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Abstract: Within the drilling, petrochemical, construction, and related industries, coatings are used to
recover components that failed during service or to prevent potential failures. Due to high stresses,
such as wear and corrosion, which the materials are subjected to, industries require the application of
coating between dissimilar materials, such as carbon steels and stainless steels, through arc welding
processes. In this work, an austenitic stainless steel (ER308) coating was applied to an H13 tool
steel substrate using the gas metal arc welding (GMAW) robotic process. The heat input during the
process was calculated to establish a relationship between the geometry obtained in the coating and
its dilution percentage. Furthermore, the evolution of the microstructure of the coating, interface,
and substrate was evaluated using XRD and SEM techniques. Notably, the presence of martensite at
the interface was observed. The mechanical behavior of the welded assembly was analyzed through
Vickers microhardness, and a pin-on-disk wear test was employed to assess its wear resistance. It was
found that the dilution percentage is around 18% at high heat input (0.813 kJ/mm) but decreases to
about 14% with reduced heat input. Microhardness tests revealed that at the interface, the maximum
value is reached at about 625 HV due to the presence of quenched martensite. Moreover, increasing
the heat input favors wear resistance.

Keywords: coating; robotic GMAW; H13 tool steel; 308 stainless steel

1. Introduction

The use of coatings as a surface modification technique plays an essential role in the
restoration of components that have experienced failures during their time in production
and in the prevention of potential future failures. This is particularly crucial in applications
where these components are subjected to aggressive conditions, such as mechanical stresses
that may weaken the properties of the original material, as well as exposure to corrosive
environments [1–7].

Surface modification techniques exploit filler metals, either in powder form or in solid
state, with chemical compositions dependent on the substrate. This enables the adaptation
of components to high corrosive environments and high mechanical stresses [8]. An exam-
ple of this is the use of filler materials with a high nickel content, such as Inconel, to enhance
high-temperature resistance [2,9,10]. In applications exposed to aggressive environments
where corrosion resistance is critical, stainless steel or high chromium alloy filler materials
are employed. Austenitic stainless steels are the most common due to their high corrosion
resistance and relatively lower cost compared to other stainless alloys [11–14].
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The use of coatings in dissimilar joints between carbon steels and austenitic stainless
steels offers economic benefits in various applications where materials with high corrosion
resistance are needed. This approach eliminates the use of expensive all-austenitic stainless
steel plates and replaces them with low-cost coated components, resulting in significant
cost-effectiveness [15]. However, it is essential to consider several factors, such as the
process to use, weldability of the parts, their chemical composition, and the microstructural
development that occurs, since this combination of features significantly influences the
corrosion resistance and mechanical properties of the resulting joint [16]. Previous research
has emphasized the importance of analyzing the interface between the substrate and
stainless steel coatings. This is because the thermal gradients generated in the joint, due to
the heat input, promote the diffusion and loss of some alloying elements from the weld
pool to the substrate, which can affect the material properties and lead to susceptibility to
corrosion [17,18].

Various surface modification processes are used, depending on the specific end appli-
cation. These processes may include welding arc technologies such as gas metal arc welding
(GMAW) [19], gas tungsten arc welding (GTAW) [20], cold metal transfer (CMT) [21,22],
plasma transferred arc (PTA) [22,23], and high-energy processes such as laser technolo-
gies [24–26] or additive manufacturing (AM) [27,28].

The GMAW process is one of the most widely used processes in the industrial sector
due to its low cost and ease of automation. However, a critical parameter to determine is
the metal transfer mode, since it influences the deposition rate of the filler material, the
geometry of the weld beads, and consequently, the dilution percentages [17,29].

Spray mode transfer is generally used in high-thickness materials, as it involves
continuous fusion of the filler metal and allows for rapid deposition on the substrate
using high voltage and current parameters. However, this metal transfer tends to gen-
erate a challenging-to-control weld pool, resulting in high dilution and significant heat
input [30,31]. In contrast, the short-circuit mode transfer (GMAW-S) relies on an arc
that briefly extinguishes, and that is achieved by using lower welding voltages and cur-
rent, combined with alternating current. This reduces heat input and ensures excellent
thermal stability, enabling the production of high-quality coatings, even on thinner sub-
strates [32,33].

