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Abstract.

Stainless steel 316L (SS 316L) is known for its exceptional corrosion resistance, robust mechanical properties. Additive
Manufacturing is basically a process of building a 3D object layer by layer. Stainless Steel 316 L has versatile applications
across various industries, including the areas such as aerospace, medical, and marine engineering. The main objective of
this study is to assess and compare the mechanical properties i.e. Hardness, microstructural traits, and overall efficiency
of SS 316L parts produced using arc welding technique. Through a thorough examination, results of characteristic
microstructure using inverted optical microscope and study of hardness using Wickers hardness testing machine are
carried out with different magnifications. This research adds to the expanding field of understanding in materials science
and engineering and enhancing manufacturing methods.

Keywords —Additive manufacturing, Arc welding, Hardness test, Inverted Optical Microscope, Microstructure, Stainless
steel 316L.

INTRODUCTION

Additive manufacturing (AM) is leading in industrial innovation, showcasing the creative abilities of humans by
revolutionizing the manufacturing process from traditional subtractive techniques to a method that builds materials
step by step. Additive manufacturing is process of building parts in small layer by layer method [1][2][3]. Stainless
steel 316L is a low carbon version of the 316-steel alloy, which is part of the austenitic family of stainless steel
having melting point 1375 °C — 1400 °C. It is known for its corrosion resistance. By having a lower carbon content,
it helps to minimize carbide precipitation during welding, which maintains its corrosion resistance in welded
structures [4][5]. Stainless steel 316L stands out for its exceptional resistance to corrosion and strong mechanical
capabilities, bridging the gap between AM's possibilities and real-world utility. This material is an essential
component in industries that require top-tier performance and dependability [6][7][8]. This paper presents the study
to investigate the effects of this method on the micro structure and mechanical properties of the material.
Additionally, the research outlines additional goals that involve optimizing arc welding settings to improve both the
quality and productivity of the production process, aiming to expand the possibilities for leveraging SS 316L in the
field of AM [9].

The arc welding technique, a hopeful method in Additive Manufacturing, faces challenges like thermal distortion
and residual stresses that may compromise the structural integrity and performance of the final prototype
[10][11][12]. The main goal of this research study is to thoroughly analyze and understand the characteristics of
Stainless steel 316L material when shaped using arc welding. The wire arc additive manufacturing process can be
used to create or improve components with superior mechanical qualities and resistance to corrosion in high-
temperature settings, such as applications in nuclear reactors, aerospace, medical, automotive, and marine
applications [13][14][15].

LITERATURE REVIEW

e Bintao Wu et al. reviewed the mechanical properties and micro-structural analysis using wire arc additive
manufacturing (WAAM) for various metals along with their alloys such as steel, aluminum, titanium etc. It
discusses process planning and fabrication, sensing, controlling and also suggests future research directions.
WAAM research integrates materials science, thermo-mechanical engineering, and process planning. Automation
is the next step, requiring research in process control, optimization, and automated planning [16][17].
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e Vahid Amiri et al. used the method of WAAM for Stainless steel 316L and Nickel based- Inconel 625 to examine
the analysis of microstructure and mechanical properties. Initially eight layers were built with 316L Stainless steel,
followed by eight layers of Inconel 625. They used the Nital etching solution for 316L stainless steel and mixture
of HCI1, HNOj; and glycerin for Inconel 625. The results were finally performed using the optical microscope, the
field emission scanning electron microscope and along it, X-ray energy diffraction spectroscopy detector was used
for the microstructural study [18].

Nital etching solution — 2 ml Nitric acid (HNO3) + 98ml Alcohol (CH30H)

e Amagoia Paskual et al. studied the analysis of mechanical properties of two alloys, AISI 316L Stainless steel and
TisAl4V using three welding processes namely Plasma arc welding, Fronius cold metal transfer and Air Liquide
Top Tungsten inert gas. The results showed the evaluation of mechanical properties using tensile test specimens in
two orientations: along the bead generation direction and the bead vertical overlapping direction with the help of
three welding processes as mentioned [19].

e Brittany A. Branch et al. acquired the method of laser powder bed fusion (LBPF) wherein a thin layer of metal
powder was spread on the building platform and melted using focused laser.[20] This method was performed to
fabricate the 316L stainless steel lattices with ProX DMP 200 3D systems. Post fabrication, the defects and the
internal structure of the octet geometry were characterized using an X3000 CT machine and Varex 2520DX X-ray
detector. Lastly CT scan images were converted into binary format in order to identify clearly using the MATLAB
simulation [21]. F. Khodabakhshi et al. also utilized the same technique, the LBPF technique with the focus on the
hot deformation characteristics [22].

