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Abstract: This study investigates the microstructure and tribological behavior of Inconel 625 overlays
applied via GMAW (Gas Metal Arc Welding) with and without a 316LSi stainless-steel intermediate
layer on top of A36 steel. The microstructural characterization was conducted via FESEM with EDS.
The tribological behavior was evaluated using a tribometer in a reciprocating configuration. The
results showed that the wear rate of the Inconel 625 weld overlay with the 316LSi intermediate layer
was higher than without it. However, no variations were observed in terms of hardness and the
friction coefficient of the Inconel 625 weld overlays. The difference in the behavior of the two coatings
was justified due to the microstructure morphology found in each case and chemical composition.
When applied without the intermediate layer, Inconel 625 coating’s structure was dendritic, whereas
it was cellular otherwise. An increase in the amount of Nb was observed in the layer deposited over
316LSi. This rise likely led to an increase in the number of precipitates and/or Laves phase formation.
Thus, the results indicated that the difference in thermal conductivity and dilution between the
stainless and carbon steels modifies the morphology of the microstructure of the Inconel 625 weld
overlay, decreasing wear resistance when deposited on top of the stainless steel.

Keywords: Inconel 625; 316LSi stainless steel; A36 steel; GMAW cladding; tribological behavior

1. Introduction

Nickel-based alloys are commonly used in a variety of industrial sectors due to their
elevated mechanical properties and corrosion resistance, and the Inconel alloy family
responds to most applications. Among them, coatings produced by cladding based on
fusion welding are largely employed as this protection-improving process is a low-cost
option that enables the protection of other metals when such alloys are applied. As an
example, the performance of Inconel 625 (wire feedstock) cladding produced via laser
beam welding (LBW) under electrochemical corrosion was investigated by Abioye et al. [1].
This cladding comprised a dendritic matrix and interdendritic precipitates, which were
shown to be rich in Mo and Nb. Such a coating exhibited an average microhardness
of around 232 ± 4.5 HV and corrosion performances very close to that of the reference
Inconel 625, which degrades with increasing Fe dilution. Previous works have presented
details of the microstructure and dilution of this kind of coating on different steels [2–4],
investigating the microstructure of Inconel 625 coatings that are deposited on top of Inconel
738 substrates via LBW and Gas Tungsten Arc Welding (GTAW) cladding. Austenite,
carbide, and Laves phases were observed inside the coatings in both deposition processes,
but the LBW coatings displayed a more refined microstructure due to the higher cooling
rate achieved.
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Antoszczyszyn et al. [5] assessed the impact of dilution on the microstructure and
properties of Inconel 625 deposited using the Plasma Transferred Arc (PTA) process on
API 5L carbon steel and AISI 316L stainless-steel substrates. They observed differences in
the microstructure and properties of the coatings produced, which were associated with
the interaction with each substrate. A larger fraction of carbides accounted for the higher
hardness (about 235 HV) of the coating when on top of the API 5L carbon steel, whereas
the low thermal conductivity of the AISI 316L stainless steel and its higher Fe content in
solid solution contributed to the lower hardness in the respective coating.

In addition to corrosion resistance, tribological properties are also critical for a variety
of equipment, such as those applied in seawater and its surroundings. Zhang et al. [6]
showed that friction coefficients are strongly affected by the tribo-oxidant layer in Inconel
coatings, as they revealed the sliding wear behavior of three different Inconel 625 coat-
ings produced via cladding. By selecting the proper combination of materials and design
strategy, multilayer coatings might be adapted to reduce friction and increase the wear re-
sistance of mechanical components in a variety of tribological applications [7] whether they
are employed in brand-new or restored parts. The main purpose of industrial maintenance
is to repair faults caused by friction and contact fatigue. Normally, recoating using a new
layer allows the reuse of the part that did not support degradation. Thus, coatings are often
used to improve the mechanical properties of tribological pairs [8].

A study on the effect of impact and slip of particles on samples of Inconel 690 showed
that the wear produced is more severe when it occurs due to unidirectional movements.
For multidirectional wear, in contrast, the debris located inside the wear marks reduces the
wear rate but increases the friction coefficient, which is the main mechanism of wear: in
this case, abrasion with delamination [9]. Li et al. [10] showed that in annealed coatings
of Inconel 600 alloys, the increase in treatment temperature caused grain growth and a
consequent reduction in the hardness of the protective material. Subsequent fretting wear
tests showed that the reduction in grain size promoted the formation of a transformed
tribological structure that produced smaller delamination plates and, therefore, a reduction
in wear volume.

