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Abstract: 

Shielded Metal Arc welding with ENiCrMo-10 weld cladding on Grade 316L austenitic stainless steel is examined in this 
article. This material-process combination is being evaluated for use in petrochemicals, oil, gas, medicines, and chemical 
processing plants. The weld cladding was assessed through a series of examinations, counting visual inspection, micro 
hardness, chemical composition study via optical spectroscopy, bend tests and Corrosion resistance testing, while macro and 
microstructure observations provided additional insights. These observations show numerous remarkable results. A large 
dilution height of 3.0 mm from the base metal enabled precise control and minimum alloy mixing. Visual inspection and bend 
tests confirmed cladding weld integrity. The weld cladding's high-quality finish eliminates the need for costly machining and 
polishing, saving money. The study clarifies main and secondary inter-laminar spacing, improving structural integrity. Weld 
cladding toughness is also good. The weld cladding's low corrosion resistance must be noted. This research introduces a new 
material combination and highlights its many benefits for industry stakeholders, notably in the petrochemical and 
pharmaceutical industries. It improves welding operations and improves industrial applications' efficiency, cost, and 
structural performance. 
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1. Introduction: 

The manufacturing industries like chemical, petrochemical, pharmaceutical and oil & gas play a important role in the 
world economy. They supply variety of materials and products related to chemicals are necessary for numerous region, 
including energy, manufacturing, and transportation [1]. A major challenge for industries is the corrosive degradation of 
equipment surfaces. This problem is triggered by wear and corrosive substances that contaminate various parts of 
manufacturing equipment [2][3]. Degradation can result from erosion, corrosion, or / and friction, either independently or in 
combination, and is influenced by parameters. To address this issues, a practical preventive measure includes applying 
protective coatings made from specialized corrosion-resistant materials, considerably reducing degradation of manufacturing 
equipment [4]–[9]. 

Responding to rising requirement for surface protecting materials across a variety of applications necessitates inventive 
resolutions that enhance material life, efficiency, and consistency. So, selecting appropriate protective layers becomes 
important for ensuring safe operations. Among the effective methods garnering considerable attention are weld cladding 
techniques, which improve corrosion resistance of parent materials [10], [11]. 

Weld cladding, a specific technique for enhancing corrosion resistance, plays a important role in safeguarding critical 
infrastructure and equipment from aggressive environments. This process entails depositing a layer of corrosion-resistant 
alloy onto a base metal through welding. The primary benefit of this method lies in its capacity to create a protective coating 
that insulates the underlying material from corrosive agents, including acids, chemicals, and saltwater. By employing weld 
cladding, industries can significantly extend the operational life of their assets, thereby reducing the frequency of 
replacements and minimizing maintenance requirements. This technique offers a strategic approach to corrosion prevention, 
allowing for the targeted application of protective materials to high-risk areas. As a result, it presents a more economical 
alternative to constructing entire structures from costly corrosion-resistant alloys. The implementation of weld cladding 
techniques contributes substantially to the overall resilience, longevity, and economic efficiency of industrial equipment and 
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infrastructure. By mitigating the detrimental effects of corrosion, this method ensures improved performance and reliability in 
challenging operational environments [12]–[14]. 

During the weld overlay process, a phenomenon known as welding dilution takes place. This occurs when the heat 
generated by welding causes the base material to partially melt and intermix with the added filler metal. Welders typically 
select filler materials for their specific attributes, such as enhanced durability or resistance to corrosive elements. As the 
intense heat of welding is applied, it not only melts the filler metal but also causes some melting of the base metal at the joint 
interface. The resulting blend of base and filler metals in the weld pool is what constitutes welding dilution. This interaction 
between the two metals can significantly influence the properties of the final weld, particularly in the area where the weld 
meets the base metal. 

The level of dilution depends on factors such as the welding process, welding parameters (current, voltage, travel speed), 
filler metal type, and metallurgical properties of the base metal. Excessive dilution can lead to changes in mechanical 
properties and corrosion resistance, potentially affecting performance and integrity. Therefore, controlling welding dilution is 
essential to ensure welds meet the required specifications and maintain desired properties. Skilled welders and proper 
techniques are employed to manage dilution and achieve consistent, predictable weld characteristics. In critical applications 
where minimizing dilution is necessary, specialized welding processes and techniques may be used to control the mixing of 
base metal and filler metal more effectively [4], [15], [16]. 

Weld cladding is a technique employed to enhance the surface characteristics of a parent material by depositing a superior 
metal layer through specialized welding methods. To ensure high-quality results in weld cladding, it's crucial to evaluate 
several geometric aspects of the weld bead. These include its vertical profile, horizontal span, additional buildup, penetration, 
and the extent to which adjacent beads overlap. These measurements are essential in determining the level of dilution - a 
concept that quantifies the degree of mixing between the original base metal and the added cladding material during the 
welding process. In essence, dilution indicates how much the underlying metal integrates with the newly applied layer as they 
melt and resolidify together. Understanding and controlling dilution is vital for achieving the desired properties in the clad 
surface, as it directly influences the final composition and performance of the welded area. By carefully managing these 
parameters, welders can optimize the cladding process to effectively improve the surface qualities of the base metal while 
maintaining the intended characteristics of the cladding material [17]–[20]. 