The combination of unique features resulting from surface modification through weld-
ing processes in dissimilar alloys is of significant interest for tool steel, such as H13 steel,
which is used in the manufacturing of extrusion dies, forming applications, forging, and die-
casting of aluminum alloys [34,35]. For such types of applications, improving the corrosion
and erosion resistance of H13 steel is imperative, as its use in high-temperature processes
with aggressive lubricants/coolants leads to rapid degradation of the material [36,37]. In
aluminum extrusion dies, the combination of high temperature and the aggressiveness
of molten aluminum in terms of corrosion can lead to pitting and the formation of inter-
metallic layers. This shortens the lifespan of these components, necessitating replacement
and sometimes the substitution of H13 steel with more expensive materials [38–41]. In
this context, the main novelty of the research reported in this paper is in defining different
material selection strategies. In particular, the use of anticorrosive coatings with alloys
exhibiting high corrosion resistance, such as austenitic stainless steels, can be exploited to
improve the durability and performance of these components [42].

The present research evaluates the feasibility of the deposition of an ER308 austenitic
stainless steel coating on an H13 tool-grade steel substrate through the variation of key
operating parameters such as welding current, which allow for evaluation of the influence
of heat input on the dilution percentage, microstructural development, hardness, and wear,
using the robotic system GMAW-S welding process. We tested a limited number of process
parameters, which allowed us to maintain precise control and greater reproducibility across
experimental conditions.
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2. Materials and Methods

In this work, an H13 tool steel plate with a thickness of 10 mm and ER308 with a high
nickel content were used, respectively, as the substrate and filler metal. The initial state
of H13 steel is a tempered martensite, following austenitization heat treatment at 1010 ◦C
for 30 min, cooling in air, and tempering at 650 ◦C for 2 h. The chemical compositions and
mechanical properties of these materials are detailed in Tables 1 and 2.

Table 1. Chemical composition of substrate and filler metal (wt. %).

Material Chemical Composition

C Cr Cu Mn Mo Ni Si V Al Fe

H13 0.45 4.95 0.071 0.39 1.26 0.16 0.93 0.47 0.05 Bal.
ER308 0.11 16.80 0.14 0.48 0.23 11.49 0.59 0.17 0.07 Bal.

Table 2. Mechanical properties of H13 tool steel and ER308 filler metal.

Material Mechanical Properties

Hardness
(HRC)

Tensile Strength
Ultimate

(MPa)

Tensile Strength Yield
(MPa)

Modulus of
Elasticity (GPa)

Elongation after
Fracture (%)

H13 25–28 1100 820 215 9.0
ER308 - >600 - - >30.0

Bead-on-weld deposits were made on the H13 steel plate using a GMAW robotic pro-
cess with short-circuit mode transfer. A KUKA KR16-2 robot (Kuka, Augsburg, Germany)
was used, connected to a Lincoln POWERWAVE 455 m power source (Lincoln Electric,
Cleveland, OH, USA) with an 80%Ar—20%CO2 (10 L/min) mixture as the shielding atmo-
sphere. The H13 steel plate was preheated to 210 ◦C to prevent residual stresses and reduce
the risk of cracks in the heat-affected zone. The process parameters used are displayed in
Table 3.

Table 3. Parameters used for coating deposition.

Designation Welding Parameters

Current
(A)

Voltage
(V)

Welding Speed
(mm/s)

Wire Feed
Speed (mm/s)

Heat Input
(kJ/mm)

C1 254.3 20.0

5 5

0.813
C2 252.0 19.8 0.798
C3 229.5 19.6 0.719
C4 208.3 19.4 0.646

Electrode extension: 10 mm
Arc length: 1 mm

2.1. Heat Input Calculation

The heat input (HI) was calculated based on Equation (1). According to the information
provided by the welding process, the efficiency (η) is assumed to be 80%.

