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ABSTRACT

High-strength steels used in the oil and gas industry are susceptible to corrosion in harsh
environments. Although Inconel 625 offers excellent corrosion resistance, its high cost limits
large-scale application. Weld cladding with Inconel 625 provides a cost-effective alternative;
however, excessive dilution with the steel substrate increases iron content and degrades clad
chemistry. This study investigates the effect of welding polarity on iron dilution and clad
chemistry in multilayer SMAW Inconel 625 overlays deposited on SA-387 grade 11 steel.
Three-layer claddings were produced using direct current electrode negative (DCEN) and
direct current electrode positive (DCEP) polarities. Clad chemistry was characterized by
positive material identification (PMI) and scanning electron microscopy with energy-dispersive
X-ray spectroscopy (SEM-EDS). Iron dilution was calculated from measured iron contents.
Under the investigated conditions, the DCEN clad exhibited substantially lower iron content
(3.97 £ 0.12 wt%) compared with the DCEP clad (10.6 wt%). DCEN also permitted a lower
welding current (100-110 A versus 140-150 A for DCEP), resulting in reduced heat input.
These findings demonstrate that DCEN polarity can effectively minimize iron dilution and
produce clad chemistry closer to that of the Inconel 625 filler metal. Corrosion performance
was not directly evaluated in this study and remains a subject for future investigation.

© 2026 The Authors. Published by Synsint Research Group.
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1. Introduction

Weld cladding is widely used to improve the surface properties of
steels exposed to severe service environments, particularly in the oil
and gas, petrochemical, power generation, and pressure-vessel
industries. Nickel-based alloys such as Inconel 625 are frequently
selected as cladding materials because of their excellent corrosion
resistance, mechanical properties, and suitability for demanding service
environments. The performance of an Inconel 625 overlay is strongly

* Corresponding author. E-mail address: f.nematzadeh@merc.ac.ir (F. Nematzadeh)

influenced by the deposition process, welding parameters, dilution, and
the resulting microstructure and chemical composition of the clad layer
[1-5]. Therefore, controlling the interaction between the deposited
alloy and the steel substrate is essential for obtaining a sound overlay
with an appropriate chemical composition and corrosion-resistant
surface.

Several welding processes have been employed to deposit Inconel 625
overlays, including gas metal arc welding (GMAW), plasma
transferred arc (PTA), flux-cored arc welding (FCAW), gas tungsten
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arc welding (GTAW), and cold metal transfer (CMT) processes [1, 3,
6-10]. Previous studies have demonstrated that welding parameters and
process conditions can significantly affect the geometry,
microstructure, chemical composition, and corrosion behavior of
Inconel 625 overlays [1, 6-10]. In particular, alloy 625 overlays
deposited on carbon and low-alloy steels have been investigated with
respect to microstructure, mechanical behavior, and processing
conditions [11, 12]. Moradi and Ketabchi [11] investigated alloy 625
weld overlays deposited on ASTM AS516 grade 70 carbon steel and
reported an austenitic dendritic weld-metal microstructure together
with acceptable shear strength at the clad interface. Elango and
Balaguru [12] investigated Inconel 625 overlay deposition on carbon
steel using GMAW and emphasized the importance of controlling weld
chemistry, particularly the Fe content of the deposited overlay.

Among the available deposition processes, shielded metal arc welding
(SMAW) remains attractive for field and repair applications because of
its relatively simple equipment, portability, and suitability for
depositing overlays on large or complex components. The welding
current and electrode polarity are important parameters in SMAW
because they influence arc characteristics, heat distribution,
penetration, and bead geometry [13—15]. Previous investigations have
reported  differences in weld penetration, bead geometry,
microstructure, and residual stress under direct-current electrode-
positive (DCEP) and direct-current electrode-negative (DCEN)
conditions [14, 15]. These effects are particularly important in cladding
applications because changes in penetration directly influence the
extent of substrate melting and, consequently, dilution of the deposited
alloy.

