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Abstract: Hardfacing is commonly used in parts recovery and in obtaining surfaces with improved
properties. Within this field, it is important to analyze the effect of alloying elements on the properties
of the deposited layers. One of the critical parameters affecting alloying performances in SMAW
is improper arc length. This article examines the effect of the addition of niobium in different
quantities (0, 2, 4, 6, and 8% by weight) to the electrode coating in Fe-Cr-C shielded metal arc
welding (SMAW), with short and long arc lengths, on the operational process efficiency, dilution, arc
energy, microstructure, and microhardness of the deposited layers. A decrease in operational process
efficiency and dilution was found with increases in niobium content. On the other hand, it was found
that adding niobium leads to a refinement in chromium carbide sizes, directly affecting the hardness
of the obtained deposits. There is a direct relationship between the arc energy, with both short and
long arc lengths, leading to a tendency to decrease the dilution in the obtained hardfacing.

Keywords: hardfacing; niobium; dilution; deposition efficiency; SMAW

1. Introduction

Hardfacing by welding is widely applied for maintenance and repair in various
industrial sectors, such as mining and sugar cane production, or simply in handling heavy
machinery (agriculture, roads, and industrial processes) [1]. This technique allows for the
geometric and structural recovery (mechanical properties) of large-sized parts, in addition
to being used to produce parts and components of equipment subjected to abrasive wear
processes [2,3]. Hardfacing applications aim to achieve an improvement in the physical and
mechanical properties of a substrate, whether it is an increase in hardness [4], mechanical
strength [5], surface roughness [6], toughness [7], etc.

Among the most common processes for welding hardfacing are shielded metal arc
welding (SMAW) [8] and gas metal arc welding (GMAW) [9]. These welding processes are
characterized by the low cost of their equipment. Despite a lower deposition capacity, the
advantage of SMAW over GMAW is the possibility of controlling the deposit’s chemical
composition in a more practical way. Using the SMAW process, the coating is prone to
providing sufficient elements to the deposited material [10].
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In the development of hardfacing, the addition of different alloying elements has
been extensively studied. Chaidemenopoulos et al. [11] investigated the effects of varying
alloying elements in three electrodes with chromium contents ranging from 2 to 31%,
demonstrating the formation of new structures that improve the wear-resistant properties
of the coatings. Meanwhile, Sairre et al. [12] studied the microstructures obtained from
specimens with variations in carbon (1.4 to 5.6%) and chromium (19 to 33%) content, vali-
dating the surface and microstructures proposed by Jackson [13]. Liu et al. [14] analyzed
the microstructure, growth morphology, and crystallographic characteristics of the primary
carbides (Fe,Cr)C3 in hypereutectic Fe-Cr-C and found that primary carbides have irreg-
ular polygonal shapes with large holes at the center and edges. Additionally, Hornung
et al. [15] studied the influence of cooling rate on the microstructure and wear behavior
of hypereutectic Fe-Cr-C hard coatings and found that if the cooling rate is too fast, it has
a greater influence on embrittlement and causes an increase in residual stresses, with a
smaller impact on the impact resistance.

In recent years, the application scope of niobium (Nb) has increased in the metallurgi-
cal field, especially in enhancing the properties of weld deposits [16], improving cutting tool
performance, and increasing anti-wear application [17,18] performance. Nb is important for
obtaining hard surfaces due to its advantages in grain refinement [19] and matrix reinforce-
ment. The potential for improving the anti-wear properties of these materials is related to
their affinity for carbon and higher melting temperature compared to chromium [20]. Addi-
tionally, Nb increases the hardness (2000 HV) [11] of surfaces compared to those generated
with chromium carbides (CrC) and iron carbides (Fe3C). The addition of dopant elements
to such coatings affects the heat input, composition, microstructure, and hardness [21,22].

