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Abstract

Stainless steels are generally corrosion resistant, however, in reducing acidic environments

passive film dissolution can occur. Though studies have shown alloying with platinum

group metals (PGMs) benefits stainless steel corrosion resistance, cost and performance

issues have limited the commercial success of this strategy. This project explored

the production of stainless steel-PGM alloys via powder metallurgy to address these

challenges.

Using the field assisted sintering technique (FAST), bulk alloyed and functionally graded

materials (FGM) were successfully produced using water atomised 316L and 17-4PH

stainless steel doped with 0.5 wt.% Ru and Pd, respectively. Sintering optimisation was

carried out by varying the processing temperature and time. Corrosion performance

was evaluated by electrochemical testing in H2SO4 and immersion testing in NaCl. The

performance of cast and sintered PGM-doped 316L was also compared.

Increasing the sintering temperature enhanced the density of the 17-4PH samples but had

little effect on the 316L specimens. In contrast, increasing the sintering time had minimal

impact on either alloy’s density. Regarding the effect of PGM doping on corrosion

performance, no clear trend emerged in H2SO4. In NaCl, however, immersion testing

revealed PGM doping benefitted the corrosion resistance of 316L. The cast samples

outperformed the sintered samples exhibiting wider passive regions and a greater ease

of passivation. In the FGMs, it was observed that PGM presence had a positive effect

on pitting resistance in a chloride environment.
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This study demonstrated the feasibility of powder metallurgical PGM-doped stainless

steels. While mixed corrosion performances were observed, further research could render

more consistency. Future studies should focus on investigating the effect of different

atomisation techniques or sintering conditions.
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1
C h a p t e r

Introduction and Aims

1.1 Background

Steels are a widely implemented and generally cost-effective group of materials comprised
of Fe alloying with various elements1. SS are a subcategory of Fe alloys which contain
more than 10.5 wt.% Cr2. As illustrated in Figure 1.1, the stainless steel alloys are
grouped into five different families. 316L is a stainless steel grade that is austenitic
in its microstructure and is characterised by its excellent resistance to general and
intergranular corrosion and good high-temperature strength1,3,4. Referred to as the
workhorse of stainless steel alloys, austenitic stainless steels find applications within the
petrochemical, pharmaceutical and nuclear industries5,6. 17-4PH is another grade of
SS belonging to the precipitation hardening (PH) martensitic family. It is described
as an alloy with good corrosion resistance and mechanical properties7. Precipitation-
hardenable stainless steels are used in various applications, including fuel tanks, pump
shafting and expansion joints7.

Corrosion resistance is a principal feature of stainless steels. The Cr content in stain-
less steels improves their corrosion resistance by forming an adherent passive layer of
chromium oxide8. Increasing the Cr content of SS steels improves corrosion resistance
but compromises mechanical properties8. When operating in reducing acidic environ-
ments, such as those found in fuel cells, electrowinning cells and waste-water treatment
applications, SS are subject to degradation by corrosion due to the dissolution of the
passive oxide layer9,10. As a result, the SS part may perform poorly and have limited
durability, necessitating premature replacement or repair9. Cathodic modification is a
technique which can improve the corrosion resistance of stainless steels in reducing acid
environments. The process involves alloying stainless steels with PGMs which enhances
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corrosion resistance by two different mechanisms11:

• Altering corrosion thermodynamics so the passive state, whereby corrosion rates
are low, is easier to achieve

• Inhibiting metal dissolution by blocking active sites on the stainless steel surface
exposed to the corrosive medium

Figure 1.1: Schematic diagram illustrating the stainless steels (SS) family. Precipitation
hardening SS are divided into three subtypes which describe the phase composition in
their precipitation hardened state

The cathodic modification phenomenon was first noted by Monnartz 12 in 1911, who
observed that winding platinum wire around iron-chromium alloys reduced corrosion rates
in acids. Since then, numerous studies have shown that bulk alloying and coating steels
with PGMs improves corrosion resistance through cathodic modification13–19. Despite
the demonstrations of the cathodic modification of stainless steels by PGMs13–19, this
technique has not achieved commercial success9. A significant reason bulk alloying
with PGMs is not a widely implemented solution to corrosion is that it is a expensive
technique due to the volume of PGMs required17,20,21. Coating SS with PGMs is a
less expensive option17,21. However, research has shown that this technique also has
limitations, including spalling and unpredictable corrosion performance, meaning it is
unlikely to provide effective long-term corrosion protection9,10,16,22.
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Despite the advantages presented by powder metallurgical routes, the topic of powder
processed cathodically modified stainless steels has received limited research attention.
To the best of the author’s knowledge, the subject has been explored solely by Peled
and Itzhak18,23,24, who studied the corrosion behaviour of sintered bulk alloyed PGM-
doped 316 stainless steel in sulphuric acid. However, these studies did not account for
critical variables affecting the corrosion behaviour of sintered stainless steel. Parameter
optimisation is of utmost importance when dealing with powder metallurgical processes.
Selecting ideal processing conditions means that characteristics such as phase composi-
tion, grain size and density can be tailored to render the performance the best it can be.
The corrosion properties of sintered materials are influenced by density; as a general rule,
in acidic environments, high density sintered stainless steels possess better corrosion
resistance than their low density counterparts25. In their work, Peled and Itzhak18,23,24

did not evaluate the impact of density on the corrosion behaviour of the samples studied
nor was parameter optimisation explored. Additionally, the corrosion behaviour of the
sintered samples was not compared to cast equivalents, so it is difficult to assess the
corrosion performance of samples produced by Peled and Itzhak.

Functional grading by powder processing is an as-yet unexplored approach to enhancing
stainless steels using PGMs which may overcome some of the issues associated with
cathodic modification by bulk alloying and coating. Functionally graded materials are
characterised by the continuous change in phase composition as a function of position26.
Incorporating PGMs into stainless steels by functional grading means the cathodic
modifiers can be concentrated where corrosion resistance is needed: at the interface
between the component and the environment. As a result, a lower volume of PGMs
would be required to impart the same corrosion resistance when compared with bulk
alloying, improving the cost-to-benefit ratio of cathodic modification. Functional grading
can also overcome the spalling issues associated with coatings by facilitating gradual
microstructural changes.

FAST is a powder consolidation method that can be used to produce high density parts
from metallic and non-metallic powder feedstock by applying uniaxial pressure and a
pulsed direct current27. Compared with conventional sintering techniques, FAST can
use lower sintering temperatures, shorter sintering times and higher heating rates28.
The literature demonstrates that FAST can be used to successfully create functionally
graded materials26,29–33.
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The research on powder processed PGM-doped stainless steels is limited. To the
best of the author’s knowledge, no publications have explored the use of FAST to
produce functionally graded PGM-doped stainless steels. This thesis aims to expand
the knowledge of cathodically modified stainless steels produced by powder metallurgy
in addition to investigating the feasibility of FAST to produce novel FGM cathodically
modified stainless steels.

1.2 Industrial Context

It is imperative to understand the industrial context in which this EngD project fits.
This section explores the predicted PGM market trends and how this will effect the
economic viability of industrially utilised cathodically modified stainless steels.

1.2.1 PGM Availability

Ru doping dominates recent publications on the topic of stainless steel cathodic mod-
ification9. The primary reason why ruthenium is the research focus of stainless steel
cathodic alloying is its cost. According to the latest market report published by Johnson
Matthey, currently, the price of Ru is the lowest of all the PGMs, as has historically
been the case for the last 25 years34. However, the share price of PGMs fluctuates with
time, owing to supply and demand trends which accompany the development of new
technologies. At present, the demand for Pd exceeds the supply due to their critical
status in the production of catalytic converters for internal combustion engines35. The
majority of Pd is used in automotive applications (83%), though its distributional usage
across different sectors is set to change in the future36. Increasingly ambitious global
emission targets are a strong driver for the change in the consumption of PGMs since
it prompts internal combustion engines to be phased out in favour of battery and fuel
cell powered vehicles37. In September 2023, it was announced that from 2035 all new
vehicles sold in the UK must be zero emission38. Globally, 27 countries have signed
targets to aim for fully electric bus and lorry sales by 204039. These policies will lead
to reduced demand for catalytic converters and, therefore, the reduced consumption
of Pd in the automotive industry36. With this demand reduction, a fall in price will
likely follow36. This market trend makes the cathodic modification of stainless steel
more economically viable in the future than it currently is.
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1.3 Problem Definition

The cathodic modification of stainless steels has been widely researched over the last 100
years. Despite this, the technique has not achieved commercial success. The high cost
and unpredictable long-term behaviour are the main obstacles to the industrial roll-out of
cathodically modified materials. At present, research on powder metallurgical approaches
to cathodic modification remains lacking despite the evident potential cost-saving benefits
of functional grading. An understanding of the processing-microstructure-properties
relationship of such materials is crucial to the progression of research into powder
processed cathodically modified stainless steels. The research presented in this thesis
aims to address the highlighted gaps in knowledge and contribute to the discipline of
corrosion and materials science.

1.4 Project Aims

This project aims to produce Ru- and Pd-doped 316L and 17-4PH stainless steels
by powder metallurgical processing. Through characterisation, this research seeks to
understand the effect of the processing technique and PGM additions on microstructure
and corrosion. In powder metallurgy, parameter optimisation is a fundamental step in
producing materials with the desired characteristics. As a result, varying the processing
conditions is a necessary step within the scope of this EngD project.

1.5 Project Objectives

The following bullet points detail the steps which should be taken to achieve the project
aims.

• Use FAST to produce bulk alloyed samples and work towards parameter opti-
misation for each of the compositions studied. Near-optimal conditions will be
achieved by varying sintering temperature and time

• Investigate the relationship between sintering conditions, microstructure, mechani-
cal and corrosion properties

• Assess the feasibility of using FAST to produce functionally graded PGM-doped
materials. Characterise elemental distribution and assess the corrosion performance
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of these samples

• Explore the effect of conventional heat treatment cycles on the corrosion perfor-
mance of sintered PGM-doped 17-4PH stainless steel

1.6 Thesis Outline

In the present chapter, the background is presented, the current literature on the topic
of the study is disseminated and the need for the current study is highlighted. The
industrial context is also established here.

Chapter 2 presents a review of literature pertinent to this study. The chapter begins
by introducing stainless steels and exploring their chemical composition and typical
properties. It then presents an overview of powder metallurgical processing with a focus
on the production and consolidation of metal powders. Special attention is given to
the consolidation technique of primary interest to this study, field assisted sintering
technique (FAST). The operation of FAST is explained and its capabilities are compared
to similar sintering techniques. Following this, the general principles of metallurgical
corrosion are presented before honing in on the corrosion of conventionally and powder
processed stainless steel. The cathodic modification mechanism is described and an
overview of relevant literature on the cathodic modification of stainless steels is given.

Chapter 3 explains the experimental techniques used in this study. It includes a
description of the analytical processes used to characterise the powder feedstock and
the sintered samples. In addition, the chapter explains how FAST was used to produce
bulk alloyed and functionally graded samples. Lastly, the methods used to assess the
corrosion performance of the doped and undoped stainless steel samples are outlined.

This thesis consists of four combined results and discussion chapters. The first of which,
Chapter 4, presents the characterisation of the stainless steel powders used in this study.
The impact of powder composition, morphology and size on corrosion resistance is
explored. Chapter 5 presents the characterisation of the bulk alloyed stainless steel
samples, with a focus on the effects of sintering conditions on material microstructure
and physical properties. The impact of the atomisation technique on the microstructure
and hardness behaviour of 316L stainless steel is also discussed here. Following this is
the assessment of the functionally graded material produced using FAST. The impact
of heat treatment on powder processed PGM-doped 17-4PH is studied in Chapter 6.
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Finally, the effect of atomisation technique, consolidation approach, heat treatment and
PGM doping on corrosion performance is investigated in Chapter 7.

The findings and industrial implications of this project are summarised in Chapter 8. In
light of this study’s conclusions, potential areas for future research are identified here.
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2
C h a p t e r

Literature Review

2.1 Stainless Steel

Stainless steels are iron alloys which contain between 10.5 wt.% to 30 wt.% Cr2,40. It is
the Cr content of stainless steels which is a major proponent of their corrosion resistance.
Upon exposure to the environment, stainless steel will form a 1 - 5 nm surface layer
primarily composed of Cr2O3 which inhibits further chemical changes and degradation
to the bulk material2,40. The passive film found on stainless steels is chemically dynamic
with Cr, O and Fe bonds which form the film continually breaking and remaking2. It
is because of this self-healing behaviour the passive film of stainless steels can reform
within seconds once damaged1. Due to their ability to operate in corrosive environments,
stainless steels are considered an integral group of materials and can be found in a
variety of domestic, artistic, architectural and industrial applications, as illustrated in
Figure 2.17.

Based on their alloy chemistry and resulting phase composition, stainless steels can be
classified as being either austenitic, martensitic, ferritic, duplex or precipitation hardening
with each type possessing unique mechanical and corrosion resistance characteristics
(Figure 1.1). The two stainless steel grades of interest to this study are 316L and
17-4PH, which belong to the austenitic and martensitic precipitation hardening families,
respectively. Within this section, the general behaviour of stainless steels belonging to
these two families will be explored before presenting the uses, behaviour and processing
of the two stainless steel grades relevant to this study: 316L and 17-4PH.
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Figure 2.1: Examples of stainless steel usage. Photograph (a) shows a domestic coffee
machine, (b) shows Cloud Gate a sculpture in Chicago and (c) shows a fermentation
tank used in brewing. Images are royalty-free and obtained from pexels.com

Austenitic Stainless Steels

Of all the stainless steel families, austenitic stainless steels are the most prevalent owing
to their useful combination of high strength, ease of fabrication and excellent corrosion
resistance41. Austenitic stainless steels possess face-centred cubic austenite as the
majority phase at ambient temperatures42. Regarding corrosion resistance, austenitic
stainless steels typically outperform their martensitic and ferritic counterparts42.

316L is an austenitic stainless steel which contains Cr to improve corrosion resistance,
Ni to stabilise austenite and Mo to improve corrosion pitting resistance43. The ‘L’
designation in 316L signifies that it is a low-carbon stainless steel grade and is less
susceptible to sensitisation44.

Precipitation Hardening Stainless Steels

Precipitation hardening (PH) stainless steels are characterised by their hardenability.
These alloys are subjected to a two-step heat treatment process. The thermal processing
causes the precipitation of nano-sized particles which impede the motion of dislocations,
strain the crystal lattice and produce a strengthening effect45. The PH stainless steel
family can be further divided into three categories depending on which major phase
is present in the material in the heat treated condition. One such subcategory of
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PH stainless steels is the martensitic PH steels, characterised by their body-centred
tetragonal crystal structure, this group is the most widely used of the PH family42,45.

17-4PH is a martensitic precipitation hardenable alloy. After the two-step heat treat-
ment, the resultant 17-4PH microstructure possesses material-strengthening Cu-rich
precipitates, making the heat treated condition the preferred condition4,7. In its heat
treated condition, 17-4PH has corrosion resistance comparable to the austenitic grades
in most media7,44. The heat treatment of 17-4PH is further discussed in Section 3.3.

2.1.1 Elemental Composition

Compared to other widely used metals, stainless steels are highly alloyed46. Stainless
steels are designed so that the type and amount of each alloying element influences
chemical or mechanical behaviour in a specific way. Their chemical complexity, however,
means that care must be taken to maintain the fine-tuned balance of elements in stainless
steels to give rise to the desired properties46. Though the main focus of this EngD is the
impact of PGM elemental additions on corrosion performance, the role and influence
of each element present in the undoped stainless steel compositions cannot be ignored.
Here, the effect of each major alloying element in 316L and 17-4PH is investigated.

Chromium

The protective oxide film which imparts the characteristic corrosion resistance to stainless
steels is Cr-rich. As a result, a minimum of around 10.5 wt.% Cr must be present to
facilitate the formation and stability of the passive film2. Increasing the Cr content
enhances corrosion resistance by improving the stability of the film47. However, this
comes at a cost to mechanical performance and so Cr content cannot be increased
indefinitely48. Therefore, alternative ways to improve the corrosion behaviour of stainless
steels are sought.

Generally, martensitic stainless steels contain less Cr than austenitic grades since Cr is
a δ-ferrite stabiliser44,45. Rapid cooling can contribute to the formation of δ-ferrite since
it restricts diffusion, inhibiting the formation of austenite from δ-ferrite. The presence
of δ-ferrite has a reported adverse effect on the corrosion performance of SS as it causes
sensitisation, depleting adjacent regions of Cr leaving it more susceptible to corrosive
attack due to the decreased stability of the passive oxide layer49,50. Lower δ-ferrite

11



amounts are often desired since δ-ferrite is typically associated with the deterioration of
the mechanical performance of stainless steels51–53.

Nickel

Nickel is an austenetising element and so it is added in large amounts to 316L stainless
steel to retain austenite at room temperature, enhancing toughness and weldability
by doing so1,48. Compressibility is an important characteristic of materials used in
powder metallurgy because it is intrinsically linked to final part density - a highly
compressible powder can achieve high density compacts with lower applied pressure54.
Nickel has a beneficial effect on the compressibility of steel powders and its content,
therefore, approaches the upper limits of the standardised material compositions46.
Regarding corrosion resistance in stainless steels, Ni aids repassivation and improves
pitting resistance2,47.

Molybdenum

The presence of Mo helps to stabilise the passive film increasing the pitting and crevice
corrosion resistance of stainless steels when working in conjunction with Cr2,48. While
the exact mechanism by which Mo improves pitting resistance is unknown47, Mo may
block active sites in stainless steels and facilitate homogeneity in the passive film55. Mo
reportedly helps to reduce the pit depth and diameter growth rates56.

Manganese

Mn is added to stainless steels to form MnS inclusions which improve the machinability
of the material57. However, MnS inclusions also play a central role in pitting corrosion
in stainless steels since they act as pit nucleation sites58,59.

During conventional stainless steel processing, some Mn will be removed during the
deoxidation stage, whereby Mn reacts with oxygen, slag forms and is subsequently
removed60. Atomisation has reduced abilities for oxidation and slag removal. As a
result, the Mn content must be carefully tailored to the chosen melting and atomisation
technique. Lower Mn contents are typically prescribed to WA stainless steels compared
with their GA counterparts61–63. This is because, as a strong oxidising agent, Mn readily
reacts with oxygen in the air64. Owing to the conditions under which the metals are
atomised, the risk of Mn oxidising in WA is higher than in VIGA60,63. As a result, the
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Mn content of the feedstock used to produce WA 316L is typically lower than that of
VIGA 316L60,63. It is desirable to have control over the manganese content of stainless
steels since, similar to MnS inclusions, manganese oxide inclusions are also reported to
act as pit initiation sites65,66

Silicon

Similar to Mn, Si is an oxidising agent. However, the careful control of the concentration
of Si is of greater importance than Mn because the majority of the oxidation which
occurs during the water atomisation of stainless steels is that of silicon60. Silicon is
added to stainless steel melts during water atomisation so that a protective layer of SiO2

forms on the powder surface limiting further oxidation and controlling the total oxygen
content of the alloy67,68. However, SiO2 is not easily reduced and will often remain in
powder metallurgy (PM) parts after sintering60. This is undesirable since SiO2 powder
coverage can retard coarsening mechanisms during the intermediate stage of sintering,
preventing the formation of necks between adjacent powder particles62,69.

Additionally, SiO2 inclusions can impede the formation of a stable chromium oxide
film and impair corrosion behaviour as a result60. Due to its strong affinity for oxygen,
excessive Si can contribute to higher overall oxygen in water atomised stainless steels46.
Therefore it is imperative that the Si content be carefully controlled in the precursor
material used to produce WA atomised stainless steel.

The atomisation fluid used in gas atomisation can be air or can be an inert alternative
such as argon60. Using an argon atomisation fluid enables you to beneficially limit the
amount of oxidation occurring60. GA powders produced in this way typically oxidise
less and possess smaller oxides than their WA counterparts68,70. The atomisation fluid
used also has an influence on the chemistry and surface coverage of the oxides which
form on the powder particles. Bracconi and Gasc 71 found that nitrogen atomised 304L
stainless steel possessed Mn, Fe and Cr-based oxides on the surface of powder particles.
These findings were supported by Nyborg and Olefjord 72 who found the same oxides on
nitrogen atomised martensitic Fe12Cr stainless steel. Meanwhile, Tunberg and Nyborg 73

characterised the surface oxides of water atomised 304L stainless steel and found that
the oxides on the surface were predominantly Si-based with lesser amounts of Cr, Fe
and Mn. SiO2 has a deleterious effect on corrosion performance and so where possible
it is desirable to minimise its presence74. The effect of atomisation fluid on corrosion
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performance is explored in greater detail in Section 2.4.3.

Copper

Copper is present in 17-4PH stainless steel to increase strength and toughness by the
precipitation of nano-sized precipitates throughout the martensitic matrix46. This
strengthening mechanism is achieved by a two-step heat treatment45.

Niobium

Niobium is added to stainless steel as a measure against intergranular corrosion75. As a
strong carbide former, niobium carbides will preferentially form rather than chromium
carbides41. By suppressing the formation of chromium carbides, Nb helps to prevent
sensitisation76.

Carbon

Carbon is an important component of stainless steel as it improves mechanical properties
via interstitial strengthening by impeding the motion of dislocations1. However, the
amount of carbon in stainless steels must be carefully controlled owing to its detrimental
influence on corrosion performance. When present in solid solution, C does not affect
pitting resistance and will only reduce pitting corrosion resistance when in the form of
carbides47. The formation of carbides plays a pivotal factor in whether intergranular
corrosion will occur. The exact nature of intergranular corrosion and how it can be
avoided is discussed in the following paragraphs.

Intergranular Corrosion
The composition and processing of austenitic stainless steels must be carefully controlled
to avoid intergranular corrosion (also known as intergranular embrittlement). The
mechanism proceeds in austenitic stainless steels exposed to moderate temperatures (371
- 760°C)75. Powder metallurgical processing can place materials at risk of sensitisation
due to the slow heating and cooling rates typically employed46. Processing at these
temperatures can lead to the precipitation of M23C6 carbides, usually Cr-rich, on the
grain boundaries of austenitic stainless steels1,41. As a result, the volume of material
surrounding grain boundaries can become Cr-depleted, a process known as sensitisation 75.
If the depleted regions contain less Cr than is needed to form a stable, dynamic passive
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film then as a result of this chemical and microstructural change intergranular corrosion
may proceed1. The propensity for sensitisation is reduced by stabilisation 75. To stabilise
a stainless steel the following material design approaches may be taken1:

• Reduce carbon content

• Alloy with strong carbide-forming elements such as Nb and Ti, so that they will
preferentially react with carbon

• Alloy with elements which increase the time taken for Cr carbides to form, such
as Mo

The carbon content in stainless steels affects phase composition owing to it being a
strong austenite former41. The Fe-C phase diagram can be used to explain the impact
of C content on phase stability (Figure 2.2). The solubility limit of carbon in austenite
is a function of the carbon content1. As such, when the concentration of C exceeds
the solubility limit, C will precipitate from austenite and form carbides41. Though the
diagram presented in Figure 2.2 illustrates the general effect of C on phase stability,
it specifically describes a plain carbon steel and is therefore a simplification of the
elemental complexity of stainless steel. As a result, the diagram doesn’t accurately
capture the phase transformations which would occur in austenitic grades. In austenitic
stainless steels, as opposed to cementite formation described in Figure 2.2, M23C6 would
form instead41. The tendency of stainless steels to form undesirable carbides mean that
alloy contamination must be carefully avoided at each step of its processing.

2.1.2 Heat Treatment

The heat treatment of 17-4PH comprises of three steps: solution treatment, rapid
cooling and ageing (illustrated in Figure 2.3)45. Typically, 17-4PH is supplied from
the mill in what is known as Condition A7. This refers to the standardised material
produced by solution treatment during hot rolling45. During solution treatment, the
dissolved Cu forms a supersaturated solution with the stainless steel and ensures that the
microstructure is fully austenitic45. Since the solubility of Cu decreases with a decrease in
temperature, rapid cooling is required to maintain the Cu in a supersaturated solution45.
From Condition A, 17-4PH is aged to produce fine Cu-rich precipitates (CRP)s7,77. By
straining the crystal lattice, CRPs impede the motion of dislocations and produce a
strengthening effect45.
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Figure 2.2: The Fe-C phase diagram illustrating the solubility limits of carbon in
austenite. Reprinted from Steels: Microstructure and Properties (Fourth edition),
Bhadeshia, H. and Honeycombe, R., Chapter 3 - Iron-Carbon Equilibrium and Plain
Carbon Steels, Pages 59 - 100, Copyright (2017), with permission from Elsevier1

Figure 2.3: Schematic diagram illustrating the solution anneal and precipitation hard-
ening steps in the thermal processing of 17-4PH. The solution anneal step produces a
matrix that is supersaturated with Cu. The precipitation hardening (also known as the
ageing step) nucleates nano-sized Cu-rich particles46
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In terms of morphology, during the process of ageing the microstructure of the Cu
precipitates evolves from spheroidal particles and can eventually form elongated rod-like
precipitates with prolonged ageing78. At the end of the ageing step the material is
cooled and it is during this step that martensite forms1. Owing to the material property
enhancement generated by CRP presence, heat treated 17-4PH is the preferred form for
critical applications7,77.

The heat treatment conditions used for processing 17-4PH are designated a code of
the following format: ’H’ followed by a number which describes the temperature at
which the ageing is carried out at in °F. For example, H1075 describes a heat treatment
process whereby ageing is at 1075°F.
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2.2 Powder Metallurgy

Powder metallurgy is the method by which near-net-shape components are formed
from powdered materials at temperatures below their melting points27,79. Due to their
relatively low processing temperatures compared with casting, powder metallurgy can
have reduced energy costs and minimise component-mould reactions27. The powder
processing route is suitable for the mass production of metal components of widely
varying shapes and sizes, though high start-up costs render powder metallurgy only
economically feasible in large-scale production runs (more than 100,000 parts)27,80. Melt
casting remains the chief metallurgical processing technique, though powder metallurgy
has developed a large global market throughout the aerospace, automotive and medical
industries27,79,81. While powder metallurgy can produce parts from a wide range of
materials, in terms of tonnes produced, ferrous-based metals dominate, examples of
which are given in Figure 2.480.

Figure 2.4: Examples of various ferrous powder metallurgy components. Photograph (a)
shows a stainless steel manifold flange and exhaust converter outlet flange, (b) shows
a steel crankshaft sprocket for an automotive engine and (c) shows a five component
carrier and one-way rocker clutch assembly for automatic transmission. Reprinted
from Advances in Powder Metallurgy, Ramakrishnan, P., Chapter 17 - Automotive
Applications of Powder Metallurgy, Pages 493 - 519, Copyright (2013), with permission
from Elsevier82

Before exploring the facets of powder metallurgy, it is useful to define what is considered
a powder. Dunkley 83 explains that a powder is usually a granular solid which is less than
1000 µm in size; powders larger than 150 µm are described as being coarse while those
smaller are considered fine. Powdered metals can also vary in terms of their morphology
(Figure 2.5).
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Figure 2.5: Schematic representation of four common metal powder morphologies

2.2.1 Atomisation

The first step in powder metallurgy is the production of the metal powder. On an
industrial scale, atomisation is the preferred process for producing metal powders84. To
atomise metals, first large ingots comprising of the chosen alloying elements alongside
the base metal must be produced85. The process of atomisation by the two most widely
used atomisation techniques, GA and WA, is shown in Figure 2.679.

Figure 2.6: Schematic showing the production of metal powders by the gas or water
atomisation technique. The stream of liquid metal is impinged by jets of either gas
or water causing the formation of molten metal droplets which form powder particles
upon cooling. Adapted from Fundamentals of Metallurgy, Lemoisson F. and Froyen, L.,
Chapter 12 - Understanding and improving powder metallurgical processes, Pages 471 -
502, Copyright (2005), with permission from Elsevier79
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Compared with other powder production methods, atomisation produces powders with
sizes varying between a few to several hundred microns in size with high packing density
and low specific surface area, resulting in a powder with good flow characteristics and
compressibility79. The specific combination of characteristics that a metal powder
possesses is governed by the atomisation technique used, the operating conditions and
the material to be atomised79.

WA is the cheapest of the atomisation techniques and so is more widely used than
GA84. The purity of WA powders is often limited, so where low oxygen contents are
required, such as in aerospace applications, GA techniques are used instead84,86. The
oxygen content of GA powders depends on the type of gas impinging the molten metal
and the type of atmosphere in which the powder is produced87. GA carried out in air
using compressed air for atomisation results in a high oxygen content of around 1000
ppm87. Using jets of inert gas rather than compressed air prevents the oxidation of the
melt and powders produced have a lower oxygen content, typically around 100 - 500
ppm87. Performing inert gas atomisation within a vacuum chamber, a technique known
as VIGA, further reduces the oxygen content of produced powders to as low as 50 ppm
and allows for the production of reactive metal powders87.

Water atomised powders tend to be more irregular in shape than GA powders, which
are typically spherical (Figure 2.7)88. The resultant particle shape is the product of
competing solidification and spheroidisation mechanisms84. The oxide films found on
water atomised powders reduces droplet surface tension meaning that particles solidify
before they can spherodise84.

Powder characteristics are also influenced by the selected atomisation conditions. Em-
ploying higher water pressures in WA result in smaller powder particles79. Similarly, the
particle size produced by GA can be minimised by increasing gas pressure and decreasing
melt flow rate79,84. The particle size distribution of WA powders is typically large with
a median particle size of 100 µm while GA powders tend to have a median particle
size between 50 - 300 µm and a smaller particle size distribution84. Finer powders are
desired since they minimise initial defect size; however, they are costlier than coarse
powders as yields are reduced through the process of sieving85.

Depending on the type of atomisation used, the operating conditions and the material
used, the resulting metal powders will have varying morphology, purity, size and size
distribution79. These characteristics will influence how the powder is used in later
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processes and the resulting consolidated part properties and behaviour84. Atomisation
produces particles of a range of sizes, these form a log-normal distribution83. Powder
size and shape are important considerations since they control the ways in which the
powder can be used in future processes84. Issues are associated with both small and
large powder particles. Smaller particles are at risk of agglomeration as a result. Ma and
Lim 89 states that the optimal particle size distribution is dependent on the composition
being used, the consolidation technique and the conditions applied. Larger powder
size distributions can be beneficial to final density as it means that any small gaps
between larger powder particles can be filled by the smaller powder particles, leading to
better packing density and better overall part densification. To the best of the author’s
knowledge, the optimal particle size distribution for FAST processing of 316L has not
been researched, though the influence of particle size on FAST stainless steel has been
investigated90,91.

Figure 2.7: Scanning electron micrographs of (a) spherical stainless steel powder typical
of GA and (b) irregular stainless steel powder typical of WA. Reprinted from Handbook
of Metal Injection Molding, German, R. M., Chapter 3 - Powders for Metal Injection
Molding (MIM), Pages 50 - 63, Copyright (2012), with permission from Elsevier88
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2.2.2 Powder Consolidation

Consolidation is the process of forming a solid from powders. Figure 2.892 depicts the
three main metal powder consolidation approaches.

Figure 2.8: Diagram illustrating the three main types of compaction processes, the
main steps involved and an example technique for each category of process in powder
metallurgical processing. Adapted with permission of ASM International, from Powder
Metallurgy Methods and Applications in Powder Metallurgy, James, W. B., 2015;
permission conveyed through Copyright Clearance Center, Inc92

Pressure-based densification is characterised by the application of high pressure to
achieve compaction followed by sintering to develop part strength92. Lubricants are
often combined with powders to reduce interparticle friction and assist in particle
rearrangement though this does limit the final density92.

Metal injection moulding (MIM) is a sinter-based densification technique which uses
high temperatures and fine powders to produce samples92. Binders and plasticisers are
added to metal powders to improve the mouldability of the mixture, though these must
be removed before the sintering step92. Samples shrink isotropically during sinter-based
densification and as a result, the shrinkage should be accounted for when designing the
process so the desired geometry tolerances are still achievable92.

Pressure and elevated temperatures are employed simultaneously in hybrid densification
techniques92. Vacuum conditions can also be used in hybrid densification operations
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to minimise the oxygen content of sintered samples92. FAST is a form of hybrid
densification and as the consolidation technique selected for use in this project, it will
be further explored.

