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ABSTRACT

Structural steel components tend to wear when exposed to corrosive and
cyclic loading environments. These components can be repaired by
welding on failure. This study studied the weld parameters and weld
quality (porosity, depth of penetration, and coating thickness), hardness,
corrosion, and wear resistance during repair welding. Mild steel samples
were weld coated by varying alternating (AC) and direct (DC) currents: 40
A, 504, 554, 604, 654, and 70 A. The base material used was AISI 1045
steel, and Castolin 6825 was used as the welding electrode. The results
showed that three wear mechanisms were dominant: abrasion, adhesion,
and delamination. The porosity in the coated samples increased with
increasing currents for both AC and DC. The welding current and current
type influenced the coating thickness and penetration depth. When dipped
in warm NaCl solution, the corrosion mechanism experienced by both sets
of coated samples was pitting corrosion. In both cases (alternating and
direct currents), the hardness values increased towards the coating
surface from the substrate.

© 2022 Published by Faculty of Engineering

1. INTRODUCTION

one of the most common welding techniques, and
there are three methods of arc welding, which

Welding technology is mainly used in the joining of
metallic parts [1], and some of the welding
techniques used include; oxyacetylene welding, arc
welding, laser-based welding, resistance welding,
solid-state welding, etc. [2,3]. Metal arc welding is
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include Tungsten Inert Gas (TIG) welding, Metal
Inert Gas (MIG) welding, and Plasma Arc (PAW)
welding [4]. TIG welding has superior advantages
over the other arc welding techniques [5,6], and
these advantages include the ability to weld within
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a controlled atmosphere and the ease of controlling
various welding parameters such as current and
voltage [7]. Researchers have investigated how
welding parameters affecting TIG welding can be
optimised [8].

Apart from joining metals, welding is used to repair
worn-out steel components such as excavation
buckets, shafts, pipes, and gear teeth [9-11]. These
components work under extreme conditions and
usually fail due to corrosion, fatigue, and wear [1].
For instance, gear teeth in an automotive gearbox
experience wear, and after some time in service, the
gear teeth wear out, affecting the power
transmission system efficiency [12,13]. When that
happens, especially in the Kenyan Jua Kali industry,
those teeth are repaired via weld filing and then
machined/shaped to the necessary sizes and
shapes. In another case, crankshaft bearings tend to
wear over time when exposed to excessive heat,
especially when the coolant is ineffective [14,15].
Similarly, burner pipes operate at high
temperatures, and as such, pipes develop cracks
and later fail [16]. In such instances, repair welding
is used as a surface engineering technique to
rehabilitate the structures.

Research on repair welding as a surface
engineering of steel and other engineering
components has received little attention. According
to [16], the application of welding to repair worn-
out steel burner pipe exposed to a temperature of
850°C was investigated. They observed that the
burner pipe had cracks on the inner sides after
thermal exposure. Similarly, [10] repaired worn-
out gear shafts by using welding. Also, a worn-out
low carbon steel shaft was repaired using
discontinuous arc welding [11]. The welding repair
technique has been used widely in the repair of
boilers. For instance, a boiler bottom panel
damaged due to exposure to low temperature and
sulphuric acid [17] was repaired via welding.

Although there are a couple of studies on repair
welding as a surface engineering method, there
are few reports on the effects of various welding
parameters on the coating properties (quality-
parameter interactions). This study studied the
coating properties as affected by welding
parameters. The welding was undertaken at
different currents to establish current influence
on the welding process. This article reports on
the microstructure, mechanical, and corrosion
properties as affected by welding parameters.

The study provides a scientific resource to justify
(and probably make suggestions concerning) the
use of repair welding as a surface engineering
technology in the Jua Kali (small-scale) industry
in Kenya and the rest of the world.