Within metallic carbides containing transition elements, niobium carbides (NbC)
exhibit combinations of properties such as a high melting point (3500 °C), high hardness,
low solubility in austenite [23], and high thermal and electrical conductivity; NbC has been
reported as a grain growth inhibitor [24]. These properties generate interest in various
applications, such as cutting tools and hard surfacing applications [17]. In a hard surface
obtained from iron (Fe) with added carbon (C), chromium (Cr), and niobium (Nb), a
large quantity of M;Cs-type carbides are present in hyper-eutectoid, eutectoid, and hypo-
eutectoid compounds [21], with hyper-eutectoid compounds being preferred. Analyzing
the formation of different carbides with respect to their size and solidification temperature
is important because a coarse grain size can lead to cracks during service. It has been
found that surfaces with a Nb content around 3000 °C lead to the solidification of niobium
carbides, while the solidification of chromium carbides begins around 1450 °C [25], giving
niobium carbides the characteristics of nucleating chromium carbides [26].

The literature on hard surfaces also refers to the welding parameter behavior such as
in studies that determine the effect of the distance between the electrode and the workpiece,
crucial for achieving the two critical points (long arc and short arc) [20] and the impact
they may have on the microstructure, deposition efficiency, and heat of the deposited weld
beads [27]. The welding deposition with the longest distance between the electrode tip and
plate (too-long arc) is a condition beyond which the arc extinguishes. Using the shortest
distance (too-short arc) represents the condition beyond which the electrode creates a
permanent bond with the plate (electrode sticking). Arc energy, as a consequence of current
and arc lengths, is proportional to the amount of heat introduced into the weld. However,
studies covering the influences of Nb on hardfacing properties that take into account a
global relationship between the metallurgical and operational aspects are not common.

Therefore, the main objective of this work was to study the effect of Nb content in
SMAW electrodes on the operational characteristics (deposition efficiency of the process, arc
energy, and dilution) and metallurgical behavior (microstructural composition of deposits
and their hardness) in comparison to electrodes without niobium with short and long
arc lengths.
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2. Materials and Methods

In this study, weld beads were deposited at the same mean current and travel speed by
experimental SMAW electrodes on the surfaces of substrates (beads-on-plates) to compare
their characteristics (operational and metallurgical). Two experimental blocks were carried
out, one with a short arc and the other with long arcs. The Overlay 62° electrode, commer-
cially manufactured by Indura SA, was used as the reference electrode, with a nominal
deposited material chemical composition of 5% C, 3.22% Mn, 2.82% Si, and 35% Cr (by
weight). Then, experimental electrode coatings were manufactured based on the reference
electrode, with niobium added in approximate weights of 2%, 4%, 6%, and 8%. A roller
mill equipment reference, JLN, was used to mix the coating constituents. Subsequently, an
Oerlikon Model EP12 extrusion press was utilized with a working pressure of 200 £ 20 bar
to obtain electrodes with the previously ground and mixed coating. These electrodes were
then subjected to an electric furnace, Phoenix Model 520 NMP, and maintained at 350 °C
for 1 h. Table 1 presents the chemical composition of each of the coatings, determined using
a Bruker X-ray fluorescence instrument, S4 Pioneer reference. The coating, referred to as
Electrode 0%ND, is from the reference electrode.

Table 1. Chemical composition of the manufactured electrode coatings.

Chemical Composition of Electrode Coating (% by Weight)

Fe Cr C Nb Si Mn Ti Mo
Electrode 0%Nb 58.43 28.87 4.35 0 2.77 1.9 1.36 0.92
Electrode 2%Nb 61.22 26.38 3.84 1.83 243 1.64 1.20 0.92
Electrode 4%Nb 56.28 28.34 3.84 413 2.72 1.77 1.23 0.90
Electrode 6%Nb 57.73 26.80 3.84 5.65 2.72 1.53 0.98 0.84
Electrode 8%Nb 60.61 21.22 3.14 8.17 2.57 1.76 1.02 0.82

