing process

. Welding velocity Heat input
Process Cored powder Polarity (mm/min) (kJ/mm)
n o
FCAW-Self Shield Ferroboron * Ferrotitanium DCEP 300-330 1.62-1.92
+ iron powder
Feeding velocity Cored wire diameter Arc length Voltage Current
(m/min) (mm) (mm) ) A)
5-7 32 4-5 28-30 330-350

Table2. Labeled samples based on welding wire and pass number

Pass number Cored wire Label of sample
single pass Fe-B-C-Ti Fe-B-C-Ti-1
two-pass Fe-B-C-Ti Fe-B-C-Ti-2
three pass Fe-B-C-Ti Fe-B-C-Ti-3
(a) (b )
Three hardfacing layer
Hardfacing layer
St 37 steel
Two hardfacing layer St 37 steel
| I
St 37 steel
(c)

Single hardfacing layer

St 37 steel

Fig. 1. Schematic illustration of (a) deposited hardfacing layers in different conditions of the welding passes,
(b) sample prepared for microstructural and hardness evaluations, and (c) disk specimen prepared for wear test.

specimens were mechanically finished with
2500 mesh SiC papers and finally polished
with a cloth using by 1 micron diamond paste.
To identify the microstructure constituents in
weldment, the cross-section of the hardfacing
samples was placed in etching’s reagent of
an aqueous solution of 10 mL HNO3 +10mL
HCI +10 mL Acetic acid.

Microstructural examinations was studied by
a TESCAN MIRA 3 Field Emission — scanning
electron microscope (FE-SEM) equipped with
an energy dispersive X-ray spectrometer (EDS).
For the best contrast between the different hard
phases, the secondary as well as the backscattered
electrons were detected. A computer-assisted
Buhler Omnimet image analysis system was

used to measure the morphological parameters
of phases including the length and the volume
fraction of particles. X-ray diffraction (XRD) of
hardfacing coatings were carried out on grinded
top surface of hardfaced layers using Philips X
Pert-MPD system with Cu K radiation and 40
kV and 30 mA operating conditions and scanning
angles between 20° and 90°. Moreover, a
BUEHLER hardness tester equipped with Vickers
pyramid indenter was utilized for microhardness
measurements along the length of cross-section
of the specimens. A 100 g load was applied on
the indenter for 10 s. It should be noted that each
of samples was measured at least three times to
increase accurate of macrohardness test results;
average amount of these results were considered
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as criterion of surface hardness. Dry sliding wear
experiments were performed using a pin on- disk
machine against the counterface of a ground
(R,=0.5 pum) tungsten carbide (WC) pin (diameter
Smm and 15mm length). The WC pin was prepared
in the flat contact region by polishing up to 0.5 um
(Ra) and cleaning with acetone to remove dust and
grease from the surface. In the disk samples (30mm
diameter and 10 mm thickness) the hardfaced
surface zone was prepared as the contact region
of disks. The tests were done in air atmosphere at
arelative humidity of 40+£2% at room temperature
(25 °C). Dry sliding were conducted at the applied
normal loads of 50, 100 and 150 N, at a constant
sliding speed of 0.08 ms™' for a sliding distance
of 1000 m. Each test was repeated three times
with identical new samples on fresh pin surface
and the weight loss determined as a function of
distance was used for the analysis of the wear
rate. The coefficients of friction for all samples
were continuously recorded. Microstructures of
worn surfaces and debris collected from the worn
disks were investigated using a TESCAN VEGA2
scanning electron microscope (SEM) equipped
with the EDS system.

3. RESULTS AND DISCUSSION
3. 1. Chemical Composition

The chemical composition of the base metal
and the hardfaced layers deposited by different
number of passes is given in Table 3.

As can be seen, the chemical composition of
the layers varies with respect to the level of base
metal dilution during hardfacing process. The
amount of B and Ti plays an important role in
the hardness and wear resistant of the hardfaced
layers. As the number of passes increases, the
chemical composition of each layer changes.
According to Fe-B phase diagram, given in Fig.
2, with increasing the number of passes, the boron

content in the weld zone increases and lies within
the hypereutectic range. The amount of titanium in
the weld zone also increases which is due to the
higher volume of welding cored wire present in the
weld pool. Accordingly, compared to the samples
hardfaced by the two- and three-pass process, the
sample hardfaced by the single-pass process (coded
as Fe-B-C-Ti-1) contains the least amount of B and
Ti due to high dilution. It can be found that with
increasing the number of passes, the amount of B
and Ti has increased by an average of 0.6.
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Fig. 2. Fe—B phase diagram [20]