Of the many cladding materials available, ENiCrMo-10 is notable for its high-performance properties as a Ni-Cr-Mo-W 
alloy. The ENiCrMo-10 alloy, when used for weld cladding, demonstrates exceptional resistance to a broad spectrum of 
corrosive conditions. Its protective qualities extend to both oxidizing and reducing acidic environments, making it an ideal 
choice for applications in challenging industrial settings. This alloy finds particular utility in sectors such as chemical 
processing, petrochemical operations, and pharmaceutical production, where materials are exposed to harsh chemical agents. 
The primary benefit of applying ENiCrMo-10 through weld cladding lies in its ability to significantly boost the corrosion 
resistance of the underlying metal. By depositing this alloy onto the surface of a base material, a protective barrier is formed. 
This layer effectively shields the base metal from the destructive effects of various corrosive substances, including acids, 
alkaline compounds, and chloride-containing solutions. In environments where the base metal would typically be susceptible 
to corrosive attack, the ENiCrMo-10 cladding provides a crucial line of defense. This protective function is especially valuable 
in industrial applications where material integrity is paramount for safety, efficiency, and longevity of equipment and 
structures [21]–[24]. 

ENiCrMo-10 weld cladding offers several advantages, though it also presents unique challenges. The distinct metallurgical 
characteristics of ENiCrMo-10, when compared to common base materials such as austenitic stainless steel or low carbon 
steel, can lead to complications in creating a robust, flawless weld interface between the substrate and the cladding layer. 
These differences in material properties often necessitate specialized welding techniques and careful control of welding 
parameters to ensure a successful cladding application [25]–[30]. These challenges stem from variations in thermal expansion 
coefficients and melting points [24], [31], [32]. The application of ENiCrMo-10 cladding demands meticulous consideration 
when determining welding variables, selecting appropriate consumables, and choosing suitable techniques to create a durable 
and reliable connection between the materials. During the cladding process, ENiCrMo-10 may be susceptible to issues like 
solidification cracking and hot cracking, especially if suboptimal practices are employed. These problems can arise from 
factors such as excessive heat input or inadequate surface preparation. 
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To minimize the occurrence of these complications, it's essential to implement several key strategies. These include 
utilizing compatible filler materials, implementing precise heat input control measures, ensuring thorough cleaning 
procedures, Maintaining appropriate interpass temperatures. By adhering to these best practices, welding professionals can 
significantly enhance the quality and integrity of ENiCrMo-10 cladding applications [33], [34]. 

Selecting a process for weld cladding entails considering several key factors for a successful and high-quality result. 
Material compatibility is crucial to avoid issues like cracking and incompatibility between the base and cladding materials. The 
choice of cladding material should align with desired properties. Determining the required weldoverlay thickness and 
managing dilution are essential for achieving the desired properties and dimensions. The joint configuration must be assessed 
to select a welding process suitable for the specific geometry and accessibility.  thickness influences the choice of the welding 
process, with thicker materials favoring submerged arc or flux-cored arc welding, and thinner materials suiting gas metal or 
tungsten arc welding. Other considerations include required quality, production rate, heat input, accessibility, operator skill, 
equipment availability, and cost. Common welding processes for weld cladding include GMAW/MIG, GTAW/TIG, SMAW, SAW, 
FCAW, and PTAW. The final selection should result from a comprehensive assessment of these factors to ensure a durable and 
successful weld cladding for the intended application. 

Choosing the most suitable welding process for weld cladding is a key decision that involves balancing multiple factors to 
achieve the best results, reduce dilution, and capitalize on the deposition rate. Conventional welding process like SMAW, 
GTAW, MIG/MAG and SAW are frequently used for tasks such as filling back welding. Among these, SMAW is especially 
common in smaller and medium-sized industries, though every method has its respective benefits and limitations. Various 
welding techniques offer different advantages and drawbacks when applied to cladding processes. Traditional methods like 
Shielded Metal Arc Welding (SMAW) and Gas Tungsten Arc Welding (GTAW) typically result in slower material deposition. On 
the other hand, Metal Inert Gas/Metal Active Gas (MIG/MAG) procedures, while potentially faster, may introduce issues such 
as excessive spatter, suboptimal surface finish, and increased dilution rates. 

Submerged Arc Welding (SAW) stands out for its ability to deliver high heat input and achieve deeper penetration. 
However, more advanced technologies have emerged to address specific cladding challenges. These include Cold Metal 
Transfer (CMT), Hot Wire Technology (HWT), laser cladding, and Plasma Transferred Arc Welding (PTAW). These cutting-
edge methods offer several benefits like enhanced control over dilution, accelerated deposition speeds, superior overall 
cladding quality. It's important to note that while these advanced techniques can yield improved results, they often come with 
higher equipment costs and require operators with specialized skills and training [35]–[37]. 

SMAW presents several advantages for weld cladding applications compared to both conventional and advanced welding 
techniques. Its versatility allows for use in various positions and environments, making it suitable for scenarios where access 
is limited or the workpiece is difficult to maneuver. Moreover, SMAW equipment is portable and straightforward, offering a 
cost-effective solution for on-site applications and repairs. Its simplicity also makes it accessible to a wider range of welders, 
reducing training costs and time [67]. 

