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Abstract: This article presents a comprehensive study on the application of Hastelloy C-22 powder
weld overlay on SA 240 Type 316L austenitic stainless steel using the laser beam welding process.
This novel combination of materials and processes was investigated for the first time, focusing on
its potential utility for various industrial applications. Various testing techniques, including visual
testing, hardness testing, bend testing, chemical composition analysis using optical spectroscopy,
corrosion resistance assessment through the potentiodynamic polarization technique, and macro- and
microstructural observation, were employed to evaluate the performance of the weld overlay. The
research findings had several significant outcomes. Notably, precise control and minimal alloy mixing
were achieved, as evidenced by the dilution at a remarkable height of 0.5 mm from the base metal.
The laser welding process resulted in a minimal heat-affected zone and a fine columnar interdendritic
microstructure, with average primary and secondary arm spacing values of 3.981 µm and 2.289 µm,
respectively. Rigorous visual and bend testing confirmed the integrity of the sound welds in the
overlay. Moreover, the high-quality finish of the weld overlay eliminated the need for extensive
machining and finishing processes, resulting in cost reductions. This study also demonstrated primary
and secondary inter-laminar spacing, leading to improved overall structural integrity. Additionally,
the weld overlay exhibited excellent hardness characteristics. The current work contributes to the
advancement of welding processes and provides practical solutions to enhance efficiency, cost-
effectiveness, and structural performance in relevant industrial applications.

Keywords: Hastelloy C-22; laser beam welding (LBW); SA 240 Type 316L; performance of the
weld overlay

1. Introduction

The petrochemical, oil and gas, pharmaceutical, and chemical processing industries
play a crucial role in the global economy by providing a wide range of chemical products
and materials used in various sectors such as energy, manufacturing, and transportation.
Corrosive surface degradation of equipment is a significant challenge faced by the oil and
natural gas industries. This problem arises primarily due to the presence of corrosive
and/or abrasive substances that contaminate the distillation and processing lines involved
in the handling of petroleum, petroleum derivatives, and natural gas [1,2]. The degradation
can occur through individual or combined actions of erosion, corrosion, and/or friction,
and it is influenced by factors such as temperature, chemical composition, and strength
properties of the exposed surface material [3,4]. To mitigate this issue, employing protective
coating layers made of specialized corrosion-resistant materials is an effective preventive
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measure that helps minimize structural degradation of equipment and components [5–7].
With increasing demands for corrosion-resistant materials in various applications, there
is a constant need for innovative solutions that can improve material performance, cost
efficiency, and reliability [8,9]. The industries operate in highly corrosive environments
containing aggressive chemicals, high temperatures, and mechanical stresses. Corrosion
poses a significant threat to the structural integrity and longevity of equipment and com-
ponents used in petrochemical plants. Therefore, the selection of suitable materials and
protective measures is crucial to ensure reliable and safe operations [10]. Weld overlay tech-
niques have gained significant attention as effective methods for improving the corrosion
resistance and mechanical properties of base materials [11,12].

Corrosion resistance weld overlay techniques are of utmost importance in protecting
critical equipment and structures from the damaging effects of corrosive environments.
These techniques involve applying a layer of corrosion-resistant material through welding
onto the surface of a base metal. The significance of a corrosion resistance weld overlay lies
in its ability to create a protective barrier that shields the base metal from corrosive media,
such as acids, chemicals, and seawater. By effectively preventing corrosion, this technique
also extends the lifespan of equipment, reducing the need for frequent replacements and
maintenance. Additionally, a weld overlay offers a cost-effective solution as it allows
targeted protection in vulnerable areas rather than using expensive alloys throughout the
entire structure [13]. Overall, a weld overlay plays a crucial role in enhancing the perfor-
mance, durability, and cost-effectiveness of essential equipment and infrastructure [14,15].
The weld overlay process is utilized to enhance various surface characteristics of the base
metal. This involves applying a superior material through an efficient welding technique.
Ensuring a high-quality weld overlay is extremely important and is assessed based on
several geometric factors such as weld bead height, width, reinforcement, penetration, and
overlap. These factors are critical for examining the extent of dilution, which refers to the
degree of base metal blending with the filler metal in weld overlay [16,17]. In simpler terms,
dilution represents how much the base metal combines with the filler metal in the weld
overlay [18,19]. Controlling dilution is a crucial aspect of a weld overlay. Dilution occurs
when elements from the base metal mix with the alloy present, thereby diminishing its
corrosion-resistant properties. While multiple weld overlay passes can help reduce dilution,
this approach results in increased manufacturing costs and changes in the microstructure.
Hence, an alternative method to manage dilution is by controlling welding techniques
and parameters. Precise control of welding techniques, such as implementing stringer
bead weld overlay and managing the overlap of the weld bead, can regulate dilution.
Additionally, selecting appropriate welding parameters that target a lower heat input to
the base metal enables dilution control without compromising bonding strength. Another
effective way to control dilution is by using welding processes with shallow penetration
depths [20].