2.2.3 Sintering Phenomena

Before exploring FAST, the phenomena underpinning the process of sintering will
be discussed. Sintering is characterised by the formation of chemical bonds between
adjacent particles, often facilitated by the application of heat and pressure. The first
stage of sintering is where the powder is loosely packed (Figure 2.9 (a)), individual
powder particles are identifiable and a complex pore network can be observed93. With
the application of pressure, physical particle-particle contacts form (Figure 2.9 (b)).
As sintering proceeds, mass transport of atoms means that adjacent particles become
bonded at their contact points and compact strength increases (Figure 2.9 (c))93. Later
on in sintering, necks increase in size, the pore network becomes closed due to matter
transport and pores begin to spherodise. The density of the compact begins to markedly
increase (Figure 2.9 (d))93. As sintering proceeds further, porosity is reduced until
maximum densification is attained.

Figure 2.9: Schematic diagram showing the morphological changes in the pore structure
which occur during sintering

As described by German 94 , sintering is a phenomenon characterised by the reduction of
energy of a system. One of the ways in which this is accomplished is by the elimination
of surface area by bond growth between contacting particles94. The necking that results
leads to the formation of grain boundaries, a microstructural feature which is necessary
to accommodate crystallographic misorientation and enable the annihilation of pores94.
Although the formation of new grain boundaries increases grain boundary area (leading
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to an increased system energy), the new grain boundaries facilitate further densification
by grain boundary diffusion mechanisms94.

Grain growth is another energy reduction process as it decreases grain boundary area94.
Grain size changes as sintering proceeds by the coalescing and coarsening mechanisms
facilitated by the mass transport of atoms95. Coalescence is the process by which larger
grains absorb smaller grains while coarsening is a diffusion-regulated process whereby
atoms are exchanged between two different grains, with atoms flowing from a smaller
grain to a larger grain95. Coarsening is also influenced by composition, strain and crystal
orientation of the microstructure. The changes to grain shape and size occur because
the system is thermodynamically driven to reduce interfacial energy95. As sintering
proceeds, the number of grains decreases as the size of the grains increases. Pores must
be close to grain boundaries to shrink during sintering. Pore annihilation is necessary
for densification to proceed. Grain growth causes the distance between pores and grain
boundaries to increase. Therefore, grain growth can be detrimental to the progression
of sintering as it can prevent the annihilation of pores and prevent higher densities
from being achieved. Additionally, grain coarsening will proceed even after the final
part density is achieved and coarsened grains can negatively impact properties, it is
imperative that samples are not overprocessed95.

In general, literature reports that increasing sintering temperature improves mechanical
properties, increases density and decreases porosity due to densification processes96–100.
Since densification and grain coarsening are thermally activated processes they proceed
at higher rates with increased sintering temperature93,101. Similarly, extended sintering
times provide greater opportunities for the mass transport mechanisms associated with
densification and grain coarsening to proceed94. While grain size increases during
densification and after maximum density has been achieved, coarsening does not proceed
linearly. Grain growth is rapid at first, but decelerates once the grain size matches that
of the powder particle size94. The presence of pores also work to retard grain growth but
once eliminated, grain coarsening proceeds rapidly94. Over-sintering is the phenomenon
whereby a sample is sintered at overly high temperatures for excessive periods of time
which can result in excessive grain coarsening94.
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2.2.4 Field Assisted Sintering Technique

FAST is a rapid powder consolidation technique which works by applying a pulsed direct
current to a conductive graphite die containing the powder to be sintered (shown in
Figure 2.10)102. The electric field generated by the applied current enhances densification
by the Joule effect which causes local temperature elevation when the current discharges
between powder particles28. The application of uniaxial force in FAST increases the
contact area between powder particles promoting densification mechanisms28.

Sintering using FAST often proceeds under near-vacuum conditions with a small volume
of Ar used to backfill the vacuum chamber103. This is done to raise the partial pressure
within the vacuum chamber so it exceeds the vapour pressure of elements within the
stainless steel to minimise compositional changes103. An element that is known to
evaporate during the sintering of stainless steels is Cr, however this element will only
evaporate from the outer surfaces of sintered materials and is not believed to affect bulk
composition70.

The primary disadvantages of FAST are that only simple geometries can be produced,
using fine powders less than 100 nm in size can result in non-uniform densification and
that it can be an expensive technique due to the need for a pulse DC generator28. In
terms of the advantages associated with FAST, the process employs lower temperatures
and higher heating rates and produces parts quicker than conventional powder metallurgy
techniques, such as hot pressing (HP) and hot isostatic pressing (HIP)99. The relatively
high heating rates of FAST restrict grain coarsening and inhibit the formation of
undesirable phases28. FAST can produce uniform sintering without the need for binders
and its precise control over processing parameters enables significant control over the
resulting microstructure28. The technique is also highly tolerant to particle shape and
size, unlike additive manufacture (AM) techniques, enabling cheaper powder feedstock
use102. Additionally, FAST is a versatile processing technique capable of consolidating
powders and joining metal parts, sintering coatings and producing functionally graded
materials - a concept which will be further explored in the following section29,104–109.
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Figure 2.10: Schematic of the FAST apparatus depicting the arrangement of the metal
powder in a felt jacket clad graphite die which is placed within a vacuum chamber. The
positioning of the thermocouple and pyrometer are also represented
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2.3 Functionally Graded Materials

FGMs are characterised by the spatial change of composition, microstructure or porosity
for the purpose of tailoring the material properties to a specific application. Functional
grading can be achieved by a variety of different processing routes, as shown in Figure
2.11. However, the versatility of powder metallurgy in particular lends itself well to
the production of FGMs by enabling a level of control over microstructure that simply
cannot be achieved by wrought or cast manufacturing approaches. Over the past two
decades, the development of powder metallurgy and additive manufacturing technologies
has enabled continuous growth of research in the area of FGMs (Figure 2.12).

Figure 2.11: Pie chart showing the proportions of articles published in 2024 on the
subject of different FGM processing routes. This search was conducted on 5th January
2025 using ScienceDirect.com. The wedge representing FAST publications has been
exploded
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Figure 2.12: Graph showing the number of articles published each year. The search
was conducted using the search term “functionally graded materials”. This search was
conducted on 5th January 2025 using ScienceDirect.com

Powder Processed Functionally Graded Materials

Presently, PM stainless steels find widespread use in automotive, medical and industrial
sectors110. The primary reason for the use of powder metallurgy in these industries
lies in its capacity to create complex geometries. However, a key motivation driving
the future use of powder metallurgy (PM) is the desire to produce components with
graded material properties - a characteristic unattainable by cast or wrought techniques
alone111. This manufacturing approach means that novel application-specific materials
can be designed and produced furthering the range of applications stainless steels can be
used in. For example, Tan et al. 29 suggested a 316L/W FGM for use in fusion reactors,
taking advantage of tungsten properties such as low tritium retention alongside the
structural properties of 316L to produce an ideal material property combination for this
application.

The current study explores the synthesis of stainless steel-platinum group metal FGMs
to maintain the advantageous mechanical properties of SS while enhancing the corrosion
resistance and minimising the total volume of PGMs used. This may enable the material
to be employed in more aggressive environments, opening up new opportunities for its
usage.
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FAST FGMs
Research has shown that FAST can be used to produce compositionally graded samples
with various potential applications, as Figure 2.13 illustrates.

Figure 2.13: List of examples of applications and compositions of FGMs produced by
FAST reported in literature31,112–116

Figure 2.14 illustrates the two ways in which FAST has been used to produce compo-
sitionally graded materials. The layering approach (Figure 2.14 (a)) involves initially
filling the graphite die with the first powder composition and then levelling out by the
powder by tapping the die assembly on a flat surface. Subsequently, the second powder
composition is then poured on top of the first powder and levelled out by the same
method. The sample is then sintered in the usual fashion to produce a functionally
graded specimen.

The layering approach has been used to successfully produce FGMs made from various
combinations of materials (Table 2.1). Using the layering approach and a modified
die, Jajarmi and Sajjadi 30 successfully produced a six layer 316L/3Y-PSZ FGM. The
modified die was necessary since the different layers in the 316L/3YPSZ FGM require
different sintering temperatures due to their varying melting temperatures. The varied
die diameter ensured a temperature gradient developed within the powders. As a result,
homogeneous sintering behaviour proceeded and a higher density material was produced
than if an unmodified die was used. The use of a modified die to produce FGMs by
FAST was also demonstrated by Jin et al. 31 successfully producing a TiB2/AlN/Cu
FGM.
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Figure 2.14: Schematic diagram showing how FAST can be used to produce composi-
tionally graded materials via the (a) layering and embedding (b) approaches
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Table 2.1: Summary of the different layered functionally graded materials which have
been successfully produced using FAST as reported in literature

Description of Layered FGM Composition Source
Six layer 316L/3Y-PSZ Jajarmi and Sajjadi 30

TiB2/AlN/Cu Jin et al. 31

Distaloy SE-carbon Zarebski and Putyra 32

WC, Co and H13 steel Machado et al. 33

316L-2205 duplex stainless steel Obadele et al. 26

316L-tungsten Tan et al. 29

Various stainless steel FGMs have been produced using the layering approach. Zarebski
and Putyra 32 successfully produced Distaloy SE-carbon graded samples using FAST
and the layered approach. Machado et al. 33 has also shown it is feasible to produce
FGMs made from combinations of WC, Co and H13 steel using FAST. Obadele et al. 26

and Tan et al. 29 demonstrated FAST can be used to produce 316L-2205 duplex stainless
steel and 316L-tungsten FGMs respectively. The published research indicates that FGM
stainless steel parts can be produced using FAST.

An alternative way of producing FGMs using FAST is the embedding approach and is
illustrated in Figure 2.14 (b). It involves adding a powder to the graphite die and then
levelling out by the powder by tapping the die assembly on a flat surface. Then the
material to be embedded is inserted into the die. More powder is then added to the die
to fully cover the embedded part. The sample is then sintered by the usual technique.

Almathami and Brochu 108 used the embedding approach to sinter fully dense 316L SS
coatings containing 0, 2 and 6 wt.% Al onto SS substrates. Zhu et al. 105 reported the
successful use of FAST to produce a dense, crack-free MoSi2-MoB- ZrO2 coating onto a
Mo substrate. Both Pakseresht et al. 107 and Nozahic et al. 106 have shown that FAST
can be used to successfully apply complex, multi-layer thermal barrier coatings (TBC)
to superalloy substrates.
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2.4 Corrosion

2.4.1 Principles of Corrosion

Corrosion is the thermodynamic process by which a material changes to attain its most
stable state due to chemical, biochemical and electrochemical interactions7,117. The
changes in the material due to corrosion can take the form of degradation of properties,
serviceability and aesthetics and the formation of oxide or sulphide products7,118. The
significant economic impact of corrosion is a strong driver for research into improving
corrosion resistance. In the US alone, the annual cost of corrosion is estimated to be up
to $90 billion7. Improving a material’s resistance to corrosion imparts savings through
reduced maintenance needs and improved part longevity118. Another major driver for
the improved corrosion resistance of steels is the possibility of widening their range of
applications118.

As previously mentioned, corrosion can proceed due to electrochemical or chemical
reactions. Electrochemical corrosion is often characterised by the presence of an elec-
trolyte. Conversely, chemical corrosion relies on there being direct contact between the
reactants117.

Corrosion in an aqueous environment is often an electrochemical process. It involves
at least one anodic oxidation partial reaction (Equation 2.1) and at least one cathodic
reduction partial reaction (Equation 2.2), where M is the corroding metal10,119,120.
The anodic reaction describes the dissolution of the metal while the cathodic reaction
describes the reduction of water117. These reactions are illustrated in Figure 2.15. Note
the corrosion process described here is a simplification of reality; corrosion often proceeds
as a result of several different reactions occurring concurrently.

The dominant corrosion reaction is determined by the energy change associated with
each of these partial reactions, the dominating reaction gives way to a net flow of
electrons with an associated current117. If the rate of the oxidation reactions exceed
that of the reduction reactions, then an anodic current will flow; if the opposite is true,
then the current will be cathodic10.
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Anodic Reaction : M(s) → Mn+ (aq) + ne− (2.1)

Cathodic Reaction : 2H+ + 2e- → H2 (2.2)

Figure 2.15: Schematic diagram illustrating anodic and cathodic corrosion reactions.
The cathodic reaction represented is the formation of hydrogen from hydrogen ions while
the anodic reaction shown is the dissociation of metal into metal ions and electrons.
Adapted from Plant Engineer’s Handbook, Schofield, M. J., Chapter 53 - Corrosion,
Pages 961 - 985, Copyright (2001), with permission from Elsevier121

Whether or not corrosion can proceed in a particular situation is a question of thermo-
dynamics. Equation 2.310 can be used to describe corrosion, where ∆G is the Gibbs
free energy, n is the number of electrons exchanged during corrosion, F is the Faraday
constant and E is the corrosion potential with respect to a standard reference electrode.

∆G = −nFE (2.3)

When ∆G is negative, it indicates a reaction can take place, the more negative ∆G is
the higher the possibility of a reaction occurring122. Contrastingly, when the change in
Gibbs free energy is positive, the corrosion reaction cannot occur122. Thermodynamics
cannot fully explain corrosion processes, nor can it indicate whether a reaction will
actually occur and at what rate it will do so10. To further understand corrosion, kinetics
must also be considered.
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Corrosion Kinetics

At equilibrium, the net current is zero and the rates of the anodic and cathodic reactions
are equal (illustrated in the Evans diagram in Figure 2.16). The potential at which
equilibrium is achieved is known as the corrosion potential Ecorr or as the OCP10. The
corresponding current is known as the corrosion current Icorr

10. When normalised to the
exposed surface area the corrosion current becomes the corrosion current density icorr

10.

Figure 2.16: Schematic of an Evans diagram. The point at which the anodic and cathodic
curves intersect represents equilibrium conditions. Adapted from Corrosion Failures, K.
Elayaperumal, K. and Raja, V. S., Thermodynamics and Kinetics of Electrochemical
Corrosion, Pages 9 - 28, Copyright (2015), with permission from John Wiley and Sons123

Since icorr cannot be directly experimentally determined as it represents the point at
which no net current flows, a potential known as the overvoltage η is applied to the
metal to polarise it10. The value of overvoltage is given by the difference between Ecorr

and the anodic and cathodic values of Eeqm, as shown in Figure 2.16. Corrosion current
density, icorr, represents the flow of current during corrosion and is directly proportional
to corrosion rates hence higher values are indicative of more metallic dissolution10.

As seen by Figure 2.16, the larger the value of η the higher icorr will be. The corrosion
current density can then be determined using Equation 2.4 and 2.5123 which calculate
the anodic and cathodic overvoltages respectively.
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na = −a + βalog · i (2.4)

nc = −a − βclog · i (2.5)

Passivation

As shown by Figure 2.16, increasing ηa is expected to increase the anodic current,
thereby increasing the dissolution of the metal123. In reality, some metals will exhibit
an increase followed by a decrease in anodic dissolution due to passivation. When a
material passivates, a film forms on the exposed surface which resists further corrosion7.
The passive film must have good adhesion to the metal surface; if spalling occurs this
exposes the underlying metal leaving it prone to further corrosion and material loss7.

In the following sections, the general corrosion behaviour of stainless steels will be
examined. Additionally, the experimental methods by which corrosion performance is
tested is discussed.

2.4.2 Corrosion of Stainless Steels

The corrosion resistance of stainless steels is owing to the presence of a dynamic and
self-healing Cr-rich oxide film47. The film provides a barrier which prevents further
oxidation of the stainless steel. The exact nature of the passive film varies depending on
environmental conditions (pH, temperature and solution) and in response to the alloy
composition10.

The chemical speciation and therefore the stability of the passive film is determined
in part by environmental potential48. When operating in a potential range in which
passivation is achieved, stainless steel will form an adherent passive film primarily
comprised of trivalent chromium species10. However, operating outside this potential
range renders this form of Cr unstable, meaning the passive film is susceptible to
dissolution and cannot provide adequate protection against material degradation10. At
such potentials other forms of less protective metal oxide species may be present which
can be detrimental to corrosion performance as they are not able to adhere to the
stainless steel surface and provide the same protection as trivalent Cr10.

The corrosion behaviour of stainless steel can be characterised by potentiodynamic
polarisation testing. This test entails applying a potential to the metal which changes
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at a constant rate and measuring the current response. An example curve produced
from this technique is shown in Figure 2.17123. Several useful parameters and trends
can be extracted from polarisation data and used to understand a material’s corrosion
behaviour. These are discussed in the paragraphs below.

Figure 2.17: Schematic polarisation curve of stainless steel with parameters and features
of interest highlighted

The general polarisation behaviour exhibited by stainless steel is described as active-
passive. This means that the polarisation curve presents an observable distinction when
the material is protected by the passive film in the passive region, when the passive
films begins to dissolve in the transpassive region and when the material is dissolving in
the active phase117. The first parameter of interest which will be discussed here is the
critical corrosion current icrit, the value of current at the point of inflexion. The critical
current describes the ease with which passivation can be achieved for the material under
the particular conditions of the corrosion experiment10. The potential corresponding
to icrit is known as Ecrit and it marks the potential below which the sample is active
and is subject to dissolution. At potentials above Ecrit the material begins to passivate
and corrosion rates are reduced (Figure 2.17). The potential range over which stainless
steel is considered to be passive can typically be identified from the polarisation curve
by the region of plateaued and/or relatively low current known as ipass. Increasing the
applied potential to higher values causes the passive film to become unstable and no
longer capable of protecting the underlying stainless steel. The stainless steel is said
to be transpassively corroding and it can be characterised by the rapid increase of the
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current. The onset of transpassive corrosion is signified by Etr.

The corrosion resistance of stainless steels is considered excellent and is one of the primary
reasons for its widespread use124. However, in reducing acid and chloride-containing
environments the material is susceptible to corrosion which can render the performance
of stainless steels less than satisfactory10,125. Since the current study focused on the
corrosion of stainless steel in sulphuric acid and sodium chloride solutions, the following
sections are focused on the corrosion behaviour, namely general and pitting corrosion,
that the alloy exhibits in these environments.

Corrosion in Sulphuric Acid

Before exploring the effect of H2SO4 solutions on stainless steels it is imperative to
first define the terms strength and concentration when discussing acids. These two
independent characteristics of acids are often confused so here the two terms will be
clarified. The strength of an acid is the degree to which the acid will react in a solution
with water to dissociate into ions. The electronegativity of the atom to which hydrogen
is bonded in the acid will determine how readily the acid molecule dissociates in water126.
It is owing to the bonding structure of sulphuric acid molecules, whereby H atoms are
bonded to O atoms, that it is considered a strong acid (Figure 2.18126. Conversely, acid
concentration is related to how much acid is present in a solution. The concentration of
an acid is typically given in one of the following units: mass percentage %, molarity M
or normality N.

Figure 2.18: Chemical bonding of sulphuric acid molecules. The hydrogen atoms are
bonded to O, the second-most electronegative element of the periodic table

An interesting point to note is that the degree of corrosion occurring in stainless steels
exposed to H2SO4 is not necessarily directly proportional to concentration127. This is
owing to the concentration of H+ ions present in H2SO4 of different concentrations128.
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Water is required for the sulphuric acid molecules to dissociate into sulphate and
hydrogen ions. At acid concentrations greater than 70% (12 M) little water remains in
the solution and as a result the sulphuric acid molecules remain undissociated. This gives
rise to the decrease in corrosion rates associated with high sulphuric acid concentrations
(Figure 2.19).

Figure 2.19: Mean corrosion rates of different stainless steel grades in various concentra-
tions of aerated H2SO4 at 70°C. Used with permission of AMPP GLOBAL CENTER,
INC, from Corrosion of Austenitic Stainless Steels in Sulfuric Acid, Phelps, E. H. and
Vreeland, D. C., 1957; permission conveyed through Copyright Clearance Center, Inc127

Depending on temperature and concentration, H2SO4 can behave as either a reducing or
an oxidising acid128. If exposed to H2SO4 when it is behaving as an oxidising solution,
the passive film on stainless steels can form128. Contrastingly, when operating as a
reducing agent, H2SO4 can impair the ability of the Cr-rich passive film to form and
self-heal, often leading to reduced corrosion resistance128. Equation 2.2 describes the
hydrogen evolution reaction which underpins the cathodic activity of reducing acids.
Reducing acids typically cause general corrosion in stainless steels. This is because
sulphate ions are not expected to initiate pitting and so pitting corrosion is not typically
observed10.

Uniform corrosion, also known as general corrosion, is the most common and simplest
form of corrosion which results in the even loss of material thickness across the exposed
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surface (depicted in Figure 2.20 (a-b))7. As the most predictable form of corrosion, the
material loss rate can be expressed in millimetres per year7. This type of corrosion
attack can lead to component failure by the loss of material thickness over time, leading
to the part no longer being able to perform as designed128. However, catastrophic failure
by this corrosion mechanism can be avoided by inspection, monitoring and maintenance.

Figure 2.20: Schematic diagrams of (a) general and (c) pitting corrosion. Photographs
of (b) general corrosion in ferritic stainless steel test coupon and (d) pitting corrosion in
304L stainless steel. Photographs reprinted from Corrosion Atlas Case Studies (2019
Edition), Corrosion Atlas Series, Pages 97 - 151, Copyright (2020) with permission from
Elsevier129

Uniform corrosion can be characterised by electrochemical techniques or by weight loss
method117. The way these techniques work will be discussed in greater detail in Section
2.4.4.
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Corrosion in Sodium Chloride Solutions

The ions of the group 17 elements of the periodic table, the halogens, are known as
halides. These ions can severely harm the corrosion performance of stainless steels since
they can interact with and damage the passive film47. The exact mechanism by which
halides interact with the passive film is unknown130. Though they will not be discussed
here several different theories exist which may explain the mechanism of pitting by the
action of halides47. What is agreed upon is that halide penetration generally occurs at
microstructural heterogeneities, such as inclusions, secondary phase precipitates, grain
boundaries or breaks in the passive film47.

As a member of the halide family of chemical species, chlorides can be devastating
to stainless steel leading to corrosion in the form of pitting. In contrast to general
corrosion, pitting corrosion is characterised by highly localised metal loss (Figure 2.20
(c-d))7. Pitting corrosion is facilitated by the initiation of microscopic holes, which
occur where the passive film breaks down and metal dissolution proceeds7,47. Due to
its highly localised nature and small scale, little evidence of pitting corrosion may be
observed during routine inspections (Figure 2.21). To make the identification of pitting
corrosion even more difficult, corrosion products may accumulate in the pit opening
obscuring the pit from the observer7.

Figure 2.21: Surface morphology of 316L stainless steel following potentiodynamic
polarisation in 3.5% NaCl solution. Reproduced from Liao et al. 131

Chloride solution pitting is an autocatalytic process; this means that once a pit is initiated
the conditions within the pit facilitate the self-propagation of further pit growth7,125.
The process of pitting corrosion is illustrated in Figure 2.22.
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Figure 2.22: Schematic diagram of pitting corrosion of stainless steel in an aerated
NaCl solution. Dissolution of the metal occurs within the pit while the reduction of O
proceeds on the outer metal surface. Adapted with permission of ASM International,
from Pitting Corrosion in Corrosion: Fundamentals, Testing, and Protection, Frankel,
G. S., 2003; permission conveyed through Copyright Clearance Center, Inc.125
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The reduction of oxygen and the dissolution of metal ions are the two reactions which
underpin stainless steel corrosion in sodium chloride (described by Equation 2.6 and
Equation 2.1, respectively)25.

O2 + 2H2O + 4e− → 4OH− (2.6)

Metal ions produced by Equation 2.1 cause an electrical imbalance between the pit
and the outer metal surface10. As a result, chloride ions migrate into the pit where
they react with metal ions to form metal chlorides47. These metal chlorides are then
hydrolysed by water to form metal hydroxides and free acid which increase acidity at
the site; increased metal dissolution rates result (Equation 2.7)47,130. There then exists
a differential in pH between the solution in the pit and the bulk solution, which will
remain neutral130.

FeCl2 + 2H2O → Fe(OH)2 + 2HCl (2.7)

When water and oxygen are available, the ferrous hydroxide can then oxidise (Equation
2.8).

4Fe(OH)2 + 2H2O + O2 → 4Fe(OH)3 (2.8)

Pitting corrosion can be devastating for part performance since a single pit can propagate
to the degree that it perforates the entire thickness of the material leading to the inability
of the part to perform as desired with little overall material loss7. The possibility of
pitting in stainless steels can be mitigated in several ways: by ensuring the part does not
come into contact with halides, altering alloy content, adjusting environment temperature
or by using cathodic or anodic protection117.

2.4.3 Powder Processed Stainless Steels

Powder processed steels often exhibit worse corrosion resistance than their cast and
wrought counterparts2. This is owing in part to chemical changes brought about by the
atomisation process which can alter the stability of the chromium oxide film and the
formation of inclusions2. Other factors reported to affect the corrosion resistance of
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powder processed stainless steel include the degree and nature of porosity2. With careful
consideration of the selected atomisation process, sintering method and post-processing a
sintered stainless steel part can be produced which has adequate corrosion performance.

Before analysing the studies on powder processed stainless steels, a summary of the
general effect of porosity and inclusions on corrosion resistance of these alloys is presented.

Porosity in Stainless Steels

A feature of sintered stainless steels which can affect their corrosion resistance is porosity.
The corrosion performance of stainless steel is strongly influenced by part density, a
feature which is intrinsically linked to porosity. Pores can be detrimental to corrosion
behaviour because they can provide a site for pitting and crevice corrosion to proceed.
Crevice corrosion can occur in a blind pore, illustrated in Figure 2.23. The solution
within the pore can become stagnant and the reactions which proceed can result in
damage to the passive film and dissolution of the metal2,132. Within pores a lack of
passivation can also occur, leaving areas of the material susceptible to corrosive attack
which can lead to pitting corrosion25,133.

Figure 2.23: Schematic diagram of three primary types of pore morphology: (a) blind, (b)
interconnected and (c) closed. Both blind and interconnected pore types are considered
forms of open porosity

Pore type, shape and size can affect the corrosion mechanisms which proceed in stainless
steels. Pore type is linked to the optimisation of sintering parameters as well as the
feedstock powder size134. As Verlee et al. 97 explains, achieving densities above 90%
means that most pores found within the sample will be of the blind type. Pore shape
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is linked to the morphology of the feedstock material which itself is dictated by the
atomisation technique used. Pores tend to spherodise as sintering proceeds, however, due
to their spheroidal geometry, sintering gas atomised powders can result in the formation
of spheroidal pores earlier in the sintering process then sintering WA powders70. In terms
of the effect of pore shape on corrosion resistance, Samal 2 explains that interconnected
pores are not likely to contribute to crevice corrosion but long and narrow blind pores
are more prone to this corrosion phenomenon2.

Pore size can also impact the corrosion mechanism that proceeds. Raghu et al. 135 found
that general and localised corrosion proceeded in pores between 10 to 20 µm in diameter
while in larger pores the attack was primarily localised. Additionally, it was reported
that repassivation of fine pores was more difficult to achieve since the sample with the
fine pores had a greater number of pores which therefore accounted for a greater number
of discontinuities in the passive film135. The propensity for micron-scale crevice corrosion
is linked to pore size. While larger pores (those > 10 µm) are more likely to cause to
crevice corrosion, smaller pores also risk crevice corrosion136,137. Furthermore, Otero
et al. 132 explains that the width of a pore opening can influence corrosion performance.
Otero et al. 132 link a smaller volume pore with severe crevice corrosion, since the volume
of electrolyte which fills the smaller pore is lower, the pore can more quickly become
deoxygenated and acidified to crevice corrosion levels leading to the dissolution of the
passive film and the attack of the stainless steel. Meanwhile, Lou et al. 62 states that
finer pores are associated with accelerated general corrosion. However, what constitutes
a fine pore and what constitutes a large pore isn’t agreed upon. Additional challenges
arise in the research of pores since pore size can be difficult to accurately determine due
to its three-dimensional nature.

Inclusions in Stainless Steels

Inclusions are another characteristic of sintered stainless steels which can effect corrosion
performance. An inclusion is defined as a non-metallic particle which typically features
elements such as C, N, S and O138. Silicon dioxide is an example of an inclusion particle
which forms during the process of water atomisation139. Inclusions such as this can act
as pit initiation sites and negatively affect corrosion performance47,74. It is therefore
desirable to eliminate or minimise inclusions during the processing of sintered stainless
steel.
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SiO2 can be removed by the process of reduction during sintering if the sintering
conditions are suitable. The ease with which oxides can be reduced can be understood
by the Ellingham diagram presented in Figure 2.24. Oxides which are unstable and are
easily reduced are represented by lines found near the top of the diagram, while the
reverse is true for harder to reduce oxides. Since the line representing the formation of
SiO2 is lower relative to other oxides it can be inferred that it is a relatively hard to
reduce oxide.

Sintering can be carried out under near-vacuum conditions or in an atmosphere such as
dissociated ammonia. Although sintering in dissociated ammonia can reduce SiO2

73,
this process gas can have an unwanted nitriding effect on stainless steels2. Sintering in
dissociated ammonia can facilitate the formation of chromium nitride near the surface
of the part which can render the material more susceptible to corrosion2. Vacuum
sintering is primarily used in sintering stainless steels as it avoids unwanted reactions
occurring between the powder and the atoms in the sintering atmosphere140. Additionally,
sintering in a vacuum rather than in a process gas enables greater control of inputs
such as temperature and heating and cooling rates103. When it comes to corrosion
performance, parameter control is of great importance since it has a profound impact
on the microstructure and physical properties which are intrinsically linked to corrosion
resistance.

Having explored the effect of porosity and inclusions on corrosion performance, an
assessment of the literature pertaining to the corrosion resistance of PM stainless steels
will now be presented. The study most similar to this EngD was carried out by Peled and
Itzhak 18 who investigated corrosion performance of sintered Pd-doped 316 SS. However,
this study did not include potentiodynamic polarisation graphs nor mention corrosion
parameters, results which are necessary for the reader to interpret the corrosion behaviour
of the studied samples. As a result, to the best of the author’s knowledge no literature
is available to directly compare to the observations in this study to. Instead, parallels
will be drawn between the samples in this study and PM and conventionally processed
stainless steels in the literature. This literature review focused on the behaviour of these
materials when exposed to acidic and chloride containing environments.
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Figure 2.24: Ellingham diagram showing the standard free energy of formation of
selected oxides at varying temperatures. The stability of oxides can be determined from
the relative height of their lines, with more stable oxides being found at the bottom
of the diagram. Reprinted from Corrosion of Austenitic Stainless Steels, Pillai, S. R.,
Chapter 11 - High Temperature Corrosion of Austenitic Stainless Steels, Page 1 - 36,
Copyright (2002), with permission from Elsevier141
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Effect of Processing Technique

In 1988, Raghu et al. 142 compared the corrosion behaviour of sintered and wrought 316L
stainless steel in 0.5 - 5 M H2SO4 and observed significant differences. The sintered
sample resisted corrosion poorly and exhibited icrit and ipass values three to four orders
of magnitude higher than wrought. This behaviour was attributed to the entrapment of
electrolyte and the subsequent formation of a hydrogen ion concentration cell in the
pores which drove the corrosion mechanism. Discontinuities in the passive film were also
thought to contribute to the inferior properties of the sintered stainless steel. It is worth
noting here that the samples studied by Raghu et al. 142 were considerably porous (29 -
63% porosity) owing to the relatively low compaction pressures used. Raghu et al. 142

highlights that while it is reasonable to assume that reducing the porosity will improve
corrosion performance, it is important to also consider the impact of transitioning from
a network of interconnected to isolated pores. This transition is reported to occur at
relative densities above 90% and may contribute to the formation of crevice corrosion
susceptible morphologies97.

A subsequent study by Otero et al. 132 compared the corrosion performance of sintered
and cast 316L stainless steel in H2SO4 solutions. Similar to the earlier study by Raghu
et al. 142 , here it was also observed that the PM samples possessed worse corrosion
resistance and higher corrosion rates than the cast samples. This was despite the
samples produced by Otero et al. 132 possessing 87.9% relative density which higher
than samples used by Raghu et al. 142 . The work of Raghu et al. 142 and Otero et al. 132

suggest that lower porosity levels are needed for PM 316L stainless steels to possess
corrosion resistance similar to their cast equivalents. They present the theory that
corrosion attack in sintered steels is initiated in pores as illustrated in Figure 2.25.