Another significant advantage of SMAW for weld cladding is its ability to work well with dirty or rusty materials, as it is 
less sensitive to surface contaminants compared to other welding processes. Additionally, SMAW eliminates the need for 
external shielding gas, as the flux-coated electrode generates its shielding gas when burned. This feature makes SMAW ideal 
for outdoor or remote applications where gas availability may be limited. While SMAW provides good penetration and fusion 
for strong welds, When determining the most suitable welding process for a weld cladding application, it is important to 
assess factors such as the thickness of the materials involved, the welding position, and the available project budget.[65]-[66]. 

In current times, a noticeable rise in the use of ENiCrMo-10 weld cladding on Grade 316L in numerous industries, 
particularly in petrochemicals. This rise in popularity can be attributed to the demand for materials capable of withstanding 
highly corrosive conditions, maintaining structural integrity, and reducing maintenance expenses. This work aims to 
underwrite to presentinformation and offer appreciated insights into the successful application of ENiCrMo-10 weld cladding 
on Grade 316L in industries like petrochemicals, oil and gas, pharmaceuticals, and chemical processing. 

Cracks in welds between dissimilar materials have been identified in numerous plants, and there are many documented 
instances of failures in weldments involving different alloys. Hot cracking defects are frequently seen in dissimilar material 
welding due to thermal contractions from unequal heating and cooling rates during the welding process. As a result, research 
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has been directed at finding ways to evaluate and repair structural integrity. To control crack growth and enhance weld 
thickness and corrosion resistance, shielded metal arc welding (SMAW) is commonly used for cladding. Manual SMAW 
cladding is especially suitable for repair and maintenance of critical areas due to its versatility[64]-[66]. 

To achieve this objective, the research paper focuses on investigating the Gas Tungsten Arc welding process for applying 
ENiCrMo-10 weld cladding on Grade 316L. A range of testing methods will be applied in this study, including visual test (VT)  
and micro hardness tests, side bend testing, and chemical composition analysis. The Potentiodynamic Polarization Technique 
will be used for corrosion resistance evaluation, and the research will also include observations of macro and microstructures 
and an analysis of dilution. 

The outcomes of this research hold significant importance for the various critical industrial applications, as they provide 
valuable insights into effectively applying ENiCrMo-10 weld cladding on Grade 316L. The findings can lead to improved 
material performance, cost-effectiveness, and reliability in critical industrial environments. Moreover, the study aligns with 
the growing trend of utilizing ENiCrMo-10 weld cladding on Grade 316L, making it a precious source for researchers and 
industry professionals in the area of materials engineering. 

2. Experimental Process 

In this investigation, the SMAW method used to experimentally deposit ENiCrMo-10 flux-coated solid filler wire onto 
Austenitic stainless steel Grade 316L. The study aimed to evaluate the fitness of this welding methods and material grouping 
for application in present industrial contexts. 

2.1 Material  

ENiCrMo-10 alloy was applied to Grade 316L steel using the SMAW methods. Table 1 displays the nominal chemical 
compositions of both Hastelloy C-22 and Grade 316L steel. 

Table 1. Nominal Chemical Composition (Wt. %) for Grade 316L Austenitic Stainless Steel and ENiCrMo-10 Alloy in the Present 
Work 

Elements C Si Mn P S Cr Mo Ni 

Base Metal 
Grade 316L 

0.023 0.3 1.26 0.043 0.004 16.25 2.03 10.05 

ENiCrMo-10 0.01 0.2 0.1 0.003 0.004 20.7 14.5 Bal. 

Element Fe N Co W     
Base Metal 
Grade 316L 

Bal. 0.038 - -     

ENiCrMo-10 5.1 --- 0.06 2.8     

 

The material under investigation in this study was Grade 316L, with a thickness of 10mm. Its nominal chemical 
composition is detailed in Table 1. Plates of Grade 316L were precisely cut and machined to dimensions of 500mm x 300mm x 
10mm. 

2.2 Method  

In the current research endeavor, The SMAW process is employed to apply Hastelloy Mo-10 alloy weld cladding onto 
Grade 316L, to capitalize on the manifold benefits this process offers. Initially, a total of 5 bead-on-plate trials were conducted 
to meticulously select and screen welding parameters suitable for this research. The choice of parameters for these trials was 
guided by the recommendations provided by the consumable manufacturer, insights gleaned from literature surveys, and the 
wealth of industrial experience with this process [25], [37], [38], [47], [52]. This research project involved conducting a series 
of individual welding passes on a bead-on-plate setup. The experiment was repeated five times to ensure reliability of results. 
The primary objectives were to examine the operational aspects of the welding process and to investigate how variations in 
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welding energy influenced specific geometric features of the weld bead. The key characteristics under scrutiny included the 
height of the weld reinforcement, the ratio between reinforcement height and bead width, the extent of dilution occurring 
during the welding process. By focusing on these parameters, the study aimed to provide insights into the relationship 
between welding energy input and the resulting weld bead geometry. 

 The optimal operating parameters were established through a combination of dilution analysis and visual inspections 
of the bead-on-plate specimens. These parameters were subsequently applied to welding coupons, as illustrated in Figure 1. 

 

Figure1:weld cladding of Hastelloy MO-10 

Proper melting and strong adhesion, particularly at the vertex, must be ensured by the process parameters, while 
preventing excessive dilution and avoiding defects due to rapid cooling. Shielded Metal Arc Welding process was used to apply 
three layers of ENiCrMo-10 weld cladding to the Grade 316L base plate. Each layer included ten welding beads. Table 2 
outlines the pertinent process parameters, including welding current, voltage, travel speed, and other relevant factors. 

