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Abstract
In this study, a 13Cr stainless steel multi-layer thin-wall part was fabricated using wire arc
additive manufacturing (WAAM). In Chapter 1 the microstructure and mechanical properties
of the bottom, middle and top regions in as-printed condition were investigated. A multi-phase
microstructure consisting of a hard martensitic matrix along with retained austenite and delta
ferrite was detected for all regions. The top region exhibited both lower strength and elongation
compared with the other regions, due to the presence of harder martensite with vermicular delta
ferrite. In Chapter 2 a post-fabrication heat treatment was applied to the as-printed part. Here,
austenitizing and quenching eliminated the detrimental secondary phases and the
microstructure and corrosion behavior after tempering at 300°C, 400°C, 500°C, and 600°C for
2 hours were investigated. Electrochemical tests revealed that tempering at 400°C provided the
best corrosion resistance and tempering at 500°C provided the worst resistance. In chapter 3
tempering at 400°C was looked into further by varying the tempering time; 1 h, 2h, 4h, and 8h
were investigated by microstructural observations and electrochemical testing. A decreasing
corrosion resistance with increasing tempering time was found due to the growth of
intergranular carbide precipitates.
General summary
By using a metal 3D-printing technology called wire arc additive manufacturing a 13Cr
stainless steel wall was fabricated. The mechanical properties and microstructure of the bottom,
middle and top regions of the wall were investigated in Chapter 1 using tensile and hardness
tests, and scanning electron microscope, respectively. This revealed a hard and brittle wall,
with the top regions showing lowest strength and elongation. For Chapter 2 the wall was
subjected to heat treatment to achieve uniform properties throughout. Subsequently, the
microstructure and corrosion resistance were evaluated after heat treatment at 300°C, 400°C,
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500°C, and 600°C for 2h, which revealed that 400°C provided the best and 500°C the worst
corrosion resistance. Chapter 3 tested 400°C further by varying the heat treatment time. Heat
treatment for 1h, 4h, and 8h were investigated in addition to 2h. Here it was determined that
increasing time led to decreasing corrosion resistance.
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Chapter 1
Introduction
1.1 Stainless steels
The early discoveries of stainless steels (SS) began in the 18th and 19th centuries when
chromium metal first was isolated, with the most significant advancements taking place in the
early 20th century [1]. Harry Brearly along with Benno Strauß and Eduard Maurer are usually
credited with the discovery of what is known as SS today [2, 3]. The development of alloy
steels was driven by the aim of improving cutting instruments and to determine whether the
new and improved alloy would improve corrosion resistance as well [1]. Initially, in the early
19th century, noble metals in addition to chromium and nickel were added to steel [1, 4].
However, the best performing alloys, containing platinum and rhodium, were deemed
impractical due to the high concentrations required of the noble alloying elements. It was soon
after found that the corrosion resistance of iron-chromium alloys was highly dependent on the
chromium content, with an increasing chromium content providing greater corrosion resistance
[1].
There were strong doubts with regards to producing engineering alloys with 12-30 % chromium
as the high carbon contents of the already existing alloys obscured the parts’ properties. It was
not until late in the 19th century that methods for reducing the carbon contents viably were
discovered, and even later that higher corrosion resistance was related to lower carbon content
was documented [5]. The method for reducing carbon content was an important discovery,
paving the way for the first developments of different SS variants in the early 20th century
Through experimenting with carbon, chromium, and nickel content in the alloys three
subdivisions of SSs were established: ferritic, martensitic, and austenitic. Further investigation
1

of the new alloys revealed significant improvement of corrosion resistance as the chromium
content of the alloy approached 12 %, attributed to passivation. It was also established that
excess carbon content in the alloys led to carbide precipitation, which was detrimental to the
passivation [1].
Generally, an iron-based alloy needs approximately 11 % chromium to be considered stainless,
as this is the minimum percentage of chromium where a protective passive oxide layer can
form on the surface of the alloy [6]. SSs rarely contain above 30 % chromium or lower than 50
% iron, with carbon contents ranging from below 0.03 % to 1.0 % for certain alloys [7]. A
representation of how the addition of certain elements provide specific types of SS is illustrated
in Figure 1.1. Due to the flexibility of SS alloys, there exists a wide range of applications, such
as cutlery, cooking utensils and fasteners, as well as in industries such as transportation,
petroleum, and textile plants [8]. SSs are now commonly divided into five different categories:
ferritic, austenitic, martensitic, duplex, and precipitation hardenable alloys. The precipitation
hardenable alloys differ from the rest, as these alloys are categorized based on the heat
treatment used, whereas the others are categorized by crystallographic structure [7].
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Figure 1.1. Illustration showing how addition of certain alloying elements leads to specific SS
alloys [7].
Ferritic SSs are magnetic alloys consisting of body-centered cubic (bcc) crystal structure
without the ability to be hardened by heat treatment [9]. These alloys generally possess poor
toughness and are susceptible to sensitization [7]. The chromium content of ferritic SSs is
normally from 12 % and up and their applications strongly depend on the amount of chromium
present [6]. Alloys with lower chromium content can be produced at relatively low cost and
provide fair corrosion resistance combined with good fabrication opportunities. Increasing the
chromium content naturally improves the corrosion resistance, however this comes at the
expense of toughness and weldability [7].
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Austenitic alloys are non-magnetic with face-centered cubic crystal structure which are unable
to be hardened by heat treatment, however hardening is possible through cold work [7, 9].
These alloys combine excellent ductility, toughness, formability, and corrosion resistance [10].
Austenite stabilizing elements (nickel, carbon, and nitrogen) combined with ferrite stabilizing
elements (chromium and molybdenum) provides the mentioned corrosion resistance. Low
alloy austenitic alloys are often used in applications where sliding wear is an issue, as when
sufficiently work hardened the austenite transforms to harder martensite [7]. Alloys with high
chromium content and corrosion resistant molybdenum added are used in highly corrosive
environments and applications involving high temperatures, whereas high-nickel alloys are
more suitable for acidic environments [7].
Martensitic SSs have a body-centered tetragonal crystal structure and are hardenable magnetic
alloys [9]. The carbon content of martensitic alloys plays a big role in determining the
mechanical properties, with increasing carbon leading to an increase in strength but a decrease
in ductility and toughness [7]. Higher hardness is also related to higher carbon content, making
high carbon martensitic alloys suitable for application requiring high adhesive and abrasive
wear resistance [6]. To improve toughness and corrosion properties both molybdenum and
nickel can be added to the alloys, however, the addition of these elements can result in a
multiphase microstructure [6, 7].
The precipitation-hardenable alloys can all be hardened by aging treatments, and can be either
austenitic, semi-austenitic, or martensitic [7, 9]. These alloys have good ductility and toughness
and a moderate resistance to corrosion, which provides these alloys with a better combination
of strength and corrosion resistance than the martensitic alloys [6]. The precipitation-hardened
alloys have higher chromium, nickel, and molybdenum contents as well as a normally lower
carbon content compared with the martensitic alloys, providing the improved properties [7].
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Duplex SSs consist partly of ferrite and partly austenite, providing better toughness and
ductility compared with the ferritic alloys and improved resistance to stress-corrosion cracking
compared with the austenitic alloys [11]. Yield strengths are also increased for duplex alloys
compared with both ferritic and austenitic alloys [7]. The addition of nitrogen to duplex alloys
increases the amount of austenite in the mixture, thus improving corrosion resistance [11, 12].
A comparison of the minimum yield stress and pitting corrosion resistance between certain SS
grades is shown in Figure 1.2.

Figure 1.2. Comparison of minimum yield stress and resistance to pitting corrosion (PREN)
between some SS grades [11].
As mentioned, the alloying elements added to SSs strongly affect the crystal structure and the
formation of phases in the alloys. Carbon and chromium are the principal alloying elements in
ferritic and martensitic alloys, whist the addition of nickel makes austenitic and duplex alloys.
In addition to these, SSs also include intentional amounts of manganese and silicon, with the
possibility to add a number of other alloying elements. These elements include molybdenum,
titanium, nitrogen, and aluminum, to mention a few, which individually all can affect
fabricability, corrosion resistance and microstructure [12].
5

The addition of chromium provides corrosion protection for the steel due to the formation of
an (Fe,Cr)2O3 oxide on its surface [9, 12]. Chromium combines with oxygen more easily than
iron; thus an increasing chromium content provides a more stable oxide [12, 13]. As chromium
is a ferrite promoting element, a higher content of chromium in the alloy will promote the
formation and retention of ferrite in all of martensitic, austenitic, and duplex alloys. In addition,
chromium promotes the formation of carbide precipitates which, as mentioned, can be
detrimental to corrosion performance [12].
As an austenite promoting element, nickel added to an alloy will cause the formation of more
austenite phase, and a sufficient amount will make the austenite phase stable at room
temperature and lower [12]. The general corrosion resistance of ferritic alloys has been shown
to increase with the addition of nickel, especially in environments containing sulfuric acid [12].
The addition of nickel to ferritic and martensitic grades can improve toughness, as well as
reduce the ductile-to-brittle fracture transition temperature [12].
The addition of manganese to SS (1-2 wt.% in austenitic and less than 1 wt.% in ferritic and
martensitic) is to avoid cracking during solidification. The cause of the solidification cracks
was the formation of eutectic iron-sulfide phases with low melting points. As manganese more
easily combines with sulfur than iron, manganese sulfides (MnS) form instead, eliminating the
issue of solidification cracking [12, 14]. Manganese can effectively prevent the formation of
austenite to martensite at low temperatures [9]. 0.3-0.6 wt.% silicon is added to virtually all
alloys of SSs to provide deoxidation during the melting process.
High concentrations of silicon (4-5 wt.%) affect corrosion resistance positively and is added to
certain heat-resistant alloys to improve the resistance to scaling of oxides at higher
temperatures [12]. Larger amounts of silicon added to ferritic and martensitic alloys promotes
the formation of ferrite, as it is a ferrite stabilizing element [15]. Molybdenum is a commonly
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used alloying element which provide different properties depending on the type of SS it is
added to [12]. An improved resistance to pitting corrosion is achieved for SSs alloyed with
molybdenum due to making the passive film more stable [16]. Since molybdenum is a ferrite
promoting element it can cause retention of undesirable ferrite in the microstructure of
martensitic alloys, causing reduction of toughness and ductility. To improve yield and ultimate
tensile strength molybdenum is added to martensitic alloys as a carbide former which increases
the secondary hardening characteristics [12].
To avoid the formation of detrimental carbide precipitates (M23C6) in the grain boundaries,
which are highly involved in intergranular corrosion, other carbide forming elements are added.
Titanium and niobium for example stabilizes the carbon in austenitic steels preventing the
formation of the chromium-rich precipitates. These carbide forming elements work as ferrite
promoters because they occupy the carbon, which is a strong austenite stabilizer, in addition to
being ferrite stabilizers themselves [12].

