
 
 

ABSTRACT 

VENKATA BHUVANESWARI VUKKUM, Study on Improving the Corrosion Performance of 

Additively Manufactured 316l Stainless Steel (Under the supervision of Dr. Rajeev Gupta) 

 

Additive manufacturing (AM), an emerging technology, provides enormous benefits over 

conventional manufacturing processes due to the process simplicity and able to print complex 

microstructures with design freedom. To extend the engineering applications of AM components, 

superior and consistent mechanical and corrosion properties are essential. Current research focuses 

on Laser-powder bed fusion (LPBF), a popular metal AM technique that prints 316L stainless steel 

alloy. Although extensive research was conducted on understanding and improving the mechanical 

properties of LPBF printed 316L, the corrosion behavior is not fully  understood and is often 

reported as inconsistent in the literature. The 316L alloy has a wide range of applications, from 

kitchen knives to nuclear, and the recent advances in the AM process are complementing and 

multiplying its engineering applications. Therefore, studying and enhancing the corrosion 

resistance of LPBF printed 316L alloy is needed. The current research presents a strategy called 

feedstock modification to improve the pitting and intergranular corrosion performance of LPBF 

printed 316L. Modified feedstock powders were produced using ball-milling of commercial 316L 

powder and one wt.% of suitable additive. After a thorough literature review and preliminary 

testing, a few suitable additives were chosen for feedstock modification. Later, the modified 

feedstock was laser powder bed fusion printed. The influence of additives on the pitting and 

intergranular corrosion performance of LPBF-316L is investigated and correlated with altered 

passive film characteristics, microstructure, and chemical composition. Several factors influencing 

the corrosion resistance of LPBF-316L were discussed, and a few conclusions and hypotheses 

were drawn based on the experimental evidence and understanding of this research.  
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CHAPTER 1: INTRODUCTION  

Additive manufacturing (AM), also termed 3D printing, is a trending technology that can print 

complex shapes of polymers, metals, and ceramics in a simple and economical way compared to 

traditional manufacturing methods like casting and forging 1ï5. A computer-aided design (CAD) 

file is provided to the additive manufacturing unit, with a predetermined set of commands 

corresponding to the complicated shape or pattern that AM unit prints 6. The additive 

manufacturing technologies can be classified based on the type of base material used or the 

methodology of product construction 7ï10, as presented in Figure 1. AM technologies can be 

classified by solid, powder, and liquid-based systems, and the major additive manufacturing 

processes are material extrusion, sheet lamination, powder bed fusion (PBF), powder-fed fusion 

(PBF), or directed energy deposition (DED), binder jetting, vat photopolymerization and material 

jetting, Figure 1.  

 

 

Figure 1. Classification chart of additive manufacturing technologies 
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Laser powder bed fusion (LPBF) is a popular metal additive manufacturing process that 

prints the components layer-by-layer 4,8,11ï13. The LPBF process includes printing parameters like 

building atmosphere, laser power, laser scanning velocity, scanning strategy, hatch spacing, layer 

thickness, point distance, exposure time, and building orientation/direction [2,14,15]. Firstly, a 

fresh layer of powder is spread on the powder bed platform using a roller according to the desired 

powder layer thickness. The laser melts and fuses the spread powder bed layer following the 

provided printing parameters like laser energy and scanning velocity. Once the laser melting is 

complete, the build platform is lowered, and a fresh layer of powders is spread, followed by laser 

melting. This process is repeated until the entire component is built.  

Laser powder bed fusion printed 316L stainless steel (LPBF-316L) alloys have been 

extensively studied in the literature 2,14ï27. The mechanical properties of LPBF-316L have often 

been reported to improve compared to conventionally manufactured 316L 15,19,27ï34. However, the 

corrosion property of LPBF-316L was not fully explored and often reported inconsistent corrosion 

resistance 1,2,35ï38. The inconsistent corrosion property could be attributed to microstructural 

heterogeneities and manufacturing defects combined with various LPBF printing parameters 38,39. 

CHAPTER 2: LITERATURE REVIEW presents a detailed discussion on the effect of processing 

parameters, manufacturing defects, feedstock, and microstructure on the corrosion resistance of 

LPBF-316L.  

In this research, feedstock modification strategy has been implemented to enhance the 

corrosion resistance of LPBF-316L. Modifying the 316L powders by introducing an external 

element or compound that can improve the corrosion resistance of LPBF-316L is termed feedstock 

modification. These modified feedstock powders can be produced by (1) mechanical alloying like 

ball-milling of suitable additive and 316L powders 28,40ï45, (2) uniform deposition via coating or 

cold spray of suitable additive on the surface of the 316L powders 46,47, (3) gas atomization of 

316L along with the suitable additive 48. In the current research, a slow ball-milling method was 

chosen where 316L powders with suitable additives are slowly ball-milled to avoid the powder 

shape deformation and maintain the feedstock flowability for LPBF.  