HI =
V ∗ I

S
∗ η (1)

where HI is the heat input in kJ/mm, V is the welding voltage in V, I is the welding current
in A, and S is the welding speed in mm/s.
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2.2. Dilution Percent Calculation

The dilution percentage of each coating was calculated using Equation (2) in accor-
dance with Figure 1.

Dilution(%) =
Am

Ac + Am
∗ 100 (2)

Figure 1. Scheme of the cross-section of a coating (dilution percentage measurement).

It is important to highlight that this parameter is of interest since it strongly depends
on the process parameters and its values tend to demonstrate the union and adhesion of
the filler metal on the substrate [43,44]. Generally, in coating or hard banding, dilution
plays an outstanding role in the economic part, since values below 10% increase the lack of
adhesion integrity, while values above 20% can increase the cost of filler metal [45,46].

2.3. Macro- and Microstructural Characterization

The preparation of both the substrate and the coating was metallographic prepared in
accordance with standardized and conventional procedures. To reveal the microstructure
of the substrate, a Nital 5% solution was used for 5 s. Visualizing the coating microstructure
involved an electrolytic etching process using oxalic acid (10 g C2H2O4 + 100 mL H2O) at
6 V for 60 s.

Macrostructural evaluation was conducted using a Nikon SMZ 745T (Nikon Corp.,
Tokyo, Japan) stereoscope, and to observe the microstructural development, a Nikon Eclipse
MA200 optical microscope and a Tescan MIRA3 (Tescan Analytics, Brno, Czech Republic)
scanning electron microscope (SEM) were used. The SEM was equipped with an energy-
dispersive X-ray spectroscopy (EDS) detector to perform a semi-quantitative analysis of
the chemical composition in different regions of the coating. Additionally, the phases in
the coating, interface, and substrate were analyzed using X-ray diffraction Phillips XPert
3040 (Philips, Amsterdam, Netherlands with the following parameters: anode excitation
voltage of 45 kV, 30 mA current, scanning angle from 35◦ to 100◦ (2θ), scanning speed of
0.02◦ (2θ)/s, and Cu Kα monochromatic radiation.

2.4. Microhardness

Vickers microhardness evaluation was conducted in accordance with ASTM E384
using a Wilson Hardness Tukon 2500 (Buehler, Lake Bluff, IL, USA) microhardness tester
with a 500 gF load. This test was performed both longitudinally and transversely on the
coating. In the longitudinal test, microhardness was assessed along all the deposited beads.
Meanwhile, the transverse test examined microhardness through the coating, interface,
and substrate.

2.5. Pin-on-Disk Test

Dry sliding wear tests were conducted on the substrate and coating using a 100Cr6
pin with a diameter of 6 mm and ~63 HRC (hardness of the pin greater than the hardness
of the samples [47]). The test conditions to which the samples were subjected are shown in
Table 4.
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Table 4. Parameters used in the pin-on-disk test.

Parameters Value

Normal force 3 N
Rotating speed 10 cm/s

Test radius 4.5 mm
Sliding distance 170 m
Sphere radius 3 mm
Environment Air

Temperature nominal 28 ◦C
Specimen dimensions 1 mm × 1 mm

Subsequently, the width of the wear tracks was measured using SEM and the volume
loss was calculated using Equation (3), with reference to standard ASTM G99 [48].

V =
π·R·d3

6r
(3)

where V is the volume loss (mm3), R is the radius of the wear track on the sample (mm), r
is the radius of the pin (mm), and d is the average wear track diameter (mm).

Equation (4) was used to calculate the wear rate:

k =
V

FN·L
(4)

where k represents the specific wear rate (mm3/N × m), V is the volume loss (mm3), FN is
the applied normal force (N), and L is the sliding distance (m).

3. Results and Discussion
3.1. Macrostructure of Welds and Dilution Percentage

The macrostructural evaluation (Figure 2) confirms the absence of pores and cracks in
all samples and demonstrates proper fusion between the coatings and the substrate.

