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Abstract 

The corrosion resistance of additively manufactured stainless steels has only recently become 

a critical research topic. At the commencement of this project, the corrosion evaluation of such 

additively manufactured stainless steels in aggressive environments (i.e. chloride containing 

media) was not yet undertaken; however this is a field of study that is crucial to their application 

in service. The stainless steel AISI 316L is a popular choice for applications that require 

corrosion resistant alloys, weldability, biocompatibility, and, versatility (shapes, sizes, 

applications, etc.).  

Selective laser melting (SLM) is an additive manufacturing technology that operates by 

incorporating a laser system with a powder-bed system and has now been extensively 

demonstrated to produce stainless steel 316L components. The parameters utilised for the SLM 

of metals and alloys have been discovered to have a direct influence on the resultant 

microstructure. Consequently, investigating and understanding the effect of SLM processing 

variables on alloy properties is of key relevance for the use of such materials in engineering 

applications.  

For this project, 316L was additively manufactured by SLM and production parameters were 

varied, namely laser power, laser scan speed and build orientation. The variability of 

parameters and their respective effect on the microstructure (e.g. porosity) of 316L were 

investigated in the context of corrosion (with an emphasis on pitting). In addition, the effect of 

residual stresses generated in the SLM process was also assessed for its influence on 

electrochemical and immersion performance of 316L, relative to build orientation. The 

evaluation of the performance for SLM 316L specimens was assessed throughout by 

comparison with wrought 316L.  

To understand pitting mechanisms in 316L, metastable pits and their transition to stability were 

investigated by in-situ surface imaging during potentiostatic polarisation. Visual assessment of 

the surface combined with electrochemical characterisation allowed the evaluation of pitting 

characteristics that were not well previously comprehended. 

Finally, an exploratory study on the development of 316L/glass composite specimens by SLM 

was carried out in order to investigate the potential to develop new engineered materials 

utilising SLM technology. The resultant specimens were investigated for mechanical and 

electrochemical performance.   
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Chapter 1: Introduction and research project aims 

A manufacturing process is nowadays termed ‘additive’ when production follows a pre-

determined set of commands based on a computer aided design (CAD) [1,2]. Historically, 

additive processes also include welding, or cumulative manufacturing that does not involve 

material subtraction. The general term ‘additive manufacturing’ (AM) is commonly referred to 

as simply ‘3D printing’ when it employs a CAD design, and it has been performed for an 

increasing portfolio of materials such as polymers, metals, ceramics and composites over the 

last 30 years [3,4]. Stainless steels are a class of corrosion resistant iron (Fe) based alloys, that 

are commonly utilised in their wrought and cast type. More specifically, the AISI 316L is an 

austenitic stainless steel grade largely utilised in a wide range of applications from cutlery to 

offshore oil and gas refinery pipelines. The designation of ‘316’ refers to a nominal 

composition of Fe – 16-18 % Cr – 10-14 % Ni – 0.03 % C – 2.0 % Mn – 1.0 %Si – 0.045 % P 

– 0.030 % S – 2.0-3.0 Mo (in wt. %); whilst the ‘L’ refers to a low-carbon concentration that 

is critical to improving alloy weldability. A relatively low cost (compared to corrosion resistant 

nickel alloys), high ductility, moderate yield strength (~ 350 MPa) and high corrosion 

resistance have ensured that 316L is an important alloy in industrial and general applications 

[5]. Technological advances in AM, have allowed the production of 316L by a variety of non-

conventional methods [6–8]. The implementation of these AM 316L components into service 

requires characterisation and qualification. In order to be safely applied, the mechanical 

strength and durability of additively manufactured stainless steels must be equal or superior to 

their conventionally produced counterparts. The qualification of wrought and cast stainless 

steels (including the 316L grade) has been addressed and compiled for diverse applications 

over the last century [5,9]. Therefore, similar characterisation and qualification of the emerging 

AM stainless steels become essential for engineering applications. 