An investigation by Geenen et al. 143 presented evidence which supports the corrosion
mechanism theory of Raghu et al. 142 and Otero et al. 132. Geenen et al. 143 compared
cast and fully-dense, HIP-processed 316L stainless steel in 0.5 M H2SO4 and found that
both samples possessed similar corrosion performance. This observation was attributed
to the lack of pores in the powder processed sample. This evidence paired with the
findings of Raghu et al. 142 and Otero et al. 132 suggest that pores have considerable
influence over the corrosion behaviour of sintered stainless steels in H2SO4.
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Comparative studies have assessed the corrosion resistance of conventionally and powder
processed stainless steels in NaCl solutions. For example, Raghu et al. 135 compared the
corrosion resistance of porous sintered and wrought 316L stainless steel in 3% NaCl
solution. Their investigation revealed that the passivation range was broader for the
wrought sample compared to the sintered samples. Additionally, the wrought sample
rapidly stabilised upon immersion within the electrolyte. In contrast, the sintered
samples did not stabilise within the solution and instead exhibited a progressively
decreasing OCP with time. This behaviour is indicative of passive film dissolution
leading to increased exposure of the base metal to the electrolyte.

Irrinki et al. 144 carried out a similar study on wrought and laser powder bed fusion
(LPBF) 17-4PH samples in a 0.5 M NaCl solution. Their study reported that GA LPBF
samples with relative densities above 97% outperformed the wrought samples, a result
which contrasts with the findings of Raghu et al. 135. However, the study by Irrinki
et al. 144 did not provide an explanation for the observed corrosion trends. The corrosion
behaviour of the LPBF and wrought samples studied by Irrinki et al. 144 may stem from
microstructural and chemical differences that evolve from the LPBF process which are
known to affect corrosion resistance.

A study by Marnier et al. 99 compared the corrosion resistance of FAST-processed
ultrafine 316L powder (mean particle size 2.3 µm) and cast 316L. The FAST samples
were sintered under a range of different sintering temperature, time and pressures
resulting in samples of relative densities ranging from 97.5 - 99.5%. Though the samples
of both types passivated within the 3 wt.% NaCl test solution it was found that the
lower density samples had slightly lower OCP compared with cast materials. Meanwhile
the high density (99.6%) FAST-processed sample exhibited a wider passivation range
and a lower passivation current than the cast sample. Owing to the ultrafine feedstock
powder and the careful optimisation of the FAST process, fine grains (< 5 µm) were
obtained in this study. Marnier et al. 99 suggested that its superior corrosion behaviour
compared with the cast sample was because of the fine grain size obtained in the high
density sintered sample. This conclusion was also drawn by Fredriksson et al. 145 who
found that a finer grained HIP 316L sample possessed better pitting resistance than a
more coarse grained cast sample. Both these studies show strong agreement with the
findings of Ralston et al. 146 who linked finer grains to better corrosion resistance in
passivating materials.
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Figure 2.25: Diagram illustrating the proposed mechanism of powder processed stainless
steel corrosion as conceived by Raghu et al. 142 and Otero et al. 132 . Used with permission
of Elsevier Science & Technology Journals, from Corrosion Behaviour of AISI 304L
and 316L Stainless Steels Prepared by Powder Metallurgy in the Presence of Sulphuric
and Phosphoric Acid, Otero et al., 40, 8, 1998; permission conveyed through Copyright
Clearance Center, Inc
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Tobar et al. 63 compared laser deposited 316L with a wrought equivalent in a NaCl
solution. The PM sample exhibited superior corrosion resistance and possessed a wider
passive range than the wrought sample. Unlike in the studies by Marnier et al. 99 and
Fredriksson et al. 145 , which attributed similar observations to microstructural differences,
Tobar et al. 63 identified discrepancies in Mn content of the wrought sample and the
powder feedstock as responsible. The wrought sample possessed more Mn than the
powder feedstock, leading to the formation of MnS inclusions. Tobar et al. 63 argued that
this chemical discrepancy led to the formation of MnS inclusions which are known to be
detrimental to the pitting resistance of stainless steels, providing a plausible explanation
of the observed corrosion behaviour.

Kale et al. 124 compared the corrosion performance of FAST-processed and as-rolled
316L stainless steel in 3 wt.% NaCl. The FAST sample exhibited poor passivation
behaviour compared with the as-rolled specimen. Consistent with findings reported by
Raghu et al. 135,142 and Otero et al. 132 , the poor corrosion behaviour of the PM sample
was attributed to the presence of porosity. Kale et al. 124 performed an analysis of the
cross-section of the corroded samples to investigate the shape of the pores following
corrosion attack (shown in Figure 2.26). They achieved this by filling the surface with
epoxy resin to prevent mechanical damage to the surface and then sectioning the sample.
The findings of Kale et al. 124 show good agreement with the corrosion mechanism theory
presented by Otero et al. 132 in Figure 2.25.

Figure 2.26: Inverse pole figure (IPF) maps of the cross-section of FAST 316L stainless
steels which have been exposed to 3 wt.% NaCl. The dark regions of the map illustrate
the corrosion which occurred in the pores due to exposure to NaCl. Reprinted from An
Investigation of the Corrosion Behavior of 316L Stainless Steel Fabricated by SLM and
SPS Techniques, Materials Characterization, 163, Kale, A. B.; Kim, B.; Kim, D.; Castle,
E. G.; Reece, M.; Choi, S., Copyright (2020), with permission from Elsevier124
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Saito et al. 147 also used FAST to produce 316L samples which were compared in terms
of corrosion resistance to a wrought specimen in a 0.1 M NaCl solution. The sintered
sample did not passivate in the solution and many pits were generated. The initiation
of pitting was attributed to the presence of both MnS inclusions and porosity. This
is because it was observed that reducing pore size and porosity improved corrosion
resistance. To investigate the effect of MnS on the pitting resistance, the sintered samples
were subjected to pulse electrolysis in 0.1 M NaNO3 to dissolve the MnS inclusions.
As a result, the pitting resistance was noted to significantly improve, showing good
agreement with the studies of Tobar et al. 63 and Baker and Castle 58 .

Summarised in Table 2.2 are the primary findings in the literature assessing the impact
of metallurgical processing technique on the corrosion resistance of stainless steel in
H2SO4 and chloride solutions. Overall the findings on the corrosion resistance of PM
and conventionally processed stainless steels are mixed. This is owing to the range of
different factors which can affect the corrosion performance of stainless steels. Among
the factors affecting corrosion behaviour are:

• Porosity

• Grain size

• Inclusions

Since it has previously been established that the atomisation technique has a profound
effect on the resulting metal powder, the following section explores the relationship
between the selected atomisation fluid and the corrosion performance of the specimens
produced. This section focuses specifically on comparing WA and GA powders since
they are of greatest relevance to this EngD study.
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Table 2.2: Summary of the literature comparing the corrosion performance of stainless steel samples made by conventional
and powder metallurgical processing

Source Material Processing
Techniques

Test Solution Summary of Findings

Raghu
et al. 142

316L Press and sinter,
wrought

0.5 - 5 M H2SO4 Wrought samples outperform sintered
samples. Attributed to porosity

Otero
et al. 132

316L Press and sinter,
cast

1 - 25% H2SO4 Cast samples outperform sintered samples.
Attributed to porosity

Fredriksson
et al. 145

316L HIP, cast 0.5 M H2SO4,
0.5 M HCl

HIP sample had better pitting resistance in
HCl than cast. Attributed to finer grain size

in former sample
Geenen
et al. 143

316L HIP, cast 0.5 M H2SO4 Similar corrosion performance, attributed to
lack of pores in HIP sample

Raghu
et al. 135

316L Press and sinter,
wrought

3 wt.% NaCl Wrought outperformed sintered. No reason
given

Marnier
et al. 99

316L FAST, cast 3 wt.% NaCl Sintered sample outperformed cast,
attributed to fine grain size of the latter

Tobar
et al. 63

316L Laser powder
deposition,
wrought

3.5% NaCl PM sample outperformed the wrought.
Attributed to MnS inclusions in wrought

sample
Irrinki

et al. 144
17-4PH LPBF, wrought 0.5 M NaCl LPBF outperformed wrought, reason not

given
Kale

et al. 124
316L FAST, as-rolled 3 wt.% NaCl FAST sample exhibited poor passivation

behaviour. Attributed to surface porosity
Saito

et al. 147
316L FAST, wrought 0.1 M NaCl Pitting resistance worse in FAST sample.

Attributed to porosity and MnS inclusions
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Effect of Atomisation Fluid

Similar to the studies comparing PM and conventionally processed stainless steels,
porosity is often a factor attributed to the behaviour of compacts produced from WA
and GA powders. For example, Malhotra et al. 148 studied the corrosion behaviour of
pressed and sintered GA and WA 316L samples in 3% NaCl and found that the GA
sample outperformed the WA sample. Though no reasons for this behaviour were given
by the author, it was found that the GA possessed lower porosity and a smaller mean
pore size than the WA equivalent. This presents a potential reason for the observed
behaviour.

Porosity was also found to influence corrosion behaviour by Bonato et al. 149 . In their
study they compared the corrosion performance of powder injection moulding (PIM)
WA and GA 316L in 3.5% NaCl. Higher pit density and corrosion rates were observed
in the GA samples. This finding was attributed to the higher porosity observed in the
GA samples which enabled electrolyte to penetrate the sample. The findings of Bonato
et al. 149 and Malhotra et al. 148 suggest regardless of whether the powder used was
produced by WA or GA the reduction of porosity is of great importance.

Further evidence was presented by Irrinki et al. 144 to support the idea that porosity
is an influential factor in determining the corrosion resistance of sintered WA and GA
stainless steel. Irrinki et al. 144 studied the corrosion resistance of samples produced
by LPBF using GA and WA 17-4PH powders in a 0.5 M NaCl solution. They found
sample density was the main factor influencing corrosion performance and samples
of similar density had similar corrosion performance regardless of whether they were
produced from WA or GA powders. This suggests that porosity played a critical role in
the observed corrosion performance. They also proposed that at relative densities above
97% the availability of pores for pitting corrosion sites are reduced and so corrosion
rates are lower.

Other researchers have concluded that the corrosion behaviour of sintered WA and
GA differs because of powder chemistry discrepancies. Lou et al. 62 compared PIM
specimens produced from WA and GA 316L powders. This investigation found that the
corrosion rates were two times higher in the GA sample compared with the WA sample.
According to Lou et al. 62 this observation can be accounted for by the presence of SiO2

inclusions which they explain provide passivation in a similar way that Cr oxide does,
an explanation which contradicts other research. Elsewhere it is reported that SiO2
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inclusions have a generally negative effect on corrosion performance74,103. In the study
by Lou et al. 62 , both samples had similar densities but their grain sizes were vastly
different, with the mean grain size of the GA sample being 302 µm while the WA sample
is 106 µm. In this study, the samples produced from GA powder also possessed higher
Mn content than those produced from WA, a trend also observed by Tobar et al. 63 and
Hedberg et al. 150 . As previously mentioned, other research has linked higher Mn content
of SS to the formation of MnS inclusions leading to worsened pitting corrosion63. Since
larger grain sizes can impact corrosion performance in a negative way99,145,146, this factor
alongside the higher Mn content may have contributed to the corrosion performance
trends observed by Lou et al. 62 .

Jandaghi et al. 61 used LPBF to produce samples made from WA and GA 316L powders.
In corrosion testing in a 3.5% NaCl solution, the sample made from WA powder possessed
better resistance to corrosion than specimens made from GA powders, though neither
sample passivated. In this study, it was found that the WA specimens contained more
Si-, Cr- and Mn-rich oxide inclusions. Like Lou et al. 62 , Jandaghi et al. 61 also argued
that the improved corrosion behaviour of the WA was due to the presence of inclusions.
In their discussion, Jandaghi et al. 61 explained further that the inclusions helped to form
a denser and more uniform passive layer by promoting the accumulation of dislocations
in the adjacent metal matrix61. However, this conclusion lacked support, for example in
the form of X-ray photoelectron spectroscopy (XPS) experimental data to verify passive
layer thickness. As a result, further study may be required to further explore this idea
in the context of PM stainless steels. Though other studies have found that inclusions
can act as preferential nucleation sites facilitating pitting corrosion58,63,147,151, Jandaghi
et al. 61 argue that the observed inclusions and their associated dislocations lead to a
more stable passive film which helps to prevent the formation and propagation of pits.
Dislocations are also typically associated with higher corrosion rates. This is because
electrons are more active in the vicinity of dislocations and as a result the energy barrier
for corrosion to occur is lower152. Another explanation offered by Jandaghi et al. 61

for the improved corrosion resistance of the WA samples compared to the GA samples
is differences in grain boundary density. Specifically, Jandaghi et al. 61 conclude that
the lower grain boundary density of the WA sample contributed to its higher corrosion
resistance. This is in agreement with the findings of Ralston et al. 146 who found that
when a sample is not protected by a passive film, as the samples studied by Jandaghi
et al. 61 were found to be, then decreased grain boundary densities were associated with
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lower corrosion rates.

Tobar et al. 63 compared the corrosion resistance of laser deposited 316L WA and GA
powders. They found that the samples passivated in 3.5 wt.% NaCl solution unlike
Jandaghi et al. 61 . Additionally, they found that the WA derived samples outperformed
the GA sample. This finding was attributed to chemical differences in the feedstock
powders, namely Mn, which was higher in concentration in the GA powder compared
with the WA powder. Mn is an element which, as previously explained, can form MnS
inclusions that are highly detrimental to pitting resistance.

To the best of the author’s knowledge, the comparative corrosion assessments of GA
and WA powders were conducted exclusively in HCl and NaCl solutions, so it is not
clear how compacts made from powders produced by these two atomisation techniques
compare in sulphide containing environments, such as H2SO4.

Table 2.3 summarises the findings of the literature which compares the corrosion
performance of samples made from WA and GA stainless steel powders. As found in the
literature comparing cast and PM stainless steels, the literature which compares samples
made from WA and GA also attributed corrosion trends to porosity and inclusions, with
higher porosity being associated with worse corrosion performance. The reported effect
of inclusions on corrosion performance of stainless steels is mixed. Overall, it appears
that multiple different factors contribute to the corrosion resistance of GA and WA
stainless steels making it difficult to determine the extent to which atomisation fluid
influences electrochemical performance.
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Table 2.3: Summary of the literature which compares the corrosion performance of samples made from WA and GA stainless
steel powders

Source Material Powder
Processing
Technique

Test Solution Summary of Findings

Malhotra
et al. 148

316L Press and sinter 3% NaCl GA sample showed a lesser tendency for
localised corrosion. No reasons for this

behaviour given but GA possessed lower
porosity and a smaller mean pore size than

the WA sample
Bonato
et al. 149

316L PIM 3.5% NaCl Higher corrosion rates in GA sample.
Attributed to its higher porosity

Irrinki
et al. 144

17-4PH LPBF 0.5 M NaCl Samples of similar density had similar
corrosion performance regardless of whether

WA or GA
Lou

et al. 62
316L PIM 5% HCl Higher corrosion rates in GA sample.

Attributed to the presence of SiO2 in WA
sample having a passivating effect

Tobar
et al. 63

316L Laser powder
deposition

3.5% NaCl Higher corrosion rates in GA sample.
Attributed to its higher Mn content

Jandaghi
et al. 61

316L LPBF 3.5% NaCl Higher corrosion rates in GA sample.
Attributed to inclusions helping to form

denser/more uniform passive layer

56



The following section focuses on the reported effect of heat treatment on the corrosion
resistance of powder processed PH stainless steels since 17-4PH forms a part of this
EngD study.

Effect of Heat Treatment

Precipitation hardening stainless steels, such as 17-4PH, develop mechanical property-
enhancing precipitates by a two-step heat treatment45. Typically, the effect of this
process on the corrosion resistance on powder processed steels has been reported to
be positive. This is attributed to the homogenising effect of thermal processing on
elemental distribution, a finding that Leo et al. 153 linked to the even development of the
passive film in the selective laser melted (SLM) processed 17-4PH samples they studied.
This finding was also confirmed by Wang et al. 154 in their study of the effect of heat
treatment on 15-5PH also produced by SLM. However, it should be noted that excessive
precipitation hardening treatment times were found to render the material less resistant
to pit initiation - an observation Wang et al. 154 attributed in part to the coarsening
of CRPs. If ageing is carried out for longer times and higher temperatures, the CRPs
become more Cu-rich and expel elements such as Ni leaving the area depleted of Ni155.
As a passive film stabilising element, the increased time and temperature of ageing can
lead to the reduction in corrosion resistance2,47.

2.4.4 Corrosion Measurement Techniques

The corrosion resistance of materials can be assessed in two major ways: electrochemical
and non-electrochemical techniques.

Non-Electrochemical Techniques

Weight loss and salt spray are two examples of non-electrochemical methods for the
characterisation of corrosion behaviour. Non-electrochemical techniques are the simplest
and most common approach to corrosion performance analysis156. However, inaccuracies
in corrosion rate estimates can result from the weight loss technique since all mass loss
is attributed to general corrosion7. Additionally, non-electrochemical techniques may
require long exposure times whereas electrochemical methods require relatively shorter
times157.
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Electrochemical Techniques

OCP, potentiodynamic polarisation and electroimpedence spectroscopy are three ex-
amples of electrochemical corrosion characterisation techniques. These measurements
typically involve the application of a potential to the specimen using a potentiostat
to polarise the material from the corrosion potential, Ecorr, to accelerate the corrosion
process10,158.

A potential limitation of electrochemical corrosion analysis is the resistance of the
electrochemical solution itself. When employing electrochemical techniques, the resis-
tance comprises both the polarisation resistance of the sample, Rp, and the resistance
of the solution, Rs. Consequently, relying solely on the current as an indication of
corrosion behaviour introduces inaccuracies. To reduce the error associated with solution
resistance, the distance between the reference electrode and the working electrode (i.e.
the specimen) must be minimised. This can be accomplished by incorporating glassware
such as a capillary tube into the electrochemical cell.

Additional inaccuracies can be introduced by localised corrosion mechanisms such
as pitting. Pitting chemically changes the solution in the region surrounding a pit130.
Furthermore, it can change the geometry and surface area of the specimen which can affect
accuracy of the data158. As potentiodynamic polarisation measures a material’s general
corrosion response, the effect of pitting cannot be accurately quantified. However pitting
behaviour can be described by parameters measurable by electrochemical characterisation
techniques. Pitting potential is a measure of the potential beyond which pitting will
propagate117. The more positive the pitting potential Ep, the lower the likelihood of
pit initiation130. Higher repassivation potentials Epass signifies a lower likelihood of
pit propagation130. Owing to the small amount of material loss which occurs during
pitting corrosion, weight loss techniques are not useful in the characterisation of pitting
behaviour.

Further limitations are associated with the electrochemical testing of PM parts. The
first relates to the pores which are a typical feature of powder processed steels. Pores
effectively increase the surface area of the material which is exposed to the corrosive
medium25. However, owing to the difficulty associated with calculating the surface area
of these pores, it means that measurements of exposed surfaces of PM parts will be an
underestimation of the actual surface area. This becomes an issue in electrochemical
testing since currents have to be normalised to the surface area of exposed material and
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inaccuracies will ensue where PM materials are concerned2. Assumptions are therefore
typically made when normalising the current of sintered materials since the impact of
pores on surface area is ignored.

Another source of inaccuracy is that in potentiodynamic polarisation measurements
it is assumed that only general corrosion is occurring. However, when testing PM
materials crevice and pitting corrosion may also proceed leading to inaccuracies in the
interpretation of the polarisation curves2. As a result of the aforementioned limitations
of non-electrochemical and electrochemical characterisation, both techniques have been
used to evaluate the corrosion behaviour of the materials in this study. An overview of
the two electrochemical testing techniques used in this study, OCP and potentiodynamic
polarisation, are discussed in the following pages. Greater explanation as to how these
tests are carried out are presented in Section 3.7.

Open Circuit Potential
OCP measurements are carried out before potentiodynamic polarisation tests for two
primary reasons: to permit specimen stability in the test solution and to characterise
corrosion behaviour. The former is necessary for accurate data collection in the pro-
ceeding tests while the latter reveals the thermodynamic stability of the sample under
the specified test conditions. This information can be gauged from the shape of the
curve produced and by the potential at which the sample stabilises (Figure 2.27 (a)).
A smooth curve which asymptotically approaches a certain potential value, like that
illustrated in Figure 2.27 (a), suggests that the sample is stable in the test solution.
Meanwhile, an irregular curve without asymptotic behaviour suggests that the sample
is unstable in the test solution. A sample which exhibits gradually decreasing potential
in the OCP test can be interpreted to be increasingly active25. The OCP test is carried
out by measuring the sample potential over a predetermined amount of time or until
stability of the corrosion potential Ecorr is achieved.

Potentiodynamic Polarisation
Following the OCP test, potentiodynamic polarisation may be carried out. It is carried
out by applying a potential to the sample which varies at a constant rate and measuring
the current response. Several useful qualitative parameters can be extracted from the
data produced by potentiodynamic polarisation tests. Two such parameters are the
critical corrosion current density icrit and the passivation current density ipass. The
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former provides information about the ease with which passivation can be achieved
while the latter gives an indication of the corrosion rates exhibited by the specimen
(Figure 2.27 (b)).

Figure 2.27: Schematic of (a) an OCP curve and (b) a potentiodynamic polarisation
curve. Parameters of interest (corrosion potential Ecorr, critical corrosion current density
icrit and passivation current density ipass) are highlighted

The rate at which the applied potential changes is called the scan rate (or alternatively,
the sweep rate). Using a low scan rate is imperative for the reduction in the distortion
of the polarisation curve159. However, using a lower scan rate increases the time taken
for the test to complete. Within the ASTM G59-23 standard160, which describes the
test method for conducting potentiodynamic polarisation tests, a scan rate of 0.167
mV/s is described. An analysis of the scanning rates used in 38 publications on the
topic of the cathodic modification of stainless steels is presented in Figure 2.28. Despite
the ASTM standard scan rate of 0.167 mV/s, many studies use scan rates exceeding this.
The current study uses the higher scan rate of 0.5 mV/s, a figure which was selected
to reduce the time taken to perform electrochemical tests, reduce any distortion in the
polarisation measurements and maintain some comparability to other studies.

A final point of note is the convention applied when producing potentiodynamic polari-
sation graphs which differs depending on geographical location. In the United States,
icorr is plotted on the x-axis despite being the dependent variable and the independent
variable E on the y-axis158. To present the results collected in this study, the British
convention of E on the x-axis and icorr on the y-axis will be used.

60



Figure 2.28: Scan rates used in potentiodynamic polarisation electrochemical studies
presented in 38 papers on the cathodic modification of stainless steel10,13–19,22–24,161–186

2.4.5 Evaluating the Corrosion Performance of Functionally
Graded Materials

Different methods have been used in the literature to investigate the corrosion perfor-
mance of FGMs. Pütz et al. 187 performed cyclic polarisation testing on a three-layered
compositionally graded steel sample. The method by which they sectioned the sample
for corrosion performance evaluation involved extracting samples from each composition
and the two composition transition zones. While this approach has the benefit of
testing each composition in the FGM it requires more samples to be tested and so
electrochemical testing will be a more time-intensive pursuit.

Senthil et al. 188 used a similar approach when investigating the corrosion performance
of a two-layered Inconel 825/316L SS FGM. Senthil et al. 188 performed weight loss tests
of three separate sections of the sample, so that each composition and the transition
zone could be corrosion tested. Since this FGM is compositionally less complex than
that produced by Pütz et al. 187 fewer sections were required to represent the unmixed
alloys and the transition zone. Additionally, weight loss measurements as opposed to
electrochemical evaluation requires less effort in terms of sample preparation and so can
be a less time-intensive approach to the study of the corrosion performance of FGMs.

61



Jiang et al. 189 utilised another approach to understand the corrosion behaviour of a
five-layered stainless steel/12CrNi2 FGM. In their study, Jiang et al. 189 sectioned a 1
cm2 area off using paraffin wax. The region encompassed all layers of the FGM sample.
The sample was then evaluated by potentiodynamic polarisation testing. While this
approach minimises time spent performing electrochemical evaluation, it does mean
that the corrosion data extracted will be an average of all of the compositions involved
in the FGM. The compositional inhomogeneity in the sample corrosion tested by Jiang
et al. 189 means that the extracted corrosion currents will be averaged over the entirety
of the area of the working electrode.

Difficulties and inaccuracies arise when investigating the corrosion performance of FGMs
because of their spatial complexity. Regardless of the approach there are associated
challenges which must be considered.

2.5 Cathodic Modification

In some materials, the conditions in which passivity is achieved can be expanded through
cathodic modification. Cathodic modification is whereby noble elements are introduced
to a material to enhance its corrosion resistance20. A material’s suitability for cathodic
modification is dependent on three criteria9:

• Before cathodic modification, the material must display active-passive behaviour
in acidic environments

• The range of potentials over which the material is passive must be wide enough to
avoid transpassive or pitting corrosion

• The critical current density must be low enough to prevent the PGM-doped
material from corroding at lower potentials

As a result of these criteria, only SS, Ti alloys and Cr-based alloys exhibit beneficial
cathodic modification behaviour using PGMs20.

2.5.1 Mechanism of Cathodic Modification

Alloying with PGMs improves the corrosion behaviour of SS via two different mecha-
nisms9:
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• Lowering hydrogen overvoltage

• Blocking active sites in the crystal lattice to reduce dissolution

Lowering the hydrogen overvoltage results in the catalysis of the hydrogen evolution
reaction (Equation 2.2) and hence increasing the cathodic efficiency, enabling spontaneous
passivation and a decrease in corrosion rates9,20.

2.5.2 Cathodic Modification of Stainless Steels

The cathodic modification of SS has been extensively researched, demonstrating that
the introduction of PGMs can improve corrosion resistance in a range of reducing
acids at temperatures up to 100°C. The analysis of 40 journals relating to the cathodic
modification of SS by PGMs has revealed that the majority of the research was carried
out on ferritic and austenitic SS (Figure 2.29 (a)). Most of the cathodic modification
was achieved via bulk alloying (Figure 2.29 (b)) and Ru was the most commonly used
dopant (Figure 2.29 (c)). As the cheapest of the PGMs in recent history, it is likely the
research into Ru doping was economically driven9. Of the articles analysed, none were
found to study the effects of PGMs on martensitic SS. Since they are not of relevance
to the current study, articles which investigate the oxidation behaviour of cathodically
modified SS are not discussed below.

Figure 2.29: Analysis of research articles relating to the cathodic modification of SS
showing the distribution of (a) steel families studied, (b) PGM doping methods used
and (c) PGMs used to achieve cathodic modification
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Bulk Alloyed

Studies on the effect of PGM doping on the corrosion performance of SS have been
conducted under various test conditions and on different families of stainless steels.
Potgieter et al. 173 studied the corrosion behaviour of duplex low Ni Fe-22Cr-9Ni-3Mo
in 40% H2SO4 at 55°C and found that Ru additions improved corrosion behaviour
by inhibiting anodic dissolution. These findings were also corroborated by Olubambi
et al. 19 . Sherif 14 further examined this alloy, doped with up to 0.28 wt.% Ru, in
10% H2SO4 at room temperature. The corrosion rates decreased with the presence
and increased amounts of Ru. Similar studies carried out in 2 M HCl and 3.5% NaCl
reported consistent corrosion rate behaviour13,174. Pitting resistance was also reported
to be improved by Ru doping in the research of Sherif et al.13,174.

The impact of PGM doping on corrosion performance has been investigated across a
range of temperatures. Olaseinde et al. 15 analysed the corrosion behaviour of 2101
lean duplex SS with 0.15 wt.% Ru in 1 M H2SO4 up to 80°C. It was reported that at
25°C, the corrosion rate of the doped alloy was lower than its undoped counterpart.
Meanwhile, at higher temperatures the opposite was found to be true. However, it
is important to note that the methodology for calculating the corrosion rate was not
specified. Weight loss tests were not mentioned in the study, suggesting that corrosion
rates were determined from electrochemical data. Such an approach to corrosion rate
determination is complicated, especially for alloys as complex as stainless steel190. As
a result, the corrosion rate data presented by Olaseinde et al. 15 should be interpreted
with caution. The study did reveal that PGM doping lowered the passivation current
density values and shifted the OCP values to higher values across the temperature range
investigated, suggesting that the cathodic modification was successful.

Similar to Olaseinde et al. 15 , Potgieter and Brookes 171 alloyed a duplex Fe-29Cr-14Ni-
3Mo with up to 0.28 wt.% Ru and tested the corrosion performance in H2SO4 (10 -
50%) up to 90°C. In their study, Potgieter and Brookes 171 used weight loss tests to
calculate corrosion rates. In contrast to Olaseinde et al. 15, Potgieter and Brookes 171

revealed that stainless steel doped with 0.28 wt.% exhibited corrosion rates lower than
the undoped sample across the entire temperature and concentration range considered.

In general, Ru is reported to be a more effective cathodic modifier than Pd in reducing
acids. Biefer 161 studied ferritic 430 SS in 5% H2SO4 and found that adding 0.46 - 1.91
wt.% Pd passivated the material. Biefer 161 found that alloying with 0.26 wt.% Pd was
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insufficient to cause passivity. Compare this to the study carried out by Potgieter and
Brookes 171 discussed in the previous paragraph, whereby alloying with the lower volume
of 0.28 wt.% Ru effectively improved corrosion resistance. This is consistent with the
data obtained by Chernova et al. 191 who compared Pd and Ru additions to Fe-25Cr in
HCl and H2SO4. They found that Ru was more effective than Pd at lowering corrosion
rates and causing faster passivation, though both improved the corrosion resistance of
the SS in the acidic media.

The effect of increasing PGM content on corrosion performance was explored by Hig-
ginson et al. 192 and Tjong 179 who studied the effects of 0.1% and 0.2% Ru doping on
ferritic Fe-40Cr at in 0.5 M H2SO4 and 0.5 M HCl up to temperatures of 92 and 85°C
respectively. Higginson et al. 192 found that spontaneous passivation was achieved more
rapidly with higher doping content. This is consistent with the findings of Potgieter and
Brookes 171 who explored the effect of Ru doping between 0.06 - 0.28 wt.% and found
that the highest content considered in the study, 0.28 wt.%, was the most effective at
enhancing corrosion behaviour.

It is well established from a variety of studies that increasing solution strength is
detrimental to the corrosion performance of PGM-doped stainless steel. In the study by
Olubambi et al. 19 , it was found that increasing the concentration of H2SO4 and HCl up
to 2 M was detrimental to the corrosion resistance of superferritic Fe-29Cr-4Mo-2Ni with
similar behaviour observed by Scheers et al. 193 using boiling phosphoric acid. Potgieter
and Brookes 171 also found that corrosion rates positively correlated with increased
concentration of H2SO4 up to the maximum concentration studied: 50%.

Surface Alloyed

Even when low amounts of PGMs are used in bulk alloying, the PGM content can account
for the majority of the cost of the alloy194. To decrease costs, cathodic modification
by surface alloying has been researched. Of the 13 articles analysed that use surface
alloying to achieve cathodic modification, austenitic SS are the most widely studied
(Figure 2.30 (a)), likely because austenitic grades are the most commonly used SS10.
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Figure 2.30: Analysis of research articles relating to surface alloyed cathodic modification
of SS showing (a) steel families studied and (b) PGM doping methods used

Potgieter et al. 16 compared electron beam vapour deposited and bulk alloyed duplex
SS modified with Ru and found both were effective at improving corrosion resistance.
However, exposure to H2SO4 for 210 minutes caused spalling of the deposited coating
which was not improved by annealing. Moyo et al. 9 suggests spalling may be caused by
stresses generated by hydrogen evolution during corrosion making the avoidance of such
a mechanism difficult to achieve. Similar behaviour was observed by Chernova et al. 195

who electrolytically deposited and electric spark alloyed Pd on ferritic and austenitic
SS. Both materials’ resistance to corrosion in H2SO4 was improved, though after one
hour the 0.001 µm coatings dissolved. Annealing was found to improve the longevity of
thicker coatings for the duration of the 50-hour tests, but annealing the 0.001 µm coating
increased corrosion rates. Chernova et al. 195 conclude that this is because annealing
caused the diffusion of Pd into the material decreasing its concentration on the surface.

Tjong et al. 22 compared bulk alloyed ferritic SS with 0.2 wt.% Ru with samples possessing
a 0.1 mm Ru coating deposited by laser surface alloying (LSA). The bulk alloyed sample
was found to outperform the LSA sample. Lekala et al. 196 reported similar findings,
attributing this behaviour to the high cooling rates inherent to LSA resulting in grain
refinement. It has been reported that grain refinement can lead to increased corrosion
due to the increase in the area available for grain boundary corrosive attack9,146.
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Powder Metallurgically Processed

A relatively small body of literature is concerned with the cathodic modification of
powder processed stainless steel. To the best of the author’s knowledge, this research was
conducted exclusively by Peled and Itzhak18,23,24, who studied the corrosion behaviour
of sintered bulk alloyed PGM-doped 316 stainless steel in 1 N sulphuric acid. In their
work, however, Peled and Itzhak did not address parameter optimisation despite its
established impact on corrosion behaviour. Additionally, the corrosion behaviour of
the sintered samples was not compared to cast equivalents. This renders it challenging
to assess the degree the processing approach and the PGM doping affected corrosion
performance.

