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Abstract: In this paper, the influence of TiO; nanoparticle coating on cobalt-based electrodes was
studied. Different coating treatment times were applied, and the results were compared to the
hard-faced layer obtained with unmodified electrodes. The hard facing was done in three layers,
the first being a Ni-based interlayer, followed by two layers of corrosion and wear-resistant Co-based
Stellite 6 alloy. Pin-on-disc wear testing was applied, along with the metallographic study and hardness
measurements of the hard-faced layers. Furthermore, energy-dispersive X-ray spectroscopy (EDS)
analysis was conducted. It was found that the microstructural properties, as well as microhardness
profiles, are modified in hard-faced layers obtained with modified electrodes. Interdendritic distances
are altered, as are the dendrite growth directions. Titanium oxides are formed, which, along with the
present complex carbides, increase the wear resistance of the hard-faced layers compared to layers
obtained with untreated electrodes.

Keywords: hard facing; cobalt alloys; wear; nano-particle coating

1. Introduction

Cobalt-based alloys, commonly known as Stellites, are well-known wear and corrosion resisting
alloys [1]. Stellites are Co-Cr-W-C alloys, containing around 30% chromium and 4% to 14% tungsten,
while some alloys have their tungsten replaced with molybdenum for increased resistance to reductive
media. Also, they contain up to around 2.5% of carbon, to form wear-resisting complex carbides [2-5].
Stellite alloys properties are the result of the combined effects of the relatively ductile Co-based
matrix that supports relatively hard carbides, providing wear resistance at both room and elevated
temperatures up to 600 °C [6,7]. The matrix is based on chromium and tungsten solid solution in
cobalt, while the carbides are of complex nature, predominantly of the chromium-rich M;Cj; eutectic
type [8]. There is a variety of Stellite alloys, suited to various environments and applications [3]. Major
Stellite alloys, their chemical composition, hardness, and applications are presented in Table 1.
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Table 1. Major Stellite alloys with their chemical composition, hardness, and applications [9,10].

Alloy Co Cr w C Ni Mo Fe Si HRC Properties Applications

Erosion, abrasion

Stellite1  Base 31 12 245 <30 <10 <30 <20 51-56 resistance, crack Valve seat inserts,

bearings, cutter edges

sensitive
General purpose Valve seats and gates,
Stellite6  Base 29 4 12 <30 <10 <30 <20 3943  ‘earimpact . pump shafts and bearings,
cavitation erosion shields, rolling
resistance couples
High Control plates, pump
temperature and vanes, bearing bushes,
corrosion narrow neck glass mold
Stellite 12 Base 30 8 155 <30 <1.0 <30 <20 4550 resistance, plungers, hard facing of
properties engine valves, pinch
between Stellite 1 rollers and rotor blade
and 6 edges
High abrasion,

Pump sleeves, rotary seal
rings, wear pads, bearing
sleeves, centerless grinder

good corrosion
Stellite 20 Base 32 16 2.45 <3.0 <1.0 <3.0 <20 53-57 resistance and

low shock
X work rests
resistance.
Thermal,
mechanical Building of forging and
Stellite21  Base 28 - 025 3 55 <30 <15 27-40 shock, cavitaion oL cing OtIorginga
hot stamping dies