Therefore, it is observed that the use of fusion welding for producing claddings enables
the application of the Inconel alloy family as coatings in different applications at a relatively
low cost, especially if arc processes are employed. However, as aforementioned, it is known
from the literature that dilution in steel might significantly influence the microstructure,
mechanical properties, and therefore, the tribological behavior of Inconel coatings produced
via arc welding processes. One of the ways to reduce the influence of steel dilution in
Inconel weld overlays is to insert an intermediate layer between the steel and Inconel
sections. In this context, the use of stainless steel for the intermediate layer is adequate
because it is compatible with both carbon steel and Inconel alloys in part due to their
high chromium content, and using a stainless-steel interlayer as an alternative to using
two layers of Inconel to decrease Inconel dilution might be a cost-effective solution to the
recurrent dilution issue. Thus, the present work aims to compare tribological behaviors
under the sliding wear of Inconel 625 deposited on top of carbon steel via GMAW cladding
with and without a stainless-steel intermediate layer and hence analyze the influence of the
substrate on the performance of such weld overlays.

2. Materials and Methods
2.1. Materials

The weld overlays were applied via the GMAW process in a constant voltage mode
coupled with an industrial robot. ASTM A36 steel was used as the initial substrate, and
ER316LSi (316L stainless steel) and ERCrNiMo-3 (Inconel 625) filler metals were used
as intermediate and top cladding materials, respectively. The choice of Inconel 625 was
based on its extensive applications in power generation and energy sectors, as well as its
remarkable utilization in the marine and aerospace industries. The chemical composition of
such materials is listed in Table 1. Plates measuring 10 mm in thickness, 100 mm in width,
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and 150 mm in length were used for the initial substrate. The Ar with 25% of He was used
as shielding gas at 16 L/min.

Table 1. Chemical composition of the A36 steel substrate [11] and of the ER316LSi [12] and ERCrNiMo-
3 [13] filler metals in weight percentage (wt%).

Element Ni Cr Mn Si Al Ti Fe C Mo Nb

A36 0.02 0.02 0.67 0.09 0.03 - Bal. 0.23 - -

ER316LSi 13.00 19.00 2.50 0.70 - - Bal. 0.03 3.00 -

ERCrNiMo-3 Bal. 22.46 - - 0.26 0.26 0.14 0.02 8.84 3.46

2.2. Methods

Figure 1 presents the flowchart of the activities developed in this study, which are
detailed in Sections 2.2.1–2.2.4.
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Figure 1. Flowchart of the activities developed in the study with respect to the influence of the
substrate on the tribological behavior of the Inconel 625 GMAW overlay.

2.2.1. Production of Cladding Layers

In terms of coatings, two types of samples were produced starting from the ASTM
A36 steel substrate:

1. Sample I: GMAW cladding of Inconel 625;
2. Sample M: GMAW cladding of 316LSi stainless steel followed by GMAW cladding of

Inconel 625.

Figure 2 schematically shows the sequence of cladding according to the sample type.
The waviness observed in the deposition is attributed to the interposition of weld beads,
which was performed by overlapping 50% of each previous bead. The parametrization for
GMAW claddings is presented in Table 2. The welding current was selected, employing
the wire’s feed speed at average values of approximately 150 A.
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Figure 2. Deposition sequence of cladding layers: (a) Sample I (Inconel 625 weld layer); (b) Sample
M (stainless-steel 316LSi intermediate weld layer followed by the top Inconel 625 weld layer).

Table 2. GMAW cladding parametrization of Sample I (Inconel 625 weld layer) and Sample M
(stainless-steel 316LSi intermediate weld layer followed by the top Inconel 625 weld layer).

Sample Layer Filler Metal Shielding Gas Arc Voltage
(V)

Wire Feed Speed
(m/min)

Welding Travel Speed
(cm/min)

I Top ERCrNiMo-3 Ar + 25%He 25 12.5 25

M
Intermediate ER316LSi Ar + 25%He 25 6.5 25

Top ERCrNiMo-3 Ar + 25%He 25 12.5 25

2.2.2. Microstructural Characterization

To obtain insights into the microstructural features of the coatings that were produced,
field emission scanning electron microscopy (FESEM) was performed using a MIRA3
TESCAN microscope coupled with an elemental analyzer based on energy dispersive spec-
troscopy (EDS) and wavelength-dispersive spectroscopy (WDS). To observe the coatings in
FESEM equipment, specimens were prepared with typical procedures up to a diamond
paste with 0.04 µm as polishing abrasive.