The bead-on-plate welds were deposited over test plates (test coupons) in a flat
position, forming a single layer at the center of the substrate. ASTM A36 low-carbon and
non-alloyed steel bars, measuring 127 x 50.8 x 12.7 mm, were used as the substrate. These
test coupons were cleaned with a wire brush to remove oxides and grease. The electrodes
used were 3.2 mm in diameter and 350 mm in length, and they were operated in a pushing
mode at a travel speed of 0.45 mm/s and angled at approximately 15°. One electrode was
used for each deposited bead. After the depositions, the remaining material was discarded.
To prevent interference from the welder, the welds were conducted using a simulator
(an automatic system capable of maintaining short and long arc lengths and reasonably
consistent preset travel speeds) [28]. The welding current in DCEP (direct current electrode
positive) was set at 120 A for each test. For that, an electronic power source set to work in
constant current mode was employed.

The test plates and electrodes were weighed before and after the welding to determine
the fusion and deposition rates, i.e., the mass loss from the electrodes and the weight gained
by each substrate were determined. Both the substrate and electrodes were weighed using
a Radwag Analytical Balance, AS reference, with a resolution of 0.001 g. Subsequently, sam-
ples were cut from each of the substrates. Cross-sectional samples were prepared from each
test plate for macrographic analysis. The microhardness, microstructure, and metallurgical
phases of these cross-sections were analyzed using scanning electron microscopy (SEM)
and X-ray diffraction (XRD). In this context, the metallurgical phases refer to the projections
obtained from the Fe-C-Cr ternary phase diagram that can be present with these alloying
element contents. Current and voltage data were recorded for each bead deposition, at a
rate of 10 kHz, with a resolution of 12 bits per 6 s. A specialized computational program
processed the data to characterize the metal transfer phenomenon (total and short-circuiting
frequencies with metal transfer, and total and short-circuiting average time).
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Arc energy and heat input are closely related and are two important aspects that
affect the quality and integrity of overlay welding. Arc energy refers to the thermal energy
generated by the electric arc between the electrode and the base material during the welding
process. This energy is essential for melting the electrode and the base material, creating a
strong bond. The arc temperature is extremely high and can reach thousands of degrees
Celsius, allowing material fusion. Heat input, on the other hand, refers to the total amount
of heat introduced into the workpiece during the welding process. This heat input comes
from both the electric arc and the filler material (electrode) being deposited at the joint.
However, the heat input is very difficult to estimate with precision, since it depends on
several factors (arc length, substrate dimensions, etc.). Arc energy, in turn, can be calculated
using Equation (1) [29], where instantaneous power is typically used.

_ R UG) < 1)

E
n v

(1)

where:

En: average arc energy;

U(i): instantaneous arc voltage;

I(i): instantaneous welding current;
V: welding travel speed.

The deposit efficiency was calculated using Equation (2) [28]. The plate and the
electrode (including the coating) were weighed before and after the welding bead was
deposited, removing the slag produced on the surface of the plate. The information was
tabulated to calculate the deposited mass on the plate and the lost mass in the electrode
based on the difference in mass. This provided the process efficiency, which was calculated
using Equation (2). It is important to mention that this method to calculate deposition
efficiency (%) for SMAW electrodes is usually referred to as the actual efficiency. As seen in
most commercial SMAW electrode datasheets, this measurement method accounts only
for the electrode’s metallic core (rod). Naturally, the traditional method used by SMAW
electrode manufacturers presents higher values (sometimes higher than 100% for the high
deposition efficiency electrodes) than the actual method, which have more commercial
appeal, but are less realistic.

14 = (Asdm/Aeml) x 100 (2)

where:

N4 = actual deposition efficiency;
Asdm = deposited mass on the substrate;
Aeml = electrode mass loss.