For multilayer nickel-based overlays, iron dilution is a particularly
important parameter because the deposited material is progressively
mixed with the steel substrate during welding. Excessive iron
incorporation can alter the chemical composition of the overlay and
reduce the relative concentration of alloying elements characteristic of
Inconel 625. The effects of dilution on the microstructure and
properties of Ni-based alloy 625 coatings have been reported in
previous studies [16, 17]. Investigations of Inconel 625 overlays on
carbon and low-alloy steels have likewise shown that substrate
composition and welding parameters influence the chemical
composition and microstructure of the deposited layer [18, 19].

The influence of welding current on Inconel 625 overlays has been
specifically investigated by Antoszczyszyn et al. [20], who
demonstrated that increasing deposition current increased dilution and
affected the resulting microstructure and properties of the coating.
Song et al. [21] investigated the effect of welding current on the
Inconel 625/X65 cladding interface and reported that increasing
welding current, and consequently heat input and arc force, increased
dilution and modified the composition transition region and
microstructure near the interface. These findings indicate that
controlling welding conditions is essential for limiting substrate
melting and maintaining the desired composition of the overlay.

The relationship between iron dilution and the corrosion performance
of Inconel 625 overlays has also received considerable attention. Cunha
et al. [2] investigated the effect of iron dilution on the corrosion
resistance of Inconel 625 welding overlays deposited on carbon steel,
demonstrating the importance of controlling dilution when evaluating
overlay performance. Xu et al. [17] examined the intergranular
corrosion behavior of Inconel 625 deposited by CMT/GTAW and
demonstrated the relationship between deposition conditions,

microstructure, and corrosion behavior. These studies indicate that the
interaction between the steel substrate and nickel-based overlay can
substantially influence the final chemical and microstructural
characteristics of the deposited material.

Microstructural and corrosion investigations of Inconel 625 overlays
deposited by different processes have further demonstrated the
importance of the deposition procedure. Studies using PTA and related
processes have evaluated the influence of welding parameters on the
geometry, microstructure, corrosion behavior, and pitting resistance of
Inconel 625 coatings [6-9]. Kumar et al. [18] evaluated the
microstructure and corrosion behavior of Inconel 625 and Inconel 82
overlays on 304L stainless steel weld metal and reported a fully
austenitic microstructure in the Inconel overlays together with
improved corrosion performance of Inconel 625 in the investigated
media. The effects of heat treatment on steel/Inconel 625 coating
systems have also been investigated. Trindade et al. [19] studied a C-
Mn steel/Inconel 625 coating system and demonstrated that different
heat-treatment routes could modify the microstructure and
microhardness of the coated system. These findings emphasize that
both the as-deposited condition and subsequent thermal history can
influence the final characteristics of an Inconel 625 overlay.

Several studies have specifically investigated the performance of
Inconel 625 overlays produced using different welding processes.
Alvardes et al. [9] evaluated the performance of Inconel 625 weld
overlays obtained by FCAW, while Costa et al. [1] investigated the
microstructure of Inconel 625 cladding deposited by GMAW and
GMAW with a rotating electrode. Macedo et al. [4] studied the effects
of shielding gas and substrate thickness on dilution and microstructure
in Inconel 625 MIG/MAG coatings. These studies demonstrate that
process-related parameters can substantially influence dilution and
microstructural development in nickel-based overlays.

Heat input is another important factor governing dilution and
microstructural evolution during overlay welding. Changes in welding
current and other heat-input-related parameters can modify substrate
melting, penetration, solidification conditions, and the resulting
microstructure of the deposited alloy [16, 20, 21]. Kim et al. [16]
investigated the effect of heat input on the pitting resistance of Inconel
625 welds produced by overlay welding, while Nachimuthu et al. [22]
examined the high-temperature corrosion performance of Inconel 625
hard overlays deposited on stainless steel substrates. These studies
emphasize the importance of controlling the thermal conditions during
deposition to obtain a suitable combination of chemical composition,
microstructure, and corrosion resistance.