3. 2. Microstructure Evaluation

Fig. 3 shows the FE-SEM micrograph of
microstructures in SE and BSE contrast. As it is
evident, the single-pass deposition has led to the
formation of skeletal (columnar) ferritic dendrites
and a-Fe,B eutectic dendrites according to the Fe-B
phase diagram in Fig. 2 and Fe-C phase diagram.
The presence of layered ferritic dendrites can be
explained according to the diagram shown in Fig.
2. During the solidification process, based on the
amount of boron in the alloy, the solidification line

Table.3. Chemical composition of the substrate and hardfacing layers (in Wt. %).

Sample C Si Mn B Ti Fe
Base metal 0.15 0.15 0.18 - - Bal.
Fe-B-C-Ti-1 0.16 0.17 0.21 3.1 1 Bal.
Fe-B-C-Ti-2 0.18 0.19 0.25 3.8 1.6 Bal.
Fe-B-C-Ti-3 0.24 0.23 0.25 4.3 2.4 Bal.
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first passes through alpha (o) region and leads to the
formation of pre-eutectic ferrite. As the solidification
process continues and reaches the eutectic line, the
melt composition changes to a-Fe B eutectic and
the successive layers of o and Fe,B emerge in the
microstructure. Since the cored wire contained
Ti and B, backscatter (BSE) imaging mode was
used which revealed two polygonal phases with
bright and dark color, shown in Fig. 3. Fig. 3(b,
d, and f) is the FE-SEM image of these phases at
higher magnification. The EDS analysis of the
dark particle (1) and the bright particle (2), given
in Table 4, confirms the presence of a titanium-
and boron-bearing phase. According to the XRD
results, shown in Fig. 4, it can be concluded that
the rectangular phase and bright irregular polygonal
phase are, respectively, TiB,, and Fe,B in Fig. 3a.
The EDS and XRD analyses, shown in Fig. 3 and
Fig. 4, confirm the presence of o and Fe B. Fig. 3(c,
d) shows the FE-SEM image taken from the surface

of Fe-B-C-Ti-2. As seen, compared to the single-
pass process, the two-pass deposition has led to the
formation of a relatively different microstructure,
consisting of primary Fe B phase, ferritic dendrites,
and a-Fe B eutectic according to the Fe-B phase
diagram in Fig. 2 and Fe-C phase diagram. Fig. 3¢
and Fig. 3d show the images taken in secondary
electron (SE) and BSE imaging mode, respectively.
Three phases with different shapes are observed,
namely bright columnar, dark rectangular, and dark
hexagonal. The EDS analyses of the dark particles
(3, 5), shown in Table 4, indicate the presence of
a titanium-bearing phase. The EDS analysis of
the bright particle (4), shown in Tabel 4, indicates
the presence of a boron-bearing phase. According
to the XRD results, shown in Fig. 4, it can be
concluded that the dark rectangular phase, the dark
hexagonal phase, and the long wide columnar phase
are, respectively, TiC, TiB,, and Fe,B in Fig. 3 ¢,d.
The comparison of the images taken from single-

Fe-B-C-Ti-1

Fe-B-C-Ti-2

Fe-B-C-Ti-3

Fig. 3. FE-SEM micrograph of microstructures in SE and BSE contrast.
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Table 4. EDS results of different phases in the microstructures of samples shown in Fig.3 (in wt. %).

Phase no. 1 2 3 4 5 6 7 8
Element
B 14.67 23.50 24.28 25.54 14.15 40.68 30.88 14.62
C 38.27 33.01 17.61 15.14 32.21 10.87 6.24 31.16
Ti 39.59 0.34 39.88 0.21 38.19 39.86 0.26 31.39
Fe 7.47 43.15 15.49 59.11 15.45 3.57 62.51 22.83
. Wa-Fe
®:Fe,B
X B,
- O: TiC
. Fe,(C,B),

Intensity/ a.u.

w0 30 40 50

2 Theta (degree)

Fig. 4. XRD patterns of the different hardfacing samples.