1.2 Metal additive manufacturing
In 1920 electric arcs and metal electrodes were used to form walled structures, and many
modern day additive manufacturing (AM) techniques are based on similar ideas [17]. Modern
day AM uses 3D model data to fabricate near-net shape components in a layer-by-layer fashion.
This method makes it possible to produce more complex designs cheaper with less material
waste, lead time, and energy consumption compared with the more conventional subtractive
methods [18]. In addition, computer-aided design (CAD) files can be used to produce parts that
are still required for operation, but the fabricators of these parts are no longer available. Most
of the AM activity around the world is related to polymer-based systems, however AM of
metals is desirable for many industries due to the possibility of producing components of high
quality at lower manufacturing costs [19].
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Metal AM processes can be divided into two main groups: powder bed fusion (PBF) and
directed energy deposition (DED), which again can be classified further depending on the
energy source used [18, 20]. In addition to the energy source there is another parameter
associated with the metal AM process, this being the input raw material which is either metal
powder or wire [20]. PBF involves the selective fusion of metal powder with thermal energy
based on the 3D model of the desired part [18]. A repeating process where powder is raked
across the work area and fused by either laser or electron beam as the energy source is
continued until the 3D part is produced [21]. DED processes can use both powder and wire as
the feedstock material which is fused during deposition [18]. The powder feed systems use
laser to melt the powder fed through a nozzle onto the substrate, and the desired shape is
achieved by either movement of the deposition head or the work piece [21]. Similarly, the wire
feed systems use either electron beam, laser beam or plasma arc as heat source to melt metal
wire onto the substrate, achieving the shape by subsequent passes where a single material bead
is deposited each time [21]. Schematics of the three mentioned AM systems can be seen in
Figure 1.3.
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Figure 1.3. Schematic illustrations of (a) a powder bed system, (b) a powder feed system, and
(c) a wire feed system (Adapted from [21]).
Within the two main metal AM groups there are several different processes available, such as
electron beam melting (EBM) and selective laser melting/sintering (SLM/SLS) for PBF and
laser engineering net shaping (LENS) and direct metal deposition (DMD) for DED [22]. PBF
is mainly used for rapid prototyping and the fabrication of high end parts, whereas applications
for DED include part reparations and adding features to already existing parts [23]. DED
processes generally have higher build speeds and can produce larger parts compared with PBF.
However, a higher freedom of design, geometrical complexity and surface quality is associated
with PBF [23].
From an industry perspective there are situations where the freedom of design associated with
AM has both advantages and disadvantages. As there are few professionally trained AM
manufacturers and AM software is expensive, there is skepticism shown with regards to the
9

fundamental design guidelines for AM technologies. There is also debate whether AM should
be considered under traditional design for manufacturing and assembly principals, or if it
should have its own manufacturing design regulation. Quality assurance and control can also
be complicated when it comes to AM, as there is unpredictability of the produced parts
associated with defects and surface roughness differences. Where subtractive manufacturing
methods can produce low-complexity parts with high precision, AM can produce more
complex components with poor tolerance and relative quality [24].
When comparing metal AM with more conventional subtractive manufacturing methods
certain advantages and disadvantages are revealed [25]:
-

AM achieves the desired part geometry while using the material efficiently, related to
the layer-by-layer deposition method, whereas subtractive methods require substantial
amounts of material to be removed.

-

By the use of AM parts can be made to have different mechanical properties in some
areas compared to others. Complex parts can be fabricated without sacrificing
functionality to simplify manufacturing.

-

AM can produce parts without the need for resources in addition to the main machine
tool associated with subtractive methods. This allows for parts to be produced near to
customers which creates improved dynamics in supply chains.

-

Production of AM parts can be easily synchronized with the requirements of the
customer, as the part quality is related to the process and not skill of the operator.

-

The size of AM parts is restricted by the size of the build chamber and larger parts
require long build times. Build defects and inhomogeneity are common problems in
AM parts, and the cost associated with the fabrication is higher than for subtractive
methods.
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Although approximately 33 % of the published literature on metal AM are on steels, they are
still mainly fabricated with conventional methods. Understanding the effect of the AM
processes on microstructure, mechanical properties and corrosion behavior is key to improving
reproducibility and gain industry acceptance for AM of steels [26]. The thermal history that an
AM part experiences is very different from what a conventionally fabricated part experiences
[27]. Process parameters such as high cooling and solidification rates and high thermal
gradients play a big role in determining the final microstructure of the part [28]. This is also
what allows AM to fabricate components with site-specific mechanical/corrosion properties
[26]. Figure 1.4 depicts the microstructure of some steels and SSs after produced by PBF and
DED compared with conventional methods.

Figure 1.4. Illustration of the microstructural phases that can be expected in parts fabricated
by conventionally methods and some AM processes [29].
The SSs used most often for AM are the austenitic alloys, with martensitic, duplex and
precipitation hardened alloys being less commonly used [29]. It is common for the as-printed
11

microstructure of SSs to not be the desired microstructure for application [30–32]. The high
cooling rates associated with fabrication can cause a change in the primary solidification phase
and incomplete phase transformations, and microsegregation during solidification can lead to
a local difference in the stability of phases [29]. These inhomogeneities may need to be
eliminated by post-processing heat treatments.
Wire arc additive manufacturing (WAAM) is a DED type AM process able to fabricate large
components by utilizing welding equipment with metal wire as the feedstock material [33, 34].
Using electric arc as heat source this specific DED process is superior to PBF in terms of lower
material waste, higher deposition rates, lower cost, and part size limitations, however part
complexity is limited [33]. As the metal wire is fed through the nozzle of the robotic weld arm
it is simultaneously melted and deposited onto the metal substrate. This process is repeated
until the desired part shape and dimensions are achieved, as is shown in Figure 1.3. WAAM
with electric arc as heat source requires careful optimization of the process parameters to ensure
good quality of the fabricated parts. The parameters involved are current intensity, voltage,
type of shielding gas, flow rate of the shielding gas, distance between nozzle and substrate,
travel and wire feed speed, and angle of torch [29]. These all play a role in affecting the transfer
mode, which strongly influences the width and size of the deposited beads, the rate of
deposition and the surface roughness of the finished component [35].
WAAM of various types of SSs and how process parameters and chemical composition affect
the microstructure, corrosion behavior and mechanical properties is an ongoing study
worldwide. The effect of certain process parameters on macroscopic characteristics,
microstructure and mechanical properties of some SSs has been documented [36]. However,
for WAAM of SSs to be properly implemented in industry more studies are required on fatigue
and corrosion behavior [36].
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1.3 Heat Treatment
The idea of heat treatment and quenching started with the early production of iron, which goes
as far back as 1400-1200 BC. Through the years the heat treatment and quenching methods
were established by blacksmiths through empirical research and experimentation. However, it
was not until approximately 1850 AD that the effects of quenchants and alloying elements were
quantified, and even later that hardenability, martensite formation and quenching mechanisms
were identified [37]. Iron possesses an allotropic property which allows its crystal structure to
change with temperature, providing steels and SSs with the ability to form ferrite, austenite,
and martensite phases. The various alloying elements that can be added to iron, carbon in
particular, all play a role in determining at what temperatures the phase transformations take
place [38]. The microstructure of steels can be altered positively by proper heat treatment
procedures, which can benefit mechanical and corrosion properties as these are highly
dependent on the microstructural phases [38, 39]. Depending on the heat treatment, SSs can be
provided with protection to wear and corrosion resistance throughout the cross-section of the
part, making them less dependent on protective coating with limited life [40]. Undesired
mechanical and corrosion properties along with residual stress can remain in a component after
fabrication, heat treatment is able to restore these properties and eliminate the residual stress
[40].
Phase diagrams are an important tool to identify which phases form at what temperatures for
SSs. They are therefore also important in determining heat treatment temperatures for these
alloys. For martensitic SS, which can be considered as Fe-Cr-C alloys, it is essential for
austenite to form as this is the phase that transforms into martensite. An increase in the content
of the ferrite stabilizing element chromium means that an increase in the austenite stabilizing
element carbon is needed to counter the ferrite transformation [41]. Figure 1.5a and 1.5b show
the pseudo-binary phase diagrams of 13Cr and 17Cr martensitic SSs, respectively. In the phase
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diagram ferrite, austenite, delta ferrite, M23C6, and M7C3 are annotated by α, γ, δ, C1, and C2,
respectively [12]. It can be seen that an increase in chromium content of the alloy leads to a
shift towards higher carbon content for the single-phase austenite region.

Figure 1.5. Fe-Cr-C pseudobinary phase diagrams of (a) 13Cr and (b) 17Cr martensitic SS.
Single-phase austenite regions are marked with blue (Modified from [12]).
Austenitizing involves heating the martensitic SS to a temperature where the austenite phase
transformation occurs, and carbide precipitates are fully or partially dissolved [42]. Higher
temperatures used during austenitizing provides better mechanical and corrosion properties,
however this increases the risk of decarburization, excessive grain growth, retained austenite,
quench cracking and brittleness [40]. Subsequent steps in the heat treatment of martensitic SSs
include cooling from austenitizing temperatures to transform the austenite into martensite,
followed by tempering to improve toughness and ductility [41, 42]. Higher austenitizing
temperatures have been shown to cause a higher dissolution rate of carbide precipitates, leading
to a higher carbon content in the austenite matrix and ultimately higher retained austenite
contents [42]. From the austenitizing temperature martensitic SSs are quenched in either air or
oil. Oil quenching helps prevent the formation of carbide precipitation in the grain boundaries
and air cooling is better for avoiding distortion of complex regions of a part [41, 43]. Martensite
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formed as a result of quenching from austenitizing temperatures is hard, brittle, and prone to
cracking due to a high level of internal stresses. Tempering is often applied to increase
toughness and elongation at the cost of hardness [43]. Figure 1.6 shows how hardness is
affected by tempering temperature in a 12Cr martensitic SS with 0.14 % carbon.