2.2.3. Hardness Tests

Hardness tests were carried out by using Mitutoyo model HV100 equipment with
a Vickers indenter at a load of 10 kgf applied for 30 s. Ten hardness measurements were
performed directly on the surface of each cladding sample (I and M).

2.2.4. Sliding Wear Tests

Reciprocating wear tests were carried out under dry sliding conditions by using a Plint
TE66 tribometer. The counter bodies were AISI 52100 spheres with 10 mm in diameter under
a normal load of 20.6 N, resulting in a pressure of 0.17 GPa at 2 Hz. Testing times of 0.5 h
were used to assess the wear evolution of the cylinders of the reciprocating wear system
and the specimens that were taken from different weld overlays. The variables measured
during the tests were friction force and contact potential. For that, an LVDT sensor was
incorporated into the tribometer to assess the position of the counterbody against the
specimen for each cycle of the reciprocating movement. By using this information, the
technique called triboscopy [14–17] was used to produce 3D numerical images where the
x-axis represents the position within each cycle, the y-axis represents the number of cycles,
and the z-axis represents the measure of friction or contact potential. Three reciprocating
tests were performed directly on the surface of each cladding sample (I and M).

3. Results and Discussions
3.1. Microstructural Characterization

Figure 3 presents the SEM images of the top surfaces of the Inconel 625 weld overlay
(Sample I) and stainless-steel 316LSi intermediate weld layer followed by the top Inconel
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625 weld layer (Sample M). As observed, the cladding layers were formed by columnar
dendrites in Sample I and by cellular structure in Sample M.
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(stainless-steel 316LSi intermediate weld layer followed by the top Inconel 625 weld layer).

Kim et al. [18] observed equiaxial grain formation in the Inconel 625 overlay produced
using electroslag welding, and a cellular structure was observed in the Inconel 625 overlay
produced via GMAW by Souza et al. [19]. Lin [20] reports that thermal conductivity may
affect grain formation, resulting in modified solidification morphologies. According to
Bergman et al. [21], AISI 1010 carbon steel has a thermal conductivity of 63.9 W/m.K
against 13.4 W/m.K of the AISI 316 stainless steel. Therefore, the cooling rate of the Inconel
layer of Sample M might have been considerably lower than that of Sample I. Thus, the
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difference in the thermal conductivity of substrates (carbon steel and 316LSi stainless steel)
may explain the difference observed in the morphology of Inconel 625’s microstructure in
the present study.

Figure 3 also shows a continuous dark dendritic matrix and light contrast precipitates
in the interdendritic regions in both samples. An EDS map of Sample I (Figure 4) reveals
that the matrix is rich in nickel and chromium and that the interdendritic precipitates are
rich in niobium and molybdenum, and the same occurred in Sample M. This occurrence
is similar to what has been found in the current literature [1–5,22], but it is important to
emphasize that in Sample I, the precipitates are smaller and appear more distributed than
those found in Sample M.
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An analysis of Figure 4, which illustrates the EDS map of Sample I, confirms the pres-
ence of precipitates associated with Nb and Mo elements. Furthermore, an accumulation of
Nb and Mo elements is observed in the interdendritic region, which likely contributes to
the formation of the Laves phase. This phenomenon was also observed by Sauraw et al. [23]
in the case of ERNiCrMo-3 welding, where a significant weight percentage of Nb and Mo
was found in interdendritic areas, confirming the precipitation of the Nb-enriched NbC
and Laves phases and the Mo-enriched Mo2C and Laves phases.

The WDS results for both samples are summarized as average terms in Table 3. As
observed, the matrix composition in samples I and M is significantly richer in Fe (~24 wt%)
when compared with the filler metal, which has Fe contents of only 0.14 wt%. This
difference might be attributed to Fe dilution in the substrates (carbon steel plate for Sample
I and stainless-steel layer for Sample M), and it is higher than the amount found by Abioye
et al. [1]. This scenario is justified by the higher percentage of dilution (approximately 30%)
due to the GMAW process and the welding parameters used in the present work. Najafi
et al. [24] observed, when depositing three layers of Inconel via GMAW cladding on top of
an ASTM A516 Gr 70 plate, that the Fe content in the second and third layers was below
2 wt%. In addition, they also reported that the segregation of Nb and Mo into interdendritic
regions contributed to the formation of secondary phases, such as Laves and MC carbide
precipitates. At this point, it is essential to emphasize that the distinct dilution mechanisms
caused the M sample to exhibit a higher concentration of Nb, potentially contributing to a
greater formation of the Laves phase.

