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Seamless API SL X52 steel pipes are widely used in oil and gas transmission
systems, but under harsh operating conditions including corrosive and abrasive
environments, they have relatively limited corrosion and wear resistance, which can
lead to reduced service life and increased maintenance costs. In this study, with an
industrial-oriented approach and with the aim of simultaneously improving
mechanical properties and corrosion behavior, a coating of nickel-based alloy
Inconel 625 was applied to the surface of API 5L X52 steel pipes by metal cladding
method. As a common industrial welding process, this method has the practical
implementation capability on an industrial scale. After the coating operation, the
chemical composition of the coating was determined by emission spectrometry and
the mechanical properties including hardness, tensile, bending and impact were
evaluated at a temperature of -30 °C. Also, the corrosion behavior was investigated
by performing pitting corrosion tests and susceptibility to intergranular corrosion by
immersing the samples in a boiling solution containing 25 g of ferric sulfate and 236
ml of sulfuric acid for 120 hours. The results showed that the Inconel 625 coating
had a stable and uniform chemical composition at different surface and thicknesses
and resulted in a 51% increase in the hardness of the steel substrate. Also, the
corrosion rates were 0.000193 g/cm? and 1.278 (mm/year) in the pitting and
intergranular corrosion tests, respectively, indicating a significant improvement in
corrosion resistance along with an increase in mechanical properties of API SL X52
steel after applying the Inconel 625 coating.
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1. Introduction

Corrosion is a natural and destructive phenomenon that occurs due to the tendency of materials to reach their lowest
free energy state through reactions with the surrounding environment. This phenomenon leads to gradual
degradation, loss of surface appearance, reduction in weight and gloss, and ultimately a decline in performance
during service. Contrary to common belief, non-metallic materials are also susceptible to corrosion; therefore,
corrosion engineering must develop strategies for a wide range of materials. The rate and severity of corrosion
depend on the material and environmental conditions. In the oil, gas, and petrochemical industries, corrosion and
wear are among the most critical damage mechanisms affecting equipment and facilities. This is particularly
significant in pipelines transporting corrosive fluids such as carbon dioxide (CO. ) and hydrogen sulfide (H. S).
Additionally, at metal-to-metal contact points, wear is a primary cause of component degradation. Designing
equipment for long-term service life (approximately 30 years in offshore industries) requires materials with high
resistance to corrosion and wear. Moreover, phenomena such as fatigue cracking are directly related to surface
wear, as these cracks often originate from microscopic grooves formed by repeated contact.

Despite the excellent performance of corrosion-resistant metals such as chromium- and nickel-based alloys, their
application is limited due to high cost and welding difficulties. Low-carbon steels like API 5L X52 are widely used
in pipelines because of their reasonable cost and acceptable mechanical properties, but they exhibit low resistance
to corrosion and wear. Coating these steels with nickel-based alloys such as Inconel 625 can significantly enhance
corrosion, wear, and oxidation resistance. Various surface coating techniques, including weld cladding, thermal
spraying, laser cladding, and plasma transferred arc (PTA), provide uniform, well-adhered layers with reduced
cracking and porosity. Previous studies have shown that Inconel 625 improves the mechanical and corrosion
performance of components and pipelines under industrial conditions. Furthermore, the microstructure resulting
from heat treatment has a direct influence on both the mechanical properties and corrosion behavior of the steel.

In the present study, cladding was performed using the widely available GTAW method in accordance with ASME
Section VIII and Section IX standards on real pipes used in oil and gas transmission lines. Unlike many previous
studies that mainly focused on laboratory specimens or advanced and costly methods such as laser cladding or
plasma transferred arc, this research demonstrates the possibility of simultaneously improving mechanical
properties and corrosion resistance using a conventional industrial method. Furthermore, conducting a series of
mechanical tests (tensile, bending, and low-temperature impact) and standard corrosion tests provides a practical
and generalizable insight into the performance of Inconel 625 coatings under industrial service conditions.

2. Methodology

In this study, to investigate the performance of the corrosion-resistant alloy Inconel 625 as an internal coating for
steel pipes, a pipe made of API 5L X52 steel with an outer diameter of 168 mm, a wall thickness of 22.5 mm, and a
length of 150 mm was initially prepared. After the preliminary preparation, the inner surface of the pipe was
carefully degreased and cleaned using alcohol and acetone to ensure proper conditions for the coating process.

The coating was applied using orbital multi-pass tungsten inert gas (TIG) welding. For this purpose, an AWS ER-
NiCrMo-3 electrode wire with a diameter of 2 mm was used, and the process continued until an approximate
coating thickness of 15 mm was achieved. To evaluate the quality of the applied coating, coated samples were
prepared for microstructural analysis, Microhardness testing, and corrosion behavior assessment under laboratory
conditions.

The chemical compositions of the steel pipe and Inconel 625 alloy are presented in Table 1. Due to its nickel-
chromium-based structure, Inconel 625 exhibits excellent mechanical properties and corrosion resistance. This alloy
demonstrates high stability in corrosive environments and at elevated temperatures, forming a stable and passive
oxide layer on its surface that prevents the penetration of corrosive agents into the substrate. Therefore, it is widely
and effectively used for internal coatings of pipelines transporting corrosive fluids in the oil and gas industry. Table
2 presents the welding parameters used for applying the Inconel 625 internal coating on the steel pipe, including
voltage, current, travel speed, preheating, and inter-pass temperatures, which are essential to ensure repeatability
and accuracy of the experiments.