The following hypotheses were proposed to enhance the corrosion resistance of LPBF-

316L via feedstock modification. They are  
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(1) Controlling or altering the microstructural inhomogeneities like chemical composition, 

solute segregation in the cellular structure, and oxide inclusion size and density. It is often reported 

the microstructural heterogeneities are one important factor for the inconsistent corrosion 

resistance of LPBF-316L. Therefore, the incorporation of external additives that can control or 

alter the detrimental microstructural features can improve the corrosion resistance of LPBF-316L.  

(2) Incorporating corrosion inhibitors into stainless steel matrix. Often corrosion inhibitors 

are introduced into the testing environment; however, few researchers 49,50 showed merit in 

enhancing the corrosion resistance of metallic systems when incorporated into the metal directly. 

The rapid solidification rates of additive manufacturing can facilitate the inhibitors to 

accommodate the microstructure uniformly, unlike conventional manufacturing techniques like 

casting and forging. Therefore, incorporating a suitable inhibitor into the stainless-steel matrix can 

improve the corrosion resistance of LPBF-316L.  

(3) Incorporation of high nitrogen into alloy matrix. For decades, introducing nitrogen into 

the iron-based alloy system has improved corrosion resistance by (a) reducing the local pH inside 

the pit 51ï54 and (b) favoring the passive film stability 51,52,55. However, it is challenging to 

incorporate high nitrogen content into the alloy using conventional manufacturing techniques. 

Advanced manufacturing techniques like additive manufacturing with super-fast cooling rates can 

easily accommodate high nitrogen into the alloy. Therefore, it is worth choosing an additive with 

high nitrogen content for feedstock modification and, consequently, enhancing the corrosion 

resistance of LPBF-316L can be expected. 

The aim is to take advantage of additive manufacturing to produce corrosion resistance 

316L where the above-mentioned hypothesis was applied.  

 

Research goals or specific aims of this project: 

1. Identifying the critical influential factors responsible for inconsistent pitting corrosion 

resistance properties of laser powder bed fusion printed 316L stainless steel (LPBF-316L). 

a. LPBF printing parameters  

b. Manufacturing defects 

c. Feedstock quality dependency  
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d. Heterogeneous microstructural  

2. Exploring different additives and their possibility of improving the corrosion resistance of 

LPBF-316L. 

3. Studying different methodologies to incorporate external alloying additives into the 316L 

stainless steel feedstock via the ball-milling process.  

4. Investigating the influence of various LPBF printing parameters on microstructure and 

corrosion resistance of feedstock modified and LPBF printed 316L. 

5. Enhancing the corrosion resistance of LPBF-316L via feedstock modification strategy. A 

detailed investigation where passive film characteristics, chemical compositional 

differences, and macro, micro, and nanoscale structure alterations are correlated with the 

pitting corrosion resistance. 

6. Exploring different ASTM standards to reveal the intergranular corrosion resistance of 

LPBF-316L and investigating the responsible factors for intergranular corrosion in LPBF-

316L 

7. Improving the intergranular corrosion resistance of feedstock modified and LPBF printed 

316L and correlating it with the microstructural modifications. 

 

The flowchart presented in Figure 2 shows the plan of work followed during this research 

projects. The experiments and procedures corresponding this research are explained in 

CHAPTER 3: EXPERIMENTAL PROCEDURE. In this research, a feedstock modification 

strategy has been implemented where suitable corrosion-inhibiting elements or compounds are 

incorporated into 316L to enhance the corrosion resistance of LPBF-316L. CHAPTER 4: 

SELECTION OF ADDITIVES presents the hypothesis and selection of additives, and CHAPTER 

5: FEEDSTOCK PREPARATION discusses the feedstock preparation and methodology followed 

to incorporate the selected additives into feedstock via the ball-milling process.  
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Figure 2. Flow Chart presenting the plan of work following throughout this research project 

The influence of various factors like 316L feedstock quality and processing parameters on 

the pitting corrosion resistance of LPBF-316L is discussed in CHAPTER 6: INFLUENCE OF 

FEEDSTOCK QUALITY AND PROCESSING PARAMETERS ON PITTING CORROSION 

RESISTANCE OF LASER POWDER BED FUSION PRINTED 316L STAINLESS STEEL and 

CHAPTER 7: CORROSION PERFORMANCE OF FEEDSTOCK MODIFIED AND LASER 

POWDER BED FUSION PRINTED STAINLESS STEEL. Additionally, the impact of chosen 

additives in CHAPTER 4: SELECTION OF ADDITIVES and CHAPTER 5: FEEDSTOCK 

PREPARATION is discussed CHAPTER 6: INFLUENCE OF FEEDSTOCK QUALITY AND 

PROCESSING PARAMETERS ON PITTING CORROSION RESISTANCE OF LASER 

POWDER BED FUSION PRINTED 316L STAINLESS STEEL 
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 CHAPTER 8: ENHANCED CORROSION RESISTANCE OF ADDITIVELY 

MANUFACTURED STAINLESS STEEL BY MODIFICATION OF FEEDSTOCK and 

CHAPTER 9: INFLUENCE OF CARBON NANOTUBES (CNT) ON MICROSTRUCTURE 

AND CORROSION PERFORMANCE OF ADDITIVELY MANUFACTURED 316L 

STAINLESS STEEL exclusively presents the improved pitting corrosion resistance of LPBF-

316L with chromium nitride and carbon nanotubes incorporation, respectively. 