Table 3. Chemical composition for Sample I (Inconel 625 weld layer) and Sample M (stainless-steel
316LSi intermediate weld layer followed by the top Inconel 625 weld layer) via WDS (wt%).

Element Sample I Sample M

Al 0.27 0.17

Si 0.16 0.24

Ti 1.22 1.22

Cr 18.59 20.54

Mn 0.31 0.54

Ni 41.61 39.25

Nb 4.22 5.03

Mo 8.88 8.74

Fe 24.74 24.27

3.2. Hardness Characterization

The results of the hardness assessment, as shown in Figure 5, indicate that the sub-
strate did not present a significant influence on the Inconel weld overlay. According to
Antoszczyszyn et al. [5], the contribution of the substrate to coating properties has three
components: it may alter the composition of phases as elements from the substrate are
incorporated into the solution solid, it may modify the carbide fraction and distribution,
and it may change the thermal cycle undergone by the clad layer.

In this way, the difference in the substrate’s thermal conductivity was not a sufficient
component to promote hardness modification, despite being capable of affecting the forma-
tion and distribution of precipitates, in addition to affecting the morphology of the grains
(columnar dendrites for Sample I and cellular structure for Sample M).
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3.3. Sliding Wear

As observed in Figure 6, according to the wear assessment, samples I and M did
not display differences in the friction coefficient. Corroborating this result, the respective
triboscopic maps were constructed at intervals of 7000 cycles during a stability period, and
they are shown in Figure 7, where it is possible to observe any variation in the friction
coefficient not only in terms of cycles but also along the wear track. Both samples revealed
a transient period at the beginning (first cycles) of the tests in the middle of the wear tracks.
An increase in the friction coefficient is also observed in both cases at the edges of the wear
tracks.

Coatings 2023, 13, x FOR PEER REVIEW 9 of 14 
 

 

 
Figure 6. Friction coefficient after the sliding wear test for Sample I (Inconel 625 weld layer) and 
Sample M (stainless-steel 316LSi intermediate weld layer followed by the top Inconel 625 weld 
layer). 

 
Figure 7. Triboscopic maps for Sample I (Inconel 625 weld layer) and Sample M (stainless-steel 
316LSi intermediate weld layer followed by the top Inconel 625 weld layer). 

Figure 8 shows the typical wear tracks of samples I and M. Regarding the depth of 
the wear track, Sample I had an average depth of 128 μm, which was lower than the av-
erage depth of 134 μm obtained in Sample M. Additionally, Sample I exhibited a wear 
volume of 0.718 mm3, whereas Sample M had a volume of 0.870 mm3. These volumes were 
obtained from the entire length of the wear tracks. Consequently, it can be concluded that 
Sample I displayed a wear path with both a smaller volume and depth of wear. The re-
sultant mean values of the specific wear rate are compiled in Figure 9. As observed, Sam-
ple I exhibited a lower specific wear rate. But, as aforementioned, samples I and M a had 
similar phase formation and hardness. Thus, the explanation for the higher specific wear 
rate in Sample M might be related to differences in the microstructure's morphology if 
contrasted with Sample I and possibly to an increase in the number of precipitates and/or 
Laves phase formation. 

Figure 6. Friction coefficient after the sliding wear test for Sample I (Inconel 625 weld layer) and
Sample M (stainless-steel 316LSi intermediate weld layer followed by the top Inconel 625 weld layer).



Coatings 2023, 13, 1454 9 of 14

Coatings 2023, 13, x FOR PEER REVIEW 9 of 14 
 

 

 
Figure 6. Friction coefficient after the sliding wear test for Sample I (Inconel 625 weld layer) and 
Sample M (stainless-steel 316LSi intermediate weld layer followed by the top Inconel 625 weld 
layer). 

 
Figure 7. Triboscopic maps for Sample I (Inconel 625 weld layer) and Sample M (stainless-steel 
316LSi intermediate weld layer followed by the top Inconel 625 weld layer). 