The use of overlay welding techniques has gained significant attention as a viable
method for enhancing the surface properties of base materials. By depositing a layer of
corrosion-resistant material onto a substrate, overlay welding provides an effective solution
to protect critical components from harsh operating conditions, including corrosive environ-
ments, high temperatures, and mechanical stresses. Among the various overlay materials
available, Hastelloy C-22 is a high-performance nickel–chromium–molybdenum–tungsten
alloy [21]. This alloy is especially known for its excellent resistance to a wide range of
corrosive environments, including oxidizing and reducing acids [22]. It is particularly
well-suited for applications involving harsh chemical processing industries, such as chem-
ical plants, petrochemical facilities, and pharmaceutical plants [23,24]. The significance
of the Hastelloy C-22 weld overlay lies in its ability to provide enhanced corrosion re-
sistance to the base metal. The weld overlay creates a protective barrier that shields the
base metal from corrosive media, such as acids, alkalis, and chlorides. This is particularly
beneficial in environments where the base metal alone may be susceptible to corrosion or
attack. However, while the Hastelloy C-22 weld overlay offers numerous benefits, some
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challenges and difficulties can be encountered during the process [25]. Hastelloy C-22 has
different metallurgical properties compared to common base metals like carbon steel or
stainless steel, making it challenging to achieve a sound and defect-free weld between
the base metal and Hastelloy C-22 overlay [26–28]. This is due to the differences in ther-
mal expansion coefficients and melting points [29]. Special care must be taken to ensure
the selection of welding parameters, selection of welding consumables, and appropriate
welding techniques [30]. Hastelloy C-22 is also prone to solidification cracking and hot
cracking during welding, especially when improper welding techniques, such as high heat
input or inadequate cleaning, are employed. Mitigating the risk of weld cracking involves
using appropriate filler metals, controlling heat input, and ensuring proper cleaning and
interpass temperature control [31,32].

The selection of a welding process for a weld overlay is an important decision influ-
enced by various factors. However, the primary considerations include achieving a high-
quality finish, minimizing dilution, and maximizing the deposition rate. Commonly used
conventional welding processes for filling strip back weld overlay and grinding/chipping
the bottom side area include SAW, GTAW, SMAW, and MIG/MAG [33]. Among these,
SMAW is frequently utilized in small-scale and medium-scale industries. Each process
has its advantages and disadvantages. For example, SMAW and manual GTAW processes
have lower deposition rates, whereas MIG/MAG processes may result in more spatter,
lower-quality finishes, and higher dilution. SAW, on the other hand, has high heat input
and deeper penetration. Advanced welding processes like CMT, HWT, laser cladding,
and PTAW offer better control over dilution, higher deposition rates, and improved weld
overlay finishes. However, these processes come with higher equipment costs and require
skilled manpower. According to the existing literature, PTAW and LBW serve as highly
viable alternatives to other surface welding processes. Coatings applied through PTAW
and LBW exhibit exceptional quality, competitive wear resistance, and remarkable stability
of properties even at high temperatures. Among these welding techniques, PTAW and
LBW stand out as an advanced approach that offers numerous advantages compared to
traditional methods [34–36]. LBW employs a high-intensity laser beam to deliver localized
heating, resulting in a focused, well-defined weld zone. This targeted energy input enables
precise control over the welding process, minimizing the impact on the surrounding areas
and reducing the risk of distortion or harm to the base material. LBW also boasts high
welding speeds, improved productivity, and the capability to join dissimilar materials,
making it well-suited for diverse industrial applications. The utilization of LBW for a weld
overlay presents several advantages compared to conventional welding processes. Firstly,
LBW enables precise control over the dilution between the overlay and the base metal, en-
suring limited dilution and preserving the desired properties of the overlay material. This
feature is particularly important in maintaining the corrosion resistance and mechanical
strength of the weld overlay. Secondly, LBW provides excellent process control, reducing
the occurrence of weld defects such as cracks, porosity, and incomplete fusion. These
defects can compromise the integrity and performance of the weld overlay, making LBW a
favorable choice for critical applications. Thirdly, LBW offers improved welding cleanliness
by minimizing the introduction of contaminants during the welding process, resulting in
high-quality welds with reduced susceptibility to corrosion and other degradation mecha-
nisms. Due to all the above benefits, the LBW process has less dilution compared to PTAW.
Given these advantages, there is comparatively little research available using the LBW
process. As such, the LBW process for cladding is a new area to study for industry [37,38].
In recent years, there has been a growing trend towards the application of Hastelloy C-22
weld overlay on SA 240 Type 316L in various industries, including petrochemicals. Due
to the greater heat resistance properties of stainless steels, they are largely preferred in
chemical, oil, gas, and petrochemical sectors [39,40]. This trend is driven by the need for
materials that can withstand highly corrosive environments, maintain structural integrity,
and reduce maintenance costs [41]. The findings of the current study contribute to the
existing knowledge base and provide valuable insights into the successful application of
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the Hastelloy C-22 powder weld overlay on SA 240 Type 316L in the petrochemical, oil and
gas, pharmaceutical, and chemical processing industries.