2. EXPERIMENTAL

The test samples were taken from a mild steel plate
(substrate material was AISI 1045). Before coating,
the samples were ground using silicon carbide
papers, then cleaned with acetone and dried. The
test samples were then coated using a stainless-
steel electrode (Castolin 6825) through TIG
welding using a TIG 2200i AC/DC machine.
Stainless steel rods were used because they exhibit
high hardness, corrosion, and wear resistance
properties compared to mild steel. As such, repair
welds obtained would have improved mechanical
properties. The coating was taken at various AC and
DC currents of 40 A, 50 A, 55 A, 60 A, 65 A, and 70
A. Table 1 shows the chemical composition of the
substrate and the welding electrode.

Table 1. Chemical composition of Castolin 6825 and
AIS1 1045 [16].

Chemical Chemical
Element composition in | composition in
Castolin 6825 (%) | AISI 1045 (%)
Iron (Fe) 1.84 98.35
Titanium (Ti) - 0.05
Nb+Ta 3.4 -
Copper (Cu) 0.01 0.03
Tungsten (W) - 0.033
Sulfur (S) - 0.01
Carbon (C) 0.01 0.312
Nickel 63.52 -
Silicon (Si) 0.2 0.189
Chromium (Cr) 20.95 0.025
Manganese (Mn) 0.69 0.852
Molybdenum (Mo) - 0.033
Vanadium (V) - 0.04
Aluminum (Al) - 0.037
Phosphorus (P) 0.005 0.039

Both AC and DC were chosen based on the
capability of the TIG welding equipment; the
machine can operate with both DC and AC.
Additionally, these two currents are used in
repairing steel components (shafts, gears, pipes)
in the Kenyan Jua Kali industry. As such, the two
currents were considered in this study to imitate
the process of repair welding. The welding
parameters are shown in Table 2.
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Table 2. Welding parameters combination as per 21 x61
full factorial.

S/NO Levels

1 DC 40 A

DC 50A
3 DC 55A
4 DC 60 A
5 DC 65 A
6 DC 70 A
7 AC 40A
8 AC 50A
9 AC 55A
10 AC 60 A
11 AC 65 A
12 AC 70 A

Using a diamond cutting tool, the coated samples
were sectioned from the main substrate and
divided into 5 mm by 3 mm cross-sections. The
coated sample specimens were hot mounted,
after which they were ground and polished using
the standard metallographic procedures. The
following analyses were done using standard
procedures: wear, microhardness, corrosion, and
optical microscopy. Samples were etched with
Villella's reagent to reveal the microstructures.
The depth of penetration and coating thickness
were analysed using Image] software. Ten
different readings were measured for each case,
and their average values were determined.

The wear test was carried out using a
tribometer. A ball of 6.350 mm diameter made
of E5200 alloy steel of grade 25 with hardness
ranging between 64-66 RC was used to
undertake the dry reciprocating and sliding
wear. A normal load of 30 N, a reciprocating
time of 30 minutes, a scratch length of 5 mm,
and a reciprocating speed of 4 mm/second were
used as the wear test parameters.

The coated samples were evaluated for corrosion
behaviour using an accelerated environment of
5% wt NaCl. The electrolyte/medium was kept at
80°C in a water bath. The tests were conducted at
this temperature because some of the
components repaired through welding, such as
gears and crankshafts, operate at temperatures
between 80°C — 85°C. The samples were initially
weighed before the corrosion test and then
exposed to the corrosion medium for one hour,
after which they were wiped, dried, and weighed.
This process was repeated on all samples after 2
hours, 3 hours, 4 hours, and 5 hours. After 5
hours, all samples were removed from the water
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bath, dried, and examined for corrosion

mechanism on a stereomicroscope.

The hardness of the coated samples was
measured using a Digital Rockwell Hardness
Tester. The hardness values were measured
across the samples, starting from the substrate
section to the surface of the coating. The hardness
values were taken from five different points at 0.5
mm from each other. On each point, five readings
were taken and their averages calculated.