Table 2. Welding parameters 

Parameter Layer -1  Layer -2 Layer -3 

Current (Amp.) 95-110 100-112 100-118 

Voltage Max. (V) 18-22 18-22 18-24 

Travel Speed Average 
(mm/Min) 

250-300 280-300 300-320 

Filler Wire Dia. (mm) 3.15 3.15 3.15 

Polarity DCEP DCEP DCEP 

Welding position 1G (Flat) 1G (Flat) 1G (Flat) 

Heat Input (Kj/mm) 0.58 0.53 0.57 

No. of bead / Layer  10 10 10 

 

In preparation for the welding process, the substrate's top surface underwent thorough cleaning with ethyl alcohol to 
remove any contaminants. The team then employed the Shielded Metal Arc Welding (SMAW) technique to apply three layers 
of Hastelloy MO-10 alloy weld cladding, resulting in an initial thickness of approximately 7 mm for both the substrate and the 
deposited layer. Post-welding visual inspection revealed uniformly smooth welds without noticeable defects. To further 
ensure quality, non-destructive testing was conducted, focusing on identifying potential issues such as cracks, discontinuities, 
and interface defects in the cladding. This comprehensive approach aimed to verify the integrity and soundness of the weld 
cladding application, ensuring that the final product met the required standards for performance and reliability. 

2.2.1 Bend test  

Bend testing serves as a crucial evaluation method for Hastelloy weld claddings, offering key insights into their 
performance characteristics. This technique subjects the cladding to specific bending stresses, allowing for the assessment of 
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its flexibility, durability, and overall structural soundness. By doing so, it helps identify potential defects or weak points that 
might not be apparent through other inspection methods. The process also verifies compliance with industry-specific 
standards, ensuring that the cladding meets the stringent requirements of its intended applications. For manufacturers and 
end-users alike, bend testing provides a reliable means to gauge the cladding's ability to withstand operational demands, 
thereby confirming its suitability for use in challenging industrial environments. This comprehensive approach to quality 
assurance contributes significantly to the confidence in the long-term performance and reliability of Hastelloy weld claddings 
[20], [27], [53]. The reliability assessment of the welded cladding, particularly focusing on the cladded layers, involved 
subjecting two specimens to side edge bend tests in accordance with BS EN ISO 5173:2010/A1:2011 standards. This 
comprehensive evaluation targeted ENiCrMo-10 Hastelloy MO-10 weld cladding applied to Grade 316L material using the 
SMAW process. The testing regimen aimed to thoroughly examine the cladding's weldability, ductility, structural integrity, and 
overall quality. Utilizing a Digital Universal Testing Machine (model UTE-60) manufactured by FIE, the bend tests were carried 
out meticulously. The results of these tests successfully met the acceptance criteria outlined in BS EN ISO 15614-7:2019, 
providing strong evidence of the cladding's performance capabilities and its adherence to industry standards. This rigorous 
testing approach ensures that the welded cladding meets the stringent requirements necessary for its intended applications, 
offering confidence in its reliability and durability under various operational conditions. 

2.2.2 Hardness test  

Evaluating the mechanical properties and integrity of Hastelloy MO-10 weld claddings relies heavily on hardness 
testing. This method offers crucial insights into the material's quality, the integrity of the weld, the heat-affected zone's 
characteristics, adherence to acceptance standards, and quality control procedures.[37], [54], [55].  

To verify the mechanical properties of the weld cladding and ensure its suitability for the intended application, a 
series of hardness tests were performed. The evaluation process involved examining transverse cross-sections of the welded 
specimens using a Leco Vickers hardness tester (Model: M-400A). Hardness measurements were taken at multiple strategic 
points, encompassing the weld area, heat-affected zone, and base metal, employing a 1000 gf load. This comprehensive testing 
approach, conducted in accordance with EN ISO 9015-1:2011 standards, provided a detailed hardness profile across the 
various regions of the welded specimen. The specific locations of the hardness testing points were clearly illustrated in the 
accompanying Figure 2, offering a visual representation of the test methodology. By systematically assessing the hardness 
distribution, this analysis helps to confirm the overall integrity and performance characteristics of the weld cladding, ensuring 
it meets the required mechanical specifications for its intended use.  

 

Figure2.LocationHardness Indentation 

2.2.3 Macro and Microstructure Examination 

Conducting a thorough evaluation of Hastelloy MO-10 overlays on Grade 316L stainless steel is crucial for 
determining weld integrity, detecting flaws, and verifying adequate bonding and penetration depth. This analysis is vital to 
ensure the cladding meets quality standards and performs as intended in corrosive environments [2], [56]. Conducting a 
detailed inspection is crucial for evaluating the durability and dependability of the overlay welding. This process plays a key 
role in improving the overall functionality and lifespan of the welded connection. 
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The macroscopic analysis involved cutting AISI 316L plates with Hastelloy MO-10 cladding, originally 500x300x10 
mm, into smaller 10x300x10 mm samples. These were then subjected to a progressive polishing regimen using silicon carbide 
abrasive papers of increasing fineness (120, 320, 400, and 600 grit), followed by alumina powder polishing. The specimens 
were subsequently etched with Kalling's reagent. Examination was carried out using a Metlab Stereo Zoom Microscope at 10X 
magnification. 