Tiago A. Rodrigues et al. examined the phase transformation after wire arc additive manufacturing and gas metal
arc welding in 316L Stainless steel using synchrotron X-ray diffraction technique. They heated the steel at
different temperatures such as at 400°C, 950°C, 1050°C, and 1200°C in order to see how the §-ferrite, a part of the
steel dissolves over time. Finally, they measured the hardness and electrical conductivity and showed the affection
of each phase with the properties of 316L Stainless steel [23].

o Simon Sankaré et al. used Laser additive manufacturing of AISI 316L Stainless steel. Basically, two structures
were built of different dimensions i.e. (height-100mm, length-25mm) and (height-25mm, length-100 mm) in order
to differentiate among the two. Micro-structural results were carried out using optical confocal, an Olympus model
and scanning electron microscope. Tensile and mechanical tests were performed on the sample having height
100mm, with the help of MTS 810 machine. X-ray diffraction technique was employed to study the phase
transformations in the material for the sample having height 25mm [24].

METHODOLOGY

MATERIAL SELECTION

C Si Mn P S Cr Ni N Mo

0.03% | 1.00% | 2.00% |0.045% | 0.015% | 16-18% | 10-13% | 0.10% | 2-2.5%

FIGURE 1. Chemical composition of 316L Stainless steel.
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COMPONENTS

(a) (b)
FIGURE 2. Components used for the fabrication of the prototype (a) Arc Welding Machine (b) Electrodes of 316L Stainless
Steel.

(@) (b)

FIGURE 3. Instruments used for Testing (a) Inverted Optical Microscope to study Micro structure b) Vickers hardness testing
machine to study Hardness Test.
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FIGURE 4. Flowchart of the Additive Manufacturing of Stainless Steel 316L.

THEORY

This project aims to investigate the micro-structural study and the mechanical properties of 316L Stainless steel, an
alloy having low carbon content and superior strength characteristics. Additive manufacturing of Stainless steel
316L was conducted on the base metal plate having the dimensions 100 mm x 10 mm x 50 mm using the technique
of arc welding, utilizing the current range and operating voltage as shown in the Table 1. The time required to build
consecutive layer is depicted in Figure. 5. Post welding, the removal of slag process carried out with the help of
chipping hammer and wire brush for each consecutive layer.

Furthermore, the prototype underwent machining using angle grinder and the final prototype is shown in Fig. 6(a). A
small piece of the prototype was trimmed to facilitate smooth characterization and result analysis. After that the
prototype was polished on dual disc polishing machine using sand paper. Subsequently, lapping process was
executed with diamond paste for mirror finishing and surface was henceforth cleaned. The metal surface contained
some patterns denoted as micro structure. To examine the micro-structural outlines, etching solution was used due to
gradient nature of the material. Different acids are used depending on the material.

The polished surface was then henceforth etched using 37% hydrochloric acid (HCI) for a cumulative 15 minutes.
Due to the corrosion resistant nature of 316L stainless steel, an alternative was required. The sample’s polished
surface was finally etched using 30% nitro hydrochloric acid, which is a mixture of concentrated Hydrochloric
(HCI) acid and concentrated Nitric acid (HNO3;). The etching was done by swabbing the acid on the surface
continuously for 15 seconds at a time. 10 such swabbing cycles were performed in order for smooth
characterization. Afterwards the sample was also placed in Sml of nitro hydrochloric acid for a cumulative 15
minutes, 3 minutes at a time. The action of the acid on the surface revealed the micro structure of the 316L stainless
steel sample.
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Table 1. Arc Welding Machine specifications.

Specifications Values
Operating Voltage 220V
Current Range 100-110 A

Table 2. Specifications of 316L Stainless Steel electrodes

Specifications Values
Current Range 80-110 A
Temperature Range -120 °C — +400 °C
Dimensions 3.15 x 350 mm
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FIGURE 5. Time (in seconds) versus Number of layers build during fabrication.
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FIGURE 6. Dimensions of the fabricated prototype (a) After Machining and polishing (b) As formed by Additive
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MATHEMATICS

Number of layers required for welding(N) = 16
Time taken to lay the welds(T) = 3047 seconds.