In summary, the present study investigates the application of the Hastelloy C-22
powder weld overlay on SA 240 Type 316L using the laser beam welding process. The
study employs various testing techniques, including visual testing, hardness testing,
bend testing, chemical composition analysis using optical spectroscopy, corrosion resis-
tance assessment through the potentiodynamic polarization technique, and macro- and
microstructural observation.

2. Experimental Process

In the present study, the deposition of Hastelloy C-22 powder onto austenitic stainless
steel SA 240 Type 316 L was experimentally conducted using the laser beam welding
process. The aim was to investigate the suitability of the process and material in the current
industrial scenario. The experimental setup employed in the present study is illustrated in
Figure 1. The setup includes a diode laser power source (Laser Line VG 64 LDF 8000-100),
along with a drum powder feeder, shielding and carrier gas setup, and a welding robot.
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Figure 1. Experimental setup for laser beam weld overlay.

2.1. Material

The Hastelloy C-22 alloy powder was used to modify the surface of SA 240 Type 316L
austenitic stainless steel material via the LBW process. The nominal composition of the
Hastelloy C-22 alloy powder and SA 240 Type 316L austenitic stainless steel is presented in
Table 1.

The base material used for the present study was 10 mm thick SA 240 Type 316L
austenitic stainless steel with the chemical composition shown in Table 1. SA 240 Type 316L
austenitic stainless steel plates were cut and machined to size 500 mm × 300 mm × 10 mm.
The laser beam welding powder size was assessed using a DSX-1000 microscope, indicating
the size range of 33.96 to 105.6 µm.
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Table 1. Chemical composition (wt. %) of SA 240 Type 316L steel and Hastelloy C-22 powder.

Elements C Si Mn P S Cr Mo Ni Fe N Co W

SA 240 Type
316L 0.023 0.3 1.26 0.043 0.004 16.25 2.03 10.05 Bal. 0.038 - -

Hastelloy
C-22 Powder 0.007 0.1 - 0.01 0.01 23.5 14.84 Bal. 3.1 0.09 0.1 3.5

2.2. Method

In a present research study, the laser beam welding process was used to perform a
Hastelloy C-22 alloy powder weld overlay on SA 240 Type 316L, aiming to harness the
numerous advantages of the process. Welding of isolated passes was carried out on a
bead on a plate with five repetitions, to assess the operational behavior of the process,
and the effect of the welding energy on the geometric characteristics (reinforcement and
reinforcement/width ratio) and dilution. The best operating parameter was selected on the
basis of dilution and visual testing carried out on the bead on a plate. Selected welding
parameters were used on welding samples, as shown in Figure 2.
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Figure 2. Weld overlay of Hastelloy C-22 alloy.