Despite the lack of parameter optimisation, Peled and Itzhak 23 found that pressed
and sintered 316 SS doped with 2 wt.% Pt passivated in the 1 N H2SO4 solution. In
the same study, it was found that doping with less than 2 wt.% Pt was insufficient
to cause passivation in acidic media. However, since parameters were not optimised
it is impossible to tell whether the corrosion behaviour could have been improved by
enhancing density for example without the need for additional Pt content.

In 1990, Peled and Itzhak 18 built on their powder processed cathodically modified
stainless steel research by investigating the effect of pore morphology of Pt and Pd
doping on passivation behaviour. The findings were positive in terms of corrosion
performance since they found that the doped samples showed passive behaviour and
outperformed undoped samples regardless of whether pores were open or closed. Later
investigations by Peled and Itzhak 24 into the thickness of the passive layer revealed that
the doped samples had a passive layer five times thicker than the undoped samples.

The findings of Peled and Itzhak were generally positive and suggest that PGM doping
may improve the corrosion performance of powder processed stainless steel. The current
study aims to address the identified gaps in the literature by exploring parameter
optimisation in the process of producing cathodically modified powder processed stainless
steel.
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2.6 Chapter Findings

While stainless steels are considered corrosion resistant materials, studies have confirmed
that exposure to sulphuric acid and chloride solutions can lead to metal dissolution.
Existing literature on the corrosion of powder processed stainless steel established that
materials produced by this technique tend to underperform compared to their wrought
and cast equivalents. The inferior performance of PM stainless steel is typically attributed
to the impact of porosity or undesirable inclusions. A large volume of published studies
describe the role of PGM additions in improving the corrosion performance of stainless
steels. However, the vast majority of these studies focus only on bulk and surface alloyed
materials. Bulk alloying, despite its effectiveness in improving corrosion performance,
is inherently high cost. Surface alloying to achieve cathodic modification, though
more economical, has exhibited degradation during exposure to corrosive media. An
alternative approach to producing cathodically modified stainless steels is via powder
metallurgy. However, the research reviewed here revealed that little attention has been
paid to this particular topic. Moreover, gaps exist in the studies which did focus on
PGM-doped steels produced by powder metallurgical approaches.

This EngD is concerned with producing functionally graded PGM-doped stainless
steels using powder metallurgical processing. By addressing the gaps identified in the
literature, this study aims to contribute towards a better understanding of powder
processed cathodically modified stainless steels. This study also provides the first
examination of the corrosion behaviour of functionally graded PM PGM-doped stainless
steel.
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3
C h a p t e r

Materials and Experimental
Methods

3.1 Metal Powders

3.1.1 Chemical Composition

In this study, seven different 316L and 17-4PH stainless steel powders were used to
produce sintered specimens. Their chemical compositions are listed in Tables 3.1 - 3.4.
All powders were supplied by Johnson Matthey and produced by water atomisation (WA)
by Atomising Systems Limited, except for one 316L powder which was produced by
vacuum induction gas atomisation (VIGA) by Liberty Steel. The PGM-doped powders
were prealloyed by adding 0.5 wt.% Pd or Ru to the 316L and 17-4PH melts before
atomisation. Residual unatomised metals were removed from the tundish of the atomiser
following the production of the Ru- and Pd-doped 316L (see Figure 2.6). These samples
were treated as cast metallurgical equivalents and were used to benchmark the powder
processed samples.

Table 3.1: Chemical compositions of as-received 316L stainless steel powders, determined
by inductively coupled plasma spectroscopy by Johnson Matthey

Composition (wt.%)
Material Fe Cr Ni Mo Mn Si Ru Pd
316L (VIGA) 67.1 15.9 10.3 2.06 1.45 0.75 NA NA
316L (WA) 68.8 16.4 10.7 2.21 0.49 0.71 NA NA
316L with Ru (WA) 68.5 16.4 10.5 2.16 0.41 0.58 0.58 NA
316L with Pd (WA) 69.3 16.7 10.5 2.19 0.44 0.66 NA 0.51
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Table 3.2: Oxygen, nitrogen and hydrogen content of the as-received 316L stainless steel
powders, determined using combustion elemental analysis

Material O (wt.%) N (wt.%) C (wt.%) H (ppm)
316L (VIGA) 0.036 0.018 0.062 8
316L (WA) 0.388 0.069 0.077 9
316L with Ru (WA) 0.441 0.088 0.067 7
316L with Pd (WA) 0.371 0.083 0.065 11

Table 3.3: Chemical compositions of as-received 17-4PH stainless steel powders, deter-
mined by inductively coupled plasma spectroscopy by Johnson Matthey

Composition (wt.%)
Material Fe Cr Ni Mo Mn Nb Cu Ru Pd
17-4PH (WA) 78.8 14.4 4.69 0.12 0.40 0.24 2.93 NA NA
17-4PH with Ru (WA) 76.7 14.5 4.72 0.12 0.47 0.25 2.99 0.47 NA
17-4PH with Pd (WA) 77.2 14.7 4.93 0.12 0.49 0.26 3.10 NA 0.50

Table 3.4: Oxygen, nitrogen and hydrogen content of the as-received 17-4PH stainless
steel powders, determined using combustion elemental analysis

Material O (wt.%) N (wt.%) C (wt.%) H (ppm)
17-4PH (WA) 0.495 0.033 0.06 12
17-4PH with Ru (WA) 0.504 0.039 0.07 5
17-4PH with Pd (WA) 0.526 0.037 0.06 11
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3.1.2 Morphology

A Tescan Vega3 LMU scanning electron microscope was used to study the precursor
powders. An operating voltage of 15 kV with a 60 µm aperture size was used at 500x
magnification. To perform the analysis, conductive adhesive carbon tape was attached
to a mounting stub. Around 1 g of the metal powder was distributed onto a piece
of paper. The carbon tape-mounting stub assembly was pressed into the powder and
placed into the SEM for analysis. Any remaining unmounted powder was returned to
the powder container.

3.1.3 Particle Size Analysis

The particle size distribution of the powders used in this study was analysed using
a Malvern Mastersizer 3000. The analysis was performed using water dispersion and
the Mie scattering model. According to Du 197, the Mie model enables the accurate
measuring of size distribution for all particle sizes. This approach does however require
that the optical properties of the material being analysed are known. The Fraunhofer
approximation was not used since it can lead to the inaccurate measurement of particles
with diameters below 50 µm198. Three sub-samples from each powder composition were
used and then ten powder size measurements were taken for each sub-sample. Mean
and standard deviation of the powder size for the D10, D50 and D90 percentiles were
calculated.

3.2 Synthesis of Samples by FAST

3.2.1 Introduction

Sintering was carried out using a FCT HP D25 field assisted sintering furnace situated
in the Royce Discovery Centre at the University of Sheffield. Sintering was performed
with graphite tooling since they can be reused. However, due to the brittle nature of
graphite, rough handling during sample removal can damage it. To ensure the tooling
didn’t fail during sintering, the die assembly was inspected for cracks before each cycle.
Once the preliminary tooling checks were complete, graphite foil was placed along the
inside walls of the 20 mm diameter cylindrical graphite die.

Additionally, graphite foil was placed between the punches, wear pads and metal powder
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to ease the removal of the sintered parts and prevent damage to the die (illustrated in
Figure 3.1). Fifteen grams of powder was then manually loaded into the die. A carbon
felt jacket was wrapped around the die assembly to reduce heat losses. Next, to ensure
good compaction, 20 MPa pressure was applied to the powder using a desktop hydraulic
press. Following this, the assembly was placed into the sintering chamber which was
subsequently evacuated. The sintering program was then entered into the computer,
uploaded to the sintering apparatus and the sintering cycle started. A uniaxial pressure
of 50 MPa was applied alongside a pulsed direct current. The sintering equipment
modulated temperature using proportional–integral–derivative (PID) feedback control.
An optical pyrometer measured the temperature and subsequently compared this value
to the user-defined temperature. If the measured temperature differed from the user-
defined temperature, the applied power was adjusted as a corrective measure. At the
end of the sintering cycle, the samples were water-cooled by the punches, the sintering
vessel was repressurised to atmospheric pressure and the die assembly was removed.
The samples were disassembled from the die and any residual graphite foil was scraped
off using a craft knife.

3.2.2 Bulk Alloyed Samples

Before FGM samples could be manufactured, it was first necessary to optimise the
sintering parameters for each of the powder compositions studied. To do this, bulk alloyed
samples were produced and the sintering temperature and hold time were varied as shown
in Table 3.5. These conditions were varied as these are the sintering parameters with
the greatest influence on density and, therefore, corrosion98. The sintering temperature
was not increased above 1100°C, as sintering above this temperature was found to cause
melting of the powder and destruction of the die in the process of sample removal. All
other parameters were kept constant: a uniaxial force of 16 kN (equivalent to a pressure
of 50 MPa) and a heating rate of 100°C/min was used in the production of each sample
under a vacuum atmosphere. The resulting cylindrical samples were 20 mm in diameter
and approximately 6 mm in depth.

The density, porosity, hardness and corrosion behaviour of the bulk alloyed samples
were assessed. The combination of parameters most suited to each composition was
selected based on these criteria. The selected parameters were then used to produce the
functionally graded samples.
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Figure 3.1: Schematics of the die assembly and FAST apparatus used to sinter stainless
steel powders. Diagram (a) shows a cross-section of the die assembly before insertion in
the vacuum chamber. Diagram (b) shows the die assembly when in the vacuum chamber.
The felt jacket was omitted from diagram (b) to improve diagram clarity

Table 3.5: Sintering temperature and hold time combinations used to produce samples
usinf FAST

Hold time (s) Sintering Temperature (°C)
600 1000
600 1050
600 1100
300 1100
900 1100
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3.2.3 Functional Grading

The layering approach was used to produce FGMs using field assisted sintering. In
producing FGMs, the graphite dies were lined with graphite foil and assembled using
wear pads, felt jackets and punches in the same manner used in producing the bulk
alloyed samples.

Layering Approach

The layering approach involved the placement of the PGM-doped stainless steel powder
into the graphite die (Figure 2.14 (a)). The die assembly was then tapped several times
on a level surface to ensure the powder surface was level. Following this, the undoped
stainless steel powder was poured into the die, on top of the doped composition. The
process of levelling the powder was repeated, the top punch was added and the powders
were sintered using the same procedure as with the bulk alloyed samples. A mass of 7.5
g of the undoped and 7.5 g of the PGM-doped powder was used to produce the layered
FGMs.

3.3 Heat Treatment

The H1075 heat treatment was performed on the 17-4PH samples. The conditions used
are detailed in Table 3.6 and illustrated in Figure 3.2. Heat treatment was performed in
an Ar atmosphere. Air cooling was the selected quench as the sample dimensions were
small enough to enable sufficiently high cooling rates in air199.

Table 3.6: Description of the H1075 two-step heat treatment cycle applied to the 17-4PH
stainless steel samples

Heat Treatment Condition H1075
Heat Treatment Step Solution Anneal Precipitation Hardening
Time (Hours) 0.5 4
Temperature (°C) 1050 579
Quench Air cool
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Figure 3.2: Schematic diagram illustrating the solution anneal and precipitation harden-
ing steps in the thermal processing of sintered 17-4PH under H1075 conditions200

3.4 Alloy Characterisation

3.4.1 Metallographic Preparation

The cylindrical as-sintered samples were initially sectioned into two pieces using a
Secotom-50 manufactured by Struers and a ferrous cut-off wheel. Figure 3.3 presents
the sample dimensions and how they were sectioned along their depth. One half was
mounted in conductive Bakelite using the Buehler SimpliMet 1000 Mounting Press
while the other half was set aside for use in density measurements. A Buehler AutoMet
250 Grinder-Polisher was used to mechanically grind and polish mounted samples with
water as the lubricant. Table 3.7 presents the steps used in grinding and polishing
the mounted samples. Between each grinding/polishing step, the samples were cleaned
using tap water and isopropanol before being dried using hot air. It was ensured that
the samples were reoriented by 90° for each consecutive grinding and polishing step.
This enabled the easy identification of residual scratches from previous metallographic
preparation steps so that grinding or polishing repeats can be performed if needed201.
The samples produced using the described steps were then used in optical and scanning
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electron microscopy and immersion testing.

In order to determine the ideal etching procedure, several different etchant compositions
were tested (Table 3.8). Figure 3.4 illustrates the microstructures resulting from
unsuccessful etching procedures. Out of the etchants explored, use of Kalling’s No.1 was
the most successful and so was selected for use in this project.

Figure 3.3: Longitudinal view of the as-sintered sample before sectioning (a) and
transverse view of the sample after sectioning (b). Residual graphite foil can be seen
covering the outer surfaces of the sintered sample. This was removed in subsequent
grinding steps
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Table 3.7: Metallographic preparation steps

Grinding/Polishing
Media Used

Force
Applied

(N)

Head
Speed
(rpm)

Platen
Speed
(rpm)

Time
(Minutes)

Head Rotation
Direction Relative
to Platen Rotation

220 Grit SiC 27 305 60 1 Same
320 Grit SiC 27 305 60 1 Same
400 Grit SiC 27 305 60 1 Same
600 Grit SiC 27 305 60 1 Same

6 µm Monocrystalline
Diamond Suspension 27 150 60 5 Opposite

3 µm Monocrystalline
Diamond Suspension 27 150 60 3 Same

1 µm Monocrystalline
Diamond Suspension 27 150 60 3 Opposite

Figure 3.4: Micrographs showing the unsuccessful etching of (a) Pd-doped 316L using
Kalling’s No.2, (b) Ru-doped 17-4PH using 10% Nital and Kalling’s No. 1, (c) Pd-doped
17-4PH using Fry’s, (d) Ru-doped 316L using Marble’s and the successful etching of
(e) Ru-doped 17-4PH etched using Kalling’s No.1. Micrographs were captured at x50
magnification
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Table 3.8: List of etchants tried in the preparation of stainless steel samples

Etchant Composition Methodology Source
Kalling’s No.2
(Waterless
Kalling’s)

• 2 g CuCl2
• 40 mL HCl
• 40 - 80 mL

ethanol (95%)

Swabbed for a few
seconds

ASTM202

Nital 10% and
Kalling’s No.1

Nital 10%
• 10 mL HNO3
• 90 mL

ethanol
(95%)

Kalling’s No. 1
• 2 g CuCl2
• 40 mL HCl
• 40 - 80 mL

ethanol (95%)
• 40 mL water

Immersed in Nital
10% for several sec-
onds then swabbed
with Kalling’s No.1

Tried combina-
tion upon advice
from University of
Sheffield techni-
cians

Fry’s Reagent • 5 g CuCl2
• 40 mL HCl
• 30 mL dis-

tilled water
• 25 mL

ethanol
(95%)

Swabbed for a few
seconds

Sun et al. (2018)77

Marble’s
Reagent • 10 g CuSO4

• 50 mL HCl
• 50 mL dis-

tilled water

Swabbed for a few
seconds

ASTM202

Kalling’s No.1 • 2 g CuCl2
• 40 mL HCl
• 40 - 80 mL

ethanol (95%)

Swabbed for a few
seconds

ASTM202
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3.4.2 Microscopy

Optical microscopy was carried out on unetched and etched samples using a Nikon
Eclipse microscope operating in bright field mode. Micrographs of the unetched samples
were used in the image analysis of porosity.

A Keyence X200K 3D laser confocal microscope was used to image unetched and etched
samples to produce micrographs and topography maps. MultiFileAnalyzer 1.3.1.120
and VK Analyzer 3.8 software were used to process data.

Scanning electron microscopy and EDS was performed on the sintered and cast samples
using the Tescan Vega3 LMU and Zeiss Ultra operating at 15 - 20 kV with 60 µm
aperture size at magnifications ranging between 500 – 20,000x.

3.4.3 Grain Size Measurements

The Heyn lineal intercept method (standardised in ASTM E112-13(2021)203) was used
to calculate grain size. The analysis was conducted on micrographs of etched samples,
ensuring that a minimum of 400 grains were measured across at least four micrographs.
The mean and standard deviation for each sample were then calculated for the density
and hardness tests in addition to the grain size measurements.

3.4.4 Porosity Measurements

Porosity measurements were calculated by image analysis using ImageJ. A total of five
micrographs, taken at x20 and x50 magnification using optical microscopy (OM), were
used in the analysis of porosity in this study. These were then opened in ImageJ, the
scales set using the scale bar, the image was then cropped so that the scale bar was
no longer a part of the image. Next, the image was converted to 32-bit file type and
thresholded so that the image became black and white, with porous areas appearing
black and everywhere else appearing white. The ImageJ Analyze tool was used to
determine the percentage area cover and mean area of pores in the micrographs. Using
the data gathered, the mean and standard deviation of the percentage area cover and
mean area of pores were determined for each sample. A total of five micrographs, taken
at x20 and x50 magnification, were used in the analysis of porosity in this study.
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3.4.5 Density Measurements

Following initial sectioning, the samples were further sectioned into smaller parts to
remove any residual graphite foil using a Buehler IsoMet 5000 Linear Precision Saw and a
ferrous cut-off wheel. The density of the sintered samples was determined using a Mettler
Toledo NewClassic Balance at room temperature using distilled water as the auxiliary
liquid. Ten repeat measurements were carried out for each sample. Subsequently, the
mean and standard deviation of the density for each sample was calculated.

3.4.6 Indentation Hardness Testing

Indentation testing was performed as a preliminary examination of the mechanical
properties of the sintered parts. Vickers indentation testing was carried out at room
temperature on as-polished samples using a Durascan Microhardness Tester and Ecos
Workflow software with an applied load of 9.81 N and a dwell time of 15 s. Five
indentation tests were carried out for each sample following ASTM guidelines204. The
mean and standard deviation for each sample was then calculated.

3.5 Focused Ion Beam Implementation

SEM studies confirmed that the sample was homogeneous microstructurally in the
longitudinal (direction of applied pressure) and transverse (perpendicular to direction
of applied pressure) directions. Focused ion beam (FIB) (Zeiss Gemini 2) was used to
prepare the 17-4PH with 0.5 wt.% Pd sample for TEM analysis. First an area of interest
was identified in the sideview of the sample (Figure 3.5 (a)). A protective carbon film
was applied to the area of interest to protect it from the Ga ion beam during milling
(Figure 3.5 (b)). A 30 kV voltage and 300 pA current ion beam was used for a duration
of five minutes to deposit a 2 µm thick, 15 x 3 µm2 carbon film. A Ga ion beam was
used to mill the specimen surface. First a rectangular trench (15 x 15 µm2 and 10 µm
deep) on either side of the area of interest was milled (Figure 3.5 (c)). To do this, two
coarse milling steps using 30 nA and 15 nA were used, followed by a further fine milling
step, which utilised a lower current of 7 nA. For the cross sectioning, an accelerating
voltage of 30 kV was used. The milled lamella was 2 µm thick, 15 µm wide and 10 µm
deep. The sample was then tilted by 54° and the lamella joined to the probe by the
application of a 1 x 1 µm2 carbon weld. Next the undercut was performed using a 30 kV

80



voltage and 3 nA current to remove the lamella from the trench (Figure 3.5 (d)). The
lamella was then welded to the posts of a Mo grid (Figure 3.5 (e)). The Ga ion beam
was used to produce a 200 nm thick foil 5 x 5 µm2 for TEM characterisation (Figure 3.5
(f)).

3.6 Transmission Electron Microscopy

The formation of Cu precipitates induced by the H1075 heat treatment was investigated
by TEM operated at 200 kV (JEOL JEM 2800 TEM). The specimen was examined
using a bright-field detector and EDS. Additionally, high resolution imaging was used
to generate electron diffraction patterns. ImageJ software was used to determine the
diameter of particles of interest.
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Figure 3.5: Micrographs of the six steps of TEM specimen preparation: (a) area of
interest; (b) carbon film deposited on area of interest; (c) milled trenches; (d) undercut
lamella; (e) sample welded to post of Mo grid; (f) thinned cross-section
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3.7 Corrosion Characterisation

3.7.1 Sample Preparation

Figure 3.6 illustrates the steps taken in preparing samples for corrosion testing. Each
cylindrical sample was sectioned and ground using P240 SiC paper to remove any
residual graphite from the sintering process. A 1 mm gauge stainless steel wire was
then spot welded to the surface. An acrylic tube with 2 mm wall thickness and 8 mm
outer diameter was joined to each sample using Araldite 2-Part Instant Epoxy. This was
done so that the tube surrounded the stainless steel wire and protected the spot weld
from damage due to handling. The samples were then degreased in acetone. MetPrep
Epo-Set two-part resin and hardener was used to mount the samples in 30 mm diameter
silicon moulds. This particular cold mounting compound was selected for its excellent
edge retention, reducing the likelihood of the development of crevice corrosion. To
quantify the sample surface area to be exposed to the corrosion solution, photographs
of the mounted samples were taken and analysed using ImageJ. This was necessary
to calculate the corrosion current density. Before electrochemical testing, the testing
surface of each sample was abraded using P1200 SiC paper and rinsed with distilled
water and isopropanol alcohol before being dried using hot air. Following this, a heat
gun was used to make the acrylic tube more malleable, then the sample was bent by
90°. This was done so that the sample surface could be vertically aligned, facing the
reference and counter electrode. Hoyle and Taylor 130 found that horizontal surface
orientation can affect corrosion measurements by inhibiting the formation of the oxide
film by the build-up of particulates on the sample surface in addition to disturbing the
already formed oxide film. A vertical sample orientation was therefore selected for use
in the current study to ensure that sample orientation was not influencing the observed
corrosion behaviour.

To enable the formation of the protective oxide film, a period of 2 hours between the
final polishing step and the commencement of the corrosion test was allowed to elapse.
Immediately before specimen testing, the surface was rinsed using deionised water and
dried using lint-free paper towel.
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Figure 3.6: Diagram illustrating the steps taken in producing samples for electrochemical
corrosion testing

3.7.2 Electrochemical Cell Set-Up

The corrosion performance of the bulk alloyed samples was evaluated by OCP and
potentiodynamic polarisation testing. The corrosion tests were performed in 0.05 M
H2SO4. To create the desired solution, deionised water was used to dilute concentrated
H2SO4. A three-electrode set-up was used which consisted of the stainless steel sample
as the working electrode, an AgCl reference electrode and a graphite counter electrode,
connected to an IviumSoft potentiostat (Figure 3.7) and controlled using IviumSoft
4.1109 software. The test solutions were deaerated for at least 0.5 hours before the start
of electrochemical testing and throughout the corrosion experiments by bubbling N2

through them.
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Figure 3.7: Schematic diagram of the three-electrode cell set-up used to corrosion test
samples. Please note that the diagram is not to scale
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3.7.3 Open Circuit Potential

OCP tests measure the potential of the sample when no external potential is applied.
The OCP measurements were carried out for a maximum of 3600 s. If the sample
achieved a stable potential before 3600 s, characterised by a <5 mV variation for >600
s, then the OCP test was stopped prematurely.

3.7.4 Potentiodynamic Polarisation

Immediately following the OCP test, the potentiodynamic polarisation scan was per-
formed. The applied potential was varied from 200 mV below the OCP up to 1100 mV.
A scan rate of 0.5 mV/s was used.

3.7.5 Immersion Tests

Immersion tests were performed for a total of 24 hours following ASTM B895-16
guidance205. The tests were performed in sealed beakers in solutions of 5% NaCl or 0.05
M H2SO4 at room temperature. In preparation for the immersion tests, the samples were
ground to P1200 using SiC paper, rinsed with acetone and then rinsed with deionised
water and dried using lint-free paper towel. The samples were removed from the solution
at time intervals of 0.5, 1, 2, 4, 8 and 24 hours and photographed to evaluate the
progression of corrosion. At each evaluation point, the sample was removed from the
immersion solution, rinsed with deionised water and dried using lint-free paper towel.

3.7.6 Post-Corrosion Test Characterisation

Following corrosion testing, samples were characterised by microscopy. Samples were
investigated before and after cleaning by optical microscopy as described in Section 3.4.2.
Cleaning the samples post-corrosion testing involved a mild abrasive and a soft bristled
brush and rinsing with tap water. The topography of the samples following corrosion
testing and cleaning was investigated using confocal microscopy by the method stated
in Section 3.4.2. Higher magnification micrographs were taken using SEM using the
apparatus and process listed in Section 3.4.2. Characterisation of pitting by analysing
number of pits and pit area was investigated using ImageJ.
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3.8 Statistical Analysis

To study the correlation between the sintering parameters and sintered part properties
the Pearson’s R value was calculated. OriginPro 2022b 9.9.5.171 was used to plot
density, hardness and grain size against the sintering parameters at which the samples
were produced. The Linear Fit function was employed which tabulates the R value of
the data set. The R values for each sample composition were then presented in a heat
map to aid comparison between the effects of the sintering parameters on the measured
parameters.
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4
C h a p t e r

Results and Discussion:
Powder Characterisation

An essential step in powder metallurgical processing is the characterisation of the
feedstock powder. The selected atomisation method, operational parameters and
feedstock material impact the resulting metal powders, affecting characteristics such as
morphology, size distribution and chemical composition79. It is imperative to investigate
these qualities as they influence powder usage in later processes and can impact the
sintered part’s properties and performance84. In this study, a total of seven different
316L and 17-4PH stainless steel powders were utilised. This chapter presents their
chemical composition, powder morphology and powder size distribution.

4.1 Chemical Composition

To better understand the powders used in this study, their elemental contents were
compared to the compositional requirements outlined in ASTM A666-23206 and A693-
22207 and presented in Table 4.1206,207. Tables 3.1 - 3.4 detail the compositions of
the 316L and 17-4PH SS powders. Where variations arise between the standardised
compositions and the elemental concentrations identified in this study, the possible
causes and ramifications will be examined.
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Table 4.1: Chemical compositions 316L and 17-4PH stainless steel obtained from ASTM
standards206,207. Where an elemental composition is not listed in the standard the
entry in the table below is instead filled with ’...’. The compositions presented here are
maximums unless stated as a range

Composition (wt.%)
Material Cr Ni Mo Mn Si Cu Nb C
316L 16.0 -

18.0
10.0 -
14.0

2.00 -
3.00

2.00 0.75 ... ... 0.030

17-4PH 15.0 -
17.5

3.00 -
5.00

... 1.00 1.00 3.00 -
5.00

0.15 -
0.45

0.07

4.1.1 Chromium

The 17-4PH powders contain Cr below the range designated in ASTM A693-22 (15.0
- 17.5 wt.%)207. As the 17-4PH alloys used in this study have a Cr content exceeding
10.5 wt.%, a chromium oxide passive film is expected to form2. However, since the
Cr content of the studied 17-4PH alloys is lower than the standardised composition,
the former may possess worse corrosion resistance, greater film instability and poorer
self-healing characteristics than an alloy which meets the ASTM specifications2. The
discrepancy between the Cr content of the powders studied and that described in the
ASTM standards is small (∼ 0.5 wt.%). It is unlikely that the change in the relative
proportions in alloying elements is due to the presence of PGM dopants since the same
trend is observed in both the doped and undoped 17-4PH powders. Another possible
ramification of lower Cr amounts than expected could be that the formation of δ-ferrite is
suppressed to a greater degree compared to a material that meets chemical specification
(discussed in Section 2.1.1). Typically, δ-ferrite is desired to be suppressed due to its
negative reported effects on mechanical and corrosion behaviour51–53.

4.1.2 Molybdenum

A minimum amount of Mo in 17-4PH is not stated in the standards and the Mo
content of 17-4PH is rarely reported in the literature. However, where reported, the
amounts observed match that in the current study208. The amount of Mo present in
the 316L alloys used in this study adheres to the concentrations outlined in the relevant
standard206.
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4.1.3 Manganese

The 17-4PH WA powders studied contain considerably less Mn than is listed in ASTM
A693-22207. Similarly, the WA 316L powders used in this study possess around 75%
lower Mn than the maximum amount specified in the standard206. As explained in
Section 2.1.1, the limits on Mn content are more stringent in powder metallurgy than in
cast materials. Mn is a strong oxidising element and since oxygen can be detrimental
to material behaviour, it is desirable to limit its presence in stainless steel. During
the processing of cast stainless steel, deoxidation can be used to remove some oxygen
pick-up. However, the same process cannot be used in atomisation. Therefore efforts
must be made to limit the total amount of oxygen pick-up since it cannot easily be
subsequently removed in atomisation. One way of achieving this is by reducing the Mn
content.

It was also observed that the WA powder in this study contained 66% less Mn than
the VIGA 316L powder. Similar discrepancies between the Mn content of GA and WA
were found by Jandaghi et al. 61 , Lou et al. 62 and Tobar et al. 63 . The amount of oxygen
pick up is typically higher in WA than in GA. Therefore, more stringent Mn limits are
required in the former to minimise the total amount of oxygen.

4.1.4 Silicon

The Si content of VIGA 316L powder is at the limit prescribed by the standard (0.75
wt.%) while all other 316L powders studied are below this limit. Though listed in the
ASTM standards, the Si content of the 17-4PH samples was not provided by the supplier
of the powder used in this study.

4.1.5 Copper

The concentration of Cu in 17-4PH samples is slightly below the limit outlined in the
standard and so is unlikely to have a large impact on the hardenability of the material.

4.1.6 Carbon

The C content of the 316L alloys studied exceeds the ASTM standards. This can be
detrimental to corrosion behaviour because a higher C content means greater susceptibil-
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ity to the formation of chromium carbides and the mechanism of intergranular corrosion.
The C content of the 316L alloys may be higher than expected due to the pickup of
C during melting; because these powders were water atomised, they were melted in
air. Dunkley 83 states that it is very difficult to avoid the pickup of C when melting
in air. Much of the C present in the wrought feedstock used in atomisation will also
be present in the final powder produced since the process offers little opportunity for
decarburisation60.

4.2 Powder Morphology

The WA stainless steel powders used in this study were of irregular morphology (Figure
4.1 (a)). Contrastingly, the VIGA 316L powder used in this study possesses a spherical
morphology with evidence of some satellites (Figure 4.1 (b)). These powder morphologies
are typical for WA and GA powders62,134. Powder morphology is especially important
in sintering techniques which rely on high compressibility of powders102. However, since
FAST is a versatile technique capable of consolidating a range of different feedstock
morphologies and sizes to high densities, the influence of powder morphology may be
less than compared with a technique such as MIM where packing behaviour is a greater
concern102,134.

Figure 4.1: Scanning electron micrographs of (a) WA 17-4PH and (b) VIGA 316L
stainless steel powder. Owing to the morphological similarities between the WA powders
and the need for brevity, further WA powder micrographs are not presented here
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4.3 Powder Size Analysis

Relative span (Equation 4.1) is a measure of particle size distribution about the median
size102. The undoped 316L produced by VIGA has a smaller median particle size but
a larger relative span to all other WA samples (Table 4.2). The WA powders are all
approximately the same in size meaning that comparisons can be made between them.

Relative Span = D90 − D10

D50
(4.1)

Table 4.2: Particle size distribution of the 316L and 17-4PH stainless steel powders used
in this study

Material D10(µm) D50(µm) D90(µm) Relative Span
17-4PH (WA) 16.8±0.83 50.5±2.21 113±2.31 2.10
17-4PH with Pd (WA) 12.9±1.08 39.1±2.36 106±3.69 2.37
17-4PH with Ru (WA) 13.8±0.43 40.5±1.46 106±3.17 2.28
316L (WA) 18.3±0.54 51.2±2.34 123±5.93 2.04
316L with Pd (WA) 18.4±0.58 50.2±1.80 119±3.96 2.00
316L with Ru (WA) 15.4±0.34 41.9±1.20 104±3.61 2.11
316L (VIGA) 7.58±0.57 20.9±0.57 73.5±6.53 3.16

4.4 Chapter Findings

The seven stainless steel powders used in this study were characterised. Some discrepan-
cies between the chemical composition of the studied powders and the ASTM standards
were observed. It was found that the WA powders were irregular in morphology while
the GA powder was spherical in morphology. This finding is in good agreement with
the literature.
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5
C h a p t e r

Results and Discussion:
Sample Synthesis and Microstruc-
tural, Physical and Elemental
Analysis

One of the objectives of this study was to assess the feasibility of using FASTto produce
graded cathodically modified stainless steels. To achieve this it was first necessary to
determine near-optimal sintering parameters for each of the compositions considered.
This chapter presents an investigation of the impact of sintering temperature and times
on the properties of the bulk alloyed (i.e. non-FGM) samples. Comparisons are made
between the chemical and physical characteristics of the FAST-processed and the cast
samples. Also explored here is the influence of atomisation technique on sintered sample
characteristics, focusing specifically on the properties evolving from water atomisation
and vacuum inert gas atomisation. The final part of this chapter also presents the
assessment of the functionally graded PGM-doped stainless steel that was synthesised.
The corrosion behaviour of both the bulk alloyed and functionally graded samples is
detailed later in Chapter 7.