and two-pass process shows that the latter contains
less layered ferritic dendrites than the former and
the ferrites have converted to the vermicular shape
[36]. However, in the two-pass process, as the boron
content is higher, the amount of a-Fe,B is higher.
The volume fraction (%) and average maximum
size (um) of Ti-rich phases shown in Tabel 5,
indicate the size of TiC rectangular particles in Fe-
B-C-Ti-1 is 1x0.7 um. The size of these particles
in Fe-B-C-Ti-2 is larger and the largest particle is
1.47x1.17 pm. The volume percent of the titanium-
bearing phases (TiC) in Fe-B-C-Ti-1 is 17.61 which
has increased to 24.46 in Fe-B-C-Ti-2 (TiC+TiB,).
Moreover, by comparing Figs. 3b and 3d, it can
be concluded that Fe B phase has become larger,
longer and wider, and the detrimental FeB phase
and cracks are not observed around Fe B and the
preferred growth location is around the long Fe,B
phase which can explain why no detrimental FeB
phase has formed around Fe,B.

Fig. 3(e, f) shows the FE-SEM image taken
from the surface of Fe-B-C-Ti-3. As seen,
compared to the other two processes, the third-pass

deposition has led to the formation of a relatively
different microstructure containing primary Fe B
phase in between the vermicular ferritic dendrites
and o-Fe,,(C, B) , eutectic. The Fe,B morphology
has changed from the irregular polygon in the
second pass to the long rectangle in the third pass
in Fig. 3e. The EDS and XRD analyses, shown
in Table 4 and Fig. 4, confirm the presence of o
and Fe B. The comparison of the images taken
from the two- and three-pass process shows that
the latter contains less layered ferritic dendrites
than the former and the ferrites have converted to
the vermicular shape. However, in the three-pass
process, as the boron content is higher, the amount
of a-Fe (C,B), is higher. Moreover, due to the
non-equilibrium solidification and the presence
of high boron content, at first, the primary Fe B
is formed. As the solidification continues, a-Fe B
eutectic is formed along with the primary Fe B.
The size of TiC rectangular particles in Fe-
B-C-Ti-3 is larger and the largest particle is
1.62x3.38 pm in Table 5. The volume percent of
the titanium-bearing phases (TiC+TiB,) in Fe-B-
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C-Ti-3 is 29.58. Moreover, the Fe B phase has
become longer, and narrower. According to Fig.
3 and XRD analysis in Fig. 4, no detrimental FeB
phase and cracks have formed around Fe,B.

3. 3. Microhardness Measurement and Wear Behavior

Fig. 5, shows the average microhardness
measurements of the hardfaced samples. As seen,
the hardness values of the hardfaced samples varies
from 1054 Vickers for the single-pass process to
1245 Vickers for the three-pass process. The higher
hardness of Fe-B-C-Ti-3 is related to the higher
levels of B and Ti, which has increased the amount
of primary Fe,B, TiC, and TiB, in the microstructure.
The hardness value of Fe-B-C-Ti-2 has decreased
to 1136 Vickers because of the lower amount of
Fe B, TiC, and TiB,. The average hardness value
for Fe-B-C-Ti-1 is 1054 Vickers which is the
least value. This sample contains less boron and
titanium and has a hypoeutectic microstructure.
TiB, is absent in this sample. Because the Gibbs
free energy of formation of TiC is lower than that
of TiB, and the carbon permeability is greater than
boron, carbon easily reacts with Ti and TiC forms
sooner [37]. On the other hand, the amount of Ti
in Fe-B-C-Ti-1 is low, thereby carbon consumes
all the Ti and no TiB, is formed. Fig. 6 shows the
weight loss variations of the hardfaced samples
against the sliding distance at the applied loads of
50, 100, and 150 N. As seen, for all the samples, as
the sliding distance increases, the amount of wear
increases. Moreover, with increasing the applied
load from 50 to 150 N, the weight loss of all the
three samples has increased. As seen in Figs. 6a
and c, at 150 N, there exists a sudden increase in
the weight loss between 500 m and 1000 m. This
sudden increase for Fe-B-C-Ti-2 in Fig. 6b, under
the same load, is between 750 m and 1000 m. Fig.
7 shows the mean friction coefficient variation for
Fe-B-C-Ti-1, Fe-B-C-Ti-2, and Fe-B-C-Ti-3 at 50,
100, and 150 N. As seen, at all loads, Fe-B-C-Ti-3
and Fe-B-C-Ti-1 have the lowest and the highest
friction coefficient, respectively. Moreover, for a
given sample, the friction coefficient increases with
increasing the load. The column graph, given in
Fig. 8, show the simultaneous effect of the load and
the numbers of passes on the wear rate of Fe-B-C-
Ti-1, Fe-B-C-Ti-2, and Fe-B-C-Ti-3 at 100 and 150