resistance, not
for abrasion

Metal-on-metal
wear, thermal
fatigue, hot
corrosion

Piercing points, forming
tools, extrusion dies,
furnace hardware

Stellite 25  Base 20 14 0.1 10 <10 <30 <10 2045

The most common alloy is Stellite 6, owing this to its relatively balanced properties. It is sometimes
regarded to be the standard Stellite alloy, with good wear resistance, corrosion, cavitation erosion,
ductility and heat resistance, retaining these properties up to approximately 500 °C. The main corrosion
mechanism is pitting, and it is well suited to be used in chloride solutions and seawater, where
weight loss is usually under 0.05 mm per year at 22 °C [11]. More recently, Marques et al. [12]
studied the application of Stellite alloys for fabricating of the components used in the production
of second-generation ethanol. In such devices, biomass containing around 8% abrasive particles is
loaded into the reactor, along with sugar cane biomass. To achieve improved abrasive wear properties,
an increase in molybdenium content was proposed [13], due to the formation of reinforcing CozMo
intermetallic compounds. However, molybdenium is a critical raw material (CRM) for the European
Union. In addition to this, cobalt, tungsten, and silicon metal are all CRMs. Finally, Stellites contain
chromium, that is near-CRM and nickel that is not CRM, but it is a relatively expensive metal [13,14].
That means, there is a considerable interest in increasing the life of Stellite components, to spare CRMs
as much as possible. An alternative to adding molybdenium, and a possible way of increasing the
life of Stellite components, is to enhance their wear properties. One of the potentially attractive ways
of increasing the properties of the hard-faced layers made of Stellite 6 alloy is the introduction of
TiO, nanoparticles into the existing electrode as proposed in [15-17]. In [15-17], where cellulose and
rutile coated electrodes were modified by infiltrated TiO,, this influenced the increased mechanical
properties of the joints. In these studies, it was demonstrated that the addition of TiO; resulted in the
increase in the number of complex Ti-Mn-Si oxide inclusions, acting as inoculants. That influenced the
fine-grained acicular ferrite instead of Widmastaetten ferrite, which caused the increase in mechanical
properties [15-17].

The aim of this study is to explore the influence of nanoparticles introduced on the Co-based
hard-facing electrode with different immersion times on the wear resistance of the resulting

hard-faced layer. The hard-faced layer was produced using the common shielded metal arc welding
(SMAW) technique.
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2. Materials and Methods

The SMAW (Shielded metal arc welding) process was used for hard facing. The base metal
was S235JR, having the chemical composition shown in Table 2. Two types of hard-facing electrodes
were used. The interlayer or buttering layer was done by Boehler Fox Nibas 70/20 (Boehler, Hamm,
Germany; AWS A5.11-05: E NiCrFe-3) electrode in one pass. The final hard-faced layer was done
by Co-based FSH Selectarc Co6, (Forges de Saint-Hippolyte, Roche-lez-Beaupre, France; Stellite 6;
AWS A5.13: E CoCr-A) in two layers. Chemical compositions of the interlayer and hard-facing layer
are presented in Tables 3 and 4. The overall thickness of the hard-faced layer was approximately 5 mm.
The hard-facing parameters were in accordance with the electrode manufacturer’s instructions (Table 5)
and welding was done on an Iskra E10 (Iskra, Ljubljana, Slovenia) SMAW device.

Table 2. Chemical composition of S235]R (wt. %).

C Si Mn S Cr P Al Cu Mo Ni Fe
0.09 0.14 0.02 0.041 0.001 0.011 0.006 0.39 0.011 0.07 balance

Table 3. Nominal chemical composition of interlayer electrode AWS A5.11-05: E NiCrFe-3 (wt. %).

C Si Mn Cr Fe Mo Nb Co Ni
0.025 04 5.0 19.0 3.0 1.2 2.2 0.08 balance

Table 4. Nominal chemical composition of Co-based electrode AWS A5.13: E CoCr-A (wt. %).

C Si Cr \4Y Fe Co
1.1 1.0 28.0 4.5 3.0 balance

Table 5. Welding parameters.

Electrode Core Diameter X Length 9 3.2 X 450 mm
Current type DC+
Welding current 85 A
Welding voltage 2V
Welding speed 12 cm/min
Electrode inclination along welding direction 60°

TiO, nanoparticles were introduced in the form of a coating on the hard-facing Co-based electrode.
The distilled water solution of 20 nm hydrophilic TiO, nanoparticles (5 wt. %) was placed into the
EMAG Emmi-5 (Emmi Ultrasonic, Moerfelden-Walldorf, Germany) ultrasonic bath, along with the
fully submerged electrodes. Three immersion times were used: 1, 5, and 10 min, resulting in hard-faced
specimens designated as 2, 3, and 4. These hard-faced layers were compared to the layer obtained
with the untreated electrode (hard-faced specimen 1). After such treatment, the electrodes were dried
for 1 h at 250 °C. Overall, four hard-faced specimens were prepared, which were water jet cut into &
10 mm specimens. One specimen was square, 30 mm wide, and used for metallographic examination
and hardness measurement on its cross-section.