5.1 Bulk Alloyed Samples

Optimising the sintering parameters is an imperative step in powder metallurgy as
it ensures your material will perform satisfactorily. In the current study, different
combinations of sintering temperature and time were explored to ascertain near-optimal
FAST sintering conditions (Table 3.5). The samples produced were then characterised
in terms of their microstructure, elemental distribution and physical properties.

5.1.1 Microstructure and Elemental Mapping

The first set of water atomised (WA) 316L and 17-4PH stainless steel samples was
sintered at 1000°C for 600 s. Micrographs of these samples revealed dark and typically
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crescent-shaped features (Figure 5.1 (a) and 5.2 (a)). Irregular morphological features
such as these are typically attributed to porosity along prior powder particles62,134,209.
Visible powder boundaries and pores can result from under-sintering, a phenomenon
associated with either sintering at too low a temperature or too short a time210. During
the early stages of sintering, necking between particles should form to ensure good
mechanical behaviour of the compacted part and annihilate residual porosity between
powder particles210. Therefore, in an attempt to reduce the presence of these powder
particle boundary features, different sintering temperature and time combinations were
used (Table 3.5). The samples produced by expanding the production parameters used
are illustrated in Figure 5.1 (b-e) and 5.2 (b-e).

Figure 5.1: Matrix of optical micrographs of unetched WA 316L with Pd sintered at
differing temperatures (a-c) and differing sintering times (d-e) (x20). The size of selected
prior powder particles are measured
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Figure 5.2: Matrix of optical micrographs of unetched WA 17-4PH with Pd sintered at
differing temperatures (a-c) and differing sintering times (d-e) (x20)
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Increasing the sintering temperature reduced but didn’t eliminate the appearance of
the dark features at the powder particle boundaries in the 17-4PH samples (Figure
5.2 (b-e)). In contrast, varying the sintering parameters yielded fewer microstructural
changes in the 316L samples, with all micrographs exhibiting a similar distribution of
powder particle boundary features (Figure 5.1 (b-e)). Further investigation revealed
increasing the sintering temperature improved the relative density to near-full density
and reduced the porosity of the sintered samples (Figure 5.9). Despite this, the features
at the prior particle boundaries were still visible. This suggests that porosity alone does
not fully account for the presence of the powder particle boundary features.

The presence of oxide inclusions is an alternative explanation for the dark features seen
in Figures 5.1 and 5.2. As explained in Chapter 2, the surface of water atomised powders
typically possesses silicon-rich oxides. Kozub et al. 69 state that these oxide compounds
can be reduced. This can be achieved in a vacuum by thermal decomposition but this is
dependent on sintering temperature and time being adequately high67,69. SiO2 is the
most difficult of the surface oxides found in powder processed SS to reduce and can
obstruct the formation of necking between particles if not removed67. According to the
Ellingham diagram (Figure 2.24), silicon oxides thermally decompose at temperatures
exceeding those used in this study141. As a result, this suggests that any oxide inclusions
originating from the atomisation process will remain in the sintered samples studied
here.

EDS mapping and laser confocal imaging were used to characterise the chemical compo-
sition and morphology of the samples to further investigate the nature of the unknown
features in the WA specimens. As Figure 5.3 illustrates, these features were confirmed
to be oxides rich in Si, Mn and Cr and topographic mapping gave further support to
the conclusion that these features are not wholly pores. Specifically, the topographic
analysis indicated that the crescent-shaped particle boundary features exhibited minimal
height variation relative to surrounding areas (Figure 5.4). Instead, smaller and rounder
features (as shown in Figure 5.4 (ii)) were found to possess greater peak-to-valley height
profile which signifies porosity. Therefore, EDS and topographic mapping demonstrated
that the irregular features surrounding sintered water atomised powder particles are
oxides rich in Si, Mn and Cr rather than pores. The current study shows good agreement
to the literature whereby multiple studies have reported the presence of oxide inclusions
in atomised stainless steel62,211–213.
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Figure 5.3: Scanning electron micrographs and EDS maps of inclusions surrounding prior
powder particles found in WA 316L with Ru sintered at 1100°C for 600 s. Micrograph (a)
was taken at x3000 magnification while the inset micrograph (b) and the corresponding
EDS maps were captured at x10,000 magnification

99



Figure 5.4: Confocal laser micrographs of a pore found in a sample of WA 316L with
Ru sintered at 1100°C for 600 s. Micrograph (i) shows the light microscopy image and
(ii) shows the topographic map of the same area. Darker hues in the topographic map
represent greater depths. Both images were captured at x50 magnification

While the results reported in Figures 5.3 and 5.4 concern 316L stainless steel, the
same observations were made for the sintered 17-4PH specimens. EDS mapping was
used to confirm that the 17-4PH samples also possessed silicon-rich oxide inclusions at
powder particle boundaries (Figure 5.5). This is to be expected as both the 316L and
17-4PH powders examined here are water atomised. The inclusions found in both alloys
consisted of O in addition to Si, Mn and Cr, showing good agreement with the work of
Yang et al. 213 and Riabov et al. 212 .

The chemical composition and thickness of the oxide inclusions on powder particles
are of interest to the current study because of the detrimental effect that these oxide
inclusions can have on the sinterability of the SS powders in addition to the corrosion
resistance73,74,214. Similar to the current study, Tunberg and Nyborg 73 and Hedberg
et al. 139 found that water atomised stainless steel particles were covered with Mn, Fe,
Cr and Si oxides. An area where differences can be found between the current study
and earlier findings lay in the oxide thickness. Tunberg and Nyborg 73 and Hedberg
et al. 139 determined that the oxide thickness was between 5 to 30 nm. A measurement
of the oxide layer in the current study revealed that the oxide inclusions are two to
three orders of magnitude larger than those observed by Tunberg and Nyborg 73 and
Hedberg et al. 139 (Figure 5.5).
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Figure 5.5: Scanning electron micrographs and EDS maps of inclusions surrounding prior
powder particles found in WA 17-4PH sintered at 1100°C for 300 s. All micrographs
were captured at x10,000 magnification
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Several factors affect the thickness and chemical composition of the oxide inclusions
on atomised SS powders, these include: particle size, cooling rates, oxygen content
of the atomising atmosphere and powder chemical composition61,73. Oxide thickness
and powder particle size are also linked: smaller particles cool more rapidly therefore
less time is available for oxide film formation leading to thinner oxides73. Since the
powders studied by Tunberg and Nyborg 73 and Hedberg et al. 139 were produced by water
atomisation, it is expected that the cooling rates in the current study are of the same
order of magnitude. Therefore, variation in the cooling rates is an unlikely explanation
for the differences in oxide thickness. A factor more likely to have contributed to the
inconsistencies in oxide thickness is the chemical composition. Schade and Dunkley 215

explains that the oxide content of water atomised stainless steel is a function of the
arithmetic difference between the Si and Mn content (illustrated in Figure 5.6). Si
oxide films are more protective against further oxidation than Mn oxide films are. This
suggests a higher content of Si relative to Mn therefore will result in a thinner oxide film.
The arithmetic difference of the current study and the work of Tunberg and Nyborg 73

and Hedberg et al. 139 is presented in Table 5.1. A larger arithmetic difference between
Si and Mn is exhibited by the stainless steel powders investigated in the current work
compared with those reported in previous studies (Table 5.1). The large thickness of
the oxides in the current study may therefore be attributed to the relative Si and Mn
contents of the stainless steel powders. Another potential cause for the differences in the
measured oxide thickness in the current study compared with literature may be owing
to the investigative technique utilised. The current study analysed the thickness visually
using SEM micrographs while Tunberg and Nyborg 73 and Hedberg et al. 139 used Auger
electron spectroscopy. While the experimental approach likely impacted the measured
oxide thickness it is probable that the relative Si and Mn content also contributed.
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Figure 5.6: Graph showing the effect of Si and Mn content on the O content of 304L
stainless steel powders. As the difference between Si and Mn content increases the
oxygen pick-up during atomisation decreases. This graph was used with permission of
ASM International, from Powder Metallurgy, Atomization; permission conveyed through
Copyright Clearance Center, Inc215

Table 5.1: Arithmetic difference between Si and Mn contents of the water atomised
stainless steels powders used in this study compared with that reported in the literature

Source Alloy Si - Mn (wt.%)

Current Study
316L SS 0.22

316L SS with Ru 0.17
316L SS with Pd 0.22

Tunberg and Nyborg 73 304L SS 0.77
304L SS 0.70

Hedberg et al. 139 316L SS 0.75
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Figure 5.7 presents the microstructure of two representative etched sintered samples.
The grains were found to be of same order of magnitude and several grains found to
make up a single powder particle. Owing to their similarity, the microstructures of other
etched samples is not included here.

Figure 5.7: Micrographs of sintered (a) Ru-doped 316L (x20 magnification) and (b)
Pd-doped 17-4PH demonstrating the microstructural similarities in the two alloys in
their as-sintered state. Images were captured at x50 magnification. Both samples were
sintered at 1100°C for 600 s and were etched using Kalling’s No.1 solution

5.1.2 Density and Grain Size

Density and grain size are important to consider when regarding powder processed
stainless steels. Higher densities and smaller grains are typically associated with
enhancing corrosion resistance25,146. As explained in Section 2.2.3, density and grain
size are interconnected characteristics. Consequently, these two material characteristics
will be presented and discussed here together.

For the 316L samples, a positive correlation was identified between the density and
both sintering temperature and time, as illustrated in Figures 5.8 (a), 5.9 (a-b) and 5.10
(a-b)). Note that a stronger positive correlation exists between sintering temperature and
density compared to that between sintering time and density (Figure 5.8 (a)). The grain
size and the sintering parameters exhibited a similar trend: a weaker positive correlation
was found between sintering time and grain size compared to sintering temperature
and grain size. In contrast, the 17-4PH samples exhibited a strong positive correlation
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between the sintering parameters and both density and grain size (Figures 5.8 (b), 5.9
(c-d) and 5.10 (c-d)).

Figure 5.8: Correlation matrix presenting the relationship between sintering temperature
and time against the relative density, grain size and hardness for the (a) 316L and (b)
17-4PH samples. A positive R value suggests a positive correlation, the opposite is true
for a negative R value. It is worth noting that correlation does not imply causation
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Figure 5.9: Graphs comparing the relative density of sintered WA 316L and 17-4PH
stainless steel samples. Graphs (a) and (c) show the effect of varying the sintering
temperature while sintering for 600 s. Graphs (b) and (d) illustrate the effects of varying
the sintering time on hardness while maintaining the sintering temperature at 1100°C
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Figure 5.10: Graphs comparing the grain size of sintered WA 316L and 17-4PH stainless
steel samples. Graphs (a) and (c) show the effect of varying the sintering temperature
while sintering for 600 s. Graphs (b) and (d) illustrate the effects of varying the sintering
time on hardness while maintaining the sintering temperature at 1100°C

107



The data suggest increasing sintering time was less effective at improving 316L sample
density than sintering temperature. However, the sintering time variation tests were
performed at 1100°C - a temperature at which the samples all had near-full density -
therefore, the opportunity for further densification is limited by the nearing of maximum
attainable density (Figure 5.9 (b)).

Contrastingly, the 17-4PH samples show an improvement in density with both the
increase in sintering temperature and the increase in sintering time (Figure 5.9 (b) and
(d)). A reason for the difference in the trends exhibited by the two alloys in this study
may be their physical differences. Sintering temperature is proportional to melting
temperature216. Since 17-4PH has a higher melting temperature than 316L SS48, it
is expected that 17-4PH will have a higher ideal sintering temperature than 316L SS.
This may explain why sintering at 1000°C resulted in lower relative densities in the
17-4PH samples compared to the 316L samples (Figure 5.9 (a) and (c)). Meanwhile, at
a sintering temperature of 1100°C, both the 316L and 17-4PH stainless steel samples
in this study possessed near-full density. Consequently, it could be described that the
sintering parameters approached an optimal combination. Given the relatively low
sintering temperatures and times examined, along with the high densities achieved, the
sintering process can be considered successful and efficient.

It is important to note that while the samples investigated here exhibited relative
densities approaching theoretical values, full density was not achieved. One potential
reason for this is the presence of trapped gases within pores which can limit full
densification93. These gases are difficult to remove and can, if the pores with trapped
insoluble gas, result in the coarsening of pores if the gas pressure increases. Consequently,
the density can decrease while porosity increases93. Such findings were reported in the
work of Thangamani et al. 217 , who found that the pores in sintered parts made from
WA powders became trapped and remained as closed pores, limiting the final density
of the sintered part. Another possible explanation for the lack of full densification is
that the methodology requires further optimising, a process which could involve varying
other sintering conditions which were not explored in the current study, such as applied
pressure.

The processing times used in FAST are short compared to conventional sintering
techniques such as HIP102. This feature of FAST limits the opportunities for grain
growth, consequently providing a possible explanation for why the grains in this study are
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smaller than that typically reported elsewhere using other sintering techniques218–221. An
additional reason for the small grain size in this study is the silicon-rich oxide inclusions
identified in Section 5.1.1. These oxides can inhibit sintering rates by restricting grain
coarsening mechanisms103.

A potential impact of the relatively small grain size exhibited by samples in this study
is the improvement of corrosion behaviour. A review by Ralston et al. 146 states that
corrosion rates decrease with grain size reduction in materials which exhibit passivity.
This phenomenon was attributed to oxide film growth rates positively correlating with
grain boundary density. This finding suggests that the small grain size of the samples
in this study relative to other powder processed stainless steels could have a positive
effect on their corrosion performance.

As shown in Figure 5.10 (a) and (c), the mean grain size of samples sintered at 1100°C
was larger than those sintered at 1000°C. This observation agrees with established
findings whereby higher sintering temperatures promote grain coarsening99,222. Increasing
sintering time resulted in a similar trend (Figure 5.10 (b) and (d)). However, note the
overlap in the spread of grain size data obtained from the samples produced under
different sintering conditions. This suggests that the trends may not be statistically
significant.

This study finds sintering at 1100°C for 600 s to be the most optimal parameter combi-
nation where maximising sample density and minimising processing time is concerned.
While sintering at 1100°C for 900 s yields the highest density for both the 316L and
17-4PH SS samples, the difference in density for samples sintered for 600 s and 900 s is
marginal. Since sintering for prolonged time facilitates grain coarsening and can provide
opportunities for the formation of unwanted secondary phases, it is desirable to limit
hold times to 600 s.
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5.1.3 Hardness

Though not a primary focus of this study a rudimentary understanding of the mechanical
properties of the samples produced in this study is desirable. Since it is well established
that hardness is proportional to strength, hardness testing is explored in the current
study to understand the relationship between the processing parameters and mechanical
behaviour223.

Regarding sintered materials, strength increases are associated with the higher densities
and lower porosities which are typically achieved by sintering at higher temperatures and
for longer times94,96–99. The strength, and therefore hardness, of sintered materials is
dependent on the densification and grain coarsening mechanisms94. Mechanical strength
is developed during sintering by the formation of necking at particle contact points
which increase in size as sintering proceeds and strengthen the material93. However,
over-sintering (sintering at higher temperatures and/or for extended time) can lead
to excessive grain coarsening or over-burning which can be detrimental to mechanical
properties224. Stanley and Perrotta 101 report that grain growth occurs in 316 SS at
temperatures of 1037.8°C and above. The Hall-Petch relationship, shown in Equation
5.1225, can be used to describe the influence of grain size on hardness, where Hv is
the hardness in a polycrystalline metal, d is grain size, Hv0 and kHv are constants. By
Equation 5.1, grain growth will result in a decrease in hardness.

Hv = Hv0 + kHvd−1/2 (5.1)

In the current study, sintering time and hardness exhibited a negative correlation for
both undoped 316L and Ru-doped 316L (Figure 5.8 (a)). Meanwhile, for the same
two alloys, a positive correlation exists between sintering temperature and hardness.
Contrastingly, Pd-doped 316L exhibits the opposite trends. The trends observed in
316L and Ru-doped 316L may be explained by grain coarsening phenomena. Sintering
at 1100°C for 600 s resulted in near-full density, sintering the sample for an additional
300 s did not lead to further densification but instead facilitated a slight increase in
grain size and therefore a decrease in hardness according to Equation 5.1 (Figures 5.9
and 5.10).
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For all 17-4PH samples used in this study, a positive correlation was found between
sintering time and temperature and hardness (Figure 5.8 (b)). This is likely due to
the density improvements which were achieved by increasing the sintering temperature
and time (Figure 5.9). Lower density sintered materials typically have more porosity
which can be detrimental to hardness because it reduces the area via which forces
are transmitted. By increasing density, porosity is reduced which in turn improves
mechanical properties. However, the overlap in the data suggests that the results and
any conclusions made from them may not be significant (Figure 5.11 (c-d)).

Figure 5.11: Graphs comparing the hardness of sintered WA 316L and 17-4PH stainless
steel samples. Graphs (a) and (c) show the effect of varying the sintering temperature
while sintering for 600 s. Graphs (b) and (d) illustrate the effects of varying the sintering
time on hardness while maintaining the sintering temperature at 1100°C

In this study, the hardness of the sintered 316L samples was found to vary between 184
and 200 Hv which is lower than what ASTM reported for bar 316L: 220 Hv (Figure 5.11).
Owing to the porosity inherent to powder metallurgical processing, the mechanical
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properties of sintered parts are typically poorer than that of cast equivalents218,226.
Pores are a microstructural feature often characteristic of sintered parts. Pores can
be detrimental to mechanical properties since they limit the effective load-bearing
cross-sectional area and introduce stress concentrators to the material95,227. Therefore
the findings of this study show good agreement with the literature. Typically, the
mechanical properties of sintered parts are enhanced by increased sintering temperature
due to improved densification and the resulting reduction in porosity98,99. However,
the conditions which permit densification also facilitate microstructural coarsening
mechanisms and so grain growth remains an unavoidable feature of sintering95.

The hardness of the undoped as-sintered 17-4PH varied between 286 and 373 Hv.
These values show good agreement with values reported for powder metallurgy 17-
4PH specimens in the literature. Huber et al. 221 sintered AM 17-4PH specimens at
temperatures between 1270 and 1360°C for times between 0.5 and 3 hours, they achieved
hardness measurements between 275 and 350 Hv. Irrinki et al. 228 also reported similar
hardness values to the current study, with values ranging from 258 to 332 Hv for the
different build conditions in as-built LPBF 17-4PH specimens. Suri et al. 229 sintered
17-4PH by the cold isostatic pressing technique and found that the as-sintered samples
possessed a hardness of 262 Hv, again a value which shows good agreement to the
observations made in the current study. In another study, Pandya et al. 226 sintered
316L stainless steel at between 1200 and 1400°C and measured a maximum hardness of
126 Hv, which is substantially lower than that measured in this study. However, this
is likely due to the relative densities achieved by Pandya et al. 226 (83 - 90%) which is
lower than that found in the current study, which ranged between 96.5 - 98.3%. These
findings highlight the efficiency by which FAST can achieve comparable hardness to
other powder metallurgy techniques. The maximum processing time used in this study,
including heating and cooling, was around 1 hour, which is substantially shorter than the
processing times used by Huber et al. 221 and Suri et al. 229 to achieve similar hardness
values, 5 - 7.5 hours and 10 hours respectively.

With regard to the effect of the PGM additions on hardness, it is known that doping with
small amounts of elements can lead to an enhancement of mechanical properties by solid
solution strengthening. Solid solution strengthening enhances mechanical performance of
metals by impeding the motion of dislocations in the material138. Solution strengthening
can be substitutional or interstitial in its nature. Given the relative size of Fe, Ru
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and Pd atoms, Ru and Pd atoms will be present within the stainless steel crystal
lattice as substitutional solutes. The mechanism of solid solution strengthening is
dependent on the size of the solute atoms and their concentration within the parent
metal matrix1. In stainless steel, the larger the solute atom relative to Fe atoms the
greater the strengthening effect138. Few studies explore the effect of PGM doping on
stainless steel mechanical properties however those that do found that it does not have
a significant impact. For example, Lekala et al. 196 found that laser alloying Ru to
316L substrates increased the hardness by 40 Hv compared to the unmodified substrate.
However, this change was partly attributed to the laser alloying process, a technique
which causes microstructural refinement that improves hardness via the Hall-Petch
mechanism (Equation 5.1)196,230. This finding was confirmed by van der Merwe and
Nelwalani 180 , who investigated the hardness of 304L stainless steel which had been
laser surface alloyed with Ru at varying laser parameters. Their study found that the
hardness was influenced by the laser parameters and not dependent on Ru presence nor
increasing Ru content. This was established by comparing the hardness of the substrate
when modified with undoped and doped powders of varying Ru contents.

In the current study, no clear trend emerged from the PGM doping of the stainless
steels. With only two Ru-doped and one Pd-doped sample showing a small increase in
the hardness relative to the undoped sample. For all other samples the presence of the
PGMs either had no statistically significant effect or had a detrimental affect on the
hardness. These results are not surprising as the PGM additions are not expected to
have a positive hardening effect on the alloys in this study. Given the location of Ru and
Pd relative to Fe in the periodic table, their atomic sizes are similar. Additionally, the
amounts of Ru and Pd added to the 316L and 17-4PH stainless steels explored in this
study are small. These factors combined mean PGM presence will not have a strong
solid solution strengthening effect on the alloys studied here.
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5.1.4 Pore Analysis

Pores are an inherent feature of PM parts and their complete removal is typically not
attainable. As a result, though the samples in this study were of near-full density,
some porosity remained (Figures 5.12 and 5.13). Pores can remain in powder processed
parts because gases can become trapped and pressurised in pores during densification
preventing further sintering from occurring95.

A comparison of the 316L and 17-4PH samples revealed differences in geometry of
pores when sintered under the same conditions (Figures 5.12 and 5.13). The pores
in the 17-4PH samples were of greater irregularity, size and depth than those in the
316L sample. Insufficient sintering (sintering for too short a time and/or at too low a
temperature) can produce specimens in possession of sharp, angular pores103. Porosity is
expected to decrease during sintering due to the elimination of pores via grain boundary
and volume diffusion134. Simultaneously, pore size may increase due to the low pressure
in the sintering chamber causing trapped air in the closed pores to expand and due to
Ostwald ripening causing growth of pores within grains96,134,231. The presence of silicon-
rich oxides can also impact sinterability causing the remnants of residual porosity95.
Additionally, these inclusions can affect pore morphology in a negative way since they
can inhibit sinter bonds and prevent pore rounding103. This may offer an explanation
for the presence of the residual angular porosity in the WA samples.

Mean pore size has been found by Verlee et al. 97 to be dependent on mean particle
size since smaller particles can be packed closer together. Verlee et al. 97 describes that
the primary driving force during sintering is surface energy and since driving force is
higher for smaller particles, they will achieve higher densification more easily than coarse
particles. However, the D50 particle size of the 316L and 17-4PH stainless steel powders
used in this study are broadly similar (Tables 3.1 and 3.3). Therefore, particle size is an
unlikely factor contributing to the differences in pore size and depth observed in the
316L and 17-4PH stainless steel samples.
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Figure 5.12: Confocal laser micrographs of a pore observed in a sample of WA 316L with
Pd sintered at 1000°C for 600 s. Micrograph (a) shows the light microscopy image and
the inset image (b) shows a close up topographic map of the highlighted pore. Darker
hues in the topographic map represent greater depths. Line graphs (c) and (d) show the
corresponding height profiles for Lines 1 and 2 depicted in image (b). Both micrographs
were captured at x150 magnification
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Figure 5.13: Confocal laser micrographs of WA 17-4PH sintered at 1000°C for 600
s. Micrograph (a) shows the light microscopy image and the inset image (b) shows
a close up topographic map of the highlighted pore. Darker hues in the topographic
map represent greater depths. Line graphs (c) and (d) show the corresponding height
profiles for Lines 1 and 2 depicted in image (b). Both micrographs were captured at
x150 magnification
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5.1.5 Summary

It was concluded that sintering the 316L and 17-4PH samples at 1100°C for 600 s
produced near-optimal properties. Shorter hold times are preferred to reduce processing
time and grain growth opportunities99,232. Additionally, minimising hold time reduces
the likelihood of the reactions between the powder and die and the formation of unwanted
phases28. In this study, increasing hold time had a less dramatic effect on relative density
and hardness than increasing sintering temperature (Figures 5.9 and 5.11). Ji et al. 219

reported similar findings: small increases in sintering temperature resulted in significant
increases in the part density with the effect of time being significantly smaller. Both
increasing sintering temperature and increasing hold time had a more pronounced effect
on the relative density of 17-4PH samples compared with 316L samples. Increasing hold
time had no significant effect on the hardness of 316L samples and improves the hardness
of 17-4PH samples by a small degree. This may be because, for the investigation into the
effect of hold time, the sintering temperature was maintained at 1100°C, a temperature
at which even at 300 s hold time, relative densities above 96% were achieved for all
samples. The extent by which the relative density, and therefore the hardness, could be
improved by increased hold time was therefore limited.
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5.1.6 Effect of Metal Processing Technique on Microstructure,
Physical Properties and Elemental Distribution

This section compares the properties of the cast Ru- and Pd-doped 316L stainless steels
to their sintered equivalents evaluating the effect of processing route on microstructure,
density and hardness.

Microstructure and Elemental Mapping

Figure 5.14 shows the microstructure of the etched cast Ru-doped sample. Due to
its similarity to the Ru-doped sample, micrographs of the Pd-doped sample are not
presented here. The cast samples possess coarse grains with a columnar dendritic
structure. This is in contrast to the sintered samples which possess an entirely equiaxed
microstructure (Figure 5.7). The grains found within the cast samples are also more
coarse than those in the sintered samples. The difference in the microstructures is likely
owing to the difference in cooling rates. Fast cooling rates are known to result in more
refined microstructures because they restrict the amount of grain coarsening which can
occur233. In cast metallurgical processing cooling can proceed at rates of 0.5 Ks-1 while
the cooling rates associated FAST processing can be around 1.3 Ks-1 234. The fine grain
structures in the sintered samples relative to the cast samples is because of the faster
cooling rates associated with FAST. In their studies, Mesquita and Barbosa 235 and
Bartolomeu et al. 236 also observed finer microstructures in PM steel compared with cast.
Cast metals commonly possess dendritic microstructures since the anisotropic surface
energy facilitates dendritic growth in certain directions237.

Figures 5.15 - 5.18 present the elemental distribution of the FAST processed and cast
PGM-doped 316L stainless steel samples. These figures confirm the PGMs are homoge-
neously distributed in both the FAST processed and cast samples. The homogeneous
distribution of PGMs is desirable in this study. This is because one of the ways in which
cathodic modification leads to the enhancement of corrosion performance is through the
noble alloying additions blocking anodic sites in the crystal lattice, reducing rates of
anodic dissolution238. The other way in which cathodic modification can contribute to
lower corrosion rates is by the modifying elements acting as a catalyst for the hydrogen
evolution reaction, which shifts the corrosion potential into the passive region9. The
literature suggests that a non-uniform distribution of PGMs in the SS matrix leads to
electrochemical inhomogeneities and can contribute to worsened corrosion performance.
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Figure 5.14: Optical micrographs of (a) unetched and (b) etched cast Ru-doped 316L
(x20 magnification). The sample was etched using Kalling’s No.1 solution. Etching
revealed a dendritic microstructure

For example, when Peled and Itzhak 23 alloyed 316 SS with 1 wt.% Ag the Ag was present
as inclusions in the austenitic matrix. Corrosion testing revealed the cathodic activity
of the inclusions in this sample led to the breakdown of the passive film. Meanwhile,
they found that when alloying with 2 wt.% Pt a solid solution was formed with the
austenitic matrix and the resulting sample was passive for the duration of the immersion
tests. Lekala et al. 196 observed that 316L SS laser alloyed with 5.6 wt.% Ru resulted
in the dissolution and homogeneous distribution of Ru, enhancing corrosion behaviour.
Contrastingly, it was found that undissolved Ru particles attributed to the poor corrosion
performance of 9.6 wt.% Ru laser surface alloyed 316L SS. By taking into account the
literature, the achievement of even distribution of PGMs in both the FAST and cast
samples in this study bode well for their corrosion performance.
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Figure 5.15: EDS map of Pd-doped 316L stainless steel sintered at 1000°C for 600
s showing the distribution of selected primary alloying elements alongside the PGM
dopant (x500 magnification)

Figure 5.16: EDS map of cast Pd-doped 316L stainless steel showing the distribution of
selected primary alloying elements alongside the PGM dopant (x500 magnification)
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Figure 5.17: EDS map of Ru-doped 316L stainless steel sintered at 1000°C for 600
s showing the distribution of selected primary alloying elements alongside the PGM
dopant (x500 magnification)

Figure 5.18: EDS map of cast Ru-doped 316L stainless steel showing the distribution of
selected primary alloying elements alongside the PGM dopant (x500 magnification)
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Other elements exhibited some inhomogeneity. The cast samples showed a greater
degree of enrichment of elements, for example, with regions enriched in Nb, Mo and
Cr observed (Figures 5.16 and 5.18). Nb is a strong carbide-forming element present
in 316L for stabilisation purposes1. This means it will preferentially form, minimising
the chance of Cr depletion by the formation of M23C6 precipitates which can lead to
intergranular corrosion1. As a result, the presence of the Nb-rich regions in the cast
samples in this study is likely not a cause for concern.

Figures 5.15 and 5.17 illustrate that Mo is evenly distributed throughout the sintered
samples. Contrastingly, their cast equivalents (Figures 5.16 and 5.18) present areas
enriched in Mo. This observation may be due to the atomisation process finely dispersing
any formed precipitates resulting in the homogeneous distribution of alloying elements.
Mo is present in stainless steels to improve resistance to pitting corrosion by increasing
the stability of the passive film, reducing the number of point defects in the passive film
and limiting pit growth rates239. Mo will readily react to form undesirable carbides1,7.
Therefore, the formation of Mo-rich regions in these samples may lead to inhomogeneous
pitting resistance across the exposed surface of the SS, leaving some regions more
susceptible to this corrosion phenomenon. The distribution of Mo in the cast samples
suggest that its pitting resistance may be detrimentally affected.

Hardness

The mean hardness for the Ru- and Pd-doped cast samples was 222±10 Hv and 223±7
Hv, respectively (Figure 5.19). For the sintered samples, which were produced at a
range of sintering temperature and times, the obtained mean hardness was 187 - 204 Hv
for the Ru-doped samples and 171 - 210 Hv for the Pd-doped samples. A comparison
of the hardness of the highest hardness sintered samples and their cast equivalents
revealed a difference of 6% and 9% for the Ru-doped and Pd-doped samples, respectively.
The mean hardness of PGM-doped 316L cast samples explored here is slightly higher
than the values reported by Bartolomeu et al. 236 and Sun et al. 240 , which was 165 and
185 HV respectively, in undoped cast 316L. It was ascertained in the literature review
(Section 2) that PGMs will not impact the hardness of the sample through solid solution
strengthening. Therefore, the differences between the hardness observed here and that
reported in the literature are due to reasons other than the PGM content. This study
does however show good agreement with the ASTM standards, which report a hardness
of 220 Hv for conventionally processed 316L stainless steel206. Many differences can arise
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during the casting process which may affect the hardness, these include the presence
of residual porosity, microsegregation or the formation of coarser grains due to slower
cooling rates237. These factors provide a potential explanation for the range of different
values of the hardness of cast 316L stainless steel reported in the literature.

Figure 5.19: Bar graph comparing the hardness values of the two PGM-doped 316L
stainless steel cast samples

The variation in the hardness was small for both the cast and the sintered samples.
Homogeneous mechanical properties in the samples suggest the microstructure of both
the sintered and cast Ru-doped and Pd-doped 316L samples are uniform.