Figure 2. Macrograph of the coatings obtained with (a) 0.81 kJ/mm, (b) 0.79 kJ/mm, (c) 0.71 kJ/mm,
and (d) 0.64 kJ/mm.

Figure 3a illustrates the relationship between heat input and its influence on the
maximum and minimum thickness (Figure 3b) of each coating. It is observed that when heat
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input reaches a higher value, 0.81 kJ/mm, a significant increase in coating thickness occurs,
with a maximum value of 7.49 mm and a minimum value of 4.91 mm. As the heat input
decreases, the coating thickness decreases until it reaches a minimum value of 3.83 mm for
the heat input of 0.64 kJ/mm. This behavior is related to the higher temperature reached
between coating and substrate due to a greater heat input, which promotes substrate
melting and a greater coating thickness [49]. Moreover, when significantly more thermal
energy is used during the welding process, the resulting cooling rate is slower [50–52]
and, consequently, the percentage dilution increases (Figure 4), reaching values of 18.3%
and 18.1% at 0.81 kJ/mm and 0.79 kJ/mm, respectively. In contrast, at low energy input
(0.65 kJ/mm), the dilution percentage decreases to 14.37%. Figure 2a,b shows how a higher
heat input allows for non-uniform dilution throughout the coating as the cooling rate
increases [53,54]. These results help understand how the process parameters used influence
coating thickness and provide a base for effectively tuning these parameters.

Figure 3. (a) Coating thickness as a function of the heat input. (b) Measurement of maximum and
minimum coating thickness.

Figure 4. Influence of the heat input on the dilution percentage.

3.2. Microstructure and XRD Measurements

Figure 5 shows the microstructural evolution of each coating, analyzed in different
zones (top and middle parts of the coating and the substrate interface). It is observed that,
regardless of the heat input, all samples have a similar microstructure. The top zone consists
of a large number of columnar dendrites (Figure 5a–d), while towards the middle part of
the coating, a columnar growth is evident (Figure 5e–h). This microstructural behavior is
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attributed to the thermal gradient effect, which influences the cooling rate of each coating.
When the filler material is deposited on the substrate, it forms a weld pool, which, as the
torch advances, starts various solidification processes. In the internal zone of the weld pool,
where the highest temperature is reached, the low cooling rate allows adequate diffusion
of chemical elements and favors the columnar austenitic grain formation that grows in
the material deposition direction. Instead, at the top of the coating, different solidification
processes are observed due to the greater cooling rate reached when the part comes in
contact with the atmosphere. This prevents the correct diffusion of chemical elements, thus
hindering the formation of austenitic grains and promoting dendritic growth [55–57].

Figure 5. Evolution of microstructure across coating for each set of process parameters: (a) C1—
0.81 kJ/mm top zone (columnar dendrites), (b) C2—0.79 kJ/mm top zone (columnar dendrites),
(c) C3—0.71 kJ/mm top zone (columnar dendrites), (d) C4—0.64 kJ/mm top zone (columnar den-
drites), (e) C1—0.81 kJ/mm middle zone (columnar grains), (f) C2—0.79 kJ/mm middle zone
(columnar grains), (g) C3—0.71 kJ/mm middle zone (columnar grains), (h) C4—0.64 kJ/mm middle
zone (columnar grains), (i) C1—0.81 kJ/mm interface zone, (j) C2—0.79 kJ/mm interface zone,
(k) C3—0.71 kJ/mm interface zone, and (l) C4—0.64 kJ/mm interface zone.

Furthermore, as shown by the XRD results for sample C4 (0.64 kJ/mm) in Figure 6, the
microstructures reported in Figure 5 result in a solidification mode of the coating in the form
of ferrite-austenite, in agreement with Creq and Nieq [46,58]. The XRD analysis reveals,
for the various zones (coating, interface, and substrate), the presence of intense peaks at
angles of 44◦ and 84◦ identified as peaks corresponding to a body-centered cubic (BCC)
crystalline structure. Moreover, in the spectra relating to coating and interface, peaks with
more intense diffraction angles at 43◦ and 75◦ can be observed, identifying the presence of
a face-centered cubic (FCC) phase. Therefore, the combination of both ferrite and austenite
phases are present in the areas of the coating and at the interface with the substrate. The
presence of ferrite in an austenitic steel coating is due to the high cooling rates to which
the materials are subjected. The rapid and inhomogeneous solidification prevents δ-ferrite
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from completely transforming into austenite, causing it to remain a residual ferrite at room
temperature [46,59,60].