For industrial overlay applications, welding procedure qualification and
control of weld quality are also essential. Welding standards provide
requirements and guidance concerning welding variables, qualification
procedures, materials, and inspection practices [15, 23, 24]. In addition,
previous investigations have examined the influence of welding
polarity on weld geometry and penetration and have demonstrated that
electrode polarity can substantially affect the characteristics of
deposited weld metal [15]. These considerations are particularly
important for SMAW overlays, where changes in polarity can alter arc
behavior, heat distribution, and substrate melting.

Recent studies have also explored alternative processes for depositing
Inconel 625 overlays and improving their resistance to corrosion and
environmentally assisted cracking. Cold metal transfer (CMT), for
example, has been used to fabricate Inconel 625/X80 overlays with
controlled microstructures and resistance to sulfide stress corrosion
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Table 1. Chemical composition of the base metal and welding
electrode (Wt%).

Material Base metal Inconel 625
C 0.15 0.025
Si 0.57 0.4

Mn 0.51 0.7
Cr 1.27 22
Ni 0.04 >60.0
Mo 0.51 9
Al <0.03 <04
Nb 0.002 33
S <0.001 -
P <0.005 -
Fe >60.0 0.5

cracking [17,25]. Other investigations have reported the effects of
process parameters on Inconel 625 coatings and the resulting
microstructural and corrosion characteristics [1, 3, 4, 6, 8, 10, 13—-17].
Although these advanced processes can provide improved control over
heat input and dilution, SMAW remains an important practical option
for applications where equipment simplicity, accessibility, and repair
capability are major considerations.

Despite the extensive research on Inconel 625 weld overlays, relatively
limited attention has been given to the specific influence of
welding polarity on iron dilution during multilayer SMAW deposition
of Inconel 625 on SA-387 grade 11 class 2 steel. This substrate is
relevant to pressure-vessel and high-temperature service applications,
where maintaining a corrosion-resistant nickel-based surface while
limiting iron incorporation from the substrate is important. Although
previous studies have investigated welding polarity, dilution,
microstructure, corrosion behavior, and the influence of welding
parameters separately [2, 6, 10-15, 17, 26, 27], the combined effect of
polarity and multilayer deposition conditions on iron dilution in
SMAW Inconel 625 overlays on SA-387 grade 11 class 2 steel requires
further investigation.

Accordingly, the present study investigates the effect of welding
polarity on iron dilution, clad chemistry, and interfacial
microstructure in multilayer SMAW Inconel 625 overlays deposited on
SA-387 grade 11 class 2 steel. Preliminary welding trials were
performed to identify suitable welding conditions for minimizing
iron dilution, followed by detailed characterization of the elemental
distribution across the clad layer and the substrate—cladding
interface. Particular attention was given to the effects of DCEN
and DCEP polarity, welding current, penetration, heat input,
and the number of deposited layers. The objective is to identify
welding conditions capable of producing a multilayer Inconel
625 overlay with reduced iron dilution and a chemical composition
closer to that of the filler metal, thereby providing a basis for
improved control of corrosion-resistant weld cladding in industrial
applications.

Table 2. Mechanical properties of the base metal and welding

electrode.
Material Base metal Inconel 625
Temperature (°C) 25 25
Yield strength (MPa) 418 375
Tensile strength (MPa) 585 1440
Elastic modulus (GPa) 210 197
Poisson’s ratio 0.289 0.278

2. Materials and methods

The experimental work was carried out at Machine Sazi Arak
Company (MSA), Iran. Inconel 625 weld cladding was deposited on
SA-387 grade 11 class 2 steel plates using the shielded metal arc
welding (SMAW) process to investigate the effect of welding polarity
on iron dilution in the deposited overlay.

SA-387 grade 11 class 2 steel, which is widely used in pressure vessels,
wellhead equipment, and oil and gas processing facilities operating at
elevated temperatures, was selected as the substrate material. Its
chemical composition and mechanical properties are presented in
Tables 1 and 2, respectively.

Test coupons with dimensions of 150 mm X 150 mm x 35 mm were
prepared in accordance with ASME Boiler and Pressure Vessel Code,
Section IX (QW-214.2, Figure QW-462.5(e), and Table QW-453).
Before welding, the specimens were preheated to 120 °C, as required
for P-No. 4 materials by ASME Section IX.