Process parameters must ensure melting and good adhesion even in the vertex, while
avoiding high dilution and cracks or flaws due to excessive cooling rates. Two layers of
Hastelloy C-22 alloy powder weld overlay were administered on an SA 240 Type 316L base
plate through the laser beam welding process. In each layer, the welding of 7 beads was
conducted. The process parameters were selected on the basis of results of preliminary
trials and the literature [42,43]. Process parameters like the welding power, travel speed,
laser spot size, types of welding, carrier gas, and shielding gas used for this welding are
summarized in Table 2.

Table 2. Welding parameters.

Parameter Layer-1 Layer-2

Power 2.5 KW 3.0 KW
Travel speed 200 mm/min 170 mm/min

Carrier gas flow 6 LPM 6 LPM
Shielding gas flow 25 LPM 25 LPM
Powder feed rate 1.6 disc rpm 1.6 disc rpm

Type of Weld Weaving Weaving
Carrier gas Argon (99.99% purity) Argon (99.99% purity)

Shielding gas Argon (99.99% purity) Argon (99.99% purity)
Welding position 1 G (Flat) 1 G (Flat)

Focus height 25 mm 25 mm
Laser spot size 6 mm 6 mm

No. of beads/layer 7 7

Prior to the welding, the substrate’s top surface was cleaned using ethyl alcohol to
remove grease and residue. The initial thickness of the substrate and deposition layer after
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welding was approximately 15 mm with the deposition of 2 layers of Hastelloy C-22 alloy
weld overlay, as shown in Figure 1. After the LBW process, visual examination revealed
smooth and regular welds without evident faults, and non-destructive inspection was used
to assess the acceptability of the coatings in terms of the absence of cracks, discontinuity
areas, and interface defects.

2.2.1. Bend Test

Bend tests provide valuable information about the ductility, integrity, and quality
of Hastelloy weld overlays. They ensure that the weld can withstand bending without
failure, detect any defects or cracks, and ensure compliance with industry standards and
specifications [44]. To characterize the reliability of the welded cladding, i.e., the cladded
layers, two specimens were subjected to a set of side edge bend tests. The procedure was
carried out according to BS EN ISO 5173:2010/A1:2011. A comprehensive series of bend
tests were performed on Hastelloy C-22 weld overlay on SA 240 Type 316L material using
the laser beam welding process to measure the weldability, ductility, integrity, and quality
of the cladding layers. The bend test results meet the acceptance criteria specified in BS EN
ISO 15614-7:2019. A Digital Universal Testing (uniaxial) Machine (FIE UTE-60) was used
for the bend tests of these specimens.

2.2.2. Hardness Test

Hardness testing is commonly performed on Hastelloy C-22 weld overlays to evaluate
the mechanical properties and integrity of the welded joint. Hardness testing on Hastelloy
C-22 weld overlays provides important insights into material quality, weld integrity, heat-
affected zone characterization, compliance with acceptance criteria, and quality control. It
helps assess the mechanical properties and ensures that the weld overlay meets the required
specifications for the intended application [45]. Hardness measurements were performed
on transverse cross-sections of the welded specimens using a Vickers hardness tester (Leco,
M-400A). Hardness measurements were obtained at the weld area, heat-affected zone, and
base metal under a load of 1000 gf. The test method used for hardness testing was EN ISO
9015-1:2011. The location of hardness testing was as shown in Figure 3.
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2.2.3. Macro- and Microstructure Examination

Macro examination of Hastelloy C-22 weld overlays on SA240 Type 316L is important
for assessing overall weld quality, detecting defects, and ensuring proper fusion and
penetration. It helps verify the integrity and reliability of the weld overlay, contributing
to the overall performance and longevity of the welded joint. The Hastelloy C-22 cladded
AISI 316L plates of dimensions 500 × 300 × 10 mm were drawn into cross-section cuts of
10mm length, 300 mm width, and 10 mm thickness for macro examination. Specimens
were polished with SiC sandpapers of grades 120, 320, 400, and 600 followed by alumina
powder polishing, and then we etched the samples with Kallins Reagent. The samples
were observed at 10× with a stereo zoom microscope (Metlab, The MathWorks, Natick,
MA, USA).
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The microstructure of a material directly influences its mechanical properties such as
strength, hardness, and ductility as well as corrosion properties; by studying the microstruc-
ture, one can identify the grain structure, presence of phases, and any potential defects or
precipitates that may affect the material’s mechanical behavior. The microstructure study
also provides insights into the alloy’s grain boundaries, phase distribution, and the pres-
ence of alloying elements that contribute to its corrosion resistance property. For the study
of the Hastelloy weld overlay microstructure, the sample was cut in 10 × 300 × 10 mm
and was drawn into 20 × 10 × 10 mm using a high-precision micro wire EDM machine.
The specimens were polished using SiC sandpapers of grades 120, 320, 400, 600, 800, 1000,
and 1200 followed by alumina powder polishing and then diamond paste polishing of 1 µ