Metal AM systems are usually classified based on the metal feeding system and energy supply 

[10,11]. The feedstock can be implemented to the AM system as powder either by a coater (or 

roller) that applies the material over a moving bed (i.e. substrate) [12] or by deposition through 

nozzles simultaneously to the energy application [13]. Metallic wires are also utilised as 

feedstock in AM systems [14]. The metal AM supply energy is usually applied either by laser 

or by focused electron beam. Three main systems have been extensively explored to produce 

AM alloys: selective laser melting (SLM), electron beam melting (EBM) and direct laser 

deposition (DLD) [10,15]. Each process uses specific parameters and methodologies to 



 10 

produce consolidated structures from metallic powders. The production and characteristics of 

316L stainless steel produced by SLM is the main focus of the present research thesis. The 

SLM process consists of a metallic powder bed, of which the upper-most layer is successively 

melted a high energy laser – in a manner following a layer by layer CAD arrangement until the 

final object is completed. There is an intrinsic design freedom in the SLM process, to produce 

components that were previously impossible, or rather difficult (e.g. not cost effective) to be 

fabricated by conventional manufacturing methods [1,10,16]. Thus, the design freedom and 

particular manufacturing technology associated to SLM and their effect on the performance in 

the context of stainless steels must be investigated. 

Pitting corrosion is a common form of localised attack that occurs on stainless steels exposed 

to chloride (Cl-) containing environments. The presence of Cl- ions in a humid atmosphere 

catalyses the disruption of the protective passive chromium oxide layer upon stainless steels 

when the Cl- ion concentration is above a threshold [17]. The corrosion of a nominally ‘passive’ 

alloy such as 316L, is typified by local dissolution – known as pitting – which is an 

autocatalytic process once initiated [18]. That means the corrosion products provide conditions 

favourable to a continuous pit growth. Such a corrosion process is well known as pitting and it 

has been hypothesised to occur in three consecutive stages: nucleation; metastable and stable 

pit growth [19,20]. The nucleation of a pit will occur if there is an electrochemical potential 

disparity between two features on the metal surface, or there is local disruption of the passive 

surface film (especially in the presence of Cl- ions). A comparative assessment of pitting upon 

conventionally produced and SLM stainless steels can also reveal new paths to comprehending 

pitting mechanisms. In addition, understanding the correlation between SLM parameters and 

material properties (such as corrosion resistance) is fundamental for the performance 

optimisation of stainless steel components. 

The broad aim of the present work was to understand the effect of SLM parameters on the 

microstructure and, consequently, the pitting of SLM 316L components. In addition, individual 

aspects of pitting, such as metastable pitting, were meticulously investigated. Furthermore, the 

manufacturing of 316L/glass composite was carried out by SLM in order to explore the 

production a potential new engineering material. 
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The specific aims of this research project included: 

• The investigation of the effect of a variety of laser power and laser scan speed settings 

on the porosity of stainless steel 316L produced by SLM. Moreover, evaluate the 

influence porosity has the electrochemical response and metastable pitting of SLM 

316L. 

• The production of 316L specimens by SLM at different build orientations (namely 0º, 

45º, 90º relative to the substrate) and the investigation of how each build orientation 

correlates to pitting. 

• Measurements of residual stresses in 316L generated from the SLM process and the 

influence of residual stress on pitting. 

• The study of metastable pit initiation, growth, repassivation and transition to stability - 

by in-situ imaging the surface of 316L specimens during potentiostatic polarisation. 

• The development of a freeware tool to aid the analysis of metastable pitting related data. 

• The production of 316L/glass composites by SLM, produced by adding glass waste 

powder to a 316L powder blend. Microstructural characterisation of the resultant 

316L/glass specimens and evaluation of their respective mechanical and corrosion 

performance. 
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Chapter 2: Literature review 

Costs associated with the repair and maintenance of damage caused by corrosion can be up to 

4% of a nation’s gross domestic product (GPD) yearly [21]. This significant expense creates 

the incentive and a constant desire to improve materials and systems to become more resistant 

to degradation phenomena. Recently, the advent and development of metal AM techniques has 

created an opportunity for the production of new alloys, or alloys with enhanced corrosion 

resistance. Researchers from both industry and academia have been extensively working on the 

development of AM for high-performance materials, to comply with their respective 

component and application requirements. Nevertheless, prior to applying these AM corrosion 

resistant alloys into service it is necessary to understand their corrosion performance and 

mechanisms, especially in environments where their conventional produced counterparts have 

been utilised over many years.  

To inform and situate present research, a thorough literature review on the corrosion of AM 

alloys including stainless steel 316L was compiled. Although extensive investigation has been 

employed on the subject, there still remain several knowledge gaps, as identified in the review. 

• A number of potential defects arising from the AM process have been identified, and 

their reproducibility (in production) and impact (on corrosion) are unclear in a holistic 

sense. 