Microstructural investigation is essential for evaluating key material properties including tensile strength, hardness, 
malleability, and resistance to corrosion. It reveals crucial information about grain morphology, phase composition, and the 
presence of any structural imperfections or precipitates that could affect material behavior. This research also delves into the 
characteristics of grain boundaries, phase distribution patterns, and the role of alloying elements in enhancing corrosion 
resistance [5], [8], [38], [55]. 

To conduct microstructural examination of the Hastelloy overlay welds, specimens measuring 10x300x10 mm were 
further reduced to 20x10x10 mm using a precision micro wire electrical discharge machining (EDM) process. These smaller 
samples underwent a meticulous surface preparation sequence. This involved progressive grinding with silicon carbide 
abrasives of increasing fineness, starting at 120 grit and proceeding through 320, 400, 600, 800, 1000, and 1200 grit. The final 
polishing stages utilized alumina powder and diamond paste to achieve a mirror-like 1 μm surface finish. A Metlab optical 
microscope was then employed to investigate the microstructural features across the weld overlay, heat-affected zone (HAZ), 
and substrate material. 

The spacing of primary and secondary dendrites in weld claddings is a key microstructural parameter that affects 
mechanical strength and corrosion resistance. Irregularities or variations in dendrite spacing may suggest issues such as hot 
cracking, lack of fusion, or defects due to the solidification process, potentially compromising weld quality. This research 
analyzed primary and secondary dendrite spacings in Hastelloy MO-10 weld claddings on Grade 316L using the Shielded Metal 
Arc Welding (SMAW) technique, with detailed observations and measurements made using the Olympus DSX-1000 digital 
microscope. 

2.2.4 Corrosion resistance using Potentiodynamic Polarization technique 

The Potentiodynamic Polarization method is employed to evaluate the corrosion resistance of various materials, 
including Hastelloy MO-10. This electrochemical technique provides crucial data on the corrosion behavior of Hastelloy MO-
10, which is important for selecting appropriate materials, optimizing conditions, and enhancing performance and durability 
in aggressive environments. In this study, clad samples with dimensions of 10mm by 10mm were tested for corrosion 
resistance in a ferric sulfate and sulfuric acid solution, with the Gramy Interface 1010E potentiostat used for the corrosion 
analysis. 

 

Fig.2 Experimental Setup of Potentiodynamic Polarization Technique 
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2.2.5 Chemical Composition Test  

Optical spectroscopy is a vital method for analysing the chemical composition of weld cladding samples, which 
ensures material quality, consistency, and performance in corrosive environments. This analysis helps verify that the cladding 
provides reliable and long-lasting protection. In this study, chemical composition was studied by an optical spectroscopy 
device by Hitachi Foundry Master Pro-2, with samples analysed at different thicknesses as demonstrated in Figure 3. The 
sample removal process adhered to ASME Section 9 Figure QW-462.5(a), and testing was performed according to ASTM E-
3047-16 standards. 

 

Figure 3. Weldcladding Machining for Chemical composition study 

3. Results and discussion 

3.1 Visual Analysis 

Upon visual inspection, both the Austenitic Stainless Steel 316L and Hastelloy Weld cladding exhibited impeccably 
clean surfaces without any discernible welding imperfections. Notably, there were no indications of spatter, undercutting, 
porosity, lack of fusion, inclusions, or cracks, aligning with the expected outcomes described in the literature and highlighting 
Hastelloy's commendable weldability [6], [50], [51]. However, there remains a gap in our understanding regarding the 
reaction of the ENiCrMo-10 weld cladding to fusion and solidification rates inherent in welding processes, particularly when 
utilizing the Shielded Metal Arc Welding (SMAW) technique. The upper surface of the ENiCrMo-10 weld cladding, applied onto 
an SS-316L substrate, is depicted. Notably, the Hastelloy weld cladding displays a flawless surface, devoid of any welding 
imperfections such as spatter, undercutting, porosity, lack of fusion, inclusions, cracks, or other irregularities. 

The welding conditions utilized in this investigation have directly influenced the quality of the claddings. The 
exceptional quality of the cladding material is intricately linked to the precise selection of welding parameters. Critical 
elements contributing to this quality encompass proficient welding techniques and ensuring an appropriate lateral overlap of 
each pass. The surface quality of the cladding is deemed satisfactory due to the inherent geometric uniformity across the 
coated area, the absence of flaws, and the minimal occurrence of splattering, all indicative of a high standard of craftsmanship. 

3.2 Macro Structure Examination 

The material underwent a macroscopic examination at 10x magnification, as shown in Figure 4. The sample was 
macro-etched, visually inspected, and subsequently magnified 10 times under a microscope. This process facilitated the 
examination of the cross-section of the Hastelloy MO-10 weld cladding on austenitic stainless steel 316L. 
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Figure4. Hastelloy Weld cladding Cross Section Visual Test 

Figure 4 presents a cross-sectional view of the weld cladding and the base metal, demonstrating the absence of 
welding defects. Additionally, the cross-section highlights minimal penetration of the Hastelloy weld cladding into the base 
metal, a characteristic often associated with the heat input inherent in the SMAW process [37], [40], [49], [59]. The line 
depicted in the figure delineates the extent of penetration of the weld cladding metal into the base metal. 