Cross-sections of the welded sheet were cut off to obtain samples, which were char-
acterized using XRD and SEM. For microstructural analysis, the samples were polished,
etched with aqua regia, and observed using an FE.I. Quanta 20 SEM microscope. XRD
analyses were conducted on a PANalytical Xpert Pro instrument using the following con-
ditions: 6-20 ranging from 10° to 120°, monochromatic Cu K« radiation (A = 1.5409 A),
45kV, 40 mA, and a step size of 0.02°. Five microhardness values were recorded from each
sample using a Leco M-400-G2 microdurometer, with an approach speed of 2000 nm/min,
a maximum load of 500 g, and a dwell time of 10 s. Mean values with standard deviations
were calculated for each sample.

Concerning dilution, this measurable quantity is defined as the ratio between the
cross-sectional area of the weld metal below the original surface (Ar) and the total area of
the weld measured in the cross-section of the weld metal (Ar + Ap) [30,31]. Equation (3)
was used to calculate the dilution percentage:

= k X
1Iution ;
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The areas Ap and A, for the dilution calculation were based on images like the one
observed in Figure 1, which were taken from the coatings deposited with one layer.

—

T
N

Base metal

Figure 1. Cross-section schematic from hardfacing deposit.

3. Results
3.1. Deposition Efficiency of the Electrodes

The deposition efficiency performance for the electrode while varying the Nb content
and arc length is presented in Figure 2. This figure shows that the coatings obtained with
niobium-free electrodes had the highest performance (ng around 60% in short-arc). A higher
content reduced the deposition efficiency (spattering and slags losses from 55% to 25%).
The trends are more evident for the short arcs, where the metal transfer is more regular. In
Figure 2, one can also observe the trend that, as expected, the deposition efficiency with
long arcs (LA) is smaller and connected to less regular transfer (i.e., more spattering), but
also that long arcs augment the droplet formation time at the electrode tip [24], favoring
more fume formation. Regardless, the trends are more evident for long arcs (LA). With
short arcs (SA), the only outlying result was observed at 4% Nb. This may be due to the
small sample size (only three electrodes) of each composition, considering the variance
(denoted by error bars in the chart).

I Deposition Efficiency SA
Deposition Efficiency LA

ke

Niobium content (%weigth)

Welding Deposition Efficiency %
s 8 &

-
o
1

o
]

Figure 2. Electrode deposition efficiency as a function of the niobium content, where LA stands for
long arc and SA for short arc.

The arc energy employed in all the bead depositions, obtained from Equation (1),
is presented in Figure 3 and Table 2. It must be noted that the set current and travel
speed were the same. However, the arc lengths were purposely changed, leading to higher
voltages in the long-arc experiments. This justifies using a higher arc energy when longer
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arc lengths (LA) are employed. Figure 3 shows no influence of Nb content on the arc energy
where the measuring uncertainties (indicated by the standard deviations and error bars)

are considered.
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[ Long Arc

Figure 3. Arc energy as a function of niobium content in the electrode with two different arc lengths.

Table 2. Average voltage, current, and welding velocity for calculation of the average and standard
deviations (SD) of arc energy.

Electrode Voltage (V)  Amperage (I) (nfnlzfrfl?n) A:;J];;i:§y SD
ONb AC 22.12 138.66 26.7 114.88 3.45
2Nb AC 20.14 139.88 27.42 102.74 2.65
4Nb AC 20.45 135.45 26.22 105.64 4.43
6Nb AC 17.25 138.99 25.08 95.60 243
8Nb AC 18.41 141.10 27.18 95.57 22
ONb AL 24.4 134.07 27.12 120.62 4.5
2Nb AL 22.14 137.37 27.6 110.19 3.87
4Nb AL 21.17 137.84 27.24 107.12 4.23
6Nb AL 21.13 141.91 26.52 113.07 4.34
8Nb AL 20.44 133.55 26.82 101.78 3.45