Figure 1.6. Graph showing the change in hardness with increased tempering temperature for a
12Cr martensitic SS with 0.14 % carbon [43].
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1.4. Motivation and Research objectives
As WAAM can produce large components rapidly it is desirable for production companies to
understand the properties of the fabricated parts. Varying the process parameters used for
deposition of DED-fabricated SS parts can change their microstructure and mechanical
properties in as-printed condition [44]. Anisotropy and the formation of various secondary
phases, such as delta ferrite and retained austenite, have been documented in WAAM fabricated
SS parts [45–47]. The effects of microconstituents on the mechanical properties of SS parts in
as-printed condition need to be studied more extensively to properly understand the WAAM
process.
SS parts produced by WAAM can experience residual stress and distortion, which requires a
post-fabrication heat treatment to eliminate [36]. Heat treatment of SS parts has been shown to
promote the growth of different types of carbide precipitates in the microstructure [48]. It is
generally agreed upon that carbide precipitates formed in SSs adversely affect the corrosion
resistance by draining Cr from the matrix [49]. Application of different heat treatment
temperatures and times lead to the formation of different microstructural phases, capable of
affecting corrosion performance [50–53]. A greater understanding of how heat treatment
parameters affect the microstructure of the fabricated SS part is required for understanding its
effect on the corrosion resistance.
As a result, this thesis aims to answer the following questions:
1. What is the effect of the WAAM process on the microstructural evolution and
mechanical properties of a 13Cr martensitic SS in as-printed condition?
2. What are the effects of various post-fabrication heat treatment temperatures on the
microstructure and corrosion behavior of the WAAM 13Cr martensitic SS part?
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3. What are the effects of various tempering times on the microstructure and corrosion
behavior of the WAAM 13Cr martensitic SS part?
With these questions in mind, the investigation of a 13Cr martensitic SS part in as-printed
condition and after post-fabrication processing was performed and reported in this thesis.

1.5. Organization of the thesis
This is a thesis written in a manuscript format (paper based). All papers are currently either
under internal review or peer review with journal papers or conferences.
The following three chapters presented in this study are on a WAAM AISI 420 martensitic SS
thin-wall part. The second chapter investigates the as-printed microstructure and mechanical
properties and determine the effect of the microstructural phases formed during fabrication on
these properties. In the third chapter a post-fabrication heat treatment is applied to the thin-wall
part. The optimal austenitizing and tempering temperatures with regards to corrosion resistance
are determined by microstructural examining and electrochemical testing. The third and final
chapter will further look into the tempering temperature that provided the best corrosion
behavior after the heat treatment process. Samples exposed to the same tempering temperature
for different time intervals are investigated by microstructural examination and electrochemical
testing.
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Chapter 2
Wire arc additive manufacturing of AISI 420 martensitic stainless
steel: on as-printed microstructure and mechanical properties
Preface
I am the first and corresponding author of this paper. Along with the co-authors, Salar Salahi,
Mostafa Kazemipour, and Dr. Ali Nasiri, I investigate the microstructure and mechanical
properties of a wire arc additively manufactured 13Cr (AISI 420) martensitic stainless steel
part in as-printed condition. I prepared methodology, performed experiments, analysed the
data, and prepared the first draft of the manuscript, and given the co-authors’ feedback I revised
the paper. Mostafa Kazemipour and Salar Salahi contributed with experiments and data
analysis, and Dr. Ali Nasiri contributed with conceptualization, design, project administration,
and supervision, review and editing of the manuscript.
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Abstract
In this study, the microstructure, and mechanical properties of an AISI 420 martensitic stainless
steel (MSS) multilayer thin wall part produced by wire arc additive manufacturing (WAAM)
were investigated. In order to characterize the microstructure and mechanical properties of
different zones of the printed wall, samples were prepared from the bottom, middle and top
regions along the building direction of the part. Utilization of scanning electron microscopy
(SEM) along with electron backscatter diffraction (EBSD) and X-ray diffraction (XRD)
analyses revealed the formation of a martensitic matrix along with delta ferrite and retained
austenite as secondary phases in the as-printed microstructure. The presence of these secondary
phases was correlated to the complex thermal history in the deposited layers associated with
cyclic re-heating and cooling as subsequent layers were deposited. Higher hardness values were
measured for the top region of the fabricated parts since these layers were not exposed to the
same in-situ re-heating cycles as the bottom and middle layers. Uniaxial tensile tests along the
building (vertical) and deposition (horizontal) directions revealed similar low elongation and
high tensile strength for the bottom and middle regions along the horizontal direction and
vertical samples. Differently, the samples from the top region fractured at a lower strength and
elongation due to their harder nature of untempered martensitic matrix combined with the
deteriorating effect of a significantly higher amount of delta ferrite in the top region.
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1. Introduction
The advancements in the field of metal additive manufacturing (AM) in recent years have given
various industries the opportunity of rapid fabrication of intricate components in an incremental
layer-by-layer fashion [45]. As compared to the subtractive fabrication methods, e.g. casting,
forming or machining, AM is capable of producing intricate components with fewer design
complications and more economically efficient due to the lower material waste, leading to a
shorter lead time [54]. Although there are multiple ways of producing parts through metal AM,
the two commonly used techniques are powder bed fusion (PBF) and direct energy deposition
(DED). The DED techniques cannot compete with the PBF capabilities in fabricating complex
components, however, they are able to produce significantly larger parts with a less complex
design much faster at drastically lower fabrication cost [55]. A common method of DED often
termed as wire arc additive manufacturing (WAAM) involves the feeding of the feedstock
metal wire at a controlled rate through a welding torch-produced arc or plasma, mounted on a
multi-axis robotic arm or a CNC-gantry system. As a droplet-based 3D printing method,
WAAM is well suited for producing thin-walled components with simple to medium
complexity [56]. As compared to the laser-based or electron beam-based AM processes, using
electric arc as the heat source in the WAAM contributes to a more moderate rate of heating and
cooling during fabrication and can produce parts with fewer defects [57, 58].
Compared to most conventional manufacturing methods, a component produced by the
WAAM experiences a more complicated thermal history during fabrication involving multiple
cycles of heating and cooling, leading to the formation of a more inhomogeneous solidification
structure [27, 59]. Such frequent heating and cooling cycles are attributed to the deposition of
subsequent layers during the manufacturing process. Therefore, the obtained microstructure
and mechanical properties of a WAAM part are commonly different from its wrought or
entirely cast counterpart [60]. The inhomogeneous microstructure and undesirable micro20

constituents in AM fabricated products commonly provoke anisotropic mechanical properties
[61], which emphasizes on the need to control the microstructure either during the printing
process or through applying appropriate post-printing heat treat cycles [22, 62]. In a recent
study by Hejripour et al. [46], the yield strength and elongation of samples along the horizontal
and building directions for a WAAM fabricated duplex stainless steel (SS) were compared, and
a higher yield strength but lower elongation were reported for the horizontal samples. Similar
results were obtained by Griffith et al. [63] when studying the microstructure and mechanical
properties of 316 and 304L SS components produced by laser engineered net shaping, reporting
a higher yield strength at the cost of ductility for the horizontal specimens.
The AISI 420 martensitic stainless steel (MSS) is considered a general-purpose alloy and
is mainly used in applications where an excellent combination of resistance to corrosion and
good mechanical properties are required [64–66]. MSSs usually contain between 11.5 wt.%
and 18 wt.% chromium and up to 0.6 wt.% carbon and form a martensitic microstructure when
quenched from austenitizing temperatures [42, 67, 68]. The corrosion resistance of SSs in
general is associated with the formation of a 1-3 nm thick passive oxide film on the surface of
the alloy [69]. Although many other grades of SS can provide better corrosion performance in
harsh environments, AISI 420 is the commonly used alloy due to its lower cost [50]. However,
there is little published research on the use of the WAAM technology to produce parts using
AISI 420 feedstock wire.
The high cooling rate associated with the welding of MSSs can lead to the supercooling of
delta ferrite phase during its transformation to austenite, making it possible for delta ferrite to
coexist with retained austenite and martensite at room temperature [52, 70, 71]. Baghjari et al.
[72] studied the laser welding of AISI 420 SS and reported the formation of delta-ferrite along
with carbide precipitates in a martensitic matrix. The formation and stabilization of delta-ferrite
at room temperature has been also reported in the structure of other grades of AM fabricated
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SSs, such as 304 SS, at various heat input levels [73]. Ge et al. [27] in their study of a 2Cr13
(containing approximately half the amount of carbon as the alloy in the present study) thinwall part produced by cold metal transfer (CMT) WAAM reported that the martensite content
increases from the bottom of the fabricated wall to the top. The formation of austenite in the
microstructure of a WAAM-2Cr13 was also reported in a different study by Ge et al. [74],
when they used a shorter interlayer dwell time during fabrication.
Implementing the WAAM technology for fabrication of parts from the MSS family and in
particular AISI 420 SS is relatively new, and the open literature on this subject is very limited.
More detailed studies of the topic are required to clearly elucidate the process-microstructureperformance correlations in the fabricated parts, especially when various modes of metal
transfer are adopted during the fabrication process.
This study investigates the microstructural variations along the building direction and the
resulting anisotropic mechanical response of an as-printed multi-layer single bead thickness
wall of AISI 420 SS produced by the state-of-the-art surface tension transfer (STT) WAAM
technology. The mechanical properties of the deposited wall were investigated by
microhardness and uniaxial tensile tests, along with fractography of the fractured surfaces of
the tensile specimens. The purpose of the performed study was to determine how the complex
WAAM thermal history affected the microconstituents formation in the microstructure and
their effect on the mechanical properties of the fabricated part.