The pin-on-disc wear test was done on a customized Struers DP-U2 (Struers, Bellerup, Denmark)
laboratory-polishing machine, with the polishing wheel replaced with SiC grinding paper. Three
FEPA (Federation of European Producers of Abrasives) grit sizes were used: P240 (44.5-110 pm SiC
grains, median grain size 58.5 um, according to ISO 6344-1), P360 (29.6-87 um, median grain size
40.5 um) and P500 (21.5-77 pm, median grain size 30.2 um). Three loadings were used: 700 g, 1000 g,
and 1300 g. The specimens were placed into the brass holder and mounted in a Struers PdM-Force
(Struers, Bellerup, Denmark) specimen mover. Prior to each wear test, the specimens were ground
with P2000 SiC abrasive paper. The wheel spindle speed was 250 min~!, wear time was 60 s, and
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the specimen axis was 70 mm away from the center of the spindle. During the wear test, a constant
water flow of 100 mL/min was maintained, with a water temperature of 15 °C. The wear mass loss was
reported for each test, with the mass of each specimen before and after wear measured by Tehtnica
Type 2615 (Tehtnica, Zelezniki, Slovenia) analytic weight, having the accuracy of 0.1 mg. The results
reported were calculated as an average of three specimens.

The metallographic characterization was conducted with a Leitz-Orthoplan (Leica-Leitz, Wetzlar,
Germany) light microscope. Prior to this, the specimens were mounted, ground with abrasive papers
(P150, P240, P360, P500, P600, P800, P1000, P1500, and P2000), and polished with diamond suspensions
(6, 1 and 1 pm diamond particles). The etching of the hard-faced layer was done by Aqua Regia
(17% HNO3, 50% HCl in glycerol), while the base metal was etched with Nital (3% HNOj in ethanol).
Image analysis was done by Image] software. Furthermore, a JEOL JSM6460LV (JEOL, Tokyo, Japan)
scanning electron microscope (SEM) equipped with Oxford Instruments INCA Microanalysis system
EDS was used to evaluate the composition of different phases. Previously, metallographic specimens
were coated with gold by a Ball-Tech Leica SCD-005 (Leica — Leitz, Wetzlar, Germany) device.

The HV5 Vickers hardness measurement was done according to ISO 6507-1:2005 on a VPM
HPO 250 (VPM, Rauenstein, Germany) device, with a dwell time of 15 s. A hardness test was
conducted in line from the specimen surface to the steel base material, with the distance between
indentations of 0.5 mm. Five parallel linear measurements were done on each specimen, with the
average value reported.

3. Results

3.1. Hardness Profiles

The results showing hardness profiles of hard-faced layers are shown in Figure 1. In all hard-faced
specimens, hardness trends are similar, with values decreasing as the depth of the measurement is
higher towards the nickel interlayer and finally the base metal. At a 5 mm distance from the surface,
all hardness values reach a similar value which is the hardness of the base metal. There are several
differences between the hardness profiles of tested specimens. The maximum hardness near the surface
of the specimen 4 is the highest of all tested. Furthermore, the drop of hardness from the surface to the
base metal is more pronounced in the specimen 1, hard-faced with unmodified electrodes.

400 ~
350 4

300 A

Hardness HV5
[ )
n
=

200 4

150 4

Second Stellite layer First Stellite layer

Interlayer

100

0 0.5 1 15 2 25 3 35 4 4.5 5
Distance from the surface [mm]

Figure 1. Hardness profiles of layers obtained with unmodified and modified electrodes.
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3.2. Wear

The wear rate in the form of mass loss is shown in Figure 2. The coarser abrasive paper and a higher
loading result in an increased mass loss of the hard-faced layer, which was expected. The modification
of the electrodes by TiO, generally results in increased wear resistance of the resulting hard-faced layer,
compared to the hard-faced layer obtained with unmodified electrodes. The general trend is that the
mass loss is lower, that is, wear resistance is higher as the immersion time is longer. In other words,
the advantage of the electrodes treated at longer times is higher as the abrasive grains are larger and
as the loading is higher. This indicates that the nanoparticle coating on the electrode is beneficial for
increased wear resistance of the hard-faced Stellite alloy.