In terms of the absolute values, the hardness of the cast samples was higher than the
sintered samples. While enhanced hardness is associated with lower grain size, as given
by the Hall-Petch equation (Equation 5.1), the opposite trend is observed here: the
more coarsely grained cast samples have hardness values which exceed that of the
more finely grained sintered counterparts. Porosity, rather than grain size, is a more
probable cause of the difference in the hardness values of the cast and PM specimens
in this study. Sintered samples are often reported to have lower hardness than their
conventionally produced counterparts62,220,226,229. Additionally, studies show that with
decreasing porosity sintered samples have higher hardness220,226. Such findings suggest
the presence of porosity, though comparatively minimal in the current study (since
relative densities were >86%), may be responsible for the differences in the hardness of
the sintered and cast samples.
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5.1.7 Effect of Atomisation Route on Microstructure, Physical
Properties and Elemental Distribution

Vacuum inert gas atomisation (VIGA) and water atomisation (WA) are two techniques
commonly used to produce metal powders. They differ primarily in terms of the
atomisation fluid used and atomisation atmosphere. These differences lead to variations
in powder morphology, size and chemistry, which in turn impact how the powder behaves
in subsequent processing.

Often, the choice of atomisation technique is dictated by specific application requirements.
For example, within the aerospace sector, where stringent oxygen limits are specified,
VIGA atomisation is preferred due to its ability to produce low oxygen content powders86.
In comparison to VIGA powders, WA powders have higher oxygen contents but are
considerably lower in cost and so where their use is feasible, they are preferred84. FAST
is a versatile powder processing technique capable of successfully consolidating a range
of metallic feedstock types, including VIGA and WA powders102. The current study
assesses whether FAST can produce samples using powders produced by the cheaper
WA approach which possess comparative characteristics to those produced from the
more expensive VIGA powders. Specifically, how the atomisation route impacts the
microstructure and physical properties of the sintered compacts will be studied.

Microstructure and Elemental Mapping

Silicon oxide inclusions are detrimental to the corrosion performance of stainless steels
as they have a negative effect on the passive film stability60,103. As explained in Chapter
2, the silicon-rich oxides on the surfaces of water atomised powders are typically absent
from gas atomised powder. Silicon oxide inclusions form during water atomisation due
to silicon being a strong oxidiser. Silicon has a greater propensity to oxidise during water
atomisation when compared to VIGA because of the availability of greater oxygen in the
system. The crescent-shaped features found in sintered WA stainless steel samples which
were proven to be silicon-rich oxides in the previous section are present in a different
form in the VIGA samples (Figure 5.20 (a)). The inclusions in the gas atomised samples
have a smaller particle size (around 1 µm) than that found in the WA samples (Figures
5.20 and 5.21).
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Similar to the current study, Riabov et al. 212 and Lindstedt and Karlsson 70 found that
VIGA powders possessed a lower degree of particle surface coverage by oxide compounds
compared with WA powders. This observation is attributed to the lower amount of
oxygen available during the atomisation process to facilitate oxidation. In terms of the
composition of the inclusions, the WA samples possessed oxide inclusions which were
rich in Si, Cr and Mn. Meanwhile, the oxide inclusions found in the VIGA samples were
not enriched in Cr and Mn but instead were primarily Si-rich oxides. This is despite the
Si contents of the two powders being similar and the VIGA powder containing almost
three times as much Mn (Table 3.1). The oxides found in the VIGA powder consisted
of primarily Si-rich oxides likely because Si, being an element with a high affinity for
oxygen, will preferentially oxidise in the low O2 vacuum environment212.

Figure 5.20: Optical micrographs showing the microstructure of consolidated (a) water
atomised and (b) vacuum inert gas atomised 316L stainless steel. Both samples were
sintered at 1100°C for 600 s. Prior powder particle boundaries can be observed in (a)
but cannot in (b). A finer distribution of inclusions is found in (b) compared with (a)
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Figure 5.21: Scanning electron micrographs and EDS maps of inclusions observed in
VIGA 316L stainless steel sintered at 1100°C for 300 s. Micrograph (a) was taken at
x3000 magnification while the inset micrograph (b) and the corresponding EDS maps
were captured at x10,000 magnification
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Density and Grain Size

As Figure 5.22 demonstrates, the relationship between density, hardness and grain size
and the varied sintering parameters showed alike trends for both the WA and VIGA
samples. The close resemblance in the trends suggest that parameter variation has
similar effects on the sintering behaviour of both powders. The main differences in the
trends emerge concerning hardness. While the WA samples show a positive correlation
between sintering temperature and hardness and a negative correlation between sintering
time and hardness, the opposite relationship is exhibited by the VIGA samples.

Figure 5.23 compares the relative density of undoped VIGA and WA 316L powders
sintered at varying temperatures (a) for varying times (b). Both the gas and water
atomised samples in this study were sintered to near-full density at temperatures of
1100°C. However, at the lower sintering temperature of 1000°C, the GA sample achieved
higher relative density. Increasing the sintering temperature to 1100°C eliminated the
density disparity between the two sample sets. At this temperature, relative densities of
∼ 98.5% were achieved.

Figure 5.22: Correlation matrix presenting the relationship between sintering tempera-
ture and time against the relative density, grain size and hardness for the (a) WA and
(b) VIGA 316L stainless steel samples
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Figure 5.23: Graphs comparing the relative density of sintered WA and GA 316L
stainless steel samples produced under varied sintering conditions. The effect of varying
sintering temperature while maintaining a sintering time of 600 s is shown in (a). Graph
(b) shows the effect of varying the sintering time while keeping sintering at a temperature
of 1100°C

Regarding grain size, for all sintering temperature and time combinations explored in
this study, the GA samples possessed higher mean grain size than the WA equivalents.
The primary driving force for grain growth is the interfacial surface energy95. Smaller
particles will have a higher total surface energy for a given volume than larger particles97.
This means that grain growth mechanisms will be more efficient where smaller particles
are concerned. The VIGA 316L powder used in this study has smaller particle size than
the WA equivalent (Table 4.2). The disparity in the grain size may therefore be due to
the difference in the powder size of the two feedstocks.

Grain growth mechanisms are also influenced by powder morphology. The VIGA powder
used has spherical morphology (Figure 4.1). Such particles typically have higher packing
efficiency and, therefore, more particle-particle contacts per unit volume than more
irregular particles, such as those produced by WA87. Additionally, smaller particles have
more particle-particle contacts per unit volume than larger particles88. Particle-particle
contacts are where sinter bonds are formed and these features can then form grain
boundaries. These contacts are required for sintering to proceed. Therefore, more
particle-particle bonds mean sintering can proceed with greater efficiency. Consequently,
grain growth may occur at higher rates in the VIGA powder used in this study, thus
explaining why grains were larger in the VIGA samples.
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Figure 5.24: Graphs comparing the grain size of sintered WA and GA 316L stainless
steel samples produced under varied sintering conditions. The effect of varying sintering
temperature while maintaining a sintering time of 600 s is shown in (a). Graph (b)
shows the effect of varying the sintering time while keeping sintering at a temperature
of 1100°C

As observed in Figures 5.3 and 5.21, the VIGA samples exhibit a lower concentration
of silicon oxides compared with the WA samples. Grain coarsening and densification
mechanisms can be restricted due to the presence of silicon oxides as they can can
prevent the bond formation required for necking103. The lower Si-oxide content of the
VIGA samples provide another explanation for their larger grains and why sintering at
1000°C yields higher relative densities.

Hardness

The samples produced from the VIGA powders had between 18 - 26% lower hardness
than those produced from the WA powders. The relatively low hardness of the VIGA
316L samples may be due to its slightly wider particle size distribution (Table 4.2).
Ma and Lim 89 investigated the influence of particle size distribution of submicron
alumina on sintering behaviour. During the intermediate stages of sintering, compacts
formed from broad particle size distributions demonstrated enhanced grain growth but
reduced densification rates compared with compacts formed from narrow particle size
distributions. As suggested by Equation 5.1, enhanced grain growth will lead to a
reduction in hardness.

Powder morphology may also be playing a role in the low hardness of the VIGA 316L
sample when compared to other samples prepared using WA powders. As explained in
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Section 5.1.7, the spherical nature of the VIGA powder may have enhanced sintering
efficiency, leading to increased rates of densification and grain coarsening mechanisms.
The particle size and size distribution in combination with the particle morphology
of the VIGA 316L powder may be contributing to increased grain coarsening and its
knock-on effect on hardness as described by Equation 5.1.

Figure 5.25: Graphs comparing the hardness of sintered WA and GA 316L stainless
steel samples produced under varied sintering conditions. The effect of varying sintering
temperature while maintaining a sintering time of 600 s is shown in (a). Graph (b)
shows the effect of varying the sintering time while keeping sintering at a temperature
of 1100°C

Pore Analysis

To compare the pores found within the WA and VIGA sintered parts topographic maps
were produced using confocal light microscopy. This investigation revealed the pores
in the VIGA samples were morphologically distinct from those in the WA specimens.
Specifically, the pores found in the VIGA samples were more rounded and smaller in
general (Figures 5.26 and 5.12). The inner pore morphology of the samples produced by
VIGA were smoother in their profile than those produced by WA (Figure 5.26 (iii-iv)).
Several factors can affect pore morphology, for example25:

• Powder morphology

• Particle size distribution

Irregular pore morphologies are associated with sintered WA stainless steel while
spheroidal pores are associated with sintered GA stainless steel owing to the typi-
cal powder shape resulting from these two atomisation methods136. Using smaller
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powders can contribute to more efficient sintering since they can contribute to the for-
mation of more particle-particle bonds which facilitate the surface diffusion of material
leading to the spheroidisation of pores28,88. The combination of powder morphology,
powder size distribution and sintering efficiency enhancement likely contributed to the
pore morphology of the VIGA specimens.

Figure 5.26: Confocal laser micrographs of WA 316L stainless steel sintered at 1000°C for
600 s. Micrograph (a) shows the light microscopy image and the inset image (b) shows
a close up topographic map of the highlighted pore. Darker hues in the topographic
map represent greater depths. Lines (c) and (d) show the corresponding height profiles
for Lines 1 and 2 depicted in image (b). Both micrographs were captured at x150
magnification
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Summary

This investigation has found that FAST can be used to consolidate both WA and VIGA
316L stainless steel powders to high densities. The comparative analysis of the two
sample sets revealed notable microstructural and physical dissimilarities. The VIGA
samples exhibited inclusions that were smaller in size and differed in size compared to
those in the WA samples. Additionally, VIGA samples were characterised by coarser
grains and lower hardness. The pores of the two sample sets also differed, with the
VIGA samples possessing finer but more numerous pores. Despite these differences,
once sintered at 1100°C for times at or exceeding 600 s both powder types achieved
comparable, near-full densities.

This study has demonstrated the profound effect that atomisation technique can have
on the microstructure, elemental distribution and physical properties of sintered 316L
stainless steels. The differences between the two sample sets were attributed to factors
such as feedstock powder size, morphology and chemistry having a knock-on effect on
sintering efficiency then leading to discrepancies in features such as grains and pores.
Chapter 7 gives further consideration as to the effects of atomisation route on the
corrosion performance of sintered stainless steel.
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5.2 Functionally Graded Samples

5.2.1 Introduction

FGM samples were successfully produced using field assisted sintering and WA PGM-
doped and undoped 316L and 17-4PH stainless steel powders. This section discusses
the characterisation of these specimens. These functionally graded materials were
produced by layering PGM-doped stainless steel powder on undoped stainless steel
powder and sintering the two powder compositions together. As summarised in the
preceding paragraphs, sintering at a temperature of 1100°C for 600 s produced bulk
alloyed samples of near-full density. As a result, these parameters were used to produce
the FGM samples.

5.2.2 Microstructure and Elemental Mapping

A study of the PGM-doped and undoped layers in the FGM samples revealed microstruc-
tures and elemental distributions that resemble the compositionally equivalent bulk
alloyed samples. For the sake of brevity these are not presented here. The samples
showed no signs of cracking. Though this was to be expected owing to the good
match between the coefficients of thermal expansion for the compositions examined
here. Though observed elsewhere187,241,242, a microstructurally distinct diffusion layer
representing the region where the two compositions meet was not observed in this study
(Figure 5.27). This is likely owing to the compositional similarity in the powders used
to produce the FGMs resulting in two identical microstructures.

5.2.3 Hardness

As with the microstructure, the hardness of the FGM samples did not differ to that
of the bulk alloyed samples. Again for the sake of brevity the specific results will not
be presented here. The results however are as expected as it was not expected for the
FGM layered approach to have any effect on the hardness. Within the bonding zone, no
hardness variation was observed which contrasts the findings of Firouzdor and Simchi 241 .
The homogeneity of hardness throughout the depth of the FGM samples in this study
suggest microstructural uniformity, agreeing well with the findings of the microstructural
study discussed above.
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Figure 5.27: Micrograph of the centre of a functionally graded material made from 316L
and Pd-doped 316L. The layers in the FGM are aligned vertically in this image. This
micrograph was captured at x5 magnification

5.3 Chapter Findings

This chapter has detailed the successful progress made towards optimising the sintering
parameters for the production of near-fully dense PGM-doped 316L and 17-4PH stainless
steel samples. Sintering at 1100°C for 600 s was identified as the most ideal combination
of temperature and time, yielding high density samples while minimising sintering
time. Therefore, excessive grain growth was prevented and the formation of undesirable
secondary phases minimised.

Also considered in this chapter was the influence of atomisation technique on the
microstructure, elemental distribution and physical properties of 316L stainless steel.
Specifically, the effect of vacuum induction gas atomisation (VIGA) and water atomisa-
tion (WA) on sintered samples was examined. There were notable differences between
the two sample sets highlighting the profound effect of the atomisation technique of
the properties of the sintered materials. Despite these differences, both sample types
achieved near-full densities when sintered at 1100°C for at least 600 s.

Finally, this chapter demonstrated the feasibility of using the field assisted sintering
technique for the production of PGM-doped stainless steel functionally graded samples,
successfully meeting one of the aims of this EngD project.
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6
C h a p t e r

Results and Discussion:
Heat Treatment of Sintered 17-
4PH Stainless Steel

Heat treating 17-4PH stainless steel results in the formation of Cu-rich precipitates.
The heat treated state of this alloy is industrially used since it maximises mechanical
properties and expands the number of applications it can be used in.

As the over-arching focus of this EngD project is the effect of PGMs on the corrosion
resistance of sintered stainless steels, the heat treatment of PGM-doped sintered stainless
steel was not optimised. The task of optimising a heat treatment for a particular material
is a time-consuming process. To ensure the focus of this project was maintained on
corrosion, the scope of this chapter was limited to exploring the impact of the standard
H1075 heat treatment on sintered 17-4PH stainless steel.

The main purpose of this chapter is to evaluate whether this heat treatment performs
as intended and causes the precipitation of Cu-rich particles. The presence of Cu-rich
particles is imperative to enable corrosion testing to be carried out on samples which
are analogous to the in-service material state. This approach ensures the findings of
this study are directly relevant to industrial applications. Within this chapter, the
microstructure, elemental distribution and hardness of as-sintered and heated treated
FAST-processed 17-4PH stainless steel was investigated to assess the effect of the H1075
heat treatment. Meanwhile, the relationship between the heat treatment and the
corrosion performance of 17-4PH stainless steel is presented and discussed in Chapter 7.
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6.1 Microstructure and Elemental Mapping

The heat treatment did not cause any discernible changes to the appearance of the
unetched 17-4PH samples in terms of the silicon oxide inclusions at powder particle
boundaries - which can be identified by their dark colour and crescent shape (Figure
6.1). Given the heat treatment was carried out in an Ar atmosphere at maximum
temperatures of 1050°C, this observation is in agreement with expectations. Such
temperatures and atmospheres are insufficient to facilitate the reduction of the silicon
oxides identified in Section 5.1.1141. Sun et al. 77 and Lashgari et al. 243 also observed
that HT had no noticeable effect on the presence of silicon oxide inclusions in SLM
17-4PH stainless steel specimens

Upon cooling, the heat treatment of 17-4PH stainless steel is expected to result in a
fully martensitic microstructure45. Etching the heat treated samples revealed varying
microstructures across the different specimens (Figure 6.1). In some samples, such as
those illustrated in Figure 6.2 (b) and (c), the grains transformed from a spherical
morphology representative of austenite to the needle-like microstructure characteristic
of martensite. Other samples, however, such as that shown in Figure 6.2 (a), did not
possess a martensitic microstructure despite the H1075 heat treatment. Instead, the
microstructure appeared predominantly austenitic. This suggests the heat treatment
may need to be tailored to the specific sintering conditions used to produce the desired
fully martensitic microstructure. This is in agreement with Lashgari et al. 243 who
also found that conventional heat treatments were not directly applicable to 17-4PH
specimens that were not produced by conventional means.

Figure 6.3 presents a summary of the microstructure of the samples following heat
treatment and etching as determined by visual examination. Following heat treatment,
the 17-4PH specimens possessed a variety of different microstructures which ranged
from fully martensitic to fully austenitic. Heat treating the samples produced at the
shorter sintering time of 300 s resulted in microstructures which were fully austenitic or
a mixed microstructure, comprising predominantly of austenitic with some martensite.
Meanwhile, following heat treatment, those samples sintered for the longer time of 900 s
exhibited fully martensitic microstructures, as exemplified in Figure 6.2 (c). This trend
suggests that small changes in the thermal processing of powder metallurgy parts can
impact the material’s response to heat treatment.
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Figure 6.1: Optical micrographs of (a) 17-4PH with Ru and (b) 17-4PH with Pd stainless
steel in their as-sintered and heat treated conditions both before and after etching.
Samples were sintered at 1100°C for 600 s. The unetched micrographs were collected at
x20 magnification while x50 magnification was used to collect the etched micrographs
shown. Kalling’s No.1 was used to etch the samples and revealed the fine microstructures
evolved by heat treatment
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Figure 6.2: Scanning electron micrographs of heat treated and etched 17-4PH stainless
steel showing the impact of different sintering conditions on the heat treatment response.
The micrographs presented here were at collected at x5000 magnification and 20 kV
acceleration voltage. Kalling’s No.1 was used to etch the samples

Several different factors can affect the heat treatment response of precipitation hardening
stainless steels. For example, elemental inhomogeneities can act as nucleation sites for
martensite formation because martensite transformation temperatures are influenced by
alloy chemistry1. As a result microstructural inhomogeneities can result. However, as
observed here and elsewhere, atomised stainless steels have a generally even elemental
distribution61,244. Additionally, sintering can have a minor homogenising effect on
elemental distribution245. As a result, homogeneous elemental distribution was expected
in the sintered samples in this study. Indeed, EDS maps revealed the samples produced
at different sintering temperature and time combinations all possessed even elemental
distributions, with the exception being the regions of inclusions rich in Si, Mn, Cr
and O (with a typical elemental distribution shown in Figure 5.5). While inclusions
themselves can act as sites for the heterogeneous nucleation of austenite243, the current
study observed that they too were evenly distributed in all the samples considered. For
these reasons, it is unlikely that elemental heterogeneities are due to the differences in
the heat treatment response among the studied samples.
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Figure 6.3: Summary of the microstructure types of the undoped and doped 17-4PH
samples produced at varying sintering temperatures and times following the H1075 heat
treatment. Each colour represents a microstructure as designated by the key. ”Mixed”
refers to both austenite and martensite being identified in the sample
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Sintering for too short a time can lead to temperature gradients in the sample leading to
lower than expected temperatures within the sample. This can then lead to microstruc-
tural gradients developing within the samples. However, this phenomenon is more
common in larger samples and is exacerbated where a high heating rate is applied246,247.
Since the samples produced in this study are considered small and the grain size was
uniform, it suggests that, if present, any temperature gradients were minimal.

The specific reasons for the behaviour of the heat treated samples in this study remain
unclear. A review of the literature found the impact of sintering parameters on the
response to heat treatment is not a topic that has been explored elsewhere to the best
of the author’s knowledge. The literature that considers the heat treatment of sintered
steels is typically focused on exploring the effect of different heat treatments on samples
produced using a single set of processing parameters. While various factors can impact
a material’s response to heat treatment, such as phase distribution, further investigation
is required to pinpoint the responsible underlying characteristics.

Martensite grain size can be analysed using electron backscatter diffraction (EBSD)
but due to the time-sensitive nature of this project, this technique was not employed.
The grain size analysis technique used in this project, the lineal intercept method, is
inappropriate for use in determining martensite grain size. As a result, only the grain
size of the three samples whose microstructures determined to be fully austenitic in the
heat treated condition were analysed here. In these samples, the H1075 heat treatment
did not affect grain size in a statistically significant way (Figure 6.4).

Figure 6.4: Bar graphs comparing the grain size of sintered 17-4PH samples in the
as-sintered and HT condition. Samples of different compositions and different production
methods are shown here
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6.2 Cu-Rich Precipitates

The heat treatment of 17-4PH stainless steel is designed to precipitate nano-sized Cu-rich
particles. The precipitation hardening effect is influenced by the size, type and number
density of Cu precipitates which in turn is affected by the phase from which the particles
precipitate248.

Owing to the nano-scale size of the Cu-rich particles found in heat treated 17-4PH
stainless steel and the resolution limits of SEM EDS, this mapping technique is not able
to characterise them. In this study, high resolution elemental mapping was carried out
alongside TEM analysis to assess the precipitates. Owing to the time-intensive nature
of this technique, only one sample was investigated: a 17-4PH with Ru sample which
was sintered at 1100°C for 900 s. The TEM EDS characterisation revealed Cu-rich
precipitates, as expected, in the heat treated sample of Ru-doped 17-4PH (Figure 6.5).
The formation of Cu-rich precipitates in this sample suggests the 0.5 wt.% Ru addition
did not hinder the ability of these particles to form. This study of elemental distribution
also confirmed that Ru is uniformly distributed even at magnifications considerably
higher than those used in EDS analysis (Figure 6.5).

Figure 6.5: High resolution TEM EDS of heat treated sintered 17-4PH with Ru showing
the presence of nano-sized Cu-rich precipitates and finely distributed Ru and C
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In the literature, Cu-rich particles of a range of different morphologies and size have
been observed in precipitation hardening stainless steel. For example, Xiao et al. 249

found Cu-precipitates in a heat treated 15-5PH sample that ranged from 40 nm long
and rod-shaped, small and spherical (around 1.6 nm diameter) to particles which were
large and spherical (4 nm in diameter). With each shape particle being associated with
different phases within the material. The size of CRPs is important since it impacts
their hardening effect. In the current study, the CRPs were determined to be spheroidal
in terms of morphology and 10 - 40 nm in size, with a mean length of 20 nm. It is
reported that ageing time and temperature plays a role in the size of the CRPs which
form following heat treatment. Increasing ageing time is known to contribute to the
coarsening of CRPs78,250–252. For example, Yeli et al. 252 found that ageing 17-4PH for
longer times at 480°C and 590°C increased the mean radius of CRPs. The coarsening
was enhanced when performing the ageing treatment at 590°C. The coarsening of CRPs
should be controlled since their size increase is associated with a decrease in hardness Li
et al. 253 . Despite ageing for two hours longer but at a similar temperature, Yeli et al. 252

observed Cu-rich precipitates with a mean size of 5.5 nm, representing a 114% difference
compared to the larger precipitates observed in this study. This suggests the ageing
time and temperature used in this study may need to be minimised to better control
Cu-rich precipitate coarsening and maximise the enhancement of mechanical properties.

6.3 Hardness

It is expected that heat treatment will increase the hardness of the 17-4PH samples due
to the precipitation of CRPs which strain the lattice, impede the motion of dislocations
and produce a hardening effect45,77. In current study, the HT generally had this effect
on hardness (Figure 6.6).

Almost all of the samples hardness increased as a result of the heat treatment (Figure
6.6. The highest and greatest percentage change in hardness was in the undoped 17-4PH
sample sintered at 1100°C for 600 s following HT, with a 40% increase resulting in a
hardness of 514 Hv. The heat treated samples typically exhibited a greater hardness
range than the as-sintered samples, despite the same hardness testing procedure being
used. This suggests that mechanical properties are less homogeneous in the heat treated
samples compared with the as-sintered samples. The wide standard deviation in the
hardness in the heat treated samples could be due to two or more phases with different
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hardness being measured. However, comparing the standard deviation in the hardness
values and assessing the corresponding microstructures did not reveal the expected trend.
Instead, for the microstructures determined to be a mix of austenite and martensite the
data spread was smaller (<±50) suggesting greater hardness consistency. Meanwhile,
those microstructures which were either fully austenitic or fully martensitic had greater
variability in their hardness (up to ±98 Hv).

Though a correlation was not found between hardness variability and microstructure,
a trend was observed between the microstructure and the absolute hardness values.
Namely, the four samples with hardness exceeding 450 Hv were all determined to be
martensitic. For the lowest hardness samples in this study, no clear trend emerged
correlating hardness with microstructure.

The effectiveness of the heat treatment in improving the hardness of 17-4PH samples
was enhanced by increasing the sintering temperature. For example, the absolute change
in hardness following HT for samples sintered at 1100°C for 900 s was 135, 106 and
111 Hv for the undoped, Ru-doped and Pd-doped samples, respectively. While at the
lower sintering time of 300 s the changes in hardness brought about by HT for these
compositions was 6, 73 and 68 Hv, respectively. This same trend was observed in both
the undoped 17-4PH alloys and the PGM-doped ones, though to a lesser degree in the
latter. Although less pronounced, a similar relationship was also found with increased
sintering time.

In this study and elsewhere, sintering temperature and time have been found to improve
relative density and decrease the porosity of sintered samples (Chapter 5)99,209,220,226.
As increasing the density increases the load bearing area it is associated with improved
mechanical properties62,99,220,226. In the current study, for example, it was found in the
as-sintered 17-4PH samples that where relative density increased by 6.2% the hardness
increased by 28.3%. Therefore, a likely reason for effectiveness of the heat treatment
improving with increased sintering temperature and time is the associated enhancement
of sample density.
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Figure 6.6: Graphs illustrating the influence of the H1075 heat treatment and sintering
parameters on the hardness of undoped (a-b), Ru-doped (c-d) and Pd-doped (e-f) 17-4PH
SS
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When indentation hardness tests are performed on sintered materials the volume mea-
sured will be impacted by porosity. By increasing the relative density, a greater
proportion of the test volume will be the solid material itself and a smaller proportion
will be voids, thereby reducing the impact of porosity on the hardness measurement. In
the context of precipitation hardening heat treatment, with some of the test area being
occupied by voids, this volume will obviously not benefit from the hardening effect of the
heat treatment. As a result, increasing the density amplifies the perceived effectiveness of
the heat treatment since it constitutes an increased volume of CRP-containing material
being tested.

The hardness values reported in the technical specification produced by Allegheny
Technologies Incorporated 254 for the H1075 heat treatment are between 311 - 376 Hv.
The standardised hardness values published by ASTM are similar: 277 - 361 Hv207. In
all but one sample, the hardness values in this study meet or exceed these ranges. In
fact, nine out of the fifteen samples examined in this study possess a hardness which
exceed these ranges. The higher hardness values in the current study is likely owing to
the selected metallurgical processing approach, with the values reported by ATI254 and
ASTM207 pertaining to wrought samples while the current study explores sintered PM
samples.

As presented in Table 6.1, producing and heat treating precipitation hardening alloys
via different techniques results in a large range of hardness values. The hardness values
exhibited by these samples are attributed to several different factors, such as inclusions.
Sun et al. 77 observed that AM 17-4PH samples had 16% higher hardness than their
wrought counterpart following heat treatment. This observation was attributed to the
presence of inclusions in the AM samples which originated from the atomisation process.
These inclusions can pin grain boundaries and result in a more refined grain structure,
which as known from the Hall-Petch relationship (Equation 5.1), enhances hardness. As
the samples in this study were found to possess Si-rich inclusions these particles may
have contributed to the high hardness values.
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Table 6.1: Comparison of the hardness of heat treated 17-4PH stainless steel produced
by various methods

Synthesis
Method

Solution Anneal
Conditions

Ageing
Conditions

Hardness
(Hv)

Source

Wrought 1066°C,
0.5 hours

579°C,
4 hours

277 - 361 ASTM207

Wrought 1066°C,
0.5 hours

579°C,
4 hours

311 - 376 ATI254

Wrought 1038°C,
4 hours

482°C,
1 hour

450±9 Sun et al. 77

Selective
Laser

Sintering

1100°C,
1 hour

480°C,
1 hour

405 - 440 Leo et al. 153

Sintered 1020 - 1040°C,
0.5 hours

480 - 500°C,
1 hour

325 - 355 Szewczyk-Nykiel and Kazior 255

Sintered 1066°C,
0.5 hours

482°C,
1 hour

393 Suri et al. 229

AM 1038°C,
4 hours

482°C,
1 hour

525±6 Sun et al. 77
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Another factor which can effect the hardness of heat treated precipitation hardening
stainless steel is Cu content. Sun et al. 77 identified this as a contributing factor for
the hardness of an AM 17-4PH part exceeding that of a wrought part. Specifically,
the Cu content of the powder used to produce AM parts was found to be 30% higher
than the Cu content of the wrought parts. In the current study, the Cu content was
around 3 wt.%, a value which is at the lower limit of the Cu content designated by
ASTM standards207. As a result, this factor is unlikely to have contributed to the high
hardness of the sintered samples studied here.

Suri et al. 229 produced 17-4PH samples by cold isostatic pressing, sintering and the
H900 heat treatment. The resulting specimens exhibited a hardness of 393 Hv, a value
that aligns well with the standardised value reported by ASTM International 207 for
the same heat treatment. This hardness value is below the maximum hardness in each
of the heat treated compositions studied here. The H900 heat treatment used by Suri
et al. 229 is expected to result in higher hardness than the H1075 heat treatment which
was used in this study254. Despite this, the opposite trend was observed when comparing
the results of the current study and that of Suri et al. 229 . Grain size differences are
unlikely to explain the discrepancy, as Suri et al. 229 reported a grain size of < 10 µm,
a value which shows good agreement to the grain size observed here. An alternative
reason for the observed disagreement is variations in the Cu content. However, since Cu
content was not alluded to in the work of Suri et al. 229 it is impossible to assess whether
elemental content account for the differences in hardness in this study and that of Suri
et al. 229 .

Despite the residual porosity and the Cu content of the sintered samples studied here,
several samples exceeded the hardness specifications207,254. Sintering at 1100°C resulted
in the best heat treatment response, a finding likely due to the minimal porosity in
these samples.
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6.4 Chapter Findings

This chapter assessed the effect of the H1075 heat treatment on the microstructure,
physical properties and chemical composition of FAST-processed 17-4PH stainless
steel. While the heat treatment did result in the precipitation of nano-sized Cu-rich
precipitates its impact on microstructure varied depending on the applied sintering
conditions. Those specimens sintered for shorter times remained austenitic following
heat treatment whereas those samples sintered for 900 s were martensitic following
heat treatment. This suggests that conventional heat treatments should be applied
with care to sintered 17-4PH specimens. The effect of heat treatment on hardness also
varied with sintering conditions with samples sintered for 900 s at 1100°C generally
exhibiting a more pronounced hardness response than those sintered at shorter times and
lower temperatures. The improved response is likely due to the presence of martensite
in the microstructure and the absence of porosity in the samples sintered at higher
temperatures for longer times.