N. As seen from Fig. 8 for all the three samples,
the wear rate increases with increasing the load. In
addition, increasing the number of passes has led
to the reduction of wear rate at all the three applied
loads. Moreover, for a given sample, increasing the
applied load has increased the wear rate, and for a
given applied load, with increasing the number of
passes, the wear rate decreases. Fig. 9, shows the
effect of Ti content on Lancaster wear coefficient
at the applied loads of 50, 100, and 150 N. Since
the amount of Ti in each layer has been calculated
in Table 3, the effect of Ti content on the specific
wear rate, also known as Lancaster wear coefficient
[38], can be observed. As seen from Fig. 9, at a
given applied load, with increasing the amount of
Ti from 1 wt% in Fe-B-C-Ti-1 to 2.4 wt% in Fe-B-
C-Ti-3, the specific wear rate decreases. Moreover,
for a given amount of Ti, the specific wear rate
increases with increasing the load. Fig. 10 shows
the SEM image taken from the surfaces worn at the
applied loads of 100 and 150 N. Some pitting is
evident on the worn surfaces of Fe-B-C-Ti-1, Fe-
B-C-Ti-2, and Fe-B-C-Ti-3, given in Fig. 10. The
adhesive layer on the surface has oxidic nature,
confirmed by the EDS analysis of points 1 and 2,
shown in Table 6. As can be seen, some layers are
about to detach. These layers are crushed due to the
continuous contacts between the sliding surfaces
and led to the formation of oxide agglomerated
particles, finally forming a dense layer between
the sliding surfaces. There exists evidence showing
the presence and formation of tribological layer.
Therefore, the higher the surface hardness of Fe-B-
C-Ti-3 is, the longer the oxide layer is supported by
the substrate in Fig.10, leading to the less friction
coefficient, Fig.7 and less specific wear rate, Fig. 9.
Fig. 11 shows the SEM image taken from the wear
debris of the samples worn at 100 and 150 N. Two
completely different constituents can be seen: (1)
fine and coarse agglomerated particles, which their
oxidic nature has been confirmed by EDS analysis
of points 3 and 4, shown in Table 6, and (2) the
tribological layer detached from the surface which
is laminar and has been formed by the mixture
and compression of the wear debris entrapped
between the sliding surfaces, and is composed of
iron, oxygen, and titanium according to Table 6.
Comparing Figs. 11a, ¢, and e with Figs. 11b, d and
f shows that, with increasing the applied load, the
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size of the debris relatively enlarges._The results
show that the wear mechanism of the samples
worn at lower loads (100 N) is the oxidation wear
through the formation and removal of oxidic
tribological layer which is consistent with Figs. 7,
10 and 11. This wear mechanism can be explained
as follows: at the beginning of sliding, wear debris
are produced between the pin and the disk due
to surface asperities. These debris are entrapped
between the sliding surfaces, and converted to
finer particles by crushing and plastic deformation
due to their free movement between the sliding
surfaces. Then, they are oxidized because of the
high temperature induced by frictional heating.
After that, the oxidized particles existing in some
locations, such as grooves, are agglomerated and
formed as a dense oxide layer which is responsible
for the reduction of friction coefficient between the
sliding surfaces, Fig.7 [39]. The process continues
with a competitive mechanism [40]. Oxide layer
becomes increasingly thicker and the wear rate
decreases. When the thickness of the oxide layer
reaches a critical value, it is detached by the fatigue
mechanism, occurring after a certain number of
contact cycles. Consequently, it becomes a part of
wear products, Fig.11.
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The presence of oxygen, titanium, and iron
shows that, in addition to oxidation wear, the
fine wear debris produced during sliding have
been mechanically mixed and then merged with
tribological layer. Comparing the images taken
from wear debris and tribological layer shows
that the laminar particles present in the wear
debris have been mainly detached from the
tribological layer by the continuous formation
and removal of the layer. As the sliding distance
increases and the tribological layer becomes
thicker, the contact stresses between the sliding
surfaces prevent the further growth of the
tribological layer after which its destruction
rate exceeds its growth rate. Therefore, the
tribological layer is crushed and becomes a part
of wear products. When the tribological layer