2. Experimental Procedure
A multi-layer wall with the length, height and thickness of 150, 75 and 10 mm, respectively,
was fabricated through the WAAM technology using ER420 SS feedstock wire on a wrought
AISI 420 base plate. The illustration of the fabricated wall is shown in Figure 2.1. For
fabrication of the wall, a six-axis robotic arm was used for consistent and uniform deposition
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of the material. This robotic arm utilized an all-y scanning strategy with alternating directions.
The chemical composition of the used wire and base plate and the process parameters used for
deposition are displayed in Tables 2.1 and 2.2, respectively.
Table 2.1. Nominal chemical composition of the used feedstock wire and the base metal (all
data in wt.%)
Sample

Cr

C

Si

Mn

Ni

Mo

P

S

Cu

V

Fe

AISI-420 Base Metal

12-14

0.15-0.46

0-1

0.4-0.1

-

0-0.1

0-0.04

0-0.03

-

0.3

Bal.

ER-420 Wire

12-14

0.3-0.4

0-1

0-1

0-0.5

0-0.5

0-0.04

0-0.03

0-0.5

-

Bal.

Table 2.2. Process parameters used during deposition of the multi-layer wall.
Wire Feed Speed

Travel Speed

Current

Gas Flow Rate

Arc Voltage

Wire Size

4.06 m/min

0.22 m/min

135 A

45 L/min

29 V

0.11 cm
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Figure 2.1. Illustration of the WAAM deposited wall and the robot used for the deposition
along with some of the locations of the extracted tensile samples and the three investigated
regions.
To ensure the consistent interlayer temperature of 200°C prior to the deposition of each layer,
the temperature of each newly deposited layer was monitored using a laser thermometer. For
characterization of the microstructure and mechanical properties, the wall was divided into
three different regions, including the bottom, middle and top areas with the base plate as a
reference point (see Figure 2.1). To prepare flat horizontal and vertical tensile samples, the wall
was cut from the base plate and ground until a smooth and level surface was achieved, which
decreased its thickness to 5 mm. The position of the horizontal and vertical uniaxial tensile test
samples with the gauge dimensions of 30 × 10 × 2 mm prepared from the wall, along the
deposition and building directions, are illustrated in Figure 2.1. The uniaxial tensile testing of
the samples was conducted at the strain rate of 1 mm/min. The displacement data from each
sample during tensile testing were gathered using an extensometer attached to the specimen’s
gauge and the yield strength was calculated using the 0.2% offset method. A minimum of three
samples were tested for each region of the wall (bottom, middle, top, and vertical).
Vickers microhardness measurements were also performed covering three regions. The
hardness profile included multiple layers within each region, which were large enough to have
a center region distinguishable from heat-affected zones and melt pool boundaries. 15
indentations were made for each region of the wall. For characterizing the microstructure,
samples from each region were cut, ground, polished, following standard sample preparation
procedures for MSS, and etched with Vilella’s etchant before being examined by an FEI MLA
650F scanning electron microscope (SEM) to determine the microstructure. The SEM was also
equipped with a Bruker energy dispersive X-ray (EDX) analytical system to map
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concentrations of the chemical elements and an HKL electron backscatter diffraction (EBSD)
system.
The inverse pole figures (IPFs), pole figures (PFs), grain boundary maps, and phase maps were
obtained using the EBSD analysis. Only data points with confidence index higher than 0.01
were considered valid in the performed EBSD analysis herein. To post-process the collected
EBSD raw data, Channel 5 software was used. X-ray diffraction (XRD) analysis was also
conducted using an Ultima-IV XRD diffractometer to determine the phases present in the
microstructure. Cu-Kα radiation (λ=1.54Å) within a 2θ-range of 20-100° using 1° min-1
scanning rate were the measuring parameters. The MDI JADE 2010 software was used to
determine the volume fractions of the phases in each region employing the whole pattern fitting
(WPF) technique.

3. Results and Discussion
3.1 Microstructure
3.1.1 SEM analysis
The SEM images taken from the bottom, middle, and the top regions of the fabricated wall are
shown in Figure 2.2. Figures 2.2a and d show the micrograph depicting the microstructure of
the bottom and middle regions, respectively, revealing a coarse martensitic matrix denoted as
α’ phase. A noticeable change can be detected in the microstructure of the top region (Figure
2.2g) as compared to the bottom and middle regions. The top region’s microstructure contains
a high-volume fraction of vermicular shaped delta ferrite denoted as δ as an additional phase
formed along the primary austenite grain boundaries embedded in a martensitic matrix. The
SEM images shown in Figure 2.2a and d also revealed the formation of a less continuous
network of delta ferrite phase (δ), as compared to the top region, along with the martensite. The
EDX concentration maps taken from the microstructure of different regions of the fabricated
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part also shown in Figure 2.2 confirmed the positions of delta ferrite phase along the
interdendritic regions, where higher concentrations of Cr element (a ferrite stabilizing element)
and lower concentration of iron as compared to the surrounding matrix were detected.

Figure 2.2. SEM images and EDX elemental maps indicating Cr and Fe concentrations taken
from the (a-c) bottom, (d-f) middle, and (g-i) top regions of the WAAM fabricated ER420
wall.
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Figure 2.3 depicts the Fe-Cr-C pseudo-binary phase diagram for a SS containing 13 wt.%
chromium. The solidification process of an AISI 420 SS containing approximately 0.35 wt.%
carbon during equilibrium conditions is indicated on the phase diagram and described in
equation (1.1), where L, δ, γ, and α correspond to the liquid, delta ferrite, austenite, and ferrite
phases, respectively.
𝐿 →𝐿+𝛿 →𝛿+𝛾+𝐿 →𝛾 →𝛼

(1.1)

Figure 2.3. Pseudo-binary phase diagram of an MSS containing 13 wt.% chromium with the
carbon content in the present study taken as the average of its range (0.35 wt.%) indicated by
the dashed line (modified from [12]).
As already mentioned, the WAAM process can resemble a multi-pass arc welding process.
Analogously, a non-equilibrium solidification is expected during WAAM ascribed to the high
cooling rate associated with the process. Therefore, the equilibrium solidification path shown
in Figure 2.3 and equation (1.1) will not be followed strictly during deposition and
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solidification of each individual layer of the fabricated wall studied herein. Consequently,
instead of obtaining a fully ferritic microstructure in as-printed condition, the high cooling rate
of the WAAM leads to the formation of primarily a martensitic matrix [75]. If in the chemical
composition of the MSS, the content of ferrite stabilizing elements dominates over the austenite
stabilizing elements (the case of ER420), it is possible for high-temperature delta ferrite phase
to be retained in the martensitic matrix at room temperature. It has been also reported that very
high cooling rates during laser welding can prevent the delta ferrite to austenite transformation
[72]. The chemical composition of the feedstock wire used in this study contains a relatively
low amount of austenite stabilizers as compared to ferrite stabilizing elements, which allowed
for the aforementioned retaining of delta ferrite in the microstructure at room temperature. The
presence of delta ferrite in the microstructure of a duplex SS produced by WAAM has been
also reported, and the concentration of chromium found in the delta ferrite phase was ~ 5%
higher than that of the wire used for deposition [46]. The observed higher content of chromium
in the delta ferrite phase formed along the interdendritic regions (~17 wt.% Cr) in this study
(seen in Figure 2.2(b,e,h)) corresponds well with these findings. The observed vermicular
shaped delta ferrite phase differentiates the detected as-printed microstructure of the fabricated
alloy herein compared to that reported in previous studies on WAAM of 13Cr MSSs [27, 74,
76, 77].
The stabilization of retained austenite at room temperature in the microstructure can be
justified if the martensite finish (Mf) temperature of the alloy is below the room temperature
[78]. The Mf temperature of AISI 420 can be considered to be 150-200°C lower than the
martensite start (Ms) temperature [42]. Several correlations for calculation of Ms have been
reported in previous studies and are listed in Table 2.3. Using the average values of the provided
ranges in Table 2.1 for the chemical composition of the ER420 feedstock wire, the Ms
temperature of the alloy was calculated, employing all Ms correlations in Table 2.3. As can be
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seen from Table 2.3, the Mf temperature ranges include temperatures below room temperature,
confirming that the retained austenite can stay stable in the final as-printed microstructure of
this alloy at room temperature.

Table 2.3. Martensite start temperature (Ms) correlation gathered from the literature.
Reference

Ms Correlation

Ms [°C]

Mf [°C]

Irvine et al.

551 − (474𝐶 + 33𝑀𝑛 + 11𝑆𝑖 + 17𝐶𝑟 + 17𝑁𝑖

183.6

[−16.4, 33.6]

561 − (474𝐶 + 33𝑀𝑛 + 17𝐶𝑟 + 17𝑁𝑖 + 21𝑀𝑜)

148.1

[−51.9, −1.9]

539 − (423𝐶 + 30.4𝑀𝑛 + 12.1𝐶𝑟 + 17.7𝑁𝑖

212.2

[12.2, 62.2]

[81]
Steven and

+ 21𝑀𝑜 + 11𝑊)

Haynes [82]
Andrews [83]

+ 7.5𝑀𝑜)
Gooch [84]

540 − (497𝐶 + 6.3𝑀𝑛 + 10.8𝐶𝑟 + 36𝑁𝑖 + 46.6𝑀𝑜)

201.8

[1.8, 51.8]

Self et al. [85]

526 − (354𝐶 + 29.7𝑀𝑛 + 31.7𝑆𝑖 + 12.5𝐶𝑟 + 17.4𝑁𝑖

199.4

[−0.6, 49.4]

97.0

[−103, −53]

+ 20.8𝑀𝑜)
Higgins [65]

500 − (333𝐶 + 34𝑀𝑛 + 35𝑉 + 20𝐶𝑟 + 17𝑁𝑖
+ 11𝑀𝑜 + 10𝐶𝑢 + 5𝑊 + 15𝐶𝑜
− 30𝐴𝑙)