The relationship between the Nb content and dilution, calculated using Equation (3),
is presented in Figure 4. This figure shows a decrease in the dilution percentage based on
the niobium content, regardless of the arc length. This can be explained by the fact that
niobium is an alloying element that facilitates carbide formation in the deposited beads,
which could help restrict the fusion of the base metal during the welding process [17,19,30].
This means that the base metal mixes less with the filler metal, reducing dilution. As a
result, the hardfacing experiences fewer changes in its nominal chemical composition,
which could be beneficial for maintaining the desired properties in the weld [31,32].
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§ 35 Long Arc

ONb 2Nb 4Nb 6Nb 8Nb

Short Arc

ONb 2Nb 4Nb 6Nb 8Nb
Niobium content

Figure 4. Dilution in the bead-on-plate depositions as a function of the niobium content at 0, 2, 4, 6,
and 8% (%weight) with short and long arcs.

3.2. X-ray Diffraction

Figure 5 presents the result of the XRD analysis of the studied coatings. Here, the
formation of the main structures typical of deposits with this type of SMAW electrode (Fe-
Cr-C and Fe-Cr-C-Nb) is observed: niobium carbides (NbC), chromium carbides [33], and
iron carbides of M7C3 type in a matrix of ferrite, martensite, or austenite (Fe y) [24,34,35].
Liu et al. [26] believe that the precipitation of niobium carbides occurs at a higher tem-
perature than the formation of chromium carbides, 1350 °C, which is 50 °C above the
temperature at which the eutectic reaction initiates and the formation of chromium car-
bides. The eutectic reaction (liquid-Eutectic M7C3 carbide + eutectic austenite) occurs
at 1300 °C. The initial formation of niobium carbides implies that they are present in
chromium carbide as grain formers. They are crucial in refining the grain size present in
hard surfaces obtained with niobium additions. Only the diffractogram for the short arc is
shown, as no difference was observed in that obtained for the long arcs.

3.3. Scanning Electron Microscopy

Images were taken using scanning electron microscopy (SEM) with a magnification of
3000. Figure 6 shows SEM images of the cross-sections of coatings without Nb, deposited
with short and long arcs, where the formation of chromium carbides with their characteristic
hexagonal morphology is observed [14,36]. Images of cross-sections from hardfacing beads
with 0, 2, 4, 6, and 8% Nb are shown in Figures 6-10, respectively. With the increase in
Nb, the size of the chromium carbides tends to decrease under both short-arc and long-
arc conditions. Additionally, niobium carbides increase in size and quantity, which is
consistent with what has been reported by various authors regarding the characteristic
microstructure present in this type of coating [15,26,30,37—41]. Niobium carbides act as
chromium carbide formers because the latter requires lower temperatures for its formation,
resulting in increases in quantity and grain size as the niobium content in the electrode
used for coating deposition increases [18]. Because of the lower dilution, when the niobium
content is increased, the quantity of niobium carbides can be observed, mainly due to the
higher amount of this element available for forming carbides. In Figures 7-10, the white
areas (niobium carbides) can be observed to grow in number and size depending on the
amount of niobium incorporated into the electrode coating.
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Figure 5. XRD pattern for coatings obtained using a short arc for the 5 electrode configurations.

Figure 6. SEM images of the bead cross-section deposited with 0% niobium: (a) long arc; (b) short arc.

3.4. Microhardness

Figure 11 presents the microhardness values as a function of niobium content under
long-arc (LA) and short-arc (SA) conditions. The values for the hardfacing cross-sections ob-
tained with varying niobium content under both short- and long-arc conditions are shown.
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Figure 9. SEM images of the bead cross-section deposited with 6% niobium: (a) long arc; (b) short arc.
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Figure 10. SEM images of the bead cross-section deposited with 8% niobium: (a) long arc;
(b) short arc.