surface finish. The microstructures of the weld overlay, heat-affected zone, and base metal
regions were observed through an optical microscope (Metlab).

The Hastelloy C-22 weld overlay on SA 240 Type 316L with the LBW process was
studied for primary and secondary dendritic spacing, as calculated in high resolution using
the Olympus DSX-1000 digital microscope (Olympus Corporation, Tokyo, Japan).

2.2.4. Corrosion Resistance Using Potentiodynamic Polarization Technique

The potentiodynamic polarization technique is an electrochemical method used to
assess the corrosion resistance of materials, including Hastelloy C-22. Using the potentio-
dynamic polarization technique, researchers can gain valuable insights into the corrosion
resistance of Hastelloy C-22, facilitate material selection, optimize operating conditions, and
enhance the overall performance and longevity of the material in corrosive environments.
The corrosion behavior of the clad samples of sizes 10 mm (L) × 10 mm (W) surface was
investigated by using the potentiodynamic polarization test in ferric sulfate and sulfuric
acid solution. The Grammy Interface 1010E (Gamry Instruments, Philadelphia, PA, USA)
potentiostat was used to conduct the corrosion analysis.

2.2.5. Chemical Composition Test

The chemical composition study of a weld overlay sample using optical spectroscopy
allows for the assurance of the quality, consistency, and compatibility of the weld overlay
material. This leads to reliable and long-lasting performance when exposed to various
corrosive media. The chemical composition and elemental constituents of the different
specimens were examined using optical spectroscopy (Hitachi Foundry Master Pro-2, Hi-
tachi High-Tech Analytical Science, Oxford, UK). The chemical composition was examined
at the base metal and at thicknesses of 0.25 mm, 0.5 mm, and 1 mm from the base metal.
The testing method employed for this study was ASTM E-3047-16.

3. Results
3.1. Visual Analysis

The austenitic stainless steel 316L and Hastelloy weld overlay were visually inspected,
and the results indicated a clean surface without any welding flaws. No indications of
spatter, undercut, porosity, lack of fusion, inclusion, or cracks were found. This assessment
aligns with the expectations we gained from reviewing the literature regarding Hastelloy’s
good weldability [46]. Figure 4 illustrates the upper surface of the Hastelloy C-22 weld
overlay created by ERNiCrMo-10 on the SS-316L substrate. The image shows issues at
the starting and ending points of the automated welding process, which can be attributed
to setup problems in operational parameters, such as the calculation of the total weld-
ing length. The Hastelloy weld overlay is devoid of welding defects, including spatter,
undercut, porosity, lack of fusion, inclusion, cracks, or any other welding flaws.
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Figure 4. Top view of Hastelloy C-22 weld overlay on SS-316L.

Figure 4 is representative of the quality of the overlays in the welding conditions used
in this work. The high quality of the overlay in Figure 4 is related to the welding parameter
selection. The important factors are laser stability and proper lateral overlap of the passes.
Due to the planar geometric regularity over the coated area, the absence of flaws, and the
low occurrence of splashes, the surface quality is thus deemed adequate.