is crushed, its re-formation process begins and
the continuous formation and destruction of this
layer controls the wear rate. The low wear rate
of the samples worn at lower loads, Fig. 8, can
be attributed to the competition between the
destruction and formation rate of this layer. As
seen from Fig. 10, the wear rate is controlled by
the destruction and formation rate of this layer.
In addition to wear rate reduction, tribological
layer hinders the transition to a more severe wear
regime and decreases the friction coefficient
[38]. After the friction coefficient reduction
due to the formation of tribological layer, with
the further increase of sliding distance and the
destruction of tribological layer, the pin and the
disk meet each other and the friction coefficient
increases again. Fig. 12 shows the subsurface
micrographs of hardfaced samples at the applied
load of 150N. Under 150 N, in addition to the
presence of tribological layer Fig.10 e, and f,
the nucleation and propagation of surface and
subsurface cracks occurs Fig. 12. Therefore,
it can be concluded that the wear at high load
causes severe subsurface deformation due to
the high applied stresses [41, 42]. This can lead
to the formation of cavities in the subsurface
region, providing suitable spots for the crack
growth and propagation. After being nucleated
and grown, the subsurface cracks are merged
together by passing through weak regions (such
as the interface of phases) and/or the regions
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Fig. 9. Lancaster wear coefficient as a function of applied load for titanium contents in different samples.
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Fig. 11. SEM micrographs of worn debris for different samples at applied loads.

Table.6. EDS results of the marked regions in Fig.10 and Fig.11 (in wt. %).

Phase no.
1 3 4
Element
C 8.99 14.64 8.92 4.18
O 41.87 26.19 51.27 3.17
Ti 1.33 1.05 1.34 1.84
Fe 47.8 58.13 38.46 90.81

Fig. 12. Longitudinal cross-section of the worn surface of hardfaced samples at the applied load of 150 N,
a) Fe-B-C-Ti-1, b) Fe-B-C-Ti-2, c) Fe-B-C-Ti-3

experiencing a severe stress. Then, due to the
external stress applied during the wear test, they
are detached, leaving the wear zone in the form
of laminar particles [43]. These fragmented
metallic particles could be mechanically mixed
with the oxides in the contact zone and form
a tribolayer (MML) [44] Fig. 12. It should be
noted that, according to the images taken from
the subsurface Fig. 12 and wear debris Fig.
11, delamination is not the only mechanism
present at higher loads (150 N). This can be
due to the presence of oxide layers and particles
at high loads. In fact, some particles detached
by the delamination mechanism are entrapped

between the contact surfaces and become.
These entrapped particles become finer as a
result of crushing and plastic deformation, and
are oxidized because of the high temperature
produced by frictional heat. As the wear process
continues and the number of oxide particles
increases, a thin layer is formed on the surface,
reducing the friction between contact surfaces
as well as the stress applied on the subsurface
region, which in turn, hindering the detachment
of particles through delamination. However,
after a while, due to the stresses applied during
the wear process, this oxide layer is removed
from the surface in the form of dense particles.
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Subsequently, the stresses applied on the
subsurface regions increase, facilitating the
detachment of particles through delamination.
Therefore, the wear mechanism at high loads is
the combination of delamination and oxidation.
However, the delamination is the main and
dominant mechanism. The delamination of
surface layers does not mean the oxidation wear
is fully absent. In fact, during the wear process,
both layer delamination and oxide debris are
present, and the formation and destruction
of the oxide layer is an ongoing process. But,
the destruction rate of the oxide layer and its
critical thickness are the differences between
delamination and mild wear mechanism.

4. CONCLUSIONS

The aim of'this work was to study of microstructure,
hardness, and dry sliding wear of hardfaced layers
produced by FCAW using cored wire Fe-B-C-Ti
alloy.

The results can be summarized as follows;

1. With increasing Ti content from 1wt% in
sample Fe-B-C-Ti-1 to 2.4wt.% in sample
Fe-B-C-Ti-3, the microstructure changed
from TiC + layered eutectic a-Fe,B to
primary Fe,B + TiC + TiB, + vermicular
eutectic  o-Fe,,(B,C),

2. With increasing boron content, no
detrimental FeB phase and cracks formed
around FeB.

3. Atapplied loads, Fe-B-C-Ti-3 and Fe-B-C-
Ti-1 have the lowest and highest wear rate,
respectively. The higher wear resistance of
Fe-B-C-Ti-3 is related to the higher levels
of B and Ti, which has increased hardness.

4.  Wear mechanism of the samples worn at
lower loads (50, and 100 N) is the oxidation
wear through the formation and removal of
oxidic tribological layer.

5. The dominant mechanism under 150 N is
delamination along with oxidation.
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