3. RESULTS AND DISCUSSION
3.1 Microstructural Analysis

The optical microscopic images of the coated
samples taken along the coating-substrate
cross-section were analysed. The images
showed five distinct regions: coating, fusion,
skirt, heat-affected zone (HAZ), and substrate,
as shown in Figure 1. The fusion
region/interface is where the coating material
was fused to the substrate. The region is
composed strictly of melted materials. The
term skirt was adopted from additive
manufacturing, and it is the region that
occurred between the coating and the interface.
Therefore, in this study, the skirt is the first
layer of the coating material deposited on the
substrate at the beginning of the welding
process. Similarly, the heat-affected zone refers
to the non-melted section of the substrate that
changed material property due to its exposure
to welding temperatures.

Coating thickness

\é‘

o

ajensqng

Fig. 1. The microstructure shows various regions of
the sample coated at 60 A direct current. The optical
microscopic image was taken along the coating-
substrate cross-section.
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Figures 2 and 3 show the porosity features on the
mild steel samples coated using direct currents of
40 A and 50 A, respectively. For 40 A, the porous
features were seen in the coating region but notin
other weld regions. The reason may be due to
different temperature distribution across the
weld region of the sample. The temperature at the
coating region (weld metal) was higher than in
other weld regions. This coating region was more
exposed to the atmosphere, where gasses were
trapped within the melt pool, causing bubbles that
resulted in porosity [18,19]. Generally, the
visibility of porosity was clearer at 50 A than at 40
A. An increase in current resulted in increased
heat, which caused porosity formation. At 50 A,
the porosity distribution was even in the coating
region, heat affected zone, fusion region, and skirt
region, as shown in Figure 3.

Fusion

Fig. 2. lllustration of the porosity features on a sample
coated at a direct current of 40 A. The optical
microscopic image was takenalong the coating-
substrate cross-section.

Fig. 3. lllustration of the porosity features on a sample
coated at a direct current of 50 A.

Figures 4 and 5 show the samples coated at
direct currents of 55 A and 60 A, respectively.
The visibility of porosity at 55 A was lesser than
that at 50 A. At 55 A. Penetration depth was
higher (2.592 mm) than at 50 A (2.328 mm).
Hence, causing a lower porosity formation.
Therefore, at 55 A, most of the melt pool had
penetrated the substrate, and little was left on
the surface to trap gases (oxygen) and create
porosity. At 60 A, the visibility of pores was
observed compared to 55 A. An increase in
temperature heated the weld pool, which
absorbed gas particles into the molten weld pool.
Once the pool solidified, porosity was formed.

Fig. 4. Porosity in the sample coated at 55 A DC. The
optical microscopic image was takenalong the
coating-substrate cross-section.

Fig. 5. Porosity in the sample coated at 60 A DC. The
optical microscopic image was takenalong the
coating-substrate cross-section.

Figures 6 and 7 show the samples coated at 65
A and 70 A, respectively. At 65 A, the visibility
of porosity was more evident than at 60 A. This
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behaviour was observed because as the
welding/coating current increased, more heat
energy was introduced to the melt pool. As such,
massive heat resulted in more gas bubbles
trapped within the melt pool, which caused
porosity. At 70 A, porosity was less visible than
thatat 65 A. Welding using DC provided fast and
steadier heating than AC. At 70 A, too much heat
made the welder move very fast; therefore, less
melt pool was formed on the surface to trap
bubbles to create porosity. This explains why 70
A had less porosity than 65 A.

Fig. 6. Porosity in the sample coated at 65 A direct
current. The optical microscopic image was taken
along the coating-substrate cross-section.

Fig. 7. Porosity in the sample coated at 70 A direct
current. The optical microscopic image was taken
along the coating-substrate cross-section.

For alternating current, the porosity features
were observed in the samples coated using 40
A 50 A, as shown in Figures 8 and 9. At 40 A, the
porosity was distributed throughout the

coating region. In contrast, the skirt, heat-
affected zone, and fusion region had no
porosity. At 50 A, the porosity was more visible
than at 40 A. Here, the porosity features were
evenly distributed at the coating and skirt
regions with limited distribution at the fusion
and heat-affected zones.