The presence of retained austenite in SS parts produced by AM has been also reported in
previous studies [47, 79]. Austenite contents of as high as 57% has been documented in parts
of AISI 420 produced by selective laser melting due to exposure to thermal cycling during
deposition [79]. It is also reported that WAAM processing parameters can affect the presence
and content of retained austenite in the microstructure of 17-4 PH SS [47]. As a result of
ambient temperature around the austenite reversion temperature range, the dwelling time
between the deposition of each layer can significantly affect the content of retained austenite
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in the produced part [74]. As the layers of the manufactured wall in the present study were
deposited onto the previously solidified layer at a temperature of 200°C, the fabrication
condition herein is analogous to a short interlayer dwelling time. As a new layer is deposited,
the heat associated with the deposition affects the underlying layers, with the closer layers
experiencing higher temperatures than the deeper underlying layers from the new deposit.
Potentially, the closer layers can reach the austenitizing temperatures and consequently their
martensite matrix can partially/locally retransform to austenite. This austenite can be partially
retained in the martensitic matrix as it cools down [80]. These higher temperatures associated
with the deposition of new layers also caused the less continuous network of delta ferrite phase
in the bottom and middle regions, as some of the delta ferrite phase in these regions were
retransformed to austenite and subsequently transformed into martensite upon cooling.
3.1.2 XRD analysis
The XRD patterns obtained from three regions, i.e. the bottom, middle, and the top of the
WAAM-ER420 wall can be seen in Figure 2.4. Consistent with the results obtained from the
SEM analysis, the XRD spectra revealed austenite peaks alongside the martensite peaks. Four
diffraction peaks for each of the two phases were detected, (110), (200), (211) and (220) for
martensite and (111), (200), (220) and (311) for austenite. Even though diffraction peaks for
alpha ferrite, delta ferrite and martensite are not possible to be distinguished due to their similar
lattice axis ratio [86], the SEM analysis results (Figure 2.2) determined that the peaks belonged
to both martensite and delta ferrite. The similar XRD patterns found for the bottom and middle
regions indicate that the in-situ re-heating effect associated with newer deposited layers have
affected these regions equally. Using the WPF technique, the volume fractions of austenite in
the bottom, middle and top regions were found to be 17.4%, 18.2%, and 20.6%, respectively,
further confirming the retransformation of some austenite to martensite in more frequently
tempered bottom layers.
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Figure 2.4. XRD patterns of the bottom, middle, and the top regions of the WAAM-ER420
wall with annotated peaks for martensite and delta ferrite (α’+δ) and austenite (γ).

3.1.3. EBSD analysis
Figure 2.5 shows the IPF maps superimposed on grain boundaries maps (Figures 2.5a-c) and
phase maps (Figures 2.5d-f) of the as-printed part taken from the bottom, middle, and top
regions of the fabricated part, all prepared from the center of each deposited layer and along
the building direction (BD). Regardless of the position of the sample along the BD, a lath
martensitic structure is formed in all layers (Figures 2.5a-c). The formed martensite laths are
mostly aligned with the building direction with relatively coarse structure while randomly
oriented blocky martensite are observed as well. Phase maps of different regions are extracted
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from the EBSD data and illustrated in Figures 2.5d-f. The body-centered cubic (BCC) structure
stands for both the delta ferrite phase and the tempered martensitic laths, formed in the
structure. Although making a distinction between the ferrite and martensitic phase is not
practical through EBSD analysis, it is observed that the fraction of martensite phase remains
relatively constant in all regions. A significant fraction of the retained austenite phase with
face-centered cubic (FCC) structure is distinguished in the phase maps of all regions (~11%).
Retained austenite phase is observed to distribute randomly in the structure and no significant
change in the volume fraction of the austenite phase was detected from the bottom to the top
layers.

Figure 2.5. Inverse pole figure and grain boundary maps for the (a) bottom, (b) middle, and
(c) top regions of the deposited wall, EBSD phase distribution map of the (d) bottom, (e)
middle, and (f) top regions.
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The resulting pole figures of the formed BCC phase (the tempered martensite laths
combined with the delta ferrite phase) and FCC phase (the retained austenite) in the structures
of the bottom, middle, and top samples for planes of {100}, {110}, and {111} are shown in
Figure 2.6. A strong cubic texture with few pole components is observed for {100} and {111}
family of planes of the BCC structure for the bottom, middle and top layers. The detected strong
alignment of the {100} poles implies the formation of a strong texture during the solidification
process [87–89] and the subsequent multi-steps heat treatment cycles associated with the
deposition process. There are also misalignments between the detected {100}<100> texture
and the building direction of all three samples, ascribed to the fact that the epitaxial growth
direction of the grains (aligned with the <001> direction) is expected to be perpendicular to the
melt pool boundaries, which are not necessarily perpendicular to the building direction. A
similar misalignment between the grain growth direction and the building direction of AM
fabricated parts have been reported in previous studies [90–93]. A single high-intensity pole is
observed for the {110}, the most close-packed plane in the BCC phase, which is relatively
aligned with the deposition direction (DD), in all regions of the deposited wall. This can
potentially facilitate the plastic deformation along the deposition direction of the fabricated
wall, if the microstructure of sample can accommodate some degree of plastic strain.
A significantly strong texture was detected for the retained austenite (the FCC phase) in
{100} planes at all regions, representing the strong texture in the primary austenite grains in
each region with some degree of misorientation relative to the building direction, consistent
with the {100} PF of the BCC phase. Overall, the EBSD analysis of the bottom, middle, and
the top layers exhibited nearly the same crystallographic orientation, indicating similar
distribution of texture for both martensite and retained austenite phases from the bottom to the
top regions of the fabricated wall.
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Figure 2.6. PF of the martensite phase formed in the (a) bottom, (c) middle, and (e) top
regions, PF of the austenite phase formed in the (b) bottom, (d) middle, and (f) top regions.
3.2 Mechanical Properties
3.2.1. Hardness
Figure 2.7 depicts the average Vickers hardness values of three different regions of the asprinted wall. Multiple indentations were taken from three layers located within each of the
three investigated regions. As can be seen from Figure 2.7, a significant increase in hardness
was detected for the top region. The hardness value of 732±36.3 HV was measured for the top
region, as compared to 620±36.3 HV and 637±42.7 HV for the bottom and middle regions,
respectively. A similar trend in the hardness values of the WAAM fabricated 13Cr SS part
along the building direction was reported in an earlier study [77]. A higher hardness value for
the last deposited layer was also noted for a WAAM fabricated Inconel 625 [94]. The higher
hardness values in the final layers can result from the fact that these layers have undergone a
smaller number of in-situ re-heating cycles than their underlying layers. Low tempering
34

temperatures of 300°C have been reported not to affect the hardness of the 13Cr SS material
when tempering for 2.5 h, while higher tempering temperatures of 550°C and 700°C lowered
the hardness [95].
As already stated, the temperature of a specific underlying layer is periodically reheated as new
layers are deposited on its top. At a certain point, the temperature of this layer no longer reaches
the sufficient temperature required for the stress relieving and subsequent tempering of the
martensitic matrix and consequently, the hardness stabilizes, approximately around 450°C
[96]. However, for the top layers the number of in-situ re-heating cycles are lower than the
middle or the bottom layers, resulting in the formation of harder top layers in as-printed
condition [80].
A higher volume fraction of retained austenite has been also reported to lower the hardness in
SS family [52, 97]. However, due to the lack of sufficient localized re-heating treatment in the
top layers and the homogeneous distribution of retained austenite from the bottom to the top
layers, the formation of retained austenite in the WAAM fabricated AISI 420 SS wall in this
study did not seem to be the dictating factor in controlling the as-printed hardness of the alloy.
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Figure 2.7. Vickers microhardness results of the bottom, middle and top regions of the asprinted wall.
3.2.2. Tensile Properties
Figure 2.8 shows the stress-strain graphs obtained from uniaxial tensile testing of the samples
taken from the horizontal direction (deposition direction) in the bottom, middle, and top regions
along with the building direction denoted as vertical. As can be observed from the graphs, the
mechanical properties of the fabricated part under uniaxial tensile loading seems to be very
consistent at the bottom and middle regions along both horizontal and vertical directions with
comparable values of fracture strength and elongation, suggesting an isotropic response in the
mechanical properties. However, the horizontal sample from the top region (Horizontal-Top)
differs from the other three by demonstrating lower properties, fracturing at both lower strength
and elongation. The extracted values of the ultimate tensile strength (UTS), elongation, and
yield strength (YS) of all tested samples are summarized in Table 2.4. None of the samples
experienced necking before fracture, indicating that all samples fractured when reached to their
UTS points. Consistent with the observed more brittle response of the Horizontal-Top sample
herein, Ge et al. [27] reported a more brittle fracture for the top layer of a CMT WAAM-2Cr13
thin wall part than the underlying layers as a result of the formed fully martensitic
microstructure in the top layer.
It is also worth noting that retained austenite can transform into martensite during uniaxial
loading, leading to an increase in strength and ductility for SS alloys, known as transformation
induced plasticity (TRIP) [98]. Random crystallographic texture has been reported to promote
TRIP during uniaxial tension for austenitic steels [99]. However, even though the samples in
the present study show high strength, the fracture mode of the samples is predominantly brittle,
indicating little to no improved plasticity induced by the transformation of retained austenite
to martensite. The similarity of the obtained EBSD results for all regions implies that
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solidification induced texture in the fabricated samples is not the driving force for the top
region’s distinct mechanical properties.
Delta ferrite has been also reported to have a positive impact on elongation, while
deteriorating the overall strength of MSSs [100]. A high amount of retained delta ferrite in the
microstructure has been shown to accelerate the cracking of AISI 420 SS weld [101].
Therefore, the harder nature of less tempered martensite in the top layers accompanied with
their higher content of delta ferrite have resulted in the lower strength and more brittle fracture
of the top region under uniaxial tensile loading compared with the other regions.