The achievement of higher hardness values following heat treatment is limited by the
residual porosity present in the sintered samples. Despite this factor, many of the
samples examined here exhibited hardness values that exceed those reported elsewhere
for wrought and sintered samples. Several factors are likely responsible for the enhanced
hardness. For example, the refined microstructure and inclusions resulting from the
powder metallurgy process.
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7
C h a p t e r

Results and Discussion:
Corrosion Characterisation

7.1 Introduction

This chapter presents and evaluates the findings of the corrosion characterisation
study. Samples were evaluated by open circuit potential (OCP) and potentiodynamic
polarisation testing in 0.05 M H2SO4 at room temperature. Separate samples were also
subjected to 24 hour immersion in 5 wt.% NaCl. This chapter aims to assess:

• The impact of the sintering parameters on the corrosion performance

• The influence of PGM presence on the corrosion resistance of 316L and 17-4PH
stainless steel

• The comparative cathodic modification efficiency of the 316L and 17-4PH stainless
steel alloys

• The differences in the corrosion behaviours of sintered water atomisation (WA)
and vacuum induction gas atomisation (VIGA) 316L powder

• The effect of sample processing approach by contrasting the corrosion performance
of tundish and FAST-processed samples

• The feasibility of FAST to produce PGM-doped functionally graded stainless steel
materials

7.2 Effect of Sintering Parameters

This section evaluates the impact of varying the sintering temperature and time on the
corrosion performance of the sintered materials. Due to the time-sensitive nature of an
EngD, only samples presented in Table 7.1 were evaluated by electrochemical means.
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Table 7.1: Matrix detailing which samples were electrochemically tested in the evaluation
of processing parameter impact where ’X’ denotes that a sample was corrosion tested

Temperature (°C)
1000 1100

Time (s) 600 X X
900 X

7.2.1 Effect of Sintering Temperature

The impact of sintering temperature on the OCP of the 316L and 17-4PH stainless steel
alloys was mixed. For the 316L samples, increasing sintering temperature had either a
small impact or no statistically significant effect (Figure 7.1). Specifically, increasing
the sintering temperature decreased the OCP for the Pd-doped compact by 4 mV while
Ru-doped 316L exhibited a 4 mV increase in OCP (Figure 7.1 (a-c)). Increasing the
sintering temperature did not impact the OCP of undoped 316L stainless steel in a
statistically significant way. Conversely, the changes in OCP were more dramatic in
magnitude in the 17-4PH samples. For example, the OCP decreased by 65, 737 and 50
mV for the undoped, Ru-doped and Pd-doped samples, respectively (Figure 7.1 (d-f)).
No overlaps in data of these OCP values were detected, as such the differences are
considered statistically significant. Sintering temperature has little effect on the time
taken for potential stability as this was attained within the 3600 s OCP test for all
samples considered. Both stainless steel grades tested showed good stability throughout
the duration of the OCP test with no potential fluctuations characteristic of instability
observed. As exemplified in Figure 7.3 (f), some samples exhibited small perturbations
in the OCP, however, such features are attributed to experimental noise.

As shown in Figure 7.2, increasing the sintering temperature increased icrit for undoped
and Ru-doped 316L by 615 and 263 µA cm-2, respectively. Contrastingly, the opposite
trend was observed for Pd-doped 316L, which showed a decrease in icrit by 744 µA
cm-2. Increasing the sintering temperature increased icrit for undoped 17-4PH by 763 µA
cm-2. Contrastingly, icrit decreased by 221 µA cm-2 in Pd-doped 17-4PH. Owing to the
shape of the polarisation curve, a value for icrit couldn’t be determined for Ru-doped
17-4PH produced at 1000°C. The polarisation curves indicate that none of the samples
experienced metastable pitting as sharp fluctuations of the measured current were not
observed10.
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Figure 7.1: OCP curves showing the effect of sintering temperature on (a) 316L, (b)
316L with Ru, (c) 316L with Pd, (d) 17-4PH, (e) 17-4PH with Ru and (f) 17-4PH with
Pd exposed to 0.05 M H2SO4 for 3600 s

151



Figure 7.2: Potentiodynamic polarisation curves showing the effect of sintering tempera-
ture on (a) 316L, (b) 316L with Ru, (c) 316L with Pd, (d) 17-4PH, (e) 17-4PH with Ru
and (f) 17-4PH with Pd exposed to 0.05 M H2SO4
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As Figure 7.2 illustrates, different samples possessed differing passive region shapes -
with some being a single flat plateau and others consisting of multiple plateaus. No
clear trend arose between sintering temperature, composition and passive region shape.
The passivation current, ipass, exhibited correlation trends with sintering temperature
identical to those observed in icrit. The passivation range trends also correlated to the
icrit and ipass: where icrit and ipass increased with sintering temperature the passivation
range was narrower. Conversely, where these parameters decreased the passivation range
was broader.

The OCP of a material gives an indication of the thermodynamic stability of its passive
film within the test solution. Where cathodic modification is concerned, an increase in
OCP is associated with an improvement in corrosion behaviour as it suggests the sample
is more stable in that environment10. Additionally, Klar and Samal 25 summarises that
it is generally expected that higher porosities will cause greater passive film instability
in stainless steels. This is owing to the lack of passivation that occurs within pores
contributing to poor corrosion behaviour with studies by Raghu et al.135,142 corroborating
this statement. As presented in Chapter 5, increasing sintering temperature increased
sample density, therefore corrosion performance is expected to improve. Unexpectedly,
the 17-4PH samples sintered at higher temperatures had higher relative densities but
lower OCP values which is unexpected considering previous work135,142. This suggests,
despite possessing reduced porosity, those samples had greater passive film instability.
The trivalent species of Cr responsible for the passivity of stainless steel is stable at
potentials between -200 mV and 600 mV10. With the OCP of the 17-4PH samples
sintered at 1100°C all falling below -200 mV, film dissolution is expected. Instead, the
potentiodynamic polarisation curves revealed those samples showed electrochemical
behaviour suggestive of improved corrosion resistance compared with samples produced
at lower sintering temperatures (Figure 7.2). For example, the samples produced at
1100°C had lower passivation currents. Both the undoped and PGM-doped samples
showed this same behaviour, suggesting that it is not cathodic modification dependent.
Similar to the current study, the work of Peled and Itzhak 23 and Szewczyk-Nykiel
et al. 256 also observed that despite OCP being lower than the potential at which
trivalent Cr is stable, the samples showed passivity during the polarisation test.

It is worth noting here the initial gradient of the OCP curve immediately after the
sample has been immersed in the solution is not indicative of corrosion characteristics
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and many different shaped curves have been observed elsewhere which do not correlate
with corrosion behaviour10. The nature of the initial gradient is determined by the state
of the electrodes prior to the test initiation and so this stabilisation region of the curve
is ignored.

Significant corrosion behaviour changes were observed in Ru-doped 17-4PH as a result
of sintering temperature (Figures 7.2 (e) and 7.1 (e)). When sintered at 1000°C, the
alloy did not possess the active-passive behaviour characteristic of stainless steel. The
sample also lacked an anodic peak, a characteristic typically indicative of the desirous
spontaneous passivation behaviour10,22 (Figure 7.2 (e)). Such polarisation behaviour of
PGM-doped steels has been observed by researchers elsewhere10,19,22,257. Tjong et al. 22

states spontaneous passivation occurs when, due to selective dissolution and the diffusion
of Ru to defect sites, the surface concentration of PGMs reaches a critical value. Selective
dissolution may be enhanced in this particular sample due to the degree of porosity
in this sample (the sample was determined to have the second lowest relative density
of all samples studied - 90.8%). Pores may have led to unstable passive film initially,
meaning more material dissolution occurred before stable passivation was achieved
causing greater degree of Ru-enrichment at that surface. Despite the suggestion of
spontaneous passivation this sample does not exhibit a stable passive film, as indicated
by the continually decreasing potential after the attainment of minimum corrosion
current density at around 300 mV. With increased sintering temperature, however, this
alloy assumed typical stainless steel corrosion behaviour with a clear passive region
indicating an improvement of corrosion performance.

Most of the samples exhibited multiple plateaus in the passive region of the polarisation
curve which is indicative of a change in the nature of the passive film (Figure 7.2). This
feature did not appear to be affected by sintering temperature as it was identified in
samples produced at both the high and low sintering temperatures (for example, Figure
7.2 (f)). Multiple plateaus in the passive region were observed elsewhere by Peled and
Itzhak 23 and Raghu et al. 142 but no comments were made attributing any significance
to such features.
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7.2.2 Effect of Hold Time

Hold time had a similar effect on both the 316L and 17-4PH samples. Increasing the
sintering time had either a small or statistically insignificant effect on the OCP of the
316L samples (Figure 7.3 (a-c)). The OCP of undoped 316L increased by 1 mV by
increasing the sintering time, meanwhile, the OCP of the PGM-doped samples did not
change by a statistically significant degree. Similarly, for the 17-4PH samples, increasing
hold time led to a 12 mV increase in the OCP for the Pd-doped sample (Figure 7.3 (f)).
For the undoped and Ru-doped samples, however, the change in OCP was determined
to not be statistically significant (Figure 7.3 (d and e)). As observed with increasing
sintering temperature, increasing hold time had no notable effect on the stability of the
samples. The OCP curves of samples produced at both hold times were stable for the
duration of the tests (Figure 7.3).

The trends in critical corrosion current icrit varied across the 316L samples. Sintering for
longer times resulted in lower icrit for undoped 316L and Ru-doped 316L but higher icrit

in Pd-doped 316L (Figure 7.4 (a-c)). Conversely, Figure 7.4 (d-f) shows that in all the
17-4PH compositions a longer sintering time led to a higher critical corrosion current.
As critical corrosion current gives an indication of the ease with which passivation can
be achieved, the data suggests passivation was harder to achieve for 17-4PH samples
which had been sintering for prolonged times.

The passivation current and passivation range trends mirror that observed with icrit.
A higher passivation current was exhibited by all 17-4PH alloys and Pd-doped 316L
when sintered for longer, suggesting these samples experienced greater corrosion rates
when the passive film was present. Similarly, the passivation range was narrower for
these four alloys when sintered for 900 s. This indicates these samples resist corrosion
over a smaller range of potentials. Additionally, these samples exhibited the onset of
passivation, characterised by a rapid decrease in current, at a lower potential than those
sintered for a longer duration. As indicators of corrosion behaviour, the icrit, passivation
current and passivation range data suggests that increased sintering time is a a detriment
to corrosion performance where the Pd-doped 316L and the three 17-4PH samples are
concerned.
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Figure 7.3: OCP curves showing the effect of sintering time on (a) 316L, (b) 316L with
Ru, (c) 316L with Pd, (d) 17-4PH, (e) 17-4PH with Ru and (f) 17-4PH with Pd exposed
to 0.05 M H2SO4 for 3600 s
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Figure 7.4: Potentiodynamic polarisation curves showing the effect of sintering time on
(a) 316L, (b) 316L with Ru, (c) 316L with Pd, (d) 17-4PH, (e) 17-4PH with Ru and (f)
17-4PH with Pd exposed to 0.05 M H2SO4

157



Increasing sintering duration and temperature enables more time for grain growth but
also gives more opportunities for procession of unwanted reactions and the formation of
unwanted secondary phases. For these reasons among others, sintering time is kept to a
minimum. Grain size is of interest as larger grains can contribute to higher corrosion
rates146. However, the investigation into grain size presented in Chapter 5 revealed
increasing sintering time had no significant impact on grain size of the 17-4PH samples.
EDS mapping also did not reveal any noticeable changes in elemental distribution caused
by increased sintering time. Density can also impact corrosion resistance, however,
no significant change in this property was observed by increasing sintering time. It is
therefore likely that another unknown factor is responsible for the observed changes.
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7.3 Effect of PGM Doping

It is expected the presence of PGMs will shift the OCP in the positive direction,
indicating successful cathodic modification: the PGMs have catalysed the hydrogen
evolution reaction and blocked active sites in the crystal lattice9. The current study
found the opposite to be true for the 316L samples sintered at 1000°C for 600 s, whereby
PGM doping led to a decrease in the OCP (Figure 7.5 (a)i). The samples produced at
the higher sintering temperature of 1100°C however did exhibit the expected behaviour,
namely, the OCP was shifted in the noble direction (Figure 7.5 (b)i and (c)i).

The data collected for the 17-4PH samples agrees with the literature more comprehen-
sively compared with the 316L samples. It was found that PGM doping shifted the
OCP in the noble direction for all the sintering parameter combinations whose corrosion
properties were characterised (Figure 7.6).

This study revealed that in all sintering parameter combinations investigated the Ru
additions were most effective at enhancing corrosion behaviour and causing the OCP to
increase. This is in agreement with the general statement presented by Potgieter 258 ,
who listed the PGMs in decreasing order of effectiveness in terms of their ability to
enhance corrosion resistance in H2SO4:

Ir > Rh > Ru > Pt > Pd > Os

The improved cathodic modification efficiency of Ru compared to Pd was also found by
Chernova et al. 259 who attributed this behaviour to Ru being more effective at reducing
the hydrogen overvoltage, a primary mechanism behind cathodic modification. Chernova
et al. 259 also found Ru more effective at reducing icrit, a decrease in which indicates
passivation is easier to achieve.
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Figure 7.5: OCP (i) and potentiodynamic polarisation (ii) curves showing the effect
of PGM doping on 316L stainless steel samples produced at (a) 1000°C for 600 s, (b)
1100°C for 600 s and (c) 1100°C for 900 s exposed to 0.05 M H2SO4
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Figure 7.6: OCP (i) and potentiodynamic polarisation (ii) curves showing the effect of
PGM doping on 17-4PH stainless steel samples produced at (a) 1000°C for 600 s, (b)
1100°C for 600 s and (c) 1100°C for 900 s exposed to 0.05 M H2SO4
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Studies have consistently demonstrated cathodic modification can result in an increase of
the OCP. If this increase is particularly significant, the potential will fall within the pas-
sive range and spontaneous passivation has been observed to occur as a result10,22,165,257.
In this study, this behaviour was exhibited by the Ru-doped sample shown in Figure 7.6
(a)ii. This sample also possesses the most noble OCP of all samples at a value of 0.45 V
and in fact the only electropositive value (Figure 7.6 (a)i). Repeats of the OCP test
confirmed this was not a random error.

An examination of the polarisation curves (Figures 7.5 and 7.6) confirmed that both un-
doped and doped samples exhibited the expected active-passive behaviour characteristic
of stainless steel and were characterised by stable passive regions, with the exception of
Ru-doped 17-4PH produced at 1000°C.

The critical corrosion current, icrit, gives an indication of the ease with which passivation
occurs, with lower values suggesting passivation occurred more easily. Other researchers
found the presence of PGMs resulted in the reduction of icrit

10,15,165,196. In the current
study, the composition which exhibited the lowest icrit depended on the sintering
conditions used. Regarding icrit specifically, at the baseline parameters, 316L exhibited
the lowest icrit, however, sintering at 1100°C for 600 s resulted in Pd-doped 316L
possessing the lowest icrit, while sintering at 1100°C for 900 s resulted in Ru-doped
316L exhibiting the lowest icrit value (Figure 7.5). Similar trends were observed when
considering the passivation current. Undoped 316L produced at baseline parameters
possessed the lowest passivation current (4.6 µA/cm2), closely followed by Ru-doped
316L (6.4 µA/cm2) produced at higher sintering temperature and time of 1000°C and
900 s respectively. Contrastingly, Moyo 10 consistently found that 304L doped with Ru
exhibited significantly lower current densities. The observations in the current study
suggest that multiple compounding factors affect the efficiency of cathodic modification.
The powder metallurgical processing is a possible source for the additional complexities.

Within the passive region, some samples exhibited multiple plateaus (see Ru- and
Pd-doped 316L in Figure 7.5 (a)ii). The same behaviour was observed by van der Merwe
and Tharandt 181, van der Merwe et al. 183, Lekala et al. 196 in PGM-doped stainless
steel in sulphuric acid. The variation in current in the passive region is explained by
a change in chemical or structural composition of the passive film10. Regarding 316L
sintered at 1100°C for 600 s (Figure 7.5 (b)ii), starting at 0.55 V, a large decrease
in the passive current is observed before stabilising at a higher current density. This

162



signifies the passive film which formed on this sample was less stable than the other
samples. Contrastingly, in the Pd-doped sample which also presented multiple plateaus
in the passive region (Figure 7.5 (a)ii), the passive current decreased with the increase
in potential. This behaviour suggests an improvement in the stability of the passive
film. The difference between the polarisation behaviour of these two multiple plateau
samples may be owing to the action of the PGMs. The perturbation in the centre of the
passive region of the PGM-doped 316L samples was also observed by van der Merwe
and Nelwalani 180 who suggested it may be caused by the activation of the hydrogen
reaction owing to the cathodic modification mechanism.

To further explore the effect of PGM doping on pitting resistance specifically, samples
were immersed in a 5 wt.% NaCl solution for a total of 24 hours and photographed
to track the progression of corrosion. The photographs taken during this study are
presented in Figure 7.7. As Figure 7.7 demonstrates, the sintered Ru-doped and Pd-
doped samples showed some signs of crevice corrosion occurring at the interface between
the sample and the resin in which it was mounted. As the crevice corrosion resulted
from the methodology since the resin did not bond with the metal. As a result, the
detected crevice corrosion was not considered a reflection of the corrosion performance
of the samples and was ignored when analysing these samples under the microscope.
Further testing was conducted with PTFE tape applied to the sample-resin interface
(as shown in the tundish Ru-doped sample in Figure 7.7 (a)) to reduce the degree of
crevice corrosion.
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Figure 7.7: Photographs of 316L stainless steel samples taken during the 24 hour
immersion test in 5 wt.% NaCl solution at room temperature. The sintered samples
presented here were sintered at 1100°C for 600 s
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Another point worth noting is since these samples were photographed immediately
after being removed from the NaCl solution and rinsed with deionised water, corrosion
products can also be seen on the surfaces of the samples, for example in Figure 7.7
(b-c). As a result, the features observed in sintered WA 316L may be partly owing to
visible corrosion products and partly owing to the formation of pits. In the VIGA 316L
and tundish Pd-doped 316L samples (shown in Figure 7.7 (b-c)), the path of corrosion
product deposited on the surface which travelled down the sample in the direction of
gravity can be observed. While these features indicate that corrosion has occurred the
amount of corrosion product visible does not necessarily correlate to worse material
degradation.

The photographs obtained during the immersion test revealed no obvious pitting corrosion
in the tundish and sintered Ru- and Pd-doped samples (Figure 7.7 (a-b, e-f)). The
most significant changes were observed in the WA 316L sample, illustrated in Figure 7.7
(d), with the appearance of spheroidal features which appeared after only 0.5 hours of
immersion. Similarly, Figure 7.7 (c) presents the signs of degradation which appeared
in the VIGA 316L sample following one hour of immersion. The differences in the
appearance of the PGM-doped samples and the undoped samples may be due to the
presence of the cathodic modifying elements in the former. Wolff et al. 184 also reported
Ru additions have a positive effect on the pitting potential of Fe-Cr alloys. Similarly,
Zuo et al. 260 found the presence of Pd as a film on 304 stainless steel improved corrosion
resistance in NaCl solutions.

To further investigate the impact of immersion testing on the samples SEM characteri-
sation was conducted. The analysis revealed pits of various morphologies. Spheroidal as
well as elongated pits of varying sizes were observed across the different samples (Figure
7.8).

165



Figure 7.8: SEM micrographs of sintered (a) 316L (VIGA), (b) 316L with Ru (WA), (c)
17-4PH and (d) 17-4PH following immersion in 5 wt.% NaCl for 24 hours. Specimens
were sintered at 1100°C for 600 s
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Undoped 17-4PH exhibited signs of severe pitting (Figure 7.8 (c)). The pits observed were
of larger dimension and less spherical than those observed in the PGM-doped samples
(Figure 7.8 (b) and (d)). In their study of the pitting behaviour of FAST-processed
316L SS, Saito et al. 147 found that both pores and inclusions formed pit initiation
sites. While the silicon oxide particles identified in Chapter 5 possess high aspect ratios
reminiscent of the pits observed in Figure 7.8 (c) it is unlikely that their dissolution is
the sole reason for these pits. The reason being that silicon oxides inclusions were found
throughout both undoped and doped stainless steel samples in this study. As a result,
it is expected that the silicon oxide dissolution and therefore similar pit morphology
would occur across all sample compositions studied. Instead, the large and high aspect
ratio pits were found primarily in undoped 17-4PH stainless steel.

While pits were found dispersed throughout the sample some pits appear to concentrate
around SiO2 inclusions (Figure 7.9). This suggests the passive film is less effective in
this region. The silicon-rich oxides were also enriched in Cr relative to the surrounding
areas. The depletion of Cr in the surrounding areas may be a reason for the passive
film in this region being less effective, though quantitative elemental characterisation is
needed to confirm that the concentration of Cr here is low enough to lead to passive
film instability.

Figure 7.9: Scanning electron micrograph and EDS maps of Ru-doped 17-4PH stainless
steel following immersion in 5 wt.% NaCl for 24 hours. Images were captured at x10k
magnification. The micrograph illustrates the fine pits which develop in the vicinity of
inclusions while the EDS maps show the elemental composition of the inclusions
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Comparing 316L and 17-4PH
Based on chemical differences between the two stainless steel grades studied different
synergistic alloying effects were expected. 17-4PH stainless steel contains little Mo, in
contrast to 316L, which contains around 2% (Tables 3.1 and 3.3). Previous studies
have found that Mo acts in synergy with PGMs in cathodically modifying stainless
steels261,262. While it is reported that Mo promotes the cathodic evolution of hydrogen
the reason for its synergistic effect alongside PGMs is unknown258. Another synergistic
effect has been observed between Ni and Ru by Streicher 263 whereby it was found that
Ni and Ru additions were more beneficial to corrosion resistance in boiling H2SO4 than
either of the additions alone. The 316L SS used in this study have around 10 wt.% Ni
content meanwhile the Ni content of the 17-4PH alloys is around 5 wt.%. Therefore, this
synergistic behaviour is more likely to be exhibited in the 316L samples than the 17-4PH
samples. However, this study observed similar OCP and potentiodynamic polarisation
behaviour for both the 316L and 17-4PH stainless steel alloys with no clear synergistic
effects being exhibited. This shows good agreement with the work of Sobral et al. 264 who
found powder processed 316L and 17-4PH possessed similar electrochemical behaviour
when evaluated in a H2SO4 solution.
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7.4 Effect of Alloy Synthesis Technique

This section presents an investigation into the effect of the sample synthesis technique on
corrosion behaviour. Water atomised samples of Ru- and Pd-doped 316L are compared
with their cast equivalents. Also presented here is a comparison of undoped 316L stainless
steel samples produced by two different atomisation techniques: water atomisation (WA)
and vacuum induction gas atomisation (VIGA). Finally, bulk alloyed and functionally
graded samples are compared to assess how the processing approach affects corrosion
resistance.

7.4.1 Powder Metallurgy vs Cast

The OCP graphs were similar for cast and sintered Ru-doped 316L samples and the
potential values were not found to deviate significantly for the duration of the test
(Figure 7.10 (a)i). A constant OCP is suggestive of the passive film being present and
stable142. Regarding the Pd-doped alloys, the OCP of the sintered samples converged
at approximately the same OCP towards the end of the test. Conversely, the OCP of
the cast sample was 0.05 V lower at the end of the test and appeared to be continually
decreasing for the duration of the test (Figure 7.10 (b)i). Such behaviour is indicative of
the sample becoming electrochemically active (i.e. corroding) within the test solution142.

Unlike the current study, Raghu et al. 142 found that wrought 316L stabilised in sulphuric
acid faster than the sintered samples. The absolute time for the wrought sample to
stabilise was approximately 50 hours while the sintered samples did not stabilise for the
duration of the 100 hour test. The discrepancies between this study and that of Raghu
et al. 142 may be because the solution strength used in the study of Raghu et al. 142 was
higher than that used in this study (0.5 M vs 0.05 M H2SO4) and that the sintered
samples were of higher porosity than used in this study (29 - 63% vs 1 - 18%). These
factors may explain why the sintered samples in this study appeared to outperform those
tested by Raghu et al. 142. It is unlikely the PGMs are responsible for the differences
between this study and that of Raghu et al. 142 since the behaviour of the samples in
this study, both undoped and doped, is broadly similar which therefore suggests that
alternative factors are responsible.
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Figure 7.10: OCP (i) and potentiodynamic polarisation (ii) curves comparing PGM-
doped 316L stainless steel samples produced by sintering and their cast equivalents
exposed to 0.05 M H2SO4. Graphs (a)i-ii show Ru-doped samples while (b)i-ii present
the Pd-doped samples
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As shown in Table 7.2, passivation was generally easier to achieve in the cast samples as
indicated by their low icrit. Similar to what was found by Raghu et al. 142 , the current
study found that both the cast samples possessed lower ipass than their PM equivalents
(Table 7.2). The Ru-doped sintered samples sintered at 1100°C for 900 s, however,
achieved the same order of magnitude icrit and ipass values as their cast equivalents.
Contrastingly, the Pd-doped sample produced under the same conditions did not. This
suggests the cast samples are more effective at inhibiting the anodic dissolution of the
stainless steel. A reason for the increased icrit and ipass in the sintered samples may
be due to the presence of pores. Raghu et al. 142 states that discontinuities and pores
interfere with passive film formation increasing the active-to-passive transition current.
Despite the presence of segregation in the cast samples identified in Section 5.1.6 these
samples outperform the PM samples. This suggests that porosity is more detrimental
to corrosion resistance than the presence of elementally enriched regions.

In the current study, the difference in icrit between the cast and sintered samples was
a maximum of one order of magnitude for the Ru-doped samples, while the spread of
data for the Pd-doped samples was two orders of magnitude. The absolute values of icrit

for the Ru-doped samples was also generally lower than the Pd-doped. This is despite
the Ru-doped and Pd-doped samples possessing similar densities when produced under
the same sintering conditions. The passivation currents for both the Ru- and Pd-doped
samples were within the same orders of magnitude. From this trend it can be deduced
that the type of PGM addition impacts different corrosion parameters differently. While
Ru doping more efficiently improved the ability with which passivation can be achieved
both Ru and Pd doping had similar effects on inhibiting the anodic dissolution of the
stainless steel.

Both the cast samples in the current study also exhibited wider passive ranges than
their sintered counterparts. This was also found by Raghu et al. 142 and Geenen et al. 143 .
All samples, both cast and sintered experienced the breakdown in passivation at around
1.0 V, a similar value to what is found in the literature142,143.
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Table 7.2: Summary of corrosion parameters extracted from potentiodynamic polarisa-
tion graphs of cast and sintered Ru- and Pd-doped 316L stainless steel

Ru-Doped Pd-Doped Ru-Doped Pd-Doped
Processing Technique icrit (µA cm-2) ipass (µA cm-2)

Tundish 32 56 2.9 2.6

Sintered
1000°C, 600 s 370 1060 12 16
1100°C, 600 s 630 320 21 5.7
1100°C, 900 s 19 1240 6.4 13

7.4.2 Water Atomisation vs Gas Atomisation

This study revealed the GA 316L samples achieved more noble OCP than the WA
sintered samples across the sintered parameters explored (Figure 7.11). Stability was
also achieved substantially faster in VIGA samples than in the WA samples. This
suggests that passivation was easier to achieve in the samples made using VIGA feedstock
compared with those produced using WA powder. A comparison of the polarisation
graphs revealed the ipass for VIGA was lower than the samples made from WA 316L
powder. Additionally, in the samples produced at 1100°C for 600 s, it was revealed the
icrit was lower for the VIGA.

This study shows good agreement with the work of Tobar et al. 63 and Jandaghi et al. 61

who also observed that GA 316L stainless steel possessed more noble OCP than the WA
equivalents. The shorter time to potential stability exhibited by the samples produced
from VIGA powders may be due to the impact of pore morphology on the stability and
the ease with which the passive film forms142,148. This reasoning can also be used to
explain why the passivation currents for the samples produced by VIGA powders are
lower than that obtained by the samples produced by WA powders.
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Figure 7.11: OCP (i) and potentiodynamic polarisation (ii) curves comparing sintered
water and gas atomised 316L powders exposed to 0.05 M H2SO4. Graphs (a) (i-ii)
present the samples produced by sintering at 1100°C for 600 s while (b) (i-ii) illustrate
the behaviour of the samples produced by sintering at 1100°C for 900 s
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In published research, porosity is sometimes attributed to the differences in the corrosion
behaviour of WA and GA stainless steels. Specifically, poorer corrosion resistance
is ascribed to higher porosity144,148,149. However, since the relative densities of the
samples in this study are similar, between 96.5 - 99%, it suggests that total porosity
is unlikely to explain the differences in the corrosion performance of the VIGA and
WA samples studied. Conversely, dissimilarities were observed in the pore sizes, with
finer pores being observed in the VIGA samples. Fine and widely distributed surface
pores have been found to cause more rapid corrosion. This relationship is ascribed to
passivation being harder to achieve because finer pores represent more interruptions in
the passive film62,142,148. Since the VIGA samples have higher numbers of fine pores this
indicates the corrosion behaviour will be worse (Figure 5.20). However, the opposite
was found to be true in the current study with the VIGA possessing better corrosion
characteristics. This suggests that an alternative factor is contributing to the observed
corrosion behaviour. The difference between the data and this study may be owing to
the electrolyte used. The polarisation studies in this investigation were carried out in
H2SO4 while the literature reporting on the effects of pore size on corrosion properties
were studied in chloride containing environments (NaCl and HCl). The differences in
the observations in this study and those presented in the literature may be owing to
the presence of chlorides affecting the corrosion mechanism that proceeds. Stainless
steels are highly susceptible to pitting corrosion in the presence of chlorides while it is
expected that only general corrosion will occur when exposed to H2SO4.

In other research, higher Mn contents have been attributed to worse corrosion resistance
when comparing WA and VIGA powders due to their contributions in forming MnS
inclusions which are highly detrimental to pitting corrosion58,61,265. In the current study,
though the VIGA powder has 99% more Mn than the WA powder, the VIGA samples
outperformed those produced from WA powders. However, it is worth noting that MnS
inclusions were not detected in either the VIGA nor WA samples during the chemical
characterisation. This suggests that in this particular study, an alternative factor is the
primary contributor to the observed corrosion behaviour.

An additional factor reported to negatively impact the corrosion behaviour of sintered
parts is Si-rich oxides which represent areas of local Cr depletion74. In the current study,
the degree of Si-rich oxide surface coverage was higher in the WA samples, agreeing with
previously made observations72,150. The discrepancy in the Si-oxide content of compacts
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made from the two powder types may be a factor contributing to their differing corrosion
behaviours.

Immersion Testing

As illustrated in Figure 7.12, both WA and VIGA samples showed signs of pitting
corrosion following immersion in NaCl solution. Analysis of the low magnification (x5
and x10) OM images using ImageJ revealed the mean pit area was higher in the VIGA
sample but the overlap in the data means that this difference in the data may not
be statistically significant (Table 7.3). The area covered by pits in the micrographs
was determined to be similar for both the WA and VIGA samples. However, it should
be stressed that since only low magnification micrographs were analysed here, smaller
pits which are beyond the resolution capable at x5 and x10 magnification will not be
captured here.

The differences in pore morphology in the two samples (as shown in Figure 5.4 and 5.26)
appears to make no discernible impact on the resistance to pitting. Optical microscopy
revealed both 316L samples were susceptible to pitting corrosion, which is to be expected
of stainless steels exposed to a chloride containing environment.
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Table 7.3: Summary of pit area analysis of WA and VIGA 316L stainless steel samples
sintered at 1100°C for 600 s following immersion in 5 wt.% NaCl for 24 hours. Measured
by image analysis of x5 and x10 magnification micrographs

Sample Mean Pit Area
(µm2)

Area Coverage
(%)

WA 15.4 ± 10.95 0.56 ± 0.17
VIGA 20.42 ± 11.78 0.46 ± 0.30

Figure 7.12: Optical micrographs of cleaned (a) WA and (b) VIGA specimens sintered
at 1100°C for 600 s following immersion in 5 wt.% NaCl for 24 hours. Images captured at
x5 magnification. The visible striations are caused by the final P1200 polish performed
before corrosion testing
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7.5 Functionally Graded Samples

Selected areas in the undoped and PGM-doped regions of the 17-4PH/Pd-doped 17-4PH
FGM were characterised following immersion in 5% NaCl. Visual inspection by SEM
revealed no clear differences in the two regions (Figure 7.13). The pits were further
investigated by image analysis. This characterisation revealed the mean pit area in
the two layers of the FGM was not statistically different from one another (Table 7.4).
Plotting the distribution of the pit area revealed the data skewed left for both regions
of the FGM meaning both regions exhibit a greater proportion of smaller pits. However,
differences can be observed in the number of pits detected, with that figure being greater
in the undoped region. Similarly, the upper range of measured pit area is higher in the
undoped region. As previously discussed, pits can represent interruptions in the passive
film, in which case, greater pit numbers are detrimental to corrosion resistance62,142,148.
The data suggests the presence of a PGM had a small effect on the pitting corrosion
resistance of the stainless steel in chloride environment. This shows good agreement with
the corrosion behaviour observed in the bulk alloyed samples whereby undoped 17-4PH
exhibited greater signs of pitting attack than its PGM-doped counterparts (Figure 7.8).
Additionally, it indicates a material’s corrosion resistance is not impacted by whether it
is bulk alloyed or functionally graded.