3.2. Macrostructure Examination

The material underwent a macroscopic examination using 10× magnification, as
depicted in Figure 5. The sample was macro-etched, visually observed, and then magnified
10 times under a microscope. This allowed for the examination of the cross-section of the
Hastelloy C-22 weld overlay on austenitic stainless steel 316L. Figure 5 displays a cross-
section view of the weld overlay and the base metal, revealing no signs of welding defects.
Furthermore, the cross-section view illustrates a very low penetration of the Hastelloy weld
overlay into the base metal, which can be attributed to the heat input associated with the
laser beam welding process [47]. The line in the figure indicates the extent of penetration of
the weld overlay metal into the base metal.
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3.3. Bend Test Analysis

To evaluate the reliability or weldability of the procedure, we applied the optimal
parameters determined from the previous tests to actual samples of weld cladding. Specifi-
cally, in this research, for better production cost reduction, we used AISI 316 L SS cladding
with two layers of Hastelloy C-22. Our main objective was to determine if these parameters
would result in welds that were free from issues like holes or cracks commonly encountered
in weld cladding. Additionally, we examined for any signs of excessive hardening in the
cladding layer or inadequate integration between the cladding layer and the AISI 316 L SS
substrate. According to AWS guidelines, defects larger than 3 mm (such as holes or cracks)
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should not be present, regardless of the orientation, even if the specimen prepared for
bending is on the surface/side. Figure 6 shows that no cracks appeared anywhere on the
specimen during the two instances of the side bend test using universal testing equipment.
These results provide evidence that the parameters used for this research in weld cladding
conditions were indeed optimal.
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3.4. Hardness Testing

The Vickers hardness profile of the thick coating’s cross-section is presented in Figure 7.
The observations are as follows:
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(1) The hardness of the base metal, which is significantly lower than that of the weld
overlay and heat-affected zone (HAZ), remains relatively constant at around 204 Hv.

(2) The hardness of the weld overlay is approximately 271 Hv. This increase in hardness
can be attributed to the development of the microstructure during the weld overlay process.
It is well-known that the microstructure and Vickers hardness are closely related, and a
finer microstructure often results in greater hardness when the phase composition is the
same [48,49].

(3) Both the HAZ hardness and the interface exhibit a similar hardness value of around
266 Hv. There is a relatively small increase in hardness from the HAZ to the coating.

The Vickers hardness profile of the cross-section of the Hastelloy C-22 weld overlay
on SS-316L indicates that the hardness of the base metal remains relatively consistent at
around 203 Hv. This value is lower compared to the hardness values of the coating and
heat-affected zone (HAZ), which are 271 Hv and 266 Hv, respectively. Changes in the
solidified morphology of the cladding layers can be attributed to the dilution effect and
may have a direct impact on the hardness of the cladding weld. The heat input of the
welding process is one of the major influencing parameters responsible for morphological
changes in the weld overlay when the same combination of weld overlay and substrate is
used. Therefore, we can directly say that the heat input of the process plays an important
role in the changes in hardness, dilution, and width of the heat-affected zone. The LBW
process involves minimal heat input, as indicated by the research paper, and our ongoing
research confirms this finding. The morphology of the microstructure, affected by the
heat input, directly influences the metal’s hardness. Additionally, research suggests that
a significant reduction in the size of primary dendrites generally leads to an increase in
Vickers hardness. In the current scenario, the average hardness of the weld overlay is
slightly greater than the maximum hardness (100 HRB, 248 Hv) stated in the ASME code.
This greater hardness is attributed to the laminar separation caused by the rapid cooling
rate and low-intensity input. In this specific case, the LBW (laser beam welding) technique
demonstrates a very low heat input, resulting in a very fine HAZ and weld interface, which
cannot be identified separately in Vickers hardness tests or in microstructure studies. In
sum, the hardness values at the HAZ and weld overlay are nearly identical.

3.5. Chemical Composition

As previously mentioned, the cladding process in this case leads to dilution between
the AISI 316L SS substrate and the Hastelloy-22 cladding layers. In Figure 8, the horizontal
axis represents the distance in mm from the interface, with the chemical composition of
Hastelloy C-22 displayed at the end of the axis. The vertical axis indicates the percentages
of chemical composition. The graph indicates that the chemical composition of C-22 closely
matches the desired composition from a height of 0.25 mm from the interface, except for
the Fe content, which does not meet the requirements. However, from a height of 0.5 mm
onwards, the chemical composition aligns with the C-22 chemistry. The accompanying
table in Figure 8 illustrates the results of optical spectrometry analysis, which is extensively
used in the manufacturing industry to examine chemical composition. It shows a graphical
representation of the chemical composition gradients within the AISI 316L SS substrate
and the two Hastelloy C-22 cladding layers, highlighting the distribution of major alloying
elements such as Ni, Cr, Mo, W, and Fe. It depicts the elemental variations from the weld
layer interface to the top surface. Notably, the most significant changes in composition
gradient occur at the interface between the substrate and the first cladding layer. In the
region where the weld overlay is present, Hastelloy C-22 chemistry is attained starting
from a distance of 0.5 mm and onwards. Beyond this point, the composition profiles in the
weld overlay regions exhibit similarity.
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3.6. Microstructural Analysis