• The mechanical performance, and the durability (e.g. corrosion performance) of AM 

alloys has not been significantly investigated to date, and it is yet to be reported to any 

level of detail for non-laboratory-controlled environments or long-term exposures. 

Further performance evaluation is essential and must be carried out for AM 

components. 

• The microstructure of AM corrosion resistant alloys commonly differs from their 

respective conventionally manufactured counterparts. Those microstructural changes 

consequently have an effect on their corrosion properties. Hence the cause-effect 

assessment of these ‘altered’ microstructures on durability must be well comprehended. 

The present chapter was prepared as critical review published in the journal CORROSION. 

The review article appears here as published.  
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Chapter 3: On the corrosion and metastable pitting characteristics of 316L 

stainless steel produced by selective laser melting 

Due to their established (and notionally satisfactory) resistance to corrosion in marine 

environments, wrought 316L is a popular choice for components in service near in marine 

applications, in coastal cities, etc. Although 316L is generally resistant to corrosion in marine 

environments (where the temperature remains below ~ 22 ºC, which is the critical pitting 

temperature of stainless steel 316L [22]), 316L remains vulnerable to localised corrosion. One 

of the main localised corrosion mechanisms that takes place in 316L components employed in 

the vicinity of Cl- containing media (e.g. seawater) is chloride induced pitting. Pitting is a form 

of localised corrosion typical of alloys that do not undergo uniform corrosion when exposed to 

a humid atmosphere or aqueous environments. The susceptibility of an alloy to pitting is 

directly associated with their surface chemical composition and microstructure. In the context 

of conventionally manufactured 316L, the presence of MnS inclusions in the alloy is known to 

degrade the protective oxide layer on the alloy surface. These inclusions have been found to 

increase pitting susceptibility to the extent that low temperature pitting and even pitting in low 

chloride concertation are possible. 

The SLM of 316L becomes an alternative manufacturing process that, by altering the 

microstructure and consequently the formation of MnS inclusions, could enhance the resistance 

of this alloy to pitting. However, porosity derived from the manufacturing process is 

consistently present in SLM alloys, including in 316L. The presence of pores in the bulk of 

316L alloys could potentially alter their surface protective oxide layer and consequently also 

affect pitting. 

In this chapter, the effect of SLM laser parameters on porosity was correlated to the pitting 

resistance of the 316L in 0.1 M sodium chloride. Initial analysis on the metastable pitting 

behaviour of this alloy was also investigated. The results obtained from the SLM 316L were 

compared to a wrought counterpart tested under the same experimental conditions. 

This chapter was prepared as a paper and published in the Journal of The Electrochemical 

Society. The paper is presented here as published. 
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Chapter 4: On the effect of build orientation and residual stress on the 

corrosion of 316L stainless steel produced by selective laser melting 

One of the most attractive characteristics of AM is the innovative design freedom to 

manufacture unique components. Since AM is carried out in an additive manner, objects are 

produced as they are manufactured to a near-net shape requiring little to no post manufacturing 

treatment. On the other hand, traditional manufacturing methods (e.g. casting, forging, rolling, 

extruding, cutting, etc.) are classified as subtractive manufacturing technologies. The 

production of components by these subtractive technologies usually require a series of post 

treatments before being put into service. In general, this increase overall production complexity 

and require accompanying infrastructure. The rapid-manufacturing and design freedom within 

AM allow high component-design variability at low costs which can boost the development of 

innovative and high-end technologies. 

Prior to safely implement AM components into service, characterisation and qualification of 

their performance must be carried out. In the context of metal AM, the main alterations 

observed for components in comparison to their conventionally manufactured counterparts 

include microstructural variations, surface roughness, porosity and residual stresses. These 

alterations are sensible to AM process configuration such as laser parameters, substrate 

temperature, inert gas flow, material distribution pattern, support structure and build 

orientation. In this chapter, the corrosion characteristics SLM 316L specimens were 

investigated by both electrochemical and immersion techniques. Build direction was varied 

during SLM, to produce 316L specimens fabricated with different angles relative to their 

respective substrate (namely 0º, 45º and 90º) to evaluate their effect on pitting. In addition, 

build orientation and pitting were also discussed in the context of residual stresses generated 

from SLM. 

The present chapter was prepared as a journal article and is under submission in Corrosion 

Science. The journal article appears here ‘as submitted’. 
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Chapter 5: On the in-situ characterisation of metastable pitting using 316L 

stainless steel as a case study  

Due to its critical importance on the performance of metals and alloys, a comprehension of the 

mechanisms typical to pitting has been the aim of several industrial and academic studies over 

the years. By definition, the development of pits in corrosion resistant alloys follow three 

sequential steps, that are: nucleation, metastable pitting and stable pitting. 