An AWS ENiCrMo-3 electrode with a diameter of 4 mm was used to
deposit the corrosion-resistant overlay by the SMAW process. A total
of 24 weld passes were applied to achieve an average clad thickness of
approximately 8 mm. The welding parameters employed in this study
are summarized in Table 3.

Following welding, the clad specimens were subjected to non-
destructive testing (NDT) to verify weld integrity and detect any
surface or internal discontinuities. Subsequently, post-weld heat
treatment (PWHT) was performed in accordance with the
requirements of the ASME Boiler and Pressure Vessel Code, Section
VIII, Division 1.

3. Results and discussion

3.1. Experimental measurement of iron dilution

To determine the optimum welding parameters for minimizing iron
dilution, a series of preliminary cladding trials was performed using
test coupons fabricated from the same material as the main specimens.
Considering the electrode manufacturer's recommended current range
(110-140 A), different welding currents, polarities, and numbers of
deposited layers were evaluated, as summarized in Table 3.

The iron content of the deposited overlays was measured using a
portable PMI analyzer. Among the investigated conditions, the three-
layer cladding produced using direct current electrode negative
(DCEN) at a welding current of 110-120 A exhibited the lowest iron
dilution. Consequently, these parameters were selected for the
subsequent experimental work.
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Table 3. Welding parameters and process conditions employed for cladding.

Layer Welding Polarity  Voltage Travel speed Preheating Interpass ‘Weld bead Peak temp.
No. current (A) ) (mm/s) temp. (°C) temp. (°C) dimensions (mm) CO)*
1 110-120 DCEN 30-40 3.74.7 — 15x8x3 567
2 110-120 DCEN 30-40 3.74.7 180 15%8x3 505
3 110-120 DCEN 30-40 3.74.7 190 15%8x3 500

* A distance of 7 mm from the weld line centerline. Thermocouples were insulated directly on the base metal at a distance of 7 mm from the weld line, so in the first layer the

maximum temperature was detected, and in the second and third layers the existing Inconel on the base metal caused lower temperature readings.

The lower iron dilution obtained with DCEN in the present study
can be attributed to the combined effects of welding polarity and
the associated welding parameters. Under the investigated
conditions, DCEN enabled cladding at a lower welding current than
DCEP. Since the calculated heat input depends on welding current,
arc voltage, and travel speed, the lower welding current used
with DCEN resulted in a lower calculated heat input. In addition,
shallower penetration was observed with DCEN compared with
DCEP, which limited the melting and mixing of the steel substrate
with the deposited alloy and consequently reduced the amount of

a)

1 layer-DCEP 2 layer-DCEP

Incon el 625

2 layer-DCEN

©)

iron incorporated into the clad layer. Therefore, the lower dilution
observed with DCEN should be considered a result of the combined
effects of polarity, welding current, heat input, and penetration
rather than polarity alone.

The greater penetration observed under DCEP conditions is
consistent with the findings reported by Kumar et al. [14] and
Aloraier et al. [15], who also reported differences in penetration
between DCEP and DCEN under SMAW conditions. However,
penetration characteristics are affected by several interacting
factors, including welding polarity, welding current, arc voltage,

3 layer-DCEN 3 layer-DCEP

Fig. 1. a) Clad specimens prepared under various welding conditions and b & c) chemical composition measurements using
a portable positive material identification (PMI) analyzer: b) Three-layer DCEP and c) three-layer DCEN.
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Fig. 2. Scanning electron microscopy (SEM) micrograph and corresponding EDS line scan analysis across the interface: base metal on the left
and cladding layer on the right.

travel speed, electrode characteristics, and heat distribution. Under
the conditions investigated in the present study, the shallower
penetration obtained with DCEN substrate melting
and consequently contributed to lower iron dilution. The lower
welding current associated with DCEN also resulted in a lower

reduced

calculated heat input, which further contributed to limiting
substrate melting.
From a practical standpoint, the selected DCEN condition

provided satisfactory arc stability while allowing the required
clad thickness to be deposited at a lower welding current. The
lower dilution achieved under these conditions is beneficial for
controlling the incorporation of iron from the steel substrate into the
Inconel 625 overlay. Accordingly, under the welding conditions
investigated in this study, DCEN represents a suitable polarity for
multilayer Inconel 625 cladding when minimizing iron dilution
is a primary objective.