3.3 Bend Test Analysis 

To assess the reliability and weldability of the procedure, we implemented the optimal parameters derived from 
previous tests on actual samples of weld cladding. In this study aimed at enhancing production cost efficiency, we employed 
AISI 316 L SS cladding with two layers of Hastelloy MO-10. Our primary goal was to ascertain whether these parameters 
would yield welds devoid of typical issues such as holes or cracks frequently encountered in weld cladding. Additionally, we 
scrutinized for any indications of excessive hardening in the cladding layer or insufficient integration between the cladding 
layer and the AISI 316 L SS substrate. 

 

Figure5. Hastelloy Weld cladding bend test by LBW 

According to AWS guidelines, defects larger than 3 mm, such as holes or cracks, should not be present, regardless of 
orientation, even if the specimen prepared for bending is on the surface or side. Figure 5 illustrates that no cracks appeared 
anywhere on the specimen during the two instances of the side bend test using universal testing equipment. These results 
offer evidence that the parameters used for this research in weld conditions were without a doubt optimal. 
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3.4. Hardness testing 

The Vickers hardness outline of the thick coating's cross-section is outlined in Table 3. The findings can be 
summarized as follows: 

The base metal's hardness, notably lower compared to the welding overlay and heat-affected zone (HAZ), remains 
relatively stable at approximately 206Hv. The weld cladding exhibits an average hardness of about 239Hv. This increase in 
hardness can be attributed to the evolution of microstructure during the welding process. It is widely acknowledged that 
microstructure and Vickers hardness are closely linked, with a finer microstructure typically resulting in higher hardness, 
assuming the phase composition remains constant. Both the HAZ hardness and the interface demonstrate a higher hardness 
level, approximately 256Hv. There is a notable increase in hardness observed from the HAZ to the coating interface. 

Table – 3 Vicker Hardness along the Hastelloy MO-10 weld cladding on SS-316L 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The Vickers hardness profile of the Hastelloy MO-10 weld cladding on the Grade 316L stainless steel cross-section 
reveals that the parent metal maintains a constant hardness level at approximately 206Hv. This value is notably lower 
compared to the hardness levels of the coating and the heat-affected zone (HAZ), which measure 239HV and 256HV, 
respectively. The changes observed in the solidified morphology of the cladding layers can be attributed to the dilution effect, 
which directly influences the hardness of the cladding weld. 

The heat input during the welding process emerges as a significant parameter influencing morphological changes in 
the weld cladding, particularly when the same combination of weld cladding and substrate is employed. Consequently, it can 
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be inferred that the heat input directly impacts hardness, dilution, and the width of the heat-affected zone. Our ongoing 
research, along with findings from relevant literature, supports the assertion that the SMAW process involves significant heat 
input. 

The microstructure morphology, influenced by heat input, plays a crucial role in determining the metal's hardness. 
Moreover, studies indicate that a notable reduction in the size of primary dendrites generally leads to an increase in Vickers 
hardness. Presently, the average hardness of the weld cladding slightly surpasses the maximum hardness (100 HRB, 248Hv) 
stipulated in the ASME code. This elevated hardness can be attributed to laminar separation induced by the rapid cooling rate 
and low-intensity input. 

In this specific case, the SMAW technique showcases a remarkably low heat input, resulting in a finely developed HAZ 
and weld interface. Consequently, the hardness values at the HAZ and weld cladding are nearly identical. 

3.5. Chemical Composition 

Industries involved in manufacturing heat exchangers and pressure vessels commonly employ multilayer coatings to 
mitigate dilution effects and maintain the integrity of chemical composition in the weld metal. This optimization practice is 
considered crucial for all material combinations, encompassing both the substrate and the deposited alloy. It is universally 
acknowledged that both the base metal and the weld metal significantly influence the extent of material dilution. 

As discussed earlier, the cladding procedure in this scenario induces dilution between the AISI 316L SS substrate and 
the Hastelloy-22 cladding layers. Table 4 presents the outcomes of optical spectrometry analysis, a widely utilized method in 
the manufacturing sector for assessing chemical composition. This table utilizes a graphical representation to illustrate the 
gradients in chemical composition within the AISI 316L SS substrate and the two ENiCrMo-10 cladding layers, emphasizing the 
dispersion of key alloying elements such as Ni, Cr, Mo, W, and Fe. The graph depicts variations in elemental presence from the 
interface of the weld layer to the upper surface. 

It is noteworthy that the most pronounced changes in composition gradient occur at the interface linking the 
substrate and the initial cladding layer. Within the region where the weld cladding is present, the chemistry of ENiCrMo-10 is 
achieved at a point starting from a distance of 3 mm and onward. Beyond this threshold, the composition profiles within the 
weld cladding regions exhibit marked similarity. Regarding Table 4, the horizontal axis represents the distance in millimeters 
from the interface, with the chemical composition of ENiCrMo-10 depicted at the terminal point of the axis. The vertical axis 
denotes the percentage of chemical composition. The graphical representation highlights that the chemical composition of MO-
10 closely approximates the desired composition starting from a height of 2.5 mm from the interface. However, the Fe content 
does not meet the requirements. Yet, from a height of 3 mm onwards, the chemical composition aligns with the MO-10 
chemistry. This indicates the possibility of attaining the MO-10 chemical composition at a depth of 2.5 mm with precise 
parameter selection. 
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Table – 4 Chemical Composition Gradient Within SS-316L substrate and ENiCrMo-10 weld cladding 

 

3.6. Microstructure analysis 

The microstructures of both the 316L SS substrate and the three ENiCrMo-10 cladding layers underwent a thorough 
examination. High-magnification optical microscope images were utilized to create a composite image of the Hastelloy weld 
cladding on the 316L SS sample, as depicted in Figure 6. These micrographs bear a close resemblance to macro images. The 
stitched image exposes the presence of porosity, lack of fusion, and a defect-free weld cladding of Hastelloy MO-10 on the 316L 
SS substrate achieved through SMAW. Furthermore, the cross-sectional micrographs vividly illustrate that the microstructure 
of the SS 316L substrate remains unaltered after the cladding. 