Figure 8 shows the typical wear tracks of samples I and M. Regarding the depth of 
the wear track, Sample I had an average depth of 128 μm, which was lower than the av-
erage depth of 134 μm obtained in Sample M. Additionally, Sample I exhibited a wear 
volume of 0.718 mm3, whereas Sample M had a volume of 0.870 mm3. These volumes were 
obtained from the entire length of the wear tracks. Consequently, it can be concluded that 
Sample I displayed a wear path with both a smaller volume and depth of wear. The re-
sultant mean values of the specific wear rate are compiled in Figure 9. As observed, Sam-
ple I exhibited a lower specific wear rate. But, as aforementioned, samples I and M a had 
similar phase formation and hardness. Thus, the explanation for the higher specific wear 
rate in Sample M might be related to differences in the microstructure's morphology if 
contrasted with Sample I and possibly to an increase in the number of precipitates and/or 
Laves phase formation. 
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Figure 8 shows the typical wear tracks of samples I and M. Regarding the depth of the
wear track, Sample I had an average depth of 128 µm, which was lower than the average
depth of 134 µm obtained in Sample M. Additionally, Sample I exhibited a wear volume of
0.718 mm3, whereas Sample M had a volume of 0.870 mm3. These volumes were obtained
from the entire length of the wear tracks. Consequently, it can be concluded that Sample I
displayed a wear path with both a smaller volume and depth of wear. The resultant mean
values of the specific wear rate are compiled in Figure 9. As observed, Sample I exhibited
a lower specific wear rate. But, as aforementioned, samples I and M a had similar phase
formation and hardness. Thus, the explanation for the higher specific wear rate in Sample
M might be related to differences in the microstructure’s morphology if contrasted with
Sample I and possibly to an increase in the number of precipitates and/or Laves phase
formation.
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Figure 9. Wear rate after 30 min of sliding for Sample I (Inconel 625 weld layer) and Sample M
(stainless-steel 316LSi intermediate weld layer followed by the top Inconel 625 weld layer).

The specific wear rate of the counterbodies was also measured and is shown in
Figure 10. It is possible to observe that the counter bodies did not exhibit a significant
difference in the specific wear rate compared to the analyzed samples.
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Figure 10. The specific wear rate of counter bodies of sliding for Sample I (Inconel 625 weld layer)
and Sample M (stainless-steel 316LSi intermediate weld layer followed by the top Inconel 625 weld
layer).

Secondary (Figure 11a,c) and back-scattered (Figure 11b,d) electron images of samples
I and M are shown in Figure 11. It is possible to observe similar widths in both cases. It is
also possible to observe that the samples revealed different predominant wear mechanisms
(abrasive wear in Sample I and adhesive wear in Sample M), which might also play a role
in the wear rates that were measured.
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Figure 11. SEM images of the wear tracks. (a) Secondary electron imaging for Sample I; (b) back-
scattered electron imaging for Sample I; (c) Secondary electron imaging for Sample M; (d) back-
scattered electron imaging for Sample M.

A more detailed analysis of back-scattered electron images with semiquantitative
element composition analysis via EDS reveals that the sliding action promoted the for-
mation of a tribolayer with the presence of oxygen in Sample I, as indicated in Figure 12.
However, as observed in Figure 13, in Sample M, such an analysis did not identify the
presence of oxygen. From the literature [25], oxidation phenomena occur due to wear heat
and an oxidized layer, which protects the surface against subsequent wear damage. This
phenomenon may help explain the higher wear resistance observed in Sample I and agrees
with the results found by Chen et al. [26] when using a thermal spraying process to produce
Inconel 625 coatings.
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Based on the results gathered throughout this study, it is reasonable to suppose that
the addition of the Inconel overlay produced via GMAW cladding directly on top of carbon
steel reduces the wear rate, while the addition of Inconel on top of an intermediate stainless-
steel layer increases the wear rate despite keeping a friction coefficient compared to that
obtained when coating using Inconel only.

4. Conclusions

The present work aimed to compare the tribological behavior under the sliding wear
of the Inconel 625 overlay produced on top of carbon and stainless steels via the GMAW
cladding process. According to the analysis tools that were employed and based on their
results, the following conclusions can be drawn:

• The analysis of the cladding layers revealed a columnar dendritic structure with
respect to the Inconel on top of carbon steel used as a substrate and a cellular structure
with respect to the Inconel on top of stainless steel used as a substrate.

• An increase in the amount of Nb was observed in the layer deposited over 316LSi. This
increase likely led to an increase in the number of precipitates and/or Laves phase
formation.

• The sliding wear tests revealed similar friction coefficients for both cladding sequences
(with and without the intermediate layer).

• Although there were no significant differences in chemical composition, hardness, and
friction coefficient, the Inconel weld layer showed greater resistance to wear probably
due to the difference in the morphology of the microstructure that formed.

• The samples revealed different predominant wear mechanisms; abrasive wear in the
Inconel weld layer and adhesive wear in the stainless-steel intermediate weld layer
followed by the top Inconel weld layer.
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