Among all the investigated conditions, specimen No. 5 exhibited the
lowest iron dilution (Table 4). This result can be attributed to the

combined effects of DCEN polarity and the three-layer cladding
sequence, which produced an overall clad thickness of approximately
8 mm. The successive deposition of multiple layers reduced the
influence of substrate dilution on the outer clad region, allowing its
chemical composition to more closely approach that of the Inconel 625
filler metal. This finding further demonstrates the importance of both
welding parameters and cladding thickness in controlling iron dilution
in multilayer overlays.

3.2. Elemental distribution and iron dilution across the clad layer

To characterize the elemental distribution across the clad layer, energy-
dispersive X-ray spectroscopy (EDS) line-scan analysis was performed.
The analysis was carried out along a line extending from the substrate
through the substrate—cladding interface to the outer surface of the clad
layer. The corresponding elemental profiles are presented together with
the scanning electron microscopy (SEM) micrograph of the interface in
Fig. 2.

Table 4. Welding parameters and measured Fe content of the preliminary trial specimens.

Specimen  Polarity = Current No.of Clad thickness PMI Fe EDS point  EDS point  EDS point EDS mean +
No. A) layers (mm) content (Wt%) 1 (wt%) 2 (Wt%) 3 (wt%) SD* (wt%)
1 DCEP 140-150 1 3 22.00 — — —
2 DCEP 140-150 2 6 12.00 — — —
3 DCEP 120-125 3 8 10.00 — — —
4 DCEN 100-120 2 6 7.00 — — —
5 DCEN 100-120 3 8 3.90 39 4.1 39 397+0.12

*SD: Standard deviation
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Fig. 3. EDS line scan profile across the interface showing elemental concentration (wt%) on the vertical axis versus distance (um) on the
horizontal axis: a) base metal and first cladding layer, b) second and third cladding layers, and c) top surface of the cladding.

As shown in Fig. 3, the concentrations of nickel (Ni), chromium (Cr),
and molybdenum (Mo) gradually increase with increasing distance
from the substrate toward the clad surface, whereas the iron (Fe)
concentration decreases correspondingly. This compositional gradient
reflects the progressive reduction in dilution from the carbon steel
substrate as successive clad layers are deposited. Near the outer surface
of the overlay, the Fe content reaches its minimum while the
concentrations of the principal alloying elements approach those of the
Inconel 625 filler metal, indicating effective control of iron dilution in
the final clad layer.

Several mathematical formulations have been proposed to quantify iron
dilution in weld cladding. In the present study, the dilution percentage
was calculated using Eq. 1, which has been widely adopted in the
literature [9].

p,(Fe, - Few/p)

Dilution(%) =
p,(Fe, —Fe, ) +p,(Fe ~Fe,)

x100

M

lsErR HV: 2000 KW
EM MAG: 433 x

WD 1691 mm
Det: BSE

where p, = 7.80 gr/cm’ and p,, = 8.44 gr/cm’ are the densities of the
substrate and the filler metal, respectively.

Fe; = 96.9% and Fe. extracted from EDS (Fig. 4) represent the
iron contents (wt%) of the substrate and the clad layer, whereas
Fewp = 0.5% denotes the iron content of the filler wire (or
powder).

The iron concentration in the clad layer was determined by
SEM-EDS area-scan analysis performed at both the substrate—cladding
interface and the outer surface of the overlay, as shown in Figs. 3 and
4. The iron dilution percentages calculated using the PMI and EDS
techniques are summarized in Tables 6 and 7, respectively, based on
Eq. 1.

In these tables, the numerical suffixes (1, 2, and 3) indicate
the number of deposited clad layers, while the accompanying
abbreviations

identify the welding polarity employed during

deposition.