-
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] 110 -

100 A 100 A P500 m13kg
s wilkg
E 90 2 1 ®0.7kg
2 %

E 70 -
2 60 4
g
3>
Z 40 A
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specimen number specimen number specimen number
(a) (b) ()

Figure 2. Pin-on-disc wear test results with the following SiC grit sizes: (a) P240; (b) P360; (c) P500
3.3. Microstructure

The microstructures obtained with the light microscope are given in Figures 3 and 4. Figure 3
depicts the microstructures of the hard-faced layer of different specimens, obtained with non-modified
(1) and modified (2, 3, 4) at the surface, 1.5 mm under the surface, and 2.5 mm under the surface of the
specimen. In all specimens, a typical microstructure consisting of the cobalt-based matrix and eutectic
carbides typical for Stellite alloys is present.

Surface

1.5 mm from
surface

2.5 mm from
surface

Specimen 1 Specimen 2 Specimen 3 Specimen 4

Figure 3. Microstructures of the hard-faced layer of different specimens at different depths.
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Figure 4. Microstructure of the S235]R base material near the fusion line.

In the surface layer, the interdendritic distance is higher in the hard-faced specimen obtained with
untreated consumables (specimen 1) than those obtained with treated ones (specimens 2, 3, 4). Also,
the carbide network in specimen 1 is opened to a higher extent than in other specimens, especially the
specimen 4, where it is almost completely closed.

A typical cast dendritic primary microstructure morphology gradually becomes less pronounced
in terms of the presence of interdendritic phases as the depth is increased. Interdendritic phases
morphology becomes gradually changed from a typical interdendritic form to an intergranular and
isolated form as the depth increases. However, this transition does not appear to be equal in all
specimens. The most pronounced transition is in the specimen 1, obtained with unmodified electrodes.

The results shown in Table 6 reveal that the interdendritic phase (dark areas) volume fraction
becomes lower as the depth is increased, which is in accordance with microstructures given in Figure 3.
Also, the volume fraction of the interdenderitic phases in the specimen hard-faced with treated electrodes
is notably smaller than those in specimens hard-faced with treated electrodes, the highest being in
specimen 4.

Table 6. Interdendritic phase (dark areas) volume fraction in microstructure.

Interdendritic Phase Volume Fraction [%]

Specimen
Surface 1.5 mm under the Surface 2.5 mm under the Surface
1 12.0 11.5 7.9
2 12.3 12.0 10.3
3 12.5 12.1 10.1
4 14.0 12.4 11.0

The microstructure of the base metal is typical for S235]R steel, with slight recrystallization at the
fusion line, as shown in Figure 4. Such behavior is noted for all tested specimens.

3.4. EDS Analysis

The results of the EDS analysis are shown in Figures 5 and 6. In Figures 5 and 6, the EDS analyses
were done in the area near the surface of the hard-faced layer of specimens 1 and 4, respectively.
The interdendritic carbides in specimen 1 belong to the M;Cj type of the complex nature (Cr-W)
with predominant chromium content, while the matrix is Co-based, as shown in Figure 5. However,
in specimen 4, there are also islands that besides the elements detected in specimen 1, contain titanium
and oxygen, most probably of titanium-oxide nature. The matrix in specimen 4 has a similar chemical
composition as the one in specimen 1, indicating that the matrix does not undergo modification related
to chemical content in the presence of nanoparticles.
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Figure 5. EDS analyses of carbides and base metal in the untreated specimen 1.