The nucleation of a pit arises from the disruption of the protective surface layer of corrosion 

resistant alloys (i.e. a local deviation from the passive state). This protective layer breakdown 

can be triggered by components in the solution in contact with the surface, by defects on the 

surface, by weak points in the protective layer or by the existence of microgalvanic coupling 

from microstructural variations. Once a pit has nucleated, it enters a metastable state and it will 

either repassivate or develop into a stable growth state. The pit is called stable once the healing 

of the protective layer is hindered inside that pit. This inability to heal or repassivate the pit 

surface is usually caused by secondary products from electrochemical reactions in the pitting 

site. These sub-products sustain further metal dissolution hence creating an autocatalytic 

reaction site.  

For this chapter, the metastable pitting of 316L was investigated by in-situ surface imaging 

simultaneously to potentiostatic polarisation techniques. In Chapter 3, this method was used to 

great success for the determination of pitting (quantitatively) for specimens with very small 

variations in processing parameters (and the same bulk composition). That study – whilst 

successful, made it clear that the method employed can serve to answer fundamental questions 

in the pitting of metals and alloys, that are yet to be determined. As a consequence, a ‘deep 

dive’ into the method was carried out to further advance the findings in this thesis. Herein, a 

custom electrochemical cell was produced to sustain in-situ imaging during the electrochemical 

testing. The development of an analytical code was also carried out, and shared in an open 

access platform to facilitate the analysis of the data obtained by potentiostatic polarisation 

testing by others.  

The current chapter was prepared as a journal article and is under submission in Corrosion 

Science. The review article appears here as re-submitted following peer review. 
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Chapter 6: Exploring the possibility of a stainless steel and glass composite 

produced by additive manufacturing 

The unique layer-by-layer production process in selective laser melting (SLM) and the 

accompanying fast heating/cooling cycles (up to 108 K/s) illuminate a new pathway for the 

development of new alloys and metal-matrix composites. Materials that are usually immiscible 

in equilibrium could potentially may joined together to form material ‘blends’. The exploration 

of the SLM (or more generally, additive manufacturing) of a previously unreported 

combination of materials could introduce a new range of engineering materials – which are 

also produced in net-shape.  

Glass is a well-known material with extensive utilisation in a number of consumer applications. 

Consequently, the generation of glass waste (in a variety of shape and colours) becomes a 

public issue with significant environmental impact. In its powder form, glass waste has the 

potential to become feedstock material for the production of SLM components. 

In this chapter, two groups of 316L/glass composite specimens were produced by SLM by 

blending glass powder with 316L powder 10 and 25 wt. % ratios. The SLM parameters were 

optimised to produce compact specimens able to undergo tensile and mechanical testing. Both 

groups of specimens were investigated by electron microscopy and x-ray diffraction for 

microstructure, chemical compositional and phase characterisation. In addition, corrosion was 

evaluated by electrochemical polarisation testing in 0.6 M NaCl solution. The response of the 

SLM 316L/glass composites to mechanical and corrosion testing was evaluated utilising a SLM 

316L specimen as benchmark. 

The present chapter was prepared as a journal article and it is under submission in Materials 

& Design. The journal article appears here as resubmitted after peer review. 
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Chapter 7: Summary and future work 

Summary 

The research reported in this thesis contributes to a more significant (and in many instances, a 

completely new) understanding on how the selective laser melting (SLM) process influences 

the corrosion of stainless steel 316L. In contrast to conventionally manufactured wrought 316L, 

the SLM 316L revealed a unique microstructure, density of build, and features unique to the 

SLM process (all of which were influenced by SLM process variables). The work embodied in 

the Chapters of this research thesis sought to investigated specific aspects – and these aspects 

were related to the SLM process parameters and the resultant microstructures as relevant.  

The following aspects on the corrosion of 316L AM of stainless steel were discussed:  

• In Chapter 3, the effect of altering process settings (namely laser power and laser scan 

speed) on the density (i.e. porosity) of SLM 316L was studied. Particular attention was 

paid to how porosity affected metastable and stable pitting mechanisms. It was 

concluded that although SLM 316L presented pores in their microstructure, pitting 

potentials values measured in 0.1 M NaCl solution were higher than the pitting 

potentials measured for their wrought counterpart under the same experimental 

conditions.  To date, this chapter presents the most definitive presentation of the role of 

porosity in corrosion of SLM prepared alloys. This work was also the first to report the 

annihilation of MnS inclusions as a result of the SLM process. 