- Long Arc (LA)
1000 ~ 1 Short Arc (SA)
800 -
s
L
» 600
0]
(]
c
o
—
£ 400
o
L
=
200 -
=
0 Nb 2 Nb 4 Nb 6 Nb 8 Nb
Niobium content (% wt)

Figure 11. Averages and standard deviations of microhardness for the beads obtained with different
niobium content under long-arc (AL) and short-arc (AC) conditions.

Based on the XRD and SEM results obtained, coatings with 0, 2, and 4% niobium have
similar microhardness values, mainly because variations in the microstructure are related
to the size of the chromium and niobium carbides, without affecting the existing structure.
Meanwhile, for the coating with 6 and 8% niobium, changes in the morphology and
distribution of the carbides were observed, shifting from the defined hexagonal structures
for M7C3-type chromium carbides to a eutectic matrix with austenite content and larger
formations of niobium carbides (NbC) than those obtained with other niobium contents.

3.5. Measurement of Carbide Sizes

For the samples obtained with different niobium content, measurements of the sizes
(areas) of chromium and niobium carbides were conducted. These measurements were car-
ried out with the assistance of the Image]® program, which allows for image measurement
using a pixel-based approach, converting these pixels into the specified scale. Figure 12
shows the results obtained by measuring the size of the chromium carbides. It can be
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observed that there is a decrease in size as a function of niobium content, which is in
accordance with findings reported by [19,27,42]. These studies found that the addition of
niobium to coatings with added chromium leads to a decrease in the size of the chromium
carbides with increasing niobium content. This aligns with what is observed in Figure 13,
where the size of the niobium carbides increases in accordance with the niobium content,
except in the case of samples with 6% Nb and higher, where the carbide size stabilizes, and a
larger number of carbides can be observed, albeit with similar sizes, as seen in Figures 6—10.

Il Long Arc
[ |Shortarc

I

0 Nb 2Nb 4 Nb 6 Nb 8 Nb

300

Size of chromium carbides (u
- - N N
o [6)]) o [4)])
o o o o
1 1 1 1

a
o
1

o
]

Niobium content (% wt)

Figure 12. Chromium carbide sizes in the coatings obtained with different niobium content under
long-arc (AL) and short-arc (AC) conditions.
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Niobium content (% wt)

Figure 13. Niobium carbide sizes for coatings obtained with different niobium content under long-arc
(LA) and short-arc (SA) conditions.

For the coating (one layer) generated with 120 A with additions above two percent
niobium content (2% Nb), the obtained peaks are shown in the diffractogram (Figure 5).
The additional formation of niobium carbides (NbC) [111] is observed, in comparison to
the case of the zero-niobium coating. This formation is due to the higher solidification
temperature found in these carbides [26], allowing these carbides to form and solidify at
higher temperatures than the chromium carbides. The refinement in size [43,44] of the
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niobium-added hard coatings was observed; adding niobium decreases the average size of
the carbides [24,41]. The initial formation of niobium carbides implies that they are present
in the chromium carbide as grain formers and suggests that they are the crucial factor in
refining the grain size present in the coatings obtained with niobium addition.

4. Conclusions

The objective of this work was to analyze the influence of niobium on the arc behavior
produced under two conditions (short and long arcs), and based on these conditions,
evaluate the obtained coatings. From the results, it was concluded that:

e  The increased content of Nb in the electrode coatings led to:

O A decrease in deposition efficiency (reducing the operational capacity of
the electrodes).
O A deposit with lower dilution (which is positive since the substrate is not alloyed).

e Assisted by the lower dilution, the deposits with higher Nb content presented higher
hardness, which is beneficial in wear-resistant applications.
In addition, the Cr carbides became finer with the addition of Nb (coarser carbides).
Concerning the effect of arc length, higher deposition efficiency is reached in short arcs.

Note: The researcher will continue to address the comparative performance of elec-
trodes with and without Nb, yet with two or three coating layers. This approach will enable
a more in-depth analysis to determine the most suitable niobium content, if this is the case.
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