Fig. 8. The mild steel sample coated at 40 A alternating
current. The optical microscopic image was taken
along the coating-substrate cross-section.

Fusion

Fig. 9. The sample coated at 50 A alternating current.
The optical microscopic image was taken along the
coating-substrate cross-section.

Figures 10 and 11 show the samples coated at
55 A and 60 A, respectively. When 55 A was
used, the porosity on the coating region was
less visible than that at 50 A. Porosity features
were also observed in the heat-affected zone,
fusion, and skirt region. At 60 A, the porosity
was more visible and closely distributed at the
coating, skirt, and fusion regions with limited
distribution in the heat-affected zone.
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Fig. 10. Mild steel sample coated using 55 A TIG
alternating current. The optical microscopic image
was taken along the coating-substrate cross-section.

Fig. 11. Illustration of the mild steel sample coated
using 60A TIG alternating current. The optical
microscopic image was taken along the coating-
substrate cross-section.

The samples coated at 65 A and 70 A are shown
in Figures 12 and 13, respectively. At 65 A,
porosity at the coating region was less visible
than at 60 A. The porosity, in this case, was
evenly distributed in the coating region, whereas
there was a limited distribution in the fusion
region and the skirt region. At 70 A, porosity at
the coating, skirt, heat-affected zone, and fusion
was more visible than at 65 A. The presence of
porosity in the heat-affected zone at 60 A, 65 A,
and 70 A is attributed to increased welding
temperatures, resulting in more heat input.

Fig. 12. The mild steel sample coated at 65 A
alternating current. The optical microscopic image
was taken along the coating-substrate cross-section.

Fig. 13. the mild steel sample coated at 70 A
alternating current. The optical microscopic image
was taken along the coating-substrate cross-section

3.2 Depth of penetration (DOP)

The results showed that 65 A direct current had
the highest penetration depth, as shown in Figure
14. The relationship between DOP and welding
current exhibited a hook-like shape. A quadratic
polynomial with a regression coefficient of 0.9538
was used to fit this trend. As the current increased
from 40 A to 55 A, the depth of penetration
increased. The observation is attributed to
increased amperage, which increased DOP as
more melt pool was heated (more heat melts
more melt pool) and penetrated the substrate.
However, from 65 A to 70 A, too much current
caused the welder to move too quickly. As such,
there was lower metal deposition on the surface.
At40 Aand 70 A, the DOP values were closer than
at 50 A, 55 A, 60 A, and 65 A (as indicated by the

439



Magdaline N. Muigai et al.,, Tribology in Industry Vol. 44, No. 3 (2022) 434-448

error bars in Figure 14). Closer DOP values
indicated an almost uniform penetration of the
melt pool into the substrate. Unequal penetration

indicated the presence of unequal weld
beads/coatings thickness.
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Fig. 14. An illustration of the relationship between the
depth of penetration and TIG direct current.

The average depth of penetration when the
alternating current was used was observed to be
lowest at 55 A and highest at 70 A, as shown in
Figure 15. As shown, the depth of penetration
generally increased with the increasing current. As
the coating current increased, much heat energy
was introduced into a coating zone. As such, a lot of
melt pool penetrated the substrate, and large
depths of penetration were observed. The
relationship between DOP and the alternating
current was determined using a quadratic
polynomial with an accurate closeness of 0.7766.
The error bars in Figure 15 indicated that a more
significant deviation of DOP occurred at 40 A, 60 A,
65 A, and 70 A. However, at 50 A and 55 A, lesser
variations of DOP values were observed. An almost
uniform penetration occurred at 50 A and 55 A.
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Fig. 15. A graph of the average depth of penetration
versus alternating current

The trend in Figure 15 is not uniform (a perfect
curve was not formed) as the alternating current
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kept changing during the coating process. The
alternating current rose to a certain voltage, which
heated the melt pool and dropped to zero.
Therefore, the melt pool cooled a bit more, after
which the voltage rose again. This way, the
penetration of the melt pool was affected as the
temperature kept changing. For direct current,
however, the voltage remained at its maximum.
Therefore, heating was steadier and faster, leading
to continuous heating of the melt pool and, hence,
better penetration. As such, coating using direct
current had a higher depth of penetration values
compared to coating using alternating current