Figure 2.8. Stress-strain graphs of the horizontal samples machined from the bottom, middle,
and the top regions of the fabricated wall and the vertical tensile specimens.
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Table 2.3. Tensile test values for the horizontal samples from the bottom, middle, and the top
regions, and the vertical samples.
Sample

YS (MPa)

UTS (MPa)

Elongation (%)

Horizontal-

987 ± 26.2

1654 ±43.8

2.97 ± 0.24

Horizontal-Middle

933 ± 24.7

1733 ± 45.9

2.89 ± 0.24

Horizontal-Top

907 ± 24.0

1330 ± 35.2

1.21 ± 0.10

Vertical

1027 ± 27.2

1633 ± 43.3

2.96 ± 0.24

Bottom

3.2.3. Fractography
Figure 2.9 shows the SEM images depicting the fractured surfaces of the vertical and horizontal
tensile samples from the bottom, middle and top regions. Cleavage facets and dimples indicated
by the arrows in the lower magnification images can be seen on all fractured surfaces,
indicating that a mixed-mode brittle and ductile fractures has occurred. Higher magnification
images of the dimpled areas also revealed the presence of inclusion particles at the center of
the dimples. Furthermore, the dimples formed on the fractured surface of the top layer were
found to be shallower than those on the other samples, consistent with the measured lower
plastic strain for the horizontal-top sample.
Similar mixed-mode fractures at a relatively low elongation of 2% have been reported for 13Cr
SS alloy tempered at 300°C [95]. Previous studies have also shown similar variations of
fracture modes from ductile to mixed and brittle modes from the bottom to the middle and top
regions, respectively, of a CMT WAAM fabricated 2Cr13 part [27]. Inclusions, on the other
hand, can lead to the formation of voids, which can affect the fracture process of a material
[102]. Similar inclusion particles were found on the fractured surfaces of tensile specimens for
a Cr-Ni SS produced by both single- and double-wire feed plasma arc AM [103]. An increasing
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amount of inclusions can facilitate voids nucleation, which can lead to a decreasing active load
area for the specimen under tension, ultimately resulting in a premature fracture [102].
Contrarily, a high number of nucleation sites for micro-voids can delay the fracture, thus
increasing the ductility of the material [104].
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Figure 2.9. SEM images of the fractured surfaces of the tensile samples showing a mixedmode fracture along with the presence of inclusions at the center of the dimples. (a,e), (b,f),
(c,g) and (d,h) correspond to the horizontal bottom, middle, top and vertical samples,
respectively.

4. Conclusions
The present study investigated the microstructure and mechanical properties of an AISI 420
multi-layer thin wall part fabricated using WAAM technology. The following conclusions can
be made:
1. The as-printed wall revealed a multi-phase microstructure consisting of a martensitic matrix
along with secondary retained austenite and delta ferrite phases. The stability of delta ferrite
at room temperature was correlated to high cooling rates during solidification combined
with the high content of ferrite stabilizing elements, such as chromium, in the alloy.
2. The morphology of delta ferrite phase in the top region varied from the other regions and
was characterized by having a vermicular shape morphology formed along the primary
austenite grain boundaries as compared to the less continuous network of delta ferrite
formed in lower regions. This was due to the heat from newly deposited layers,
retransforming a portion of the delta ferrite to austenite during heating and ultimately
transforming to martensite upon cooling.
3. The lower Mf temperature of the alloy than the room temperature led to the stability of
retained austenite in the microstructure at room temperature.
4. Significantly higher hardness values were found for the top layers compared with the
bottom and middle layers, which both exhibited similar hardness values. The increase in
hardness at top layers was observed due to the lack of sufficient in-situ re-heating treatment
from above-deposited layers.
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5. The high hardness values of the deposited wall resulted in high strength and low elongation
fractures under uniaxial tensile loading. The top region along the deposition direction
fractured at lower elongation and strength than the horizontal bottom, middle and vertical
samples, which all revealed a similar mechanical response under uniaxial tension. The
measured texture of the fabricated sample at different regions was found to be relatively
the same, suggesting that the detected higher amount of delta ferrite phase along with the
harder nature of the formed martensite in the top region were the determining factors in
controlling the lower tensile properties of the top layer.
6. All tensile specimens experienced a mixed mode fracture with inclusion particles present
inside the formed dimples. These particles contributed to the brittle nature of the fracture
by decreasing the active load area of the specimen under tension.
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Chapter 3
Beneficiary effect of tempering process on the corrosion
performance of wire arc additively manufactured 420 martensitic
stainless steel
Preface
I am the first and corresponding author of this paper. Along with the co-authors, Salar Salahi,
Mahya Ghaffari, Alireza Vahedi Nemani, and Dr. Ali Nasiri, I investigate the effects of
tempering temperatures on the microstructure and corrosion behavior of a wire arc additively
manufactured 13Cr (AISI 420) martensitic stainless steel part. I prepared methodology,
performed experiments, analysed the data, and prepared the first draft of the manuscript, and
given the co-authors’ feedback I revised the paper. Salar Salahi, Mahya Ghaffari, and Alireza
Vahedi Nemani contributed with experiments and data analysis, and Dr. Ali Nasiri contributed
with conceptualization, design, project administration, and supervision, review and editing of
the manuscript.
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Abstract
In the present work, heat treatment of 420 martensitic stainless steel (MSS) fabricated by wire
arc additive manufacturing (WAAM) was performed to improve the corrosion resistance of the
material in comparison with the as-printed condition. In order to modify the microstructure and
improve the corrosion performance, different heat treatment cycles were applied to the asprinted sample. The heat treatment cycles involved austenitizing for 30 min in different
temperatures, including 950, 1050, and 1150°C followed by air cooling. Subsequently, a 2 h
tempering treatment was conducted with tempering temperatures of 300°C, 400°C, 500°C and
600°C, followed by cooling in still air. Microstructural characterizations revealed that the
austenitizing treatment led to the removal of retained austenite and delta ferrite, while the
tempering process resulted in the precipitation of a variety of carbide particles at different
tempering temperatures. Electrochemical tests performed in an aerated 3.5 wt. % NaCl solution
showed that the sample tempered at 400°C has the highest corrosion resistance, while
tempering at 500°C led to the worst corrosion performance. A stable passive layer was able to
form for the sample tempered at 400°C due to the similar chemical composition of the formed
carbide precipitates and its matrix. However, the 500°C sample was unable to form a passive
layer due to the size and chemical composition of the carbide precipitates existing within its
microstructure, resulting in an active surface.
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1. Introduction
Metal additive manufacturing (AM) is a layer by layer process widely used to fabricate 3Dobjects by joining processes with a high deposition rate, low equipment cost and material
waste, which is superior to conventional subtractive fabrication methods [54, 105]. Using a
3D-model of the desired end-product from a computer aided design file, components with
complex shapes and geometries can be fabricated by different additive manufacturing methods
[56, 106]. Two of the main metal AM methods include powder bed fusion (PBF) and direct
energy deposition (DED), where PBF uses metal powder as the feedstock material, and the
DED method can utilize a wire beside the powder [54]. PBF is mostly desirable for fabricating
parts with a complex geometry, while DED has a high deposition rate being able to fabricate
larger components more time efficient than PBF [55]. DED using a feedstock wire being melted
upon deposition by an arc can produce parts with satisfactory mechanical properties and a
controlled microstructure [45, 55]. Wire arc additive manufacturing (WAAM) is one of the
most well-known DED methods, where a multi-axis robotic arm deposits a wire which is fed
through its nozzle onto a substrate [59]. The deposition of multiple incremental layers of a
ferrous alloy using WAAM can result in a complex thermal history leading to an
inhomogeneous microstructure in the as-printed condition [44, 107], which can be eliminated
by applying a proper post-fabrication heat treatment cycle [58, 92] .
420 alloy containing approximately 13 wt.% Cr is a martensitic stainless steel (MSS)
considered to have excellent mechanical properties and a moderate corrosion resistance,
making it a general-purpose material [64, 65]. This alloy has a wide range of applications due
to its potential tendency to be microstructurally altered by application of heat treatment [108].
The nature of the alloy’s corrosion resistance comes from a 3-5 mm thick surface layer
consisting of Fe and Cr which forms a passive film on the surface of the metal [69]. However,
MSSs are prone to pitting and intergranular corrosion where a multiphase microstructure
44

including undesirable micro-constituents such as delta ferrite, is present [109–111]. Wen et al.
[111] reported on how linear heat input during WAAM affected the microstructure and
corrosion behavior of an austenitic stainless steel and found that delta ferrite phase had a
negative detrimental impact on the corrosion resistance of the alloy. In a previous work by the
authors of the present study [71], it was found that the presence of residual delta ferrite in the
microstructure of the as-printed WAAM 420 sample prevented passivation behavior as a result
of a high degree of sensitization around delta ferrite phases, leading to Cr-depleted zones with
a weak passive layer.
The chemical composition of MSSs causes the formation of a martensitic matrix upon cooling
in air, meaning that the hardenability of MSSs are high [112]. The carbon content of the alloy
affects the hardenability of MSSs, and also heat treatment can have a significant impact on the
change in MSS’s properties [42, 112, 113]. Bonagani et al. [48, 95] investigated the effect of
different tempering temperatures on a MSS, and found that the tempering temperature of 550°C
was the most detrimental due to hydrogen embrittlement and pitting potential. Tavares et al.
[114] studied the intergranular corrosion of 17-4PH SS and found that an increase in aging
temperature resulted in an increasing susceptibility to intergranular corrosion of the alloy,
resulting from a higher degree of sensitization.
As mentioned earlier, WAAM 420 alloy showed poor corrosion behavior in the as-printed
condition [71], which can potentially be modified through implementing a proper post-printing
heat treatment cycle. Therefore, in this study, different heat treatment cycles consisting of
austenitizing and tempering at different temperatures were performed on as-printed samples of
420 alloy fabricated by WAAM. Microstructural characterizations along with electrochemical
testing on the different heat treated samples were compared and contrasted with the as-printed
material to study the effect of heat treatment on the corrosion behavior and microstructure of
WAAM 420 MSS.
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2. Experimental procedure
2.1. Materials and fabrication process
In this experiment, WAAM technique was used to deposit a 420 MSS multi-layer thin-wall
component on an AISI 420 plate as the substrate. The nominal chemical composition of the
feedstock material (ER420 solid wire) and the substrate (AISI 420 plate) are listed in Table
3.1. The microstructural features and mechanical integrity of the interfacial bonding between
the as-printed part and the substrate was characterised in a previous work [91]. The fabrication
unit was equipped with an external wire feeder connected to a GMAW torch mounted on a sixaxis robotic arm which utilized an all-y scanning strategy with alternating directions. The
process parameters included a wire feed speed of 160 inches/min, a travel speed of 8.5
inches/min, an arc current of 135 A, a gas flow rate of 20 L/min and an arc voltage of 29 V.
Protection of the fusion zone from the formation of defects and oxide layers was provided by
a 99.9 % pure argon shielding during the deposition process. An interlayer deposition
temperature of approximately 200°C was ensured using a laser thermometer to measure the
surface temperature of the previous deposited layer. The deposited wall along with its
dimensions can be seen in Figure 3.1. After production of the thin-wall it was cut from the base
plate and ground on both sides to achieve flat surfaces to prepare the metallography samples
with the dimensions of 10 x 7 x 7mm3. It is notable that 0.5 cm of both ends of the fabricated
part were discarded due to the instability of the arc at the starting and finishing points.
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Figure 3.1. Depiction of the dimensions of the as-printed wall, showing building direction
and deposition directions.