Figure 6. XRD patterns collected from the coating, interface, and substrate of sample C4 (0.64 kJ/mm).

An important aspect of microstructural analysis is the morphology and quantity of
residual ferrite in the coating. At the top of each coating (Figure 5a–d), a lathy ferrite is
observed (Figure 7), and as the heat input decreases, the amount of ferrite tends to increase.
Previous research has shown that if the cooling rate is slow, the growth of austenite is
favored by the diffusion phenomenon, and the predominant residual ferrite presents a
vermicular morphology. On the other hand, if the cooling rates are high, diffusion is limited
and the formation of lathy ferrite is promoted. Furthermore, it has been demonstrated that
the amount of ferrite formed during solidification also depends on the cooling rate, as well
as on the heat input, chemical composition, and heat treatment methods. Therefore, with
higher cooling rates, and especially in the areas in contact with the ambient temperature,
the ferrite content appears to be higher [61,62].
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Figure 7. Columnar dendritic microstructure (lathy ferrite) on top of the coating: (a) 0.79 kJ/mm,
(b) 0.64 kJ/mm.

As mentioned above, the interface in all coatings exhibits a similar microstructure.
However, for a more detailed analysis, Figure 8a shows the microstructure at the interface
for coating C1, highlighting the presence of martensite and austenite. Prior research has
found that high Ni and Mo content stabilizes austenite during solidification, leading to
the formation of austenite [63]. Martensite formation at the interface zone is attributed to
factors such as the cooling rate during solidification of the weld pool [64–66]. Additionally,
the high number of microalloying elements in the chemical composition of H13 steel and
the presence of tempered martensite in the substrate (see Figure 8b) lead to the formation
of untempered martensite during the rapid cooling of the welding process [67,68].

Figure 8. Microstructure by OM of (a) the interface of sample C1 (0.81 kJ/mm) and (b) substrate H13.

3.3. Microhardness Test

Figure 9 depicts the microhardness profiles of the coatings for different heat input
conditions. Two profiles run transversely from the top of the coating to the substrate, and
one horizontally across the various weld beads deposited on the substrate (Figure 9e).
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Figure 9. Vickers microhardness profiles. (a) C1—0.81 kJ/mm; (b) C2—0.79 kJ/mm; (c) C3—
0.71 kJ/mm; (d) C4—0.64 kJ/mm; (e) diagram of the direction of microhardness evaluation car-
ried out on each sample.

The hardness behavior is similar in all samples, despite different heat inputs. The
coating and the substrate exhibit hardness values of about 225 HV, while a significantly
higher increase to over 600 HV is observed when evaluating the interface and the area of the
substrate immediately close to the interface. This behavior is associated with the presence of
martensite in these areas, which produces a substantial increase in microhardness, making
the interface less ductile [69–71].
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The results highlight the importance of paying special attention to the interface in
applications involving dynamic stresses, as this region can be mechanically vulnerable.

3.4. Wear Test

Figure 10 illustrates the volume loss and wear rate for both the substrate and the
coatings. Samples with high heat input (0.81 and 0.79 kJ/mm) exhibit greater wear resis-
tance (with a volume loss of 0.085 and 0.087 mm3, respectively) compared to those with
lower thermal input, showing a slight improvement compared to the substrate (0.095 mm3).
Likewise, the wear rate remains higher in the low heat input samples, with values of 3.64
and 3.72 mm3/N·m × 10−3 in coatings C3 (0.71 kJ/mm) and C4 (0.64 kJ/mm), respectively.
This suggests that the coatings have a lower mechanical strength when subjected to abrasive
wear, and this behavior might be related to the variation in the content of residual austenite
and ferrite in the coating and their morphology [72].