3.3 Coating thickness

Figures 16 and 17 show the coating thickness
results for direct and alternating currents,
respectively. As shown in Figure 16, the coating
thickness generally decreased with increasing
current. The highest coating thickness was
observed at 40 A. As the coating current increased
(heating was fast and steadier), more melt pool
penetrated the substrate, leaving less deposited on
the surface to form the coating thickness. During
welding, an increase in current caused an increase
in heat input. The welder moved faster, causing
lower metal deposition on the surface. The
variations of the coating thickness show that the
coating thickness was uninformed.
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Fig. 16. A plot of the average coating thickness versus
direct current.

As shown in Figure 17, 55 A had the highest coating
thickness. Generally, the coating thickness
decreased with the increasing current (except for
55 A, which did not follow the trend). As the
welding current increased, an increase in heat input
melted the melt pool, which penetrated the
substrate. A little melt pool was left on the surface
to form coatings. The error bars in Figure 17
indicate that the deviations of the coating thickness
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at each current were massive. The non-uniformity
in the trend (the curve shown in Figure 17 is not
perfect) was caused by the variation of the
alternating current voltage, which resulted in
variable heat inputs—the coating thicknesses
formed at each current varied from the average
thickness. Generally, the samples coated using
direct current had higher coating thickness than
alternating current coated samples. The
observation is attributed to the steady and fast
heating effect provided by the direct current, which
led to more melt pool deposited on the surface.
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Fig. 17. A graph of average coating thickness versus
alternating current.

3.3 Hardness test results

The hardness of the coated samples is shown in
Figures 18,19, 20, and 21. Figure 18 shows that 40
A direct current had the highest hardness values.
For direct current, the hardness values ranged from
69.08 HRB to 121.92 HRB. Figure 19 shows that the
sample coated at 40 A (alternating current)
exhibited the highest hardness values. The
hardness values for alternating current-coated
samples varied from 72.5 HRB to 117.2 HRB.
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Fig. 18. A graphical representation of the relationship
between hardness measured at various points on the
coated samples and the coating current (DC).
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Fig. 19. A graphical representation of the relationship
between hardness measured at various points on the
samples coated using AC.

The hardness values decreased with increased
current (alternating and direct currents). As the
welding current increased, the temperature of the
coating process increased. High temperature
resulted in more melt pool and slow cooling,
leading to nucleation and grain growth. Large
grains are associated with lower mechanical
strength following Hall the Petch's law. As reported
by [20], the hardness values of welded low-carbon
steel decreased with increased welding current.

The hardness increased from the substrate to the
coating's surface for alternating and direct
currents, as shown in Figures 20 and 21. The
coating surface showed higher hardness than at
the interface (point 3) and the centre of coated
samples (point 4). The behaviour may be due to
the rapid solidification of the surface caused by
exposure to the atmosphere. As such, there was
the formation of fine-grained structures and
chemical homogeneity, and according to existing
literature, fine-grained structures are known to
exhibit improved hardness [21].
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Fig. 20. A graphical representation of the relationship
between hardness measured at each welding current
at various points on the coated samples for AC.
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Fig. 21. A graphical representation of the relationship
between hardness measured at each welding current
at various points on the coated samples for DC.

3.4 Corrosion test results

During the corrosion test, an accelerated
environment of 5% wt NaCl and a temperature of
80 °C was simulated. The test environment was a
simulation of the actual conditions, which reflects
the working conditions under which some
components such as gears and crankshafts
operate (the maximum temperature allowable
for conventional automatic transmission systems
is between (80-100 °C) [22] When the
temperature increases, the rate of corrosion
tends to increase. The corrosion process is an
electrochemical process. A temperature increase
causes electrons to move faster, making their
collision quick and frequent [23]. The electrolyte
(in this case, NaCl) provided the chloride ions that
accelerated the corrosion rate.