Table 3.1. Nominal chemical composition of the feedstock wire and the base metal (wt.%).
C

Cr

Mn

Si

S

P

Ni

Mo

Sn

V

Cu

Al

Fe

Wire

0.3-0.4

12-14

0-1

0-1

0-0.03

0-0.04

0-0.5

0-0.5

0-0.05

-

0-0.5

0-0.5

Bal.

Base

0.15-0.46

12-14

0.4-1

0-1

0-0.03

0-0.04

-

0-0.1

-

0-0.3

-

-

Bal.

2.2. Microstructural characterizations
Metallographic specimens of the austenitized and tempered samples were all cut from the
middle region of the deposited wall. The samples were mounted in an epoxy resin before
grinding and polishing according to standard procedures for MSSs using a Tegramin-30 Struers
auto-grinding and polishing machine. The polished samples were then etched for around 20 s
in Vilella etchant containing 1 g picric acid, 5 ml hydrochloric acid, and 100 ml ethanol. The
microstructural features of the samples were investigated using FEI MLA 650F scanning
electron microscope (SEM) equipped with an energy dispersive X-ray spectroscope (EDX) to
determine the chemical composition of the phases. Phase identification was carried out utilizing
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X-ray diffraction (XRD) method performed by an Ultima-IV XRD machine. A scanning rate
of 1 deg/min in a 2θ range of 20-100° was used with Cu-Kα radiation (λ=1.54Å). To further
characterize the crystallographic orientation of the samples, electron backscatter diffraction
(EBSD) techniques were used to produce accurate grain size distribution, low and high angle
grain boundary maps, pole figures (PFs) and inverse pole figures (IPFs). The software Channel
5 of the HKL Inc. was employed to post-process the obtained raw data. It is notable that only
data points with a confidence index higher than 0.01 were considered for the analysis in this
study.
2.3. Electrochemical analysis
The corrosion behavior of as-printed, austenitized and quenched(A&Q) and austenitized and
tempered (A&T) samples were investigated using potentiodynamic polarization (PD), and
electrochemical impedance spectroscopy (EIS) after short and long time immersion was
performed on the A&T samples. The tests were performed using a three-electrode cell setup
with Ag/AgCl as the reference electrode, a graphite rod as the counter electrode and the MSS
samples as the working electrode. For stabilization of the open circuit potential (OCP) the OCP
was monitored for 1h before each test. All tests were performed with an IVIUM apparatus and
software at room temperature in an aerated 3.5wt.% NaCl solution at room temperature and
were performed at least three times on each sample to prove repeatability. The PD tests were
performed using a scanning rate of 1 mV/s in the potential range of -0.2 V to 0.6 V versus the
OCP and the samples were polarized cathodically to remove oxide layers already formed on
the surface prior to the measuring of OCP. EIS tests at immersion times of 1h, 3 days, and 5
days were performed to investigate the behavior of the passive film after short and long
immersion times. SEM images of samples following PD tests were taken to identify corrosion
mechanisms in the microstructure.

48

2.4. Post-fabrication heat treatment
To determine the optimal austenitizing temperature for corrosion studies, three different
temperatures, including 950°C (A950), 1050°C (A1050) and 1150°C (A1150), were selected
based on the 13Cr pseudo-binary phase diagram [12], both inside and outside the single-phase
austenite region. All samples were austenitized for 30 minutes before air quenched to room
temperature. Corrosion tests and microstructural analyses were performed on the different
austenitized samples to identify the optimum austenitizing temperature which provides the best
base for the subsequent tempering process. After the austenitizing step, the samples were
tempered at 300°C (T300), 400°C (T400), 500°C (T500) and 600°C (T600) for 2 hours, and
then air cooled to room temperature.

3. Results and discussion
3.1. Microstructural analysis
3.1.1. Austenitized samples
The SEM micrographs of the as-printed and the austenitized samples, including A950, A1050,
and A1150 are shown in Figure 3.2. The microstructure of the as-printed sample (Figure 3.2a)
consists of a relatively high fraction of residual delta ferrite embedded in a martensitic matrix
in addition to an insignificant amount of retained austenite. The high cooling rate associated
with the nature of the WAAM process led to the formation of the martensitic matrix. Moreover,
delta ferrite retained at room temperature as a result of the high cooling rate combined with a
sufficient amount of ferrite stabilizing elements, such as chromium, which limited the
transformation of delta ferrite to austenite during cooling process [12]. This delta ferrite phase
is undesirable due to its higher chromium content compared with the matrix, causing chromium
depleted regions and the promotion of carbide precipitates [115–117]. The stabilization of
austenite phase can be attributed to the chemical composition of the alloy and also the
implemented interpass temperature (200°C), which lies between martensite start and finish
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temperatures (Ms = 212.2°C and Mf =12.2°C) of the alloy [83]. It is notable that the
microstructure of the as-printed sample has been comprehensively characterized with more
details in previous publications of the authors [70, 71]. Figure 3.2b-d depicts the SEM images
of the microstructure of the austenitized samples including A950, A1050, and A1150,
respectively. The images revealed a martensitic matrix similar to the as-printed sample for the
three temperatures, while carbide precipitates were seen to have formed at 950°C and 1050°C
only. These carbides were found to be removed in the case of austenitizing at 1150°C.

Figure 3.2. SEM images of a) as-printed sample and samples austenitized at b) 950°C, c)
1050°C and d) 1150°C.
EDX maps of chromium and iron along with SEM images of the as-printed and the austenitized
and quenched samples are depicted in Figure 3.3. In the as-printed sample, the higher
chromium content of the delta ferrite phases, and also lower concentration of iron, compared
with the matrix can be seen in Figure 3.3a-c. Moreover, as shown in Figure 3.3d-f and Figure
50

3.3g-i for A950 and A1050 samples, the carbide precipitates form within residual delta ferrite
phases, indicating that these austenitizing temperatures were not high enough to eliminate this
phase. In contrast, the chromium and iron are evenly distributed for A1150, meaning that the
delta ferrite is fully dissolved at this temperature (see Figure 3.3j-l).
Based on the microstructural observations, only one of the three austenitizing temperatures
(1150°C) sufficiently re-transformed the delta ferrite to austenite during the heating cycle,
which was then transformed to martensite upon cooling. Therefore, the austenitizing
temperature of 1150°C was selected as the optimum heating cycle due to the complete removal
of undesirable phases such as carbides and delta ferrites, in contrast to 950 and 1050°C which
led to the formation of carbides within undissolved delta ferrite in the as-quenched condition.
It is important to note that carbide precipitates have been known to cause chromium-depleted
zones in their nearby regions, thus increasing the susceptibility to sensitization phenomena and
localized corrosion [118, 119]. Barlow et al. [42] also studied the influence of different
austenitizing temperatures on the microstructural features conventionally fabricated AISI 420
alloy and reported that higher austenitizing temperatures were more efficient in complete
removal of undesirable carbide particles during the austenitizing process. In another similar
study by de Andrés et al. [120], the effect of austenitizing parameters, including heating
temperature, heating rate, and cooling rate, on the dissolution of M23C6 carbides in the asquenched of 0.45C–13Cr MSS had been investigated. They concluded that the peak
austenitizing temperature required to obtain complete removal of the M23C6 carbides increases
at higher heating rates, while austenitizing at 1060°C will guarantee total removal of carbides
at any rate of heating. It is notable that optimum austenitizing temperature might vary based on
the initial microstructure of the alloy. For example, the higher optimum austenitizing
temperature identified in the current work (1150°C) can be attributed to the presence of residual
delta ferrite in the as-printed microstructure which decelerate the austenitizing process.
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Figure 3.3. SEM images and EDX maps of Cr and Fe taken from (a-c) as-printed, (d-f) A950,
(g-i) A1050 and (j-k) A1150 samples.
According to the above discussion, the present study will select A1150 samples with a fully
martensitic microstructure (see Figure 3.2d) as the base case for the further tempering process
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since the carbides potentially formed during tempering can be more easily distinguished from
pre-existing carbides.
3.1.2. Tempered samples
Figure 3.4a-d depicts the microstructure of the WAAM 420 samples after austenitizing at
1150°C, air cooling to room temperature, and then tempering at 300°C, 400°C, 500°C and
600°C followed by air cooling. A comparison between the microstructure of the austenitized
sample (A1150 seen in Figure 3.2d) and the tempered samples (T300, T400, T500, and T600
seen in Figure 3.4a-d), clearly reveals the formation of carbide precipitates as a result of the
tempering process. As tempering temperature increases, the morphology of the carbides
changes, where a transition from needle-shaped carbides for T300 and T400 to coarser and
more spherical carbides for T500 to T600 was observed. T300 and T400 produced similar
results, where a high concentration of intragranular needle-shaped carbides randomly
distributed among the martensitic laths as shown in Figure 3.4a and b. In addition to these
intragranular carbides, a continuous network of intergranular carbides along the primary
austenite grain boundaries was also observed.
Previous studies [48, 51] on the heat treatment of 13 wt. % Cr MSSs have reported that the
carbides formed at lower tempering temperatures were identified as Fe-rich M3C with similar
Cr-concentration to the matrix. As shown in Figure 3.4c, the carbides formed in the T500
sample were significantly smaller in size as compared to the other tempering conditions, while
tempering at 600°C led to the coarsening of carbide particles (see Figure 3.4d). The smaller
carbides found in T500 as well as the coarser carbides formed in T600 have been reported to
be M23C6 with a significantly higher chromium concentration than the surrounding matrix,
possibly leading to chromium depletion in the adjacent regions [51].
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Figure 3.4. SEM micrographs of the WAAM samples after austenitizing at 1150°C and
subsequent tempering at a) 300°C, b) 400°C, c) 500°C and d) 600°C.
The XRD patterns of the as-printed, austenitized (A1150), and tempered (T300, T400, T500,
and T600) samples are shown in Figure 3.5. The obtained results confirm that the retained
austenite phases formed in the as-printed condition, annotated by γ, was eliminated as a result
of post-fabrication heat treatment cycles. Therefore the heat-treated samples only contain the
BCC peaks, annotated by α’, while the absence of the carbide phases peaks can be attributed
to their significantly lower volume fraction compared to the martensitic matrix [77]. Although
the diffraction peaks of alpha ferrite, delta ferrite and martensite are very similar in axis ratio,
the BCC peaks detected in both austenitized and the tempered samples were determined to be
martensite based on the microstructural observations in SEM micrographs. It is notable that
tempering of other MSSs with similar chemical composition to the 420 alloy has been shown
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to produce reversed austenite [86], however no austenite phase was observed for any of the
tempered samples in the current study.