• Chapter 4 focused on the investigation of the effect of build orientation and residual 

stress from the SLM process upon pitting of 316L in 0.6 M NaCl. Although 

microstructural changes (especially grain morphology) were detected by a combination 

of characterisation techniques, there was no significant effect observed on pitting 

susceptibility when specimens were built in different orientations. Residual stresses of 

compressive and tensile nature were measured for the SLM 316L, depending on 

specimen orientation. However, no significant trend regarding the effect of such 

residual stress on pitting could be defined. As revealed in Chapter 4, pitting potentials 

values were consistently higher than the values measured for wrought 316L even at 0.6 

M NaCl.  

• In Chapter 5, the principal focus was on developing an experimental setup for the in-

situ observation of metastable pit nucleation, growth and repassivation. That was 
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achieved by coupling an optical recording system to an electrochemical potentiostat in 

a customised electrochemical cell. This system allowed visual observation of pits 

simultaneous to potentiostatic polarisation of 316L. Although this method was applied 

to wrought 316L, it is noted that the detailed electrochemical analysis in the work was 

able to illuminate the method of potentiostatic polarisation testing in a quantitative way. 

As such, the work validates the results in Chapter 3, in a meaningful manner – by 

qualifying the approach employed. 

• An exploratory study that sought to combine 316L powder and glass powder at different 

mass ratios was pursued - in order to produce composites (i.e. a hybrid material) via 

SLM - as discussed in Chapter 6. The resultant material was investigated for corrosion 

and mechanical performance. Although the properties of these hybrid materials did not 

exceed those of SLM 316L, unusual and unique microstructures were detected for these 

new materials for the first time, including the revelation of a new phase. This discrete 

study revealed the potential to further optimise the composite studied, but also 

illuminated the possibilities for SLM of engineered novel composites. This study was 

the first to report such a composite of metal and glass, and is significant to the field. 

In summary, this research thesis reported advantages and disadvantages (in a durability 

context) to produce stainless steel 316L using SLM. The findings discussed in the body of work 

contributes to the industrial implementation of this alloy in chloride-containing environments. 

 

 

Future work 

This project sought to identify the effect of the SLM production route on the pitting and 

corrosion of stainless steel 316L. A variety of experiments were conducted for a diverse group 

of specimens that were produced by a broad manufacturing test matrix. However, there are 

ample prospects for future work to advance the topic more broadly. 

For example, the work contained herein focused on the interactions between NaCl containing 

electrolytes. The evaluation of the corrosion characteristics of pore containing stainless steels 

exposed to non-marine environments (e.g. sulphides, supercritical CO2, pressurised and boiling 

water, etc.) must be carried out in future work. 
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The pitting characterisation and evaluation completed on for SLM 316L did not fully consider 

the effectiveness of this alloy to heal the protective Cr2O3 layer after pit initiation. The pit 

repassivation mechanisms are as important as the factors controlling pit nucleation and growth. 

Thus, a detailed examination of the effect of porosity on the transition from stable and 

metastable pitting states to passivation should be carefully examined. 

The in-situ imaging of specimens under electrochemical polarisation has been proved to be an 

excellent tool to illustrate the stages of pitting occurring on a specimen surface. The same 

experimental system was employed herein to answer fundamental questions regarding the 

pitting characteristics of 316L. In future work, this in-situ characterisation can be utilised to 

examine pitting (and other corrosion mechanisms) in a diverse range of metals and alloys.  

The exploratory approach used herein to manufacture 316L/glass composites by SLM 

demonstrated the capabilities of producing new materials utilising this AM technology. The 

optimisation of parameters utilised in this work was limited by the laser power capabilities of 

the SLM machine (95 W). Future work should consider the optimisation of parameters utilising 

SLM systems with higher laser power in order to obtain stable melt pools and enhance the 

blend of glass with 316L. Furthermore, the optimisation of SLM 316L/glass composite should 

include glass additions below 10 wt. %, preheated substrate, varied scan strategies and heat 

treatments. 

The characterisation of 316L/glass composites did not include the thermal, electrical and 

magnetic properties of specimens. These properties could have been significantly altered by 

the blend of the base materials herein and should be investigated in future work. 
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