The weight of the samples subjected to corrosion
was measured using a weighing balance before the
experiment and after every 1 hour for five hours.
For each current, the calculated accumulative
weight change after 5 hours results obtained was
presented graphically in Figure 22. The
relationships between the weight loss for samples
and current (both alternating and direct) had
almost similar trends. The samples coated at 60 A
(direct current) and 40 A (alternating current)
exhibited the highest weight loss, meaning they
corroded the most. This observation is related to
porosity and coating thickness results. The sample
welded at 60 A DC showed a rapid weight loss
compared to samples coated at 50 A and 65 A direct
currents. The observation occurred because the 50
A sample had a higher coating thickness than the 60
A sample. Similarly, the presence of porosity in the
60 A sample was higher than in the 65 A sample.
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During welding, porosity occurs due to unwanted
or un-melted particles in the molten metal. Hence,
porosity causes poor coating cohesion, resulting in
a higher corrosion rate. Lower coating thickness
values enhance higher corrosion rates as thin
coatings are prone to corrosion attacks.

The samples coated at 65 A (alternating current)
and 55 A (direct current) had better corrosion
resistance than the other test samples. The
microstructure revealed a low porosity at 55 A and
65 A welding currents. The coating thickness and
DOP values were slightly higher at 55 A and 65 A
test currents. Hence, the coatings showed better
corrosion resistance properties. The direct
current-coated samples had better corrosion
resistance properties. The higher corrosion
resistance behaviour was due to a higher coating
thickness. Thicker coatings reduce the rate of
corrosion of the substrate (mild steel) [24]. The
better corrosion resistance for direct current can
result from high DOP values.
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Fig. 22. A graphical representation of the weight loss
(after 5 hours) for coated samples against the welding
current used.

The results for weight loss after each hour for the
test currents are shown in Figures 23 and 24. An
increase in time caused a slight weight loss for all
the test currents except 40 A for the alternating
current (Figure 23). In this case, the weight loss
increased significantly after two hours and
became almost constant after three hours. For the
direct current, at 60 A, the weight loss after every
hour increased with increasing time for the first
two hours, after which it assumed a constant
trend. The trends observed in Figures 23 and 24
are related to lower values of DOP, coating
thickness, and the presence of porosity features.
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Fig. 23. An illustration of the variation of weight loss
after every hour for AC.

0.8

0.7
0.6 1404
@05 504
S04 554
203 60 A
02 —604A
o1 654
- —704

0 .
o 1 2 3 4 5 6

Time (hours)

Fig. 24. An illustration of the variation of weight loss
after every hour for DC.

After 2 hours, the substrate region of the samples
exhibited black and grey patches on their surfaces.
The sample surfaces had a rough brownish product
between the third and the fourth hour. Towards the
end of the experiment, the brown product was
deposited at the bottom of the beaker. This
observation indicated that corrosion was due to
erosion that resulted in water turning brownish.
After cleaning, the corroded samples had pits,
suggesting that pitting corrosion was dominant in
this study. The pitting/cavities were due to the
reaction of NaCl solution. The aggressive chloride
ions in the solution reacted with the coating surface,
causing a localised breakdown of the coating
protective passive layer. This chemical reaction
caused the formation of tiny holes (pits). As the rate
of corrosion increased, the pits grew into cavities.