VEGAW TESCAM

Fig. 4. Representative EDS elemental spectrum and surface quantitative chemical analysis acquired from the top cladding layer of
specimen No. 5.
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Table 5. Measured elemental concentration (wt%) obtained from EDS line scan analysis from the base metal to the third cladding layer.

Element Mo (Wt%) Nb (wt%) Ni (wt%) Fe (wt%) Cr (wt%) C*
Point 1 0.00 0.00 0.00 94.20 0.00 31
Point 2 0.00 0.00 43.75 43.75 17.50 20
Point 3 543 3.26 5435 19.57 17.39 8
Point 4 6.59 4.40 47.25 18.68 16.48 9
Point 5 8.60 4.30 62.37 8.60 18.28 7
Point 6 7.87 5.62 66.29 7.87 19.10 11
Point 7 9.78 4.35 61.96 543 19.57 8
Point 8 8.79 4.40 64.84 3.85 20.88 9

* C values are the originally measured EDS values and are not included in the normalized composition.

Table 6. Evaluation of the iron dilution percentage calculated using PMI analysis data and the dilution formulation.

Welding condition (No. of

Measurement location

Dilution (%)

layers/polarity)
1-DCEP Clad surface 22.6
2-DCEP Clad surface 11.7
3-DCEP Clad surface 10.6
2-DCEN Clad surface 7.3
3-DCEN Clad surface 3.9

Table 7. Evaluation of the iron dilution percentage calculated using EDS analysis data and the dilution formulation.

Welding condition (No. of

Measurement location

Dilution (%)

layers/polarity)

3-DCEN Base metal (fusion line) 78.6
3-DCEN Base metal (fusion line) 73.7
3-DCEN Base metal (fusion line) 68.6
3-DCEN Base metal (fusion line) 37.7
3-DCEN First layer (layer 1) 19.4
3-DCEN First layer (layer 1) 18.3
3-DCEN Second layer (layer 2) 8.4
3-DCEN Second layer (layer 2) 7.3

3-DCEN Clad surface 5.1

3-DCEN Clad surface 3.4
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4. Conclusions

The effects of welding polarity on iron dilution during SMAW

cladding of Inconel 625 onto ASME SA-387 grade 11 class 2 steel

were investigated. Based on the experimental results, the following
conclusions can be drawn:

e Optimization of dilution: Preliminary welding trials demonstrated
that a three-layer cladding sequence deposited using direct current
electrode negative (DCEN) polarity at a welding current of 110-
120 A produced the lowest iron dilution, approximately 3.97 wt%.

o Effect of welding polarity: DCEN consistently produced lower
iron dilution than DCEP. The reduced dilution was associated with
shallower weld penetration, resulting in less melting of the
substrate and a lower amount of iron incorporated into the
deposited overlay.

o Influence of heat input: Under the welding conditions investigated
in this study, the lower welding current used with DCEN resulted in
a lower calculated heat input, which, together with the observed
shallower penetration, contributed to limiting base metal melting
and reducing iron dilution.

® Effect of cladding thickness: Increasing the number of deposited
layers reduced the influence of substrate dilution on the outer clad
region. The three-layer overlay, with an average thickness of
approximately 8 mm, produced the lowest iron concentration in the
outer clad layer, allowing its chemical composition to more closely
approach that of the Inconel 625 filler metal. This result indicates
that increasing the cladding thickness can effectively reduce the
influence of substrate dilution on the chemical composition of the
outer clad layer.

e Industrial significance: The results demonstrate that combining
DCEN polarity with a three-layer cladding sequence can produce
Inconel 625 weld overlays with low iron dilution and a chemical
composition closer to that of the filler metal. The measured iron
content of the outer clad layer satisfies the iron-content requirement
specified by Petrobras N-1707 for corrosion-resistant weld
overlays. However, since corrosion testing was not performed in
the present study, the corrosion performance of the deposited
overlay was not directly evaluated. Therefore, the present findings
indicate the potential applicability of the proposed welding
procedure for corrosion-resistant overlay applications, while further
corrosion testing is required to confirm its corrosion performance.
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