3. Evaluation of Properties

The microstructure and porosity of the Inconel 625-cladded API 5L X52 steel samples were evaluated using optical
emission spectrometry. Samples were first ground, polished, and thoroughly cleaned to ensure a smooth, uniform,
and contaminant-free surface. Spark spectroscopy was performed on the prepared areas to determine the elemental
composition, with emission intensity directly correlated to the concentration of each element using standard
calibration curves. Quantitative spectrometry confirmed that the Inconel 625 coating fully met the required
chemical specifications.

Mechanical testing was carried out on samples prepared according to ASTM and ASME standards. Tensile
specimens had a width, thickness, and cross-section of 18/19 mm, 12/66 mm, and 242/82 mm?, respectively, while
bending tests were conducted on samples 22.5 mm wide and 10.6 mm thick using a 40 mm mandrel and 180°
rotations. Impact tests were performed according to ASTM E23 at -30°C on specimens 10x55 mm with a 2 mm V-
notch. Vickers Microhardness measurements were carried out at 28 points along the coating-substrate interface
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using a 10 kg load for 10-15 seconds, revealing significant hardness improvements. Results indicated that the
deposited coating was dense, uniform, and of adequate thickness. Minimal porosity was observed, attributed to
uniform powder particle distribution and controlled heat input during welding. The coating’s hardness was
influenced by porosity, particle morphology, degree of melting, grain size, and orientation.

Corrosion resistance was assessed through pitting and intergranular corrosion tests. Pitting tests were conducted per
ASTM G48-11 by immersing samples in ferric chloride solution at 22°C for 72 hours. Intergranular corrosion
susceptibility was evaluated by immersing samples in a boiling solution of 25 g ferric sulfate and 236 ml sulfuric
acid for 120 hours. Cylindrical samples machined from coated pipes using EDM were used for tensile tests, while
rectangular billets containing up to 50% substrate and 50% coating were used for compressive tests. Fracture tests
were performed per ASTM E1820-01, with specimens machined to dimensions of 150x12.5x30 mm. Holes were
introduced in fracture specimens near the coating-substrate interface to facilitate crack initiation and propagation.
The coated layer exhibited excellent bonding with the substrate, uniform microstructure, low porosity, and
enhanced mechanical and corrosion-resistant properties. These results demonstrate the effectiveness of Inconel 625
internal cladding in improving surface hardness, mechanical performance, and durability of API 5L X52 steel pipes
under severe service conditions

4. Results
4.1. Chemical Composition

The chemical composition of the Inconel 625 coating on the surface and 1 mm below the surface of the cladded
sample is presented in Tables 2 and 3. The minimal differences in elemental weight percentages between the
surface and subsurface confirm the uniformity and homogeneity of the coating. A consistent chemical composition
ensures uniform mechanical and corrosion properties across the coating thickness.

4.2. Mechanical Properties:

The Microhardness measurements in Table 4 show that the base metal, HAZ, and Inconel 625 coating exhibit
average hardness values of HV 154, HV 167, and HV 232, respectively, indicating a 51% increase in base metal
hardness due to the coating. Elemental diffusion during welding, particularly Nb and Mo, contributes to hardness
enhancement in the HAZ. Finer grain sizes on the coating surface increase hardness through higher grain boundary
density. Hardness uniformity across the weld pool (HV 235-245) further confirms consistent chemical composition
and mechanical properties.

Tensile tests (Table 5) show that the yield and ultimate tensile strengths increased from 311 MPa to 381 MPa and
396 MPa to 487 MPa, respectively, corresponding to 22.5% and 22.9% improvements due to Inconel 625 cladding.
Bending tests (Table 6) revealed no delamination or cracks, indicating excellent coating adhesion. Impact tests at -
30°C (Table 7) showed an average absorbed energy of 109 J, reflecting good toughness and ductility. Fracture
surfaces exhibited both shear and flat fracture modes, confirming energy absorption during failure and overall
material toughness.

4.3. Corrosion Behavior:
Pitting and intergranular corrosion tests (Table 8) showed low weight loss values of 0.000193 g/cm? and a corrosion
rate of 1.278 mm/year, respectively. Optical microscopy (Figure 6) confirmed the coating’s resistance to corrosion.

Improved corrosion resistance in conjunction with enhanced mechanical properties makes Inconel 625-cladded API
SL X52 steel suitable for oil and gas pipeline applications.

5. Conclusions

In this study, Inconel 625 was applied via metallic cladding to API 5L X52 steel pipes to enhance mechanical and
corrosion resistance properties. Key findings include:

1- Uniform chemical composition throughout the coating thickness and a 51% increase in base metal
hardness due to Inconel 625.

2- Improved tensile properties, with yield and ultimate strengths increasing by 22.5% and 22.9%,
respectively, along with enhanced impact resistance and coating adhesion.

3-  Significant improvement in corrosion resistance, with pitting and intergranular corrosion rates of 0.000193
g/cm? and 1.278 mm/year, respectively, demonstrating suitability for harsh oil and gas environments.

4- The welding process produced a strong metallurgical bond between the coating and substrate, ensuring
durability, reduced defects, and combined mechanical and corrosion performance.

These results confirm that Inconel 625 cladding provides a practical and effective solution for enhancing the
operational performance of steel pipelines under severe service conditions.

***Pata Availability Statement
All data generated or analyzed during this study are included in this published article. The datasets supporting the
findings of this study are therefore fully available within the paper, including all tables, figures, and supplementary

information. No additional raw data or materials were generated outside of the experimental and analytical results
reported here.
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