3.5 Wear test results

Figures 25 and 26 show the typical coefficient of
friction curves (CoF) of coatings (coated at 40 A, both
AC and DC, respectively) generated at the same
sliding speed and load). All other coated samples
were observed to assume similar trends. The wear
process underwent three stages as the sliding
proceeded: stages 1, 2, and 3. Stage 1 is the run-in
stage, and stage 2 is the transition region between
the run-in and steady-state stages (stage 3). The

wear started with the run-in stage (rapid initial
wear), during which the steady-state conditions
were building up. The mating surfaces (the coating
and the sliding ball) conformed during the run-in
stage. The load became more favourably distributed
over the surfaces resulting in rapid wear and
increased CoF. Wear and CoF increased slowly.
Generally, the CoF's running in periods increased
initially, then decreased to reach nearly a steady-
state region. The initial contact between the coating
and the abrasive ball occurred at a few asperities,
which resulted in high contact stress. When the wear
proceeded (increased time), the contact area
increased, causing a reduction in contact stress and
CoF. An increase in sliding caused the wear debris
generated due to plastic deformation to cover the
surface, causing an increase in adhesion, increasing
CoF. CoF variations resulted in the formation and
delamination of the tribolayer and abrasive particles
from the sliding ball. A higher coefficient of friction
values occurred when the AC was used compared to
DC. The observation can be attributed to the higher
hardness values determined for direct current test
samples. According to existing literature, wear
resistance increases with increasing hardness [25].

s

[

0.4

Cof

oz 4

oo 4

T T
1000 1500 2000
Timestamp

§_

Fig. 25. A graphical representation of CoF against the
timestamp for the wear measured on the sample
welded using 40 A AC.
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Fig. 26. A graphical representation of CoF against the
timestamp for the wear measured on the sample
welded using 40 A DC.
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The wear depth was plotted against the welding
current, as shown in Figures 27 and 28. As shown,
there was no linear relationship between the
wear depth and the welding current used. The
highest wear depth was observed at 55 A AC and
65 DC. These samples had lower coating
thicknesses. As such, they experienced the most
wear as the coating thickness was not thick
enough to protect them from wearing out. The
sample coated at 55 A alternating current
experienced a greater wear (with a depth of wear
above 48 microns) than at 65 A direct current
(depth of wear is below 46.5 microns). The
difference can be due to 55 A (alternating current)
having a coating thickness of 0.719 mm, whereas,
at 65 A (direct current), the coating thickness was
1.755 mm. The larger coating thickness resulted
in better wear resistance properties. Also,
hardness values were slightly higher at 65 A
(direct current) than at 55 A (alternating current).
Therefore, the higher hardness increased the
wear resistance of the sample.
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Fig. 27. lllustration of the variation of the depth of
wear and welding current for DC.
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Fig. 28. lllustration of the variation of the depth of
wear and welding current for AC.

Optical micrographs of the wear tracks were
analysed to identify the mechanism of wear. Figure
29 shows the wear track of a sample coated at 40 A
alternating current. As shown in Figure 29, the
wear mechanisms were: abrasive (grooving),
adhesion, and fatigue wear/delamination.
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Fig. 29. The micrograph of the wear track for the
sample welded using 40 A AC.

The white patches represent grooves, which
there were deeper cuts of the coating. The black
sections at the sides of the sample show the
delamination and wear debris. In this case, the
micrograph showed more grooves than
delamination spots. There was also adhesion
transfer which led to debris at the side of the
coating. These results indicated that the sample
experienced more abrasion and adhesive wear
and lesser delamination wear. The 50 A coated
sample (shown in Figure 30) experienced more
abrasion and adhesion than delamination. The
sample would be suitable for applications that
require protection against delamination wear.

Delamination

4
Grooves

Adhesion Moo

Fig. 30. The micrograph of the wear track for the
sample coated using 50 A AC.

Figures 31, 32, and 33 showed that delamination
occurred at 55 A, 60 A, and 65 A distributed
throughout the samples with minor grooves and
adhesion transfer. These results implied that at
alternating currents of 55 A, 60 A, and 65 A, the
coated samples were more vulnerable to
delamination than abrasion and adhesion wear.
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Fig. 31. The micrograph of the wear track for the
sample coated using 55 A alternating current.
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Fig. 32. A micrograph of the wear track for the sample
welded at 60 A alternating current.
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Fig. 33. A micrograph for wear track of a sample
coated using 65 A AC.

Figure 34 shows the micrograph of the wear track
for a sample coated at 40 A direct current.