The Shielded Metal Arc welding process, characterized by low heat input, yielded no observable heat-affected zone, as 
confirmed by cross-sectional optical microstructure analysis. 

 

Figure 6. Stitching image of HastelloyWeldcladding of MO-10 on SS-316L 

1.5 2 2.5 3 C-22

Cr 22.3 21.9 21.8 21.7 20

Ni 51.8 53.3 53.8 56.5 50

Mo 11.2 11.9 12.02 12.9 12.5

Fe 11.1 9.22 8.82 5.41 6

W 2.5 2.67 2.67 2.85 2.5

0

10

20

30

40

50

60

%
C

h
e

m
ic

al
 C

o
m

p
o

si
ti

o
n

 

Distance from weld interface in mm  

Weldoverlay Chemical analysis 

Cr

Ni

Mo

Fe

W

Mounting Material 



            International Research Journal of Engineering and Technology (IRJET)        e-ISSN: 2395-0056 

      Volume: 11 Issue: 07 | July 2024                              www.irjet.net                                                       p-ISSN: 2395-0072 

  

© 2024, IRJET       |       Impact Factor value: 8.226       |       ISO 9001:2008 Certified Journal       |     Page 1136 
 

Figure 7 illustrates the morphology and microstructure of the weld cladding regions. Figures 7(a) and (b) provide a 
view of the morphology at 100X and 200X magnifications, respectively, of the deposited weld cladding. Figures 7(c) and (d) 
depict the 100X and 200X magnification morphology of the heat-affected zone (HAZ) microstructure. Finally, Figures 7(e) and 
(f) display the microstructure of the base metal. 

In Figures 7(c) and (d), it is evident that a smooth fusion line or distinct fusion bonding interface has been achieved 
between the Hastelloy MO-10 weld cladding and the SS 316L base metal. Additionally, owing to the low heat input of the 
process, a small and insignificant HAZ is formed. Figures 7(a) to (f) exhibit microstructures devoid of porosities, cracks, and 
other defects. 

 

Figure.7 – Microstructure analysis of Hastelloy MO-10 weld cladding on SS-316L 

The formation of microstructure is primarily influenced by various factors, including the alloy's composition, the 
temperature gradient (G), the energy at the interface, and the solidification rate (R). The critical factor determining the 
morphology of the microstructure during solidification is the ratio between G and R. Figures 7(a) and (b) offer a clear 
depiction of a fine columnar interdendritic microstructure within the weld cladding. In contrast, Figures 7(c) and (d) reveal a 
relatively compact heat-affected zone (HAZ) located at the weld interface between the base metal and the weld metal. The 
presence of this confined and inconspicuous HAZ, alongside the development of the columnar interdendritic microstructure, 
can be attributed to the utilization of a Shielded Metal Arc Welding (SMAW) process characterized by controlled heat input in 
these experiments. Furthermore, the micrograph representing the base metal distinctly showcases the emergence of an 
equiaxed austenite structure, highlighting a unique microstructural characteristic. 

Table -5 Primary dendritic arm spacing of Hastelloy weld cladding of MO-10 on SS-316L by SMAW process 

Primary Dendritic Arm Spacing (µm) 

 Minimum Maximum Average Total Reading 

Value (µm) 3.339 3.826 3.576 4 
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Table -6. Secondary dendritic arm spacing of Hastelloy weld cladding of MO-10 on SS-316L by SMAW process 

Secondary Dendritic Arm Spacing (µm) 

 Minimum Maximum Average Total Reading 

Value (µm) 3.251 4.083 3.601 4 

 
Tables 5 and 6 present the average and individual values, respectively, of the primary and secondary interdendritic 

arm spacing, measured in micrometers (µm). The difference in measurement values between primary and secondary dendrite 
arm spacing is observed. The results indicate that the average value of secondary arm spacing is comparatively smaller. 

Figure 8 displays the primary dendritic arm spacing of the Hastelloy weld cladding, with a total of 4 readings taken. 
The maximum value of primary dendritic arm spacing is 3.826 µm, while the minimum value is 3.339 µm. The average of these 
readings is 3.576 µm. In the Arc deposition process, the moderate cooling rate of the melt pool, and consequently the rapid 
solidification velocity, result in a spacing of primary dendritic arms and secondary dendritic arm spacing [33], [37], [38], [46], 
[48], [49], [60]–[63], as shown in Figure 8. 