Atomic %
Spectrum 1 Spectrum 2 Spectrum 3 Spectrum 4
C 39.98 40.45 2.54 53.69
Si 1.24 0.67 2.80 1.21
Cr 16.57 16.05 16.05 30.11
Fe 6.83 6.79 18.21 2.98
Co 12.42 12.66 45.18 6.81
Ni 435 423 14.62 4.50
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Figure 6. EDS analyses of oxides, carbides and base metal in specimen 4 obtained with electrode treated

with TiO, nanoparticles (10 mm immersion).
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4. Discussion

In this paper, the immersion technique was used to create an additional coating consisting of
TiO; for increasing the performance of SMAW electrodes for cobalt alloy hard facing, more specifically
Stellite 6.

The addition of nanoparticle-based coating to the existing SMAW electrode results in an increased
abrasive wear resistance for all hard-faced specimens obtained with modified electrodes. This can
be attributed to several effects. The first effect is the occurrence of oxides, the second the decreased
interdendritic distance, and the third is the increase in hardness in the surface and subsurface layers.
The increase in hardness can also be correlated to the occurrence of titanium-oxides [18-20]. These
oxides occur in the form of blocky structures, usually between the Co-based matrix and the complex
MyCj5 chromium-based carbides. Titanium-oxides add to the wear resistance of the resulting hard-faced
layer. During welding, a relatively high temperature is developed, sufficient to cause the dissociation
of TiO, in accordance with the following chemical reaction:

TiO, - Ti+ Oy (1)

After cooling, the oxygen again tends to form oxides, primarily with Ti. As shown in [15],
their solidification temperatures are relatively high: Ti;O3 2130 °C; TiO;, 1843 °C [21]. A common
effect was noticed in cellulose and rutile electrode weldments where similarly modified electrodes
influenced the increased inoculation of acicular ferrite through the mechanism of an increased inclusion
formation [15,22-26]. However, in this case, the solidification continues with dendritic inoculation
and growth.

During cooling, dendrites (Co-alloy forming the metal matrix) solidify second, after titanium
oxides at 1475 °C. Finally, the complex (predominantly chromium) carbides of M;Cj type are left to
solidify the last at 1175 °C [27], forming the microstructure that defines the hard-faced layer obtained
with the modified electrodes. This can explain the more random orientation of dendrites shown in
Figures 3d and 4d (specimen 4) compared to the specimen 1 obtained with the unmodified electrode.
Thus, titanium-oxides have multiple effects, beginning with increasing the hardness both at the
specimen surface and in depth, as well as decreasing the interdendritic distance, making the carbide
network finer, causing a more effective dispersion strengthening of the matrix, as explained in [28,29].

The increase in wear resistance by adding a TiO, nanoparticle coating to the electrodes can
influence the increase in wear resistance of the hard-faced layer. This is beneficial from the point of view
of CRMs since the hard-faced layer contains cobalt as a basis, tungsten, silicon metal, and molybdenum,
as well as near-CRM such as chromium and expensive materials such as nickel. Increased wear
resistance can influence the reduction in consumption of these elements, lowering the dependence
on them.

5. Conclusions

Based on the results shown in this work, the following conclusions can be drawn:

e  The hardness values of hard-faced layers obtained with TiO, nanoparticle coating on the SMAW
electrode are higher than those of the layers obtained with untreated electrodes.

e  The drop of hardness towards the depth of the hard-faced layer is less pronounced in layers
obtained with nanoparticle coated electrodes.

e The wear resistance of layers obtained with nanoparticle coatings is increased compared to
specimens obtained with unmodified electrodes.

e  The highest wear resistance was obtained with electrodes immersed for the longest period of time,
10 min. This effect can be observed for all tested abrasive grain sizes (P240-P500) and loadings
(0.7-1.3 kg). The most pronounced increase in wear resistance was when coarser grains at higher
loadings were applied.
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Several effects influence the increase in wear resistance: the formation of blocky titanium-oxides,
the rise in carbide and oxide volume fraction, and the refinement of dendrites. The dendrite
network becomes almost completely closed which can also be one of the effects beneficial for the
increase in wear.

The increased wear resistance of specimens obtained with modified electrodes influence the
prolonged life of the component, which can provide significant savings in CRMs such as cobalt,
tungsten, molybdenium, and silicon metal, present in the hard-faced alloy.
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