Debris

Fig. 34. The micrograph of the wear track for the
sample coated using 40 A DC.

The sample coated at 40 A direct current displayed
many grooves and adhesion wear with minor
delamination. Also, at 50 A (Figure 35), 55 A
(Figure 36), 60 A (Figure 37), and 65 A (Figure 38),
large  grooves, adhesion transfer, and
delamination patches were observed. These wear
features indicate that the samples were vulnerable
to the three wear mechanisms (adhesion,
abrasion, and delamination).

b

Debris
Soowe N Adhesion

WEY Delamination
..l 1 3 - X
Fig. 35. A micrograph showing the wear track of a
sampled welded using 50 A DC.
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Fig. 36. A micrograph for the wear track of the
sample coated at 55 A direct current.
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Fig. 37. A micrograph showing the wear track of
sample welded using 60 A direct current.
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Fig. 38. A micrograph for the wear track for the
sample coated at 65 A DC.

At 70 A, a combination of grooves and adhesion
wear was observed with minor delamination (as
shown in Figure 39). Therefore, the sample was
vulnerable to adhesion and abrasion wear, making
it suitable in applications where protection against
delamination attacks is required.
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Fig. 39. A micrograph of the wear track for the sample
welded using 70 A DC.
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During the wear test, the grooves (abrasion)
occur when particles of the sliding ball penetrate
the coating surface during contact. Hence, surface
damage/cutting occurs by the grooving of contact
surfaces. The adhesion wear observed occurs
when the material removed (through abrasive
wear) was pressed against the coatings and
created wear debris. Delamination occurs due to
surface fatigue due to a continuous sliding action.
Therefore, the subsurface cracks develop and
propagate to connect. Later, the developed cracks
reach the surface and generate wear particles.
The particles at the sliding surface were
delaminated, then pressed against the back of the
coatings to create grooves. The substrate surface
was not visible in the micrographs of the wear
tracks. This observation was because the results
of the average depths of wear encountered in this
study were less than the coating thickness of the
samples. Therefore, the wear experienced by the
coated samples studied was not severe enough to
expose the surface of the substrate. The study
revealed that the coated test samples would suit
wear resistance applications.

4. CONCLUSION

TIG welding method of repairing steel
components with stainless steel was studied.
Thick coatings were deposited on substrates
using TIG welding at selected operational process
variables. ~ The coated samples were
characterised for microstructure, hardness,
wear, and corrosion properties. The following
observations and conclusions were drawn:

1. The porosity in the coated samples increased
with increasing currents for both AC and DC.
Therefore, lower currents should be used to
minimize porosity.

2. Atcurrents below 40 A, the welding rod stuck
onto the substrate. Above 70 A, there was
sputtering and overheating, leading to local
substrate melting; therefore, repair welding
should be conducted at currents between 40
A-70 A.

3. In applications where the largest coating
thickness is desired, the welders should use
65 A (DC) or 70 A (AC) as they display the
largest values of coating thickness.
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Repair welding should be carried out using
welding currents of 40 A (DC) and 55 (AC) if
large DOP values are needed.

The corrosion mechanism encountered was
pitting; therefore, the steel structures
repaired in the Jua Kali sector are likely to
experience the exact corrosion mechanisms.

The coated samples experienced adhesion,
delamination, and abrasion wear. These are
the wear mechanisms likely to occur to the
components repaired through welding.

To achieve the most excellent wear resistance
properties in repair welding, welders should
use 50 A (DC) or 65 (AC).

The hardness of the coated samples decreased
with increasing current (both alternating and
direct currents). The hardness increased from
the substrate towards the coating. As such,
welding is a viable method of repairing steel
components as the hardness of the repaired
parts is increased.

Wear resistance results indicated that the
substrate surfaces were not exposed after
wear, meaning severe wear did not occur. As
such, repairing steel components with
stainless-steel welding rod material is sufficient
to protect the substrate from extreme surface
wear conditions during applications.
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