 
 

Figure 8. Primary Dendritic Arm Spacing of Hastelloy Weld Cladding by SMAW at 1000X 

Furthermore, the solidification velocity of the melt pool facilitates the proper growth of secondary dendrites, as 
depicted in Figure 9. The average value of secondary dendritic arm spacing obtained through the SMAW Process is 3.601 µm. 
Dendrite spacings are generally correlated with mechanical strength, hardness, toughness, and corrosion resistance due to 
factors such as the distribution of alloying elements, segregation, and susceptibility to intergranular corrosion. Both primary 
and secondary dendrite spacings can significantly influence the integrity of the weld cladding, as supported by references [33], 
[37], [38], [46], [48], [49], [60]–[63]. 
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Figure 9. Secondary Dendritic Arm Spacing of Hastelloy Weld Cladding by SMAW at 4600X 

3.7. Corrosion Potential Test 

Cyclic Potentiodynamic Polarization tests were conducted on the Hastelloy MO-10 weld cladding in a Ferric Sulfate – 
50% sulfuric acid solution, following ASTM G-28, Method-A guidelines. Figures 10, 11, and 12 illustrate the potential 
polarization behavior of the SMAW cladding of the Hastelloy MO-10 weld cladding on SS 316L. These figures also display the 
potentiodynamic polarization curves obtained from various locations within the Hastelloy MO-10 weld cladding. 

 

Fig10. Polarization Curve of Hastelloy MO-10 weld cladding, Location.1 
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Fig.11 Polarization Curve of Hastelloy MO-10 weld cladding, Location.2 

 

Fig.12 Polarization Curve of Hastelloy MO-10 weld cladding, Location.3 

In Figure 10, 11, and 12, the vertical axis represents the corrosion potential, while the horizontal axis represents the 
current density. The corrosion potential (Ecorr), corrosion current densities (Icorr), and the anodic and cathodicTafel slopes 
(βa and βc) are listed in Table 8.  
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Table 8: Corrosion Potential Test Parameters 

Parameter Observation 

Sample 1 Sample 2 Sample 3 

Sample Size (cm) 1L X 1W 1L X 1W 1L X 1W 

Test Solution Ferric Sulphate + 
Sulphuric Acid 

Ferric Sulphate + 
Sulphuric Acid 

Ferric Sulphate + 
Sulphuric Acid 

Beta A (V/decade) 363.9e-3 1.169 367.5e-3 

Beta C (V/decade) 123.0e-3 58.50e-3 231.6e-3 

Corrosion Current 
(Icorr) 

2.210 (µA) 8.7 (µA) 2.050 (µA) 

Corrosion Potential 
(Ecorr)(mV) 

757.0 714.0 792.0 

Corrosion Rate (mpy) 1.129 4.435 1.045 

 
Comparing the results presented in Table 8 with the corrosion rate in mpy at various locations of the Hastelloy MO-10 

Weld cladding, the average corrosion rate of the Hastelloy MO-10 weld cladding on SS 316L achieved through SMAW is 2.20 
mpy. 

Conclusions 

This research study aimed to investigate the utilization of ENiCrMo-10, providing valuable insights into the performance and 
characteristics of the weld cladding, with implications for its potential applications in the petrochemical industry. The findings 
are as follows: 

 The Hastelloy Mo-10 weld cladding exhibited a clean surface without welding flaws, indicating good weldability. Some 
issues were observed at the starting and ending points of the automated welding process, attributed to setup 
problems in operational parameters. Overall, the surface quality of the weld cladding was deemed adequate. 

 The Shielded Metal Arc welding process achieved adequate penetration of the Hastelloy weld cladding into the base 
metal, resulting in a defect-free weld cladding confirmed by Macro and Visual examination. 

 Bend test analysis confirmed that the welds were free from cracks or holes, demonstrating the reliability and optimal 
parameters of the welding procedure. The integration between the cladding layer and the AISI 316L SS substrate was 
found to be satisfactory. 

 Hardness values were highest in the heat-affected zone (HAZ), followed by the weld cladding and base metal. 
 Chemical composition analysis revealed that the weld cladding closely matched the targeted composition of ENiCrMo-

10 once a depth of 3mm from the base metal was reached. Notably, at a depth of 2.5mm from the base metal, the 
composition of the weld cladding closely resembled ENiCrMo-10, exceptfor the Fe content in that specific area. The 
region between 2mm and 2.5mm depth is under scrutiny for further investigation. By exercising precise control over 
welding parameters, there is a promising opportunity to achieve the desired weld metal chemistry at a depth of 1mm, 
which holds significant potential for repair applications within various industries. 

 Microstructure analysis revealed a defect-free weld cladding and an unchanged microstructure of the base metal. The 
SMAW process resulted in a heat-affected zone and a fine columnar interdendritic microstructure. 

 Corrosion potential testing indicated that the average corrosion rate of the Hastelloy MO-10 weld cladding on SS 316L 
achieved through SMAW was 2.20 mpy. 

Overall, these findings highlight the successful utilization of Hastelloy MO-10 for weld cladding on Grade 316L using the 
SMAW process. The research contributes to the understanding of the weldability, structural integrity, hardness characteristics, 
and corrosion resistance of this novel material combination. The results demonstrate the suitability of the weld cladding for 
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repair and cladding applications in the petrochemical industry, pharmaceutical industry, and oil and gas industry, offering 
numerous benefits such as precise control, sound welds, high-quality finish, cost reduction, and streamlined production 
efficiency. Further research and optimization of welding parameters can enhance the performance and broaden the potential 
applications of this material combination. 
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