N
Feed rate = T (D)
Feed rate (in seconds) = 5.251 X 107 layers/seconds.
Feed rate (in minutes) = 0.3150 layers/minute.
Feed rate (in hours) = 1.890 x 107! layers/hour.
RESULTS AND DISCUSSIONS

Analysis of Micro structure
Following Additive manufacturing, Micro structure analysis was conducted. The results were captured using

Inverted microscope at various magnifications as illustrated in Figure 7 and Figure 8. This analysis revealed
that 316L Stainless steel exhibits low porosity.

(a) (b)

FIGURE. 7(a, b) Micro structure captured at 400x zoom.

FIGURE. §(a, b) Micro structure captured at 200x zoom.
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STUDY OF HARDNESS TEST

The sample underwent hardness testing for three times using a Vickers hardness testing machine, and the results
were carried out which is summarized in the Table 3. Based on the below data as shown in Table 3, Average value
of hardness testing has been found out to be 205.8 HV.

Table 3. Observations revealed after performing hardness testing.

Observations Hardness values
1 202.6 HV
2 207.3 HV
3 207.5 HV

The characterization of the samples done by Moritz Braun et. al on the welded joints from Laser Powder bed
fusion (LPBF) parent material and hot rolled material, the findings showed that for LPBF specimens, the hardness
range varied from 220 HV to 250 HV, whereas in the hot rolled specimens, the hardness was approximately 190
HV, across both the weld metal and base metal [25].

For Shot peened reference (REF) and Additive manufacturing (AM) produced using selective laser melting (SLM),
the measured micro hardness was found to be 183 HV and 230 HV, respectively. The process of shot peening
significantly increased hardness in both REF and AM samples, with the REF showing a 160% increase and the
AM exhibiting 108% increase. This difference is attributed due to the transformation of austenite to martensite in
REF samples and shallower grain refinement depth in AM samples [26][27].

In comparison with the results given by other authors as shown in Table 4, the characterization of the samples
fabricated using arc welding technique for Additive manufacturing of 316L Stainless steel in this project revealed
that the hardness values ranging between 200 HV and 208 HV, shown in Table 3.

Table 4. Comparison of the hardness values produced using different techniques.

Techniques Hardness value References

Laser powder bed fusion 220-250 HV 25

(LPBF)
Hot rolled specimen 190 HV 25
Selective Laser melting (SLM) 180-230 HV 26,27
Arc Welding 205.8 HV Our study

FUTURE SCOPE
1. The future research could focus on ensuring more better quality and capability of fabricated product.
2. Expanding the applications of additive manufacturing to higher level and other industries as well to evaluate

its versatility, its cost effectiveness and rapid prototyping.

3. Future work could also be exploring other new alloy compositions for development of additive
manufacturing leading to amplify properties such as corrosion resistance improvement, growth in strength.

4. More Research could be done by optimizing the welding parameters such as layer thickness, beam or laser
power and scan speed to enhance mechanical properties of material components and precision.

5. Applications in medical field like surgical tools by investigating bio-compatibility and sustainability of
316L stainless steel through additive manufacturing.

6. Assessing the impact of 316 L stainless steel additive manufacturing on environment and focusing on the
thermal stability, waste generation, consumption of energy and practicing more sustainable manufacturing
methods.
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CONCLUSION

This project aims to perform additive manufacturing of stainless steel 316L via arc welding technique. Here
is the exploration of the obtained results:

1. Method of Additive manufacturing was adapted to fabricate the multi layered material of 316L Stainless
Steel using Arc welding technique and henceforth successfully carried out.

2. Machining and polishing of the prototype using various methods achieved high precision and overall
integrity of the structure.

3. The detailed analyzation of Micro structure and hardness of the sample were made using the Inverted optical
microscope and the Vickers hardness testing machine, respectively.

4. Microstructural observations showed the precipitates inside the grains as well as at the grain boundaries at

200x zoom and 400x zoom.

The hardness testing observations showed the average hardness as 205.8 HV.

6. The results show high potential of using 316 L stainless steel in additive manufacturing and rapid utilization
in the large industries like automotive, aerospace and the medical fields.

(9]
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