Austenitic stainless steels have wide range of applications from kitchen knife to nuclear 

which also include high temperature applications. Literature shows 316L stainless steel alloy 

exhibiting intergranular corrosion resistance (IGC) when exposed to high temperatures (500 - 800 

) for more than an hour. Although the intergranular corrosion resistance of conventionally 

manufacturing 316L is very well understood in the literature, the IGC of LPBF-316L is only 

studied by few research and observed to be inconsistent 35,36,56,57. Therefore, it is worth exploring 

and revealing the IGC performance of LPBF-316L. Additionally, the strategy of feedstock 

modification can also be applied to investigate and improve the IGC of LPBF-316L. CHAPTER 

10: INTERGRANULAR CORROSION OF FEEDSTOCK MODIFIED AND ADDITIVELY 

MANUFACTURED STAINLESS STEEL AFTER SENSITIZATION and CHAPTER 11: 

INTERGRANULAR CORROSION OF CARBON NANOTUBES ADDED AND LASER 

POWDER BED FUSION PRINTED 316L STAINLESS STEEL reveals the influence of different 

additives on intergranular corrosion resistance of LPBF-316L.  

From the understanding based on previous chapters, a few nitrides have been selectively 

incorporated into LPBF-316L, and their influence on microstructure and mechanical properties is 

presented in CHAPTER 12: INFLUENCE OF NITRIDES ON MICROSTRUCTURE AND 

MECHANICAL PROPERTIES OF FEEDSTOCK MODIFIED AND ADDITIVELY 

MANUFACTURED 316L STAINLESS STEEL.  

From the experimental evidence and understanding from CHAPTER 2 to CHAPTER 12, 

a few conclusions and hypotheses were discussed in detail in CHAPTER 13: DISCUSSION AND 

SUMMARY. Nevertheless, there are some knowledge gaps, and hence CHAPTER 14: FUTURE 

DIRECTIONS highlighted the future directions that would aid in directing the interested 

researchers to cover the knowledge gaps.  
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CHAPTER 2: LITERATURE REVIEW  

Annually US $4 trillion is invested in corrosion damage and repair globally, as reported by the 

National Association of Corrosion Engineering 1,2,58. This highlights the need for highly corrosion-

resistant alloys that can mitigate corrosion financial losses. Advanced manufacturing techniques 

like additive manufacturing bring new technologies that can build far from equilibrium or 

metastable alloys that can show potential improvement in corrosion resistance compared to 

conventionally manufactured alloys 35,40,59. 316L stainless steel is one of the alloys on which 

extensive research was conducted due to its wide range of applications, from kitchen knives to 

nuclear 2,60,61. However, the corrosion resistance of additively manufactured (AM)  316L reported 

in the literature is inconsistent. A few researchers showed improved corrosion resistance of AM-

printed 316L alloy compared to conventionally manufactured Wrought 316L, whereas others 

reported deteriorated corrosion performance 1,2,35ï38. This shows a noticeable knowledge gap in 

investigating the inconsistency and understanding the influential factors that cause the corrosion 

in AM-printed 316L alloy.  

 In this chapter, a thorough literature review titled ñReview on corrosion performance of 

laser powder bed fusion printed 316L stainless steel: Effect of processing parameters, 

manufacturing defects, post-processing, feedstock, and microstructureò is presented. The 

following are the focused areas in the literature review:  

¶ Influence of manufacturing defects caused by the quality of feedstock powder 

characteristics (feedstock quality, powder particle size, shape and distribution, and powder 

atomization condition) and laser powder bed fusion (LPBF) parameters (building 

atmosphere, laser input power/energy density, laser scanning velocity, laser scanning 

strategy, hatch spacing, layer thickness, laser point distance, laser exposure time and 

building orientation) on microstructure and corrosion resistance of LPBF-316L. 

¶ Microstructure and surface properties of LPBF-316L after performing post-processing 

(machining operations, laser surface finishing, heat treatments, shot peeing, 

electrochemical polishing, electroplating, hot isostatic pressing, and chemical machining). 

¶ Discussion on 316L feedstock powder recycling and its impact on microstructure and 

properties. 
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¶ A complete view of the multiscale structure (Structural hierarchy ï macro, micro and nano-

level structure, phases identified, grain size and orientation, cellular structure, oxide nano 

inclusions) of LPBF-316L. 

¶ Insight on corrosion of LPBF-316L (Pitting corrosion, intergranular corrosion, erosion-

corrosion, and hydrogen embrittlement). Investigation of different influential factors 

(porosity, cellular structure, passive film characteristics, oxide nano inclusions, pH, 

residual stresses, and thermal treatments ) on corrosion performance of LPBF-316L.  

¶ Feedstock modified and additive manufactured 316L: Microstructure and mechanical 

properties. Future directions and strategies to improve the corrosion resistance of LPBF-

316L are discussed.  
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