The microstructures of the 316L SS substrate and the two Hastelloy C-22 cladding lay-
ers were studied. High-magnification optical microscope images were used to construct a
composite image of the Hastelloy weld overlay on the 316L SS sample, as shown in Figure 9.
These micrographs closely resemble macro images. The stitched image reveals the presence
of porosity, lack of fusion, and a defect-free weld overlay of Hastelloy C-22 on the 316L SS
substrate achieved through laser beam welding. The cross-sectional micrographs demon-
strate that the microstructure of the SS 316L substrate remains unchanged after the overlay.
The laser beam welding process, characterized by low heat input, resulted in no observable
heat-affected zone, as indicated by the cross-sectional optical microstructure analysis.

The microstructures of the weld overlay regions are shown in Figure 10. Figure 10a,b
illustrate the morphology at 100× and 200× magnifications, respectively, of the deposited
weld overlay. Figure 10c,d depict the 100× and 200× magnification morphologies of the
heat-affected zone (HAZ) microstructure. Figure 10e,f display the microstructures of the
base metal. In Figure 10c,d, it can be observed that a smooth fusion line or a distinct fusion
bonding interface was achieved between the Hastelloy C-22 weld overlay and the SS 316L
base metal. Additionally, due to the low heat input of the process, a small, insignificant
HAZ was formed. Figure 10a–f showcase microstructures free of porosities, cracks, and
other defects.
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Figure 10. Microstructure analysis of Hastelloy C-22 weld overlay on SS-316L.

The formation of the microstructure primarily depends on factors such as alloy com-
position, the temperature gradient (G), the energy of the interface, and the solidification
rate (R). The ratio G/R defines the morphology of the microstructure during solidifica-
tion [49,50]. Figure 10a,b exhibit a fine columnar interdendritic microstructure in the weld
overlay. The optical micrographs in Figure 10c,d demonstrate a minimal, negligible HAZ
at the weld interface, base metal, and weld metal. The formation of this insignificant HAZ
and the columnar interdendritic microstructure can be attributed to the low heat input
associated with the laser welding process used in these trials. The micrograph of the base
metal clearly shows the formation of an equiaxed austenite structure.

Tables 3 and 4 present the average and individual values, respectively, of the primary
and secondary interdendritic arm spacing, measured in µm. A difference in measurement
values between primary and secondary dendrite arm spacing can be observed. The results
indicate that the average value of the secondary arm spacing is comparatively smaller.

Table 3. Primary dendritic arm spacing.

Sr. No 1 2 3 4 5 6 7 Average

Value (µm) 5.711 5.289 5.026 1.809 4.454 3.212 2.365 3.981

Table 4. Secondary dendritic arm spacing with LBW process.

Sr. No 1 2 3 4 5 6 7 Average

Value (µm) 2.087 2.358 1.731 2.739 2.745 2.086 2.278 2.289
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Figure 11 displays the primary dendritic arm spacing of the Hastelloy weld overlay,
with a total of 7 readings taken. The maximum value of the primary dendritic arm spacing is
5.711 µm, while the minimum value is 1.809 µm. The average of these readings is 3.981 µm.
In the laser deposition process, the high cooling rate of the melt pool, and consequently,
the rapid solidification velocity, results in a close spacing of primary dendritic arms and
secondary dendritic arm spacing [51,52].
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Furthermore, due to the high solidification velocity of the melt pool, secondary den-
drites grow properly, as depicted in Figure 12. The average value of secondary dendritic
arm spacing obtained through the laser beam welding process is 2.289 µm. Smaller dendrite
spacings are generally associated with finer grains and a more homogeneous microstruc-
ture, which can result in improved mechanical strength, hardness, and toughness. Finer
dendrite spacings generally lead to improved corrosion resistance due to a more uniform
distribution of alloying elements, reduced segregation, and minimized susceptibility to in-
tergranular corrosion. Primary and secondary dendrite spacings can influence the integrity
of the weld overlay [52].
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3.7. Corrosion Potential Test