Figure 7.13: SEM micrographs of the 17-4PH/Pd-doped 17-4PH FGM following immer-
sion in 5 wt.% NaCl for 24 hours. Micrograph (a) presents the undoped layer while (b)
presents the Pd-doped layer. The visible striations are caused by the final P1200 polish
performed before corrosion testing

177



Table 7.4: Summary of pit area analysis of 17-4PH/Pd-doped 17-4PH stainless steel
FGM sample following immersion in 5 wt.% NaCl for 24 hours

Layer Mean Pit Area
(µm2)

Undoped 17-4PH 0.11 ± 0.41
Ru-doped 17-4PH 0.15 ± 0.47

Figure 7.14: Histogram illustrating the distribution of pit areas in the 17-4PH/Pd-doped
17-4PH FGM following immersion in 5 wt.% NaCl for 24 hours. Graph (a) illustrates
the data from the undoped layer and (b) presents the findings from the Pd-doped layer
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7.6 Effect of Heat Treatment

As previously explained, 17-4PH is a stainless steel which is typically utilised in its heat
treated condition to exploit the enhanced mechanical properties which evolve. For the
corrosion testing in this study to yield industrially relevant results, it was desirable to
perform corrosion studies of the material in this condition. The sintered undoped and
doped 17-4PH specimens were subjected to the H1075 heat treatment. This involved
solution treatment at 1050°C for 0.5 hours followed by air cooling. The samples were
then aged by holding them at 579°C for 4 hours. Subsequently, the samples were exposed
to 0.05 M H2SO4 for OCP and potentiodynamic polarisation testing.

The effect of the heat treatment on the OCP was variable, with no clear trend emerging
(Figure 7.15). In terms of the time taken to achieve stability, the potential of some
heat treated samples did not plateau during the entire OCP test (Figure 7.15 (c) and
(i)). These samples showed a slight decrease in OCP during the exposure time which
suggest passive film dissolution and activation of the metal surface leading to increased
corrosion25,256. Raghu et al. 142 and Kazior 266 also observed the decrease of OCP with
time when analysing sintered stainless steel. This change was accompanied by the
penetration in the pores and the stagnation of the electrolyte. While the potential
decrease observed by Raghu et al. 142 was greater than that observed in the current
study, Raghu et al. 142 observed a decrease from 0 mV to -280 mV, it was observed over
a greater time frame (40 hours). The current study analysed the samples over a 1 hour
time period. It may be the test was not carried out for long enough to observe the
degree of change in OCP that was found by Raghu et al. 142 . Additionally, the samples
explored in this study are less porous than those investigated by Raghu et al. 142 and so
less electrolyte pore penetration is expected here.

The undoped heat treated samples exhibited lower OCP values than the undoped as-
sintered samples (Figure 7.15 (a-c)). This was also observed by Kazior 266 in solution
annealed and aged at 490 and 500°C sintered 17-4PH stainless steel when exposed to
0.5 M NaCl. However, the same study found ageing at the slightly lower temperature
of 480°C resulted in an improved corrosion resistance. Additionally, solution annealing
alone led to the best corrosion performance in the sintered samples. An explanation for
why this occurs was not given but these findings suggest that if corrosion resistance is a
priority heat treatment should be optimised.
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Figure 7.15: OCP curves comparing the as-sintered and the heat treated 17-4PH stainless
steel specimens exposed to 0.05 M H2SO4 for 3600 s
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Heat treatment did not have a consistent effect on the OCP of the PGM-doped samples
(Figure 7.15 (d-i)). In the PGM-doped samples sintered at 1100°C for 600 s, the absolute
OCP values were similar for the as-sintered and heat treated samples. Meanwhile in the
Ru-doped sample produced at 1000°C for 600 s and the Pd-doped sample produced at
1100°C for 900 s both had higher OCP in the as-sintered condition.

With the majority of specimens in this study exhibiting a similar OCP in both the
as-sintered and heat treated state it is implied the heat treatment has little impact on
the thermodynamic stability of the passive film in this particular test medium. This
disagrees with the previous studies which have concluded heat treatment leads to better
corrosion performance by solutionising the material leading to a more homogeneous
distribution of alloying elements and a more refined microstructure77,153. It should be
highlighted, however, the data reporting the annealing effect of the heat treatment is
concerning wrought, cast and AM samples, which often possess microstructural and
elemental inhomogeneities77,153,155. Contrastingly, the samples in the current study were
produced by sintering and possessed generally homogeneous elemental distribution, as
observed in Section 5.1.1. This therefore limits the homogenising potential of heat
treatment and its eventual impact on corrosion performance where sintered compacts
are concerned.

In addition to chemical influences, microstructure is reported to impact the corrosion
performance of martensitic stainless steels154,267. The current study found a correlation
between the OCP and the microstructure before and following heat treatment. Specif-
ically, samples determined to be fully martensitic following heat treatment were also
characterised by a reduction in OCP. The observed trend shows good agreement with
what is reported regarding the effect of martensite on corrosion resistance. Austenite
retained in martensitic stainless steels is associated with improved corrosion resistance.
Wang et al. 154 found heat treated SLM-processed 15-5PH stainless steel samples in
possession of more austenite following heat treatment exhibited higher pitting potentials
and more stable passive films than those possessing less. With SKPFM analysis con-
firming austenite has a surface potential 15 mV higher than martensite. Similar findings
were reported also by Li et al. 267 in their study of LPBF 17-4PH stainless steel who
observed the corrosion resistance of these samples deteriorated following heat treatment
owing to the decreased in austenite content.

Spontaneous passivation was exhibited by two of the heat treated samples, as shown
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in Figure 7.16 (d and g). In both samples, spontaneous passivation appeared only
following HT with this behaviour being absent from the as-sintered specimen. To the
best of the author’s knowledge, this behaviour has not been observed elsewhere and it is
unknown why it is occurring here. Similar to the trends observed in OCP, HT has the
effect of slightly increasing icrit. The same effect is observed in the Ru-doped samples.
Contrastingly, this trend was observed in only one of the Pd-doped samples.

HT had no observable effect on neither the passivation range nor the breakdown potential
of the samples. The findings of this study contrast that reported by Kazior 266 who
found both passivation range and breakdown potential were significantly affected by
HT. Specifically, the passivation range widened by up to approximately 0.75 V following
HT while the breakdown potential was shifted to more noble values. In the same study,
Kazior 266 observed variations of plus or minus 0.2 V in the measured OCP resulting from
heat treatment. The differences in findings of the current study and that of Kazior 266

may be due to the electrolyte used. While this study performed electrochemical testing
in H2SO4, testing was carried out by Kazior 266 in NaCl. The differences suggest HT
may have a more profound effect on the pitting corrosion resistance of precipitation
hardening stainless steels compared to its effect on their resistance to general corrosion.
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Figure 7.16: Potentiodynamic polarisation curves comparing the as-sintered and the
heat treated 17-4PH stainless steel specimens exposed to 0.05 M H2SO4
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7.7 Chapter Findings

Increasing sintering temperature was more effective than increasing sintering time
at improving corrosion resistance. The effect of sintering temperature on corrosion
performance was more pronounced in the 17-4PH samples. This trend was attributed to
the large increase in density that was exhibited by 17-4PH with the increase in sintering
temperature and its beneficial effect on the protective properties of the passive film. For
most sintering parameter combinations, the best corrosion corrosion resistance in H2SO4

was exhibited by a PGM-doped sample. The presence of PGMs was also determined to
improved corrosion behaviour in NaCl solutions. Additionally, showing good agreement
with the literature, Ru was determined to be more beneficial to corrosion resistance than
Pd. Contrasting the corrosion performance of sintered and cast PGM-doped stainless
steel revealed superior resistance capabilities in the latter. This was attributed to the
residual porosity observed in the sintered samples and the passive film destabilising
effect they have. Comparing the corrosion performance of sintered compacts made from
water and vacuum inert gas atomised powders revealed small behavioural differences.
Overall, the VIGA compacts outperformed the WA equivalents. This was attributed
to the presence of silicon-rich oxides detrimentally affecting the stability of the passive
film. The corrosion behaviour of the FGM exposed to NaCl showed good agreement
with that of the bulk alloyed samples, indicating that each composition retained its
corrosion characteristics despite being incorporated into a graded material. The impact
of the H1075 heat treatment on hardness was evaluated here. While previous studies
have determined heat treatment benefits corrosion resistance by homogenising elemental
distribution, this research revealed the heat treatment did not have a consistent effect
on the corrosion behaviour. This lack of correlation was attributed to the elemental
homogeneity the as-sintered sample possessed, limiting the further homogenisation,
and therefore corrosion resistance enhancement, that heat treatment could facilitate.
A relationship between corrosion behaviour and microstructure was identified here.
Specifically, a correlation between fully martensitic microstructures and worse corrosion
behaviour was found. While martensite is a phase whose presence in heat treated 17-4PH
is associated with enhanced mechanical properties, its detrimental impact on corrosion
resistance, as detected here and elsewhere, therefore highlights the performance trade-off.
In the context of doped precipitation hardening stainless steels the presence of PGM
additions had no clear effect on the heat treatment response.
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8
C h a p t e r

Conclusions and
Recommendations

The aim of this work was to use field assisted sintering to produce bulk alloyed and
functionally graded Ru- and Pd-doped 316L and 17-4PH stainless steels by powder
metallurgical processing. The specific questions which were answered by working towards
this aim were:

1. What is the optimal sintering temperature and time combination for the composi-
tions explored?

2. Can field assisted sintering be used to produce a PGM-doped stainless steel
functionally graded material?

3. What is the effect of atomisation technique on microstructure, mechanical and
corrosion properties?

4. What is the effect of PGM presence on microstructure, mechanical and corrosion
properties?

5. What is the effect of processing technique on microstructure, mechanical and
corrosion properties?

6. What is the effect of heat treatment on powder processed PGM-doped 17-4PH
stainless steel?
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Finding 1
The effect of sintering temperature and time was evaluated in Section 5.1. These
conditions were varied between 1000 - 1100°C and 300 - 900 s, respectively. The
obtained results found with increased sintering temperature the samples were more
dense, with this trend being more significant in the 17-4PH samples. Increasing the
sintering time had a weaker impact on the density of the samples owing to the fact
that sintering temperature was maintained at 1100°C for these tests, a temperature at
which all samples had achieved near-full density. Based on density measurements, the
optimal combination of processing parameters based on the range of parameters explored
here is sintering at 1100°C for 600 s. This combination of parameters resulted in the
most time-efficient achievement of near-full density samples. Overall, these sintering
parameters also led to better corrosion behaviour.

Finding 2
As presented in Section 5.2, crack-free PGM-doped functionally graded samples were
successfully produced by FAST. These were produced by layering the different powder
compositions on top of one another prior to sintering. This project has demonstrated
the feasibility of FAST in producing PGM-doped functionally graded materials. The
FGM samples showed uniform microstructure and mechanical properties throughout
their depth.

Finding 3
In Sections 5.1.7 and 7.4.2, the effect of atomisation technique on microstructure,
mechanical and corrosion properties was evaluated by comparing sintered water atomisa-
tion (WA) and vacuum induction gas atomisation (VIGA) 316L powders. Experimental
findings determined both samples could be sintered to near-full density under the
sintering conditions explored in the current study. The nature of the porosity in the
two samples was observed to differ, with WA samples possessing coarser pores than
the VIGA samples. Other studies found VIGA specimens possess a lower degree of
oxide inclusions than WA on account of the inert atomisation atmosphere. The current
study confirmed this with significantly smaller and less numerous oxide inclusions being
observed in the VIGA samples when compared with the WA. The mechanical properties
differed between the two sample types with the VIGA samples possessing lower hardness
than the WA equivalents. This finding was attributed to the coarseness of the VIGA
microstructure compared with the WA sample since grain size impacts mechanical
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properties, as illustrated by the Hall-Petch relationship. The VIGA sample exhibited
superior corrosion resistance. The lower content of Si-rich oxides in the VIGA samples
was established to be a probable cause for its enhanced corrosion characteristics.

Finding 4
The 316L and 17-4PH stainless steel compositions explored in this study were doped
with 0.5 wt.% Ru and Pd. Hardness testing confirmed that PGM presence did not effect
mechanical properties, as expected. Similarly, the Ru and Pd additions were found
to be uniformly distributed in solid solution in the doped samples and had no other
impact on microstructure. In terms of corrosion characteristics, consistent with the
literature, Ru was determined to be more beneficial to corrosion resistance than Pd. It
was observed that across the sintering parameters explored the PGM-doped samples
generally outperformed the undoped samples in H2SO4 and NaCl.

Finding 5
This study evaluated the impact of processing technique by comparing the properties and
behaviour of sintered and cast PGM-doped 316L stainless steel. This study found that
the cast sample had the expected dendritic microstructure. Contrastingly, the sintered
samples possessed equiaxed grain structures. While the bulk elemental composition
of the sintered and cast samples were analogous some differences were observed in
terms of elemental distribution. Cast samples were found to be in possession of areas
enriched in Cr, Mo and Nb while in the sintered samples these areas were absent. The
mean hardness of the cast PGM-doped samples was slightly higher than the sintered
equivalents. This difference was attributed to the porosity evolving from the powder
metallurgy negatively impacting mechanical properties. In terms of their comparative
corrosion resistance, the cast samples exhibited better corrosion performance possessing
wider passive ranges, lower icrit and ipass when compared with the sintered samples. This
trend was again attributed to the absence of pores in the cast samples.

Finding 6
The sintered 17-4PH samples were subjected to the H1075 heat treatment with the aim
of precipitating material hardening Cu-rich precipitates. The H1075 is a typical heat
treatment for 17-4PH alloys which involves two steps: the first step is to solution treat
the material at 1050°C for 0.5 hours and the second step is to age the sample at 579°C
for four hours. Experimentation determined that the heat treatment successfully caused
the precipitation of nano-sized Cu-rich particles. Although the hardness enhancing
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effect of the heat treatment on the samples was varied the hardness of the sintered
samples showed good agreement with or exceeded the hardness values published in
literature for similar materials. While it is reported heat treatment can be beneficial
to corrosion resistance owing to its homogenising effect this study did not find a clear
effect of heat treatment on corrosion resistance. This lack of correlation was attributed
to the elemental homogeneity the as-sintered sample possessed, limiting the further
homogenising, and therefore corrosion resistance enhancement, that heat treatment
could have.
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8.1 Industrial Recommendations and Future Work

This study has demonstrated that powder metallurgical processing can be used to
produce PGM-doped functionally graded materials. Given the findings of this study, it
is plausible that the output corrosion resistance enhancement could be further improved.
The author highlights the following areas for future study:

Porosity
Pore size and morphology have an effect on the way in which corrosion proceeds.
Characterising pore features in a future study can help to elucidate the relationship
between pore characteristics and corrosion performance in the context of PGM-doped
stainless steels. Micro-CT is a technique which could be used to understand the nature
of pores.

Inclusion Minimisation
This study found that silicon oxide inclusions are detrimental to corrosion behaviour.
Alternative approaches that can be used to minimise the presence of silicon oxide
inclusions include:

• Different atomisation technique, e.g. vacuum inert gas atomisation or plasma
atomisation

• Different sintering conditions, e.g. sintering in a reducing atmosphere

PGM Concentration
The author also recommends exploring doping with higher quantities of PGMs. It may
be that due to the deleterious effects of the pores inherent to powder metallurgy that
greater proportions of PGMs are required to maximise the cathodic modification effect
in sintered specimens.

8.1.1 Summary

This study has demonstrated the feasibility of PM processing in producing cathodically
modified functionally graded materials. Such materials have potential applications in
electrowinning cells, fuel cells and waste-water treatment fuel cells. The more economic
and efficient use of PGMs for cathodic modification when employed using powder
metallurgical approaches widen the potential range of applications and industries in
which cathodic modification is an appropriate engineering solution. In combination
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with the evolving PGM market, where cathodic modification was previously prohibitive
economically, it opens up the industries in which cathodic modification can be employed.

190



Bibliography

[1] H. Bhadeshia and R. Honeycombe. Steels: Microstructure and Properties.
Butterworth-Heinemann, fourth edition, 2017.

[2] P. K. Samal. Corrosion Resistance of Powder Metallurgy Stainless Steels, pages
447–457. ASM International, September 2015.

[3] R. Song, J. Xiang, and D. Hou. Characteristics of Mechanical Properties and
Microstructure for 316L Austenitic Stainless Steel. J. Iron. Steel Res. Int., 18(11):
53–59, 2011.

[4] J. K. L. Lai, C. H. Shek, and K. H. Lo, editors. Stainless Steels - An Introduction
and Their Recent Developments. Bentham Science Publishers, Dubai, United Arab
Emirates, 2012.

[5] T. Michler. Austenitic Stainless Steels. In Reference Module in Materials Science
and Materials Engineering. Elsevier, Amsterdam, the Netherlands, 2016.

[6] G. S. Was and S. Ukai. Austenitic Stainless Steels. In Structural Alloys for Nuclear
Energy Applications, pages 293–347. Elsevier, Amsterdam, the Netherlands, 2019.

[7] P. A. Schweitzer. Corrosion Engineering Handbook - Fundamentals of Metallic
Corrosion - Atmospheric and Media Corrosion of Metals. Taylor & Francis,
Abingdon-on-Thames, UK, second edition, 2007.

[8] D. T. Llewellyn and R. C. Hudd. Chapter 4 - Stainless Steels. In D. T. Llewellyn
and R. C. Hudd, editors, Steels, pages 291–379. Butterworth-Heinemann, Oxford,
UK, third edition, 1998.

[9] F. Moyo, J. W. van der Merwe, D. Wamwangi, and Y. A. Mgwebi. Cathodic
Modification of Stainless Steels with Ruthenium: A Review of Recent Advances
in Making the Cheaper Option Cheaper. Corros. Rev., 36(6):495–505, 2018.

191



[10] F. Moyo. Using Ruthenium to Modify Surface Properties of Austenitic Stainless
Steel for Improved Corrosion Resistance. PhD thesis, University of the Witwater-
srand, 2017.

[11] J. H. Potgieter, A. M. Heyns, and W. Skinner. Cathodic Modification as a Means
of Improving the Corrosion Resistance of Alloys. J. Appl. Electrochem., 20(5):
711–715, 1990.

[12] P. Monnartz. Iron-Chromium Alloys with Special Consideration of Resistance to
Acids. Metallurgie, 8(7), 1911.

[13] E. M. Sherif, J. H. Potgieter, J. D. Comins, L. Cornish, P. A. Olubambi, and
C. N. Machio. The Beneficial Effect of Ruthenium Additions on the Passivation
of Duplex Stainless Steel Corrosion in Sodium Chloride Solutions. Corros. Sci.,
51(6):1364–1371, 2009.

[14] E. M. Sherif. Corrosion Behavior of Duplex Stainless Steel Alloy Cathodically
Modified with Minor Ruthenium Additions in Concentrated Sulfuric Acid Solutions.
Int. J. Electrochem. Sci., 6:2284–2298, 2011.

[15] O. A. Olaseinde, J. W. van der Merwe, L. A. Cornish, L. H. Chown, and P. A.
Olubambi. Electrochemical Studies of Fe-21Cr-1Ni Duplex Stainless Steels with
0.15wt.% Ruthenium at Different Temperatures. J. South. Afr. Inst. Min. Metall,
112:535–538, 2012.

[16] J. H. Potgieter, E. Wentzel, and G. Myburg. Effects of Vapour Deposited and
Bulk Alloyed Ruthenium on Corrosion Resistance of a Duplex Stainless Steel in
Sulphuric Acid. Surf. Eng., 8(4):289–291, 1992.

[17] A. van Bennekom and J. H. Potgieter. Effect of Surface Alloyed Silver on Corrosion
Behaviour of Austenitic Stainless Steel in Sulphuric Acid. Surf. Eng., 17(1):71–74,
2001.

[18] P. Peled and D. Itzhak. The Corrosion Behavior of Double Pressed, Double
Sintered Stainless Steel Containing Noble Alloying Elements. Corros. Sci., 30(1):
59–65, 1990.

192



[19] P. A. Olubambi, J. H. Potgieter, and L. Cornish. Corrosion Behaviour of Superfer-
ritic Stainless Steels Cathodically Modified with Minor Additions of Ruthenium
in Sulphuric and Hydrochloric Acids. Mater. Des., 30(5):1451–1457, 2009.

[20] A. Higginson. Passivation of Cathodically Modified Alloys. Br. Corros. J., 24(4):
297–302, 1989.

[21] N. D. Tomashov, G. P. Chernova, and T. A. Fedoseeva. Cathodic Alloying of the
Surface of Titanium, Chromium, and Stainless Steels as a Method of Increasing
Their Passivation and Corrosion Resistance. Corrosion, 36(4):201–207, 1980.

[22] S. C. Tjong, J. S. Ku, and N. J. Ho. Laser Surface Alloying of Ferritic Fe-40cr
Alloy with Ruthenium. Surf. Coat. Technol., 90(3):203–209, 1997.

[23] P. Peled and D. Itzhak. The Effect of Noble Alloying Elements Ag, Pt and Au
on the Corrosion Behavior of Sintered Stainless Steel in an H2SO4 Environment.
Corros. Sci., 28(10):1019–1028, 1988.

[24] P. Peled and D. Itzhak. The Surface Composition of Sintered Stainless Steel Con-
taining Noble Alloying Elements Exposed to a H2SO4 Environment. Corros. Sci.,
32(1):83–90, 1991.

[25] E. Klar and P. Samal. Powder Metallurgy Stainless Steels : Processing, Microstruc-
tures, and Properties, chapter Sintering and Corrosion Resistance, pages 59–100.
ASM International, Materials Park, Ohio, 2007.

[26] B. A. Obadele, O. S. Adesina, O. P. Oladijo, and E. N. Ogunmuyiwa. Fabrication
of Functionally Graded 316L Austenitic and 2205 Duplex Stainless Steels by Spark
Plasma Sintering. J. Alloys Compd., 849, 2020.

[27] A. Ruys, O. Gingu, G. Sima, and S. Maleksaeedi. Powder Processing of Bulk
Components in Manufacturing, pages 1–69. Springer London, 2013.

[28] P. Cavaliere, B. Sadeghi, and A. Shabani. Spark Plasma Sintering: Process
Fundamentals. In Spark Plasma Sintering of Materials, pages 3–20. Springer
International Publishing, 2019.

[29] C. Tan, G. Wang, L. Ji, Y. Tong, and X. Duan. Investigation on 316L/W
Functionally Graded Materials Fabricated by Mechanical Alloying and Spark
Plasma Sintering. J. Nucl. Mater., 469:32–38, 2016.

193



[30] E. Jajarmi and S. A. Sajjadi. Fractography of 3YPSZ/316L Functionally Graded
Composite Subjected to Indentation And Flexural Bending Tests. Ceram. Int.,
43(14):11281–11288, 2017.

[31] S. Z. Jin, H. L. Zhang, J. F. Li, and S. S. Jia. TiB2/AlN/Cu Functionally Graded
Materials (FGMs) Fabricated by Spark Plasma Sintering (SPS) Method. Key
Eng. Mater., 280-283:1881–1884, 2007.

[32] K. Zarebski and P. Putyra. Iron Powder-Based Graded Products Sintered by
Conventional Method and by SPS. Adv. Powder Technol., 26(2):401–408, 2015.

[33] I. F. Machado, L. Girardini, I. Lonardelli, and A. Molinari. The Study of Ternary
Carbides Formation During SPS Consolidation Process in the WC–Co–Steel
system. Int. J. Refract. Met. Hard Mater., 27(5):883–891, 2009.

[34] Johnson Matthey. PGM Management. Technical report, March 2024.

[35] A. Cowley. Pgm Market Report May 2023. Technical report, Johnson Matthey,
2023.

[36] E. R. Schofield. On the Criticality of Palladium in Organic Synthesis: A Per-
spective: Palladium-based Catalysis: a Field with Scope for Expansion. Johnson
Matthey Technol. Rev., 67(3):285–289, July 2023. ISSN 2056-5135.

[37] European Environment Agency. Trends and Projections in Europe 2023. Technical
report, European Union, 2023.

[38] Department of Transport. Zero Emission Vehicle (zev) Mandate Consultation:
Summary of Response and Joint Government Response. Technical report, UK
Government, 2023.

[39] IEA. Global EV Outlook 2023. Technical report, IEA, 2023.

[40] R. O. Adams. A Review of the Stainless Steel Surface. Journal of Vacuum Science
& Technology A: Vacuum, Surfaces, and Films, 1(1):12–18, January 1983. ISSN
1520-8559.

[41] G. George and H. Shaikh. Chapter 1 - Introduction to Austenitic Stainless Steels.
In H. S. Khatak and B. Raj, editors, Corrosion of Austenitic Stainless Steels,
pages 1–36. Elsevier, Amsterdam, the Netherlands, 2002.

194



[42] S. R. Oke, O. O. Ige, O. E. Falodun, A. M. Okoro, M. R. Mphahlele, and P. A.
Olubambi. Powder Metallurgy of Stainless Steels and Composites: A Review of
Mechanical Alloying and Spark Plasma Sintering. Int. J. Adv. Manuf. Technol.,
102(9-12):3271–3290, 2019.

[43] R. L. Plaut, C. Herrera, D. M. Escriba, P. R. Rios, and A. F. Padilha. A Short
Review on Wrought Austenitic Stainless Steels at High Temperatures: Processing,
Microstructure, Properties and Performance. Mater. Res., 10(4):453–460, 2007.

[44] J. F. Grubb, T. DeBold, and J. D. Fritz. Corrosion of Wrought Stainless Steels.
In S. D. Cramer and B. S. Covino, editors, Corrosion: Materials, pages 54–77.
ASM International, 2005.

[45] L. Li. Heat Treating of Irons and Steels. ASM International, 2014.

[46] P. K. Samal. Alloy Classification and Compositions, pages 415–420. ASM Interna-
tional, September 2015.

[47] U. K. Mudali and M. G. Pujar. Pitting Corrosion of Austenitic Stainless Steels and
Their Weldments. In H. S. Khatak and B. Raj, editors, Corrosion of Austenitic
Stainless Steels, pages 74–105. Elsevier, 2002.

[48] S. D. Washko and G. Aggen. Properties and Selection: Irons, Steels and High-
Performance Alloys, chapter Wrought Stainless Steels, pages 841–907. ASM
International, January 1990. ISBN 9781627081610.

[49] S. Salahi, M. Ghaffari, A. V. Nemani, and A. Nasiri. Effects of Secondary-
Phase Formation on the Electrochemical Performance of a Wire Arc Additive
Manufactured 420 Martensitic Stainless Steel under Different Heat Treatment
Conditions. J. Mater. Eng. Perform., 30(9):6618–6629, 2021.

[50] A. V. Nemani, M. Ghaffari, S. Salahi, and A. Nasiri. On the Microstructural
Characteristics and Corrosion Performance of As-printed and Heat-treated PH
13–8Mo Martensitic Stainless Steel Fabricated by Wire Arc Additive Manufacturing.
Mater. Today Commun., 34:105477, 2023.

[51] B. Rho, H. U. Hong, and S. W. Nam. The Effect of δ-ferrite on Fatigue Cracks in
304L Steels. Int. J. Fatigue, 22(8):683–690, September 2000. ISSN 0142-1123.

195



[52] C. C. Tseng, Y. Shen, S. W. Thompson, M. C. Mataya, and G. Krauss. Fracture
and the Formation of Sigma Phase, M23C6, and Austenite from Delta-Ferrite in
an AISI 304L Stainless Steel. Metall. Mater. Trans. A, 25(6):1147–1158, June
1994. ISSN 1543-1940.

[53] S. Roberts. Martensitic Steels for Cast Components in Ultra-supercritical Power
Plants, pages 121–141. Elsevier, 2017. ISBN 9780081005521.

[54] S. Lampman. Compressibility and Compactibility of Metal Powders, pages 171–178.
ASM International, September 2015.

[55] K. Hashimoto, K. Asami, and K. Teramoto. An X-Ray Photo-Electron Spectro-
scopic Study on the Role of Molybdenum in Increasing the Corrosion Resistance
of Ferritic Stainless Steels in HC1. Corros. Sci., 19(1):3–14, January 1979. ISSN
0010-938X.

[56] N. D. Tomashov, G. P. Chernova, and O. N. Markova. Influence of Palladium on
the Corrosion Resistance of 0Kh25M3T Steel in Dilute Soluions of HCl. Zashch.
Met., 9(6):616–618, 1973. ISSN 0033-1732.

[57] T. Voisin, R. Shi, Y. Zhu, Z. Qi, M. Wu, S. Sen-Britain, Y. Zhang, S. R. Qiu,
Y. M. Wang, S. Thomas, and B. C. Wood. Pitting Corrosion in 316L Stainless
Steel Fabricated by Laser Powder Bed Fusion Additive Manufacturing: A Review
and Perspective. JOM, 74(4):1668–1689, March 2022. ISSN 1543-1851.

[58] M. A. Baker and J. E. Castle. The Initiation of Pitting Corrosion at MnS Inclusions.
Corros. Sci., 34(4):667–682, April 1993. ISSN 0010-938X.

[59] J. Stewart and D. E. Williams. The Initiation of Pitting Corrosion on Austenitic
Stainless Steel: On the Role and Importance of Sulphide Inclusions. Corros. Sci.,
33(3):457–474, March 1992. ISSN 0010-938X.

[60] R. T. Warzel. Manufacture of Stainless Steel Powders, pages 421–426. ASM
International, September 2015.

[61] M. R. Jandaghi, H. Pouraliakbar, L. Iannucci, V. Fallah, and M. Pavese. Compar-
ative Assessment of Gas and Water Atomized Powders for Additive Manufacturing
of 316L Stainless Steel: Microstructure, Mechanical Properties, and Corrosion Re-
sistance. Materials Characterization, 204:113204, October 2023. ISSN 1044-5803.

196



[62] J. Lou, Y. M. Li, H. He, and L. J. Li. Effect of Atomisation Medium on Sintering
Properties of Austenitic Stainless Steel by Eliminating Influence of Particle Shape
and Particle Size. Powder Metall., 53(2):112–117, 2010.

[63] M. J. Tobar, J. M. Amado, J. Montero, and A. Yáñez. A Study on the Effects
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[187] R. D. Pütz, Y. Pratesa, L. Oster, R. Sharma, U. Reisgen, and D. Zander. Mi-
crostructure and Corrosion Behavior of Functionally Graded Wire Arc Additive
Manufactured Steel Combinations. steel research international, 92(12), October
2021. ISSN 1869-344X.

[188] T. S. Senthil, M. Puviyarasan, S. Ramesh Babu, and T. Ram Prabhu. Pitting
corrosion studies on functionally graded inconel 825-ss316l wall manufactured by
wire arc additive manufacturing. Engineering Research Express, 4(3):035013, July
2022. ISSN 2631-8695.

[189] P. F. Jiang, C. H. Zhang, S. Zhang, J. B. Zhang, J. Chen, and Y. Liu. Microstruc-
ture Evolution, Wear Behavior, and Corrosion Performance of Alloy Steel Gradient
Material Fabricated by Direct Laser Deposition. Journal of Materials Research
and Technology, 9(5):11702–11716, September 2020. ISSN 2238-7854.

[190] ASTM International. ASTM G102-89(2015): Standard Practice for Calculation of
Corrosion Rates and Related Information from Electrochemical Measurements.
Technical report, ASTM International, ASTM International, West Conshohocken,
PA, 2015.

[191] G. P. Chernova, L. A. Chigirinskaya, O. D. Agakishiev, and N. D. Tomashov.
Corrosion-Resistant High-Chromium, Titanium, Molybdenum, Ruthenium or
Palladium Alloyed Steels. Key Eng. Mater., 20-28:1659–1670, 1991.

209



[192] A. Higginson, R. C. Newman, and R. P. M. Procter. The Passivation of Fe-Cr-Ru
Alloys in Acidic Solutions. Corros. Sci., 29(11-12):1293–1318, 1989.

[193] P. V. Scheers, J. J. McEwan, and D. Knight. Development of PGM-Modified
Stainless Steels for Reducing Acid Service. Corros. Coat. SA, October:4–12, 1994.

[194] J. H. Potgieter. Effect of Minor Ruthenium Additions on the Corrosion Behaviour
of Duplex Stainless Steels in Sulfuric Acid. S. Afr. J. Chem., 46(3):82–85, 1993.

[195] G. P. Chernova, T. A. Fedoseeva, L. P. Kornienko, and N. D. Tomashov. Increasing
the Passivability and Corrosion Resistance of Stainless Steels by Surface Alloying
with Palladium. Zashch. Met., 17(5):513–519, 1981.

[196] M. B. Lekala, J. W. van der Merwe, and S. L. Pityana. Laser Surface Alloying of
316L Stainless Steel with Ru and Ni Mixtures. Int. J. Corros, 2012:1–4, 2012.

[197] H. Du. Mie-Scattering Calculation. Appl. Opt., 43(9):1951–1956, 2004.
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