Figure 10. Tribological results: (a) volume loss; (b) wear rate.

Figure 11 shows that the substrate exhibits a friction coefficient of about 0.55, whereas
the samples with a heat input of 0.81 kJ/mm and 0.79 kJ/mm have higher friction coeffi-
cients of 0.75 and 0.72, respectively. Moreover, these values are also greater than samples
with a lower heat input, which have friction coefficients of 0.68 (C3—0.71 kJ/mm) and
0.61 (C4—0.64 kJ/mm). To understand the behavior of the peaks in the friction coefficient
graphs, it is crucial to consider the process occurring during tribology testing. When the
pin in the tribology test starts to rub against the sample, the static friction coefficient is
obtained, represented by the initial peak on the left side of the graph. As the test continues,
the dynamic friction coefficient is calculated and the pin starts wearing the sample surface,
resulting in the release of particles from the tested material (in this case, the coatings) [73].
These released particles disperse over the wear zone, and due to the temperature generated
during the dry pin-on-disk test, these particles can re-adhere to the surface. This leads
to what is known as adhesive wear. Once this point is reached, the test exhibits a stable
friction behavior, known as the stick–slip effect [74].

The morphology of the worn surfaces was analyzed using SEM and is presented in
Figure 12. The images reveal evidence of abrasion wear in all the wear tracks caused by the
detachment of oxide particles formed in the coating, which start to slide along the wear
track [73,75]. Delamination flakes and a smooth wear surface can also be observed in the
samples. Note that a reduced wear track width is evident in the samples with a high heat
input, consistent with the volume loss results (see Figure 8).
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Figure 11. Graph of friction coefficients.

Figure 12. SEM micrographs of the wear tracks. (a) C1—0.81 kJ/mm; (b) C2—0.79 kJ/mm; (c) C3—
0.71 kJ/mm; (d) C4—0.64 kJ/mm.

Chemical analysis using EDS was performed on the wear tracks (Figure 13), evaluating
different areas. The results of this chemical analysis indicate the presence of oxygen,
chromium, and iron in all samples. The high oxygen content is related to the fact that
since the test was conducted under dry conditions, the coating surface heats up and the
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particles released during the test enter an oxidation state [76,77]. These oxides promote the
formation of a protective layer on the surface, reducing friction and wear [78].

Figure 13. EDS of the wear tracks. (a) C1—0.81 kJ/mm; (b) C2—0.79 kJ/mm; (c) C3—0.71 kJ/mm;
(d) C4—0.64 kJ/mm.

4. Conclusions

In this study, coatings of austenitic stainless steel ER308 were applied on an H13
tool-grade steel substrate using the S-GMAW process. Their macro-/microstructural and
mechanical evolution was analyzed using various characterization techniques. The main
conclusions of the study are as follows:

1. No visible discontinuities such as pores, cracks, or lack of fusion were observed in
any of the coatings.

2. The thickness of the coating and its dilution are directly related to the heat input. For
a high heat input (0.81 kJ/mm), the dilution percentage and the maximum coating
thickness reach higher values (18.3% and 7.46 mm, respectively) compared to the
values obtained with lower heat input 0.64 kJ/mm (14.3%—4.34 mm).

3. In all samples, the coating mainly consists of austenite, with lathy ferrite at the top
of the coating and columnar austenitic grains in the center. The interface shows the
presence of austenite and quenched martensite.

4. Microhardness tests revealed that the coating and the substrate have similar hardness
values, which increase significantly at the interface, reaching a maximum of 625 HV
due to the presence of martensite in this area.

5. Samples with a higher heat input (0.81, 0.79 kJ/mm) exhibited greater wear resistance.

The conclusions of the present study allow us to define the feasibility of joining dis-
similar materials by adequate dilution of the filler material on the substrate. In subsequent
work, the corrosion resistance of the welded assembly must be evaluated and analyzed to
complete the application of this investigation.
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