This study employed cyclic potentiodynamic polarization tests to examine the cor-
rosion behavior of the Hastelloy C-22 weld overlay in a ferric sulfate–50% sulfuric acid
solution, a selection aligned with ASTM G-28, Method-A. Samples 1, 2, and 3 offer valuable
insights into the potential polarization behavior exhibited by the laser beam weld cladding
of Hastelloy C-22 on SS 316L. To ensure a thorough assessment, samples were strategically
extracted from diverse locations within the Hastelloy C-22 weld overlay. Each sample,
measuring 1 cm × 1 cm, underwent exposure to the ferric sulfate–50% sulfuric acid solution.
The resulting data, encompassing corrosion potential (Ecorr), corrosion current densities
(Icorr), and anodic and cathodic Tafel slopes (βa and βc), are meticulously documented in
Table 5. Upon carrying out a meticulous examination of the data presented in Table 5 and a
comparative analysis with the corrosion rates at various locations of the Hastelloy C-22
weld overlay, it can be found that with the specified parameters of the weld overlay, the
average corrosion rate achieved through laser beam welding on SS 316L is 1.20 mpy.

Table 5. Corrosion potential test results.

Parameter
Observation

Sample 1 Sample 2 Sample 3

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

Test Solution Ferric Sulfate +
Sulfuric Acid

Ferric Sulfate +
Sulfuric Acid

Ferric Sulfate +
Sulfuric Acid

Beta A (V/decade) 217.7 × 10−3 335.0 × 10−3 277.2 × 10−3

Beta C (V/decade) 74.50 × 10−3 61.00 × 10−3 73.70 × 10−3

Corrosion Current (Icorr) 745.0 (nA) 3.100 (µA) 3.190 (µA)
Corrosion Potential (Ecorr) (mV) 761.0 785.0 770.0

Corrosion Rate (mpy) 0.379 1.58 1.63

4. Conclusions

This research study aimed to investigate the utilization of Hastelloy C-22 powder for
a weld overlay on SA 240 Type 316L using the laser beam welding process. The results
and discussions provided valuable insights into the performance and characteristics of the
weld overlay, with implications for its potential applications in the petrochemical industry.

â The weld overlay of Hastelloy C-22 exhibited excellent weldability, as it displayed a
clean surface without any welding flaws. However, some issues were observed at the
starting and ending points of the automated welding process, which were attributed
to setup problems in operational parameters. Overall, the surface quality of the weld
overlay was deemed satisfactory.

â The laser beam welding process achieved precise penetration of the Hastelloy weld
overlay into the base metal, resulting in a defect-free weld overlay. This was confirmed
through macro and visual examinations conducted on the weld overlay.

â Bend test analysis confirmed the absence of cracks or holes in the welds, indicating 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.

â The hardness of the weld overlay increased compared to the base metal due to the
development of a compact primary and secondary dendrite microstructure during
welding. Hardness values in the heat-affected zone (HAZ) and at the interface were
similar, indicating only a slight increase in hardness from the HAZ to the coating due
to the small size of the HAZ.

â Chemical composition analysis revealed that the weld overlay matched the desired
composition of Hastelloy C-22 after a height of 0.5 mm from the base metal. At a
height of 0.25 mm from the base metal, the composition of the weld overlay was
similar to Hastelloy C-22, except for the Fe content in that region.

â Microstructure analysis showed a defect-free weld overlay and an unchanged mi-
crostructure of the base metal. The laser welding process resulted in a minimal
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heat-affected zone and a fine columnar interdendritic microstructure, with average
primary and secondary arm spacing values of 3.981 µm and 2.289 µm, respectively.

â Corrosion potential testing indicated that the average corrosion rate of the Hastelloy
C-22 weld overlay on SS 316L achieved through laser beam welding was 1.20 mpy,
owing to the proper and uniform distribution of the cladding phase in the weld
overlay region.

Overall, these findings highlight the successful utilization of Hastelloy C-22 powder
for a weld overlay on SA 240 Type 316L using the laser beam welding process. This re-
search contributes to our understanding of the weldability, structural integrity, hardness
characteristics, process dilution, and corrosion resistance of this novel material combi-
nation. The results demonstrate the suitability of the weld overlay for 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 reduc-
tion, 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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