Figure 3.5. XRD patterns of the as-printed, austenitized (A1150), and tempered (T300, T400,
T500 and T600) samples
3.1.3. EBSD analysis
Figure 3.6 shows the inverse pole figures (IPF) and image quality (IQ) maps of as-printed and
T400. IPF maps superimposed with grain boundaries (Figure 3.6a and c), which are used to
distinguish the lath martensite by projecting the crystallographic orientations normal to the
observed plane, are represented with a stereographic triangle superimposed in the figures. As
shown in Figure 3.6a and c, microstructure of both the as-printed sample and T400 reveal
tempered martensite structure with a three-level hierarchy within their morphology: martensite
lath, block, and packet, while the hierarchical nature of laths martensitic structure is confined
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through the prior-austenitic grain boundary (PAGB) [121]. Moreover, the highlighted portion
of IPF maps shown in the inset of the respective figure (in Figure 3.6) can specify the
crystallographic orientation of laths with a combination of mixed orientations normal to {001},
{101}, and {111} planes. The IQ maps of the samples (Figure 3.6b and d) project the quality
of the Kikuchi line for each captured EBSD map. Since it is difficult to obtain a clear Kikuchiline diffraction at the grain boundaries, the IQ map quality is low and the gray scale level turns
into dark at these boundaries, leading to a captured map similar to a conventional SEM image.
The obtained IQ maps for samples tempered at 400°C can clearly distinguish the lath
martensitic structure and PAGBs. On the other hand, the extreme dark regions of IQ map for
the as-printed sample are representing the formation of retained austenite phase (face centered
cubic structure) and are superimposed with the marked blue regions as shown in Figure 3.6b.
It should be noted that high volume fraction of retained austenite (~10%) phase is observed at
the as printed samples, while the formed retained austenite phase disappears after the
austenitizing, quenching and subsequent tempering process at 400°C. The PAGBs at the asprinted samples can be distinguished with orientation of the face centered cubic (FCC) structure
as well, where the austenite regions with same orientation (Figure 3.6b) belong to the same
PAGBs. The average lath size distribution for the as-printed sample and T400, Figure 3.7a and
b respectively, reveals that the average lath size of the as-printed sample increases from 1.08
µm to 1.98µm after subsequent quenching and tempering process, an indication of lath
coarsening after heat treatment which is visible at lath structure of the IPF maps in Figures 3.6a
and c, as well. While the relative frequency of the low angle grain boundaries (LAGBs) at as
printed sample is ~56%, this fraction decreases to ~52% for the sample tempered at 400°C, as
seen in Figure 3.7c. It is well established that the LAGBs can hinder the fast diffusion by
enforcing the grain boundaries diffusivity being equal to the bulk diffusivity and can impact
the corrosion performance [67].
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Figure 3.6. EBSD patterns of as-printed and T400 samples including IPFs for (a) as-printed
and (c) T400 and IQs for (b) as-printed and (d) T400.

Figure 3.7. Grain size distribution for (a) as-printed and (b) T400 along with the
misorientation angle distributions for the same samples.
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The obtained pole figures of the body centered cubic (BCC) structure with the tempered
martensite laths for the as-printed and T400 samples at the planes of {100}, {110}, and {111}
are shown in Figure 3.8. As printed sample exhibits stronger cubic texture with high intensity
components at the {100} and {110} planes (~4.91) aligned with the building direction
compared to the tempered sample, where the intensity of pole components decreases to 2.16.
The formation of strong texture in as printed sample at {100} plane is ascribed to the
preferential growth (easier growth direction) aligned with <100> direction in cubic structures
during solidification process [44, 122, 123]. During the austenitizing and quenching process,
subsequent reheating and cooling of the as printed sample lead to transformation of retained
austenite phase into the martensite and eliminates the preferential growth direction of primary
grains, leading to lower texture intensity of the quenched and tempered sample at the {100}
planes [87–89].

Figure 3.8. Pole figures of the martensite phases found in (a) as-printed and (b) T400.
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3.2. Electrochemical analysis
Open circuit potential (OCP) variations over 1 h of immersion time in aerated 3.5 wt.% NaCl
solution for all studied samples are illustrated in Figure 3.9. The OCP observed for T300, T400
and T600 stabilized after 1h, however fluctuations were observed for the as-printed and T500
samples, possibly an indication of active-like behaviour of passive film. The lower OCP values
at the end of the 1h hour measurement indicates more deterioration of the passive layer,
indicating a more resistant passive layer in T300 and T600. Samples showing higher OCP
values are expected to have higher resistance to corrosion, as it is well stated that the thickness,
quality and integrity of the passive film is related to monitored OCP values [50, 124].

Figure 3.9. The open circuit potential of the as-printed and all tempered samples prior to
potentiodynamic polarization.
3.2.1. Potentiodynamic polarization
The potentiodynamic polarization curves for T300, T400, T500, T600 and the as-printed
sample are shown in Figure 3.10. All the parameters obtained from the potentiodynamic tests,
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including pitting potential (Epit), corrosion potential (Ecorr), pitting current density (ipit) and
corrosion current density (icorr) are summarized in Table 3.2. A distinct passive region and clear
pitting potential can be observed for the T300, T400 and T600 samples, whereas T500 and the
as-printed sample exhibit active surfaces. The highest pitting potential, indicating the highest
resistance to pitting corrosion, can be seen for T400, followed by T300 and T600, respectively.
While the T600 sample is showing highest corrosion potential (-0.316 ± 0.030 V), the as printed
samples exhibit lowest corrosion potential, ascribed to sensitized regions formed near the delta
ferrite phases. The highest corrosion potential observed was for T600, with the lowest being
for the as-printed condition. Similar corrosion current density values can be seen for the
samples not showing passivation, which are both higher than the corrosion current density for
the samples showing passivation. The lower the corrosion current density and the greater the
difference between corrosion and pitting potential is an indication of lower rate of corrosion
[71]. The values for Epit-corr can be seen in Table 3.2 and shows that T400 has the largest
difference between Epit and Ecorr, indicating that T400 sample shows the best corrosion
performance.
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Figure 3.10. The potentiodynamic polarization graphs of the as-printed sample and all
tempered samples after 1h OCP measurement.
Table 3.2. The parameters obtained from the potentiodynamic tests performed in an aerated
3.5 wt.% NaCl solution at room temperature.
Sample

Epit

Ecorr

Ipit

Icorr

Epit-corr

(VAg/AgCl)

(VAg/AgCl)

(μA cm-2)

(nA cm-2)

(VAg/AgCl)

As-printed

N/A

-0.360 ±0.025

N/A

2.65 ± 0.194

N/A

T300

0.189 ± 0.015

-0.319 ± 0.022

4.25 ± 0.076

0.524 ± 0.11

0.508± 0.027

T400

0.214 ± 0.0030

-0.342 ± 0.010

2.67 ± 0.036

0.327 ± 0.045

0.556 ± 0.010

T500

-0.155 ± 0.0066

-0.328 ± 0.024

12.0 ± 0.18

5.33 ± 0.39

N/A

T600

0.077 ± 0.0086

-0.316 ± 0.030

1.40 ± 0.035

0.349 ± 0.074

0.393 ± 0.031

The relatively poor corrosion resistance observed for the sample in as-printed condition was
the result of micro-galvanic coupling between the delta ferrite phases and the martensitic
matrix. The delta ferrite contained a higher concentration of chromium compared with the
matrix (Figure 3.3), leading to chromium depleted zones in the martensite-delta ferrite
interfaces. The chromium content in these nearby regions was reduced sufficiently so that a
passive oxide film could not form, leaving the anodic matrix exposed and highly susceptible to
corrosive attacks when coupled with the cathodic delta ferrite [71]. As shown in Figure 3.3,
austenitizing at 1150°C eliminated the delta ferrite, thereby healing the sensitized regions.
Further tempering at any of the selected temperatures did not affect the distribution of
chromium in the microstructure, as is shown by the EDX maps in Figure 3.11. This confirms
that the diffraction peaks from XRD belong solely to martensite for the A1150 and tempered
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samples as well as implies that the reason for the active surface in T500 is not caused by any
residual delta ferrite.

Figure 3.11. EDX maps showing the distribution of chromium and iron in (a-c) T300, (d-f)
T400, (g-i)) T500 and (j-l) T600 samples.
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The current densities in the passive region are significantly higher for T500, which indicates
that the passive oxide layer of this sample has a higher dissolution rate [125]. The lower pitting
potential of the T600 sample comes from the chromium content of the M23C6 carbide precipitate
formed at higher tempering temperatures being larger than for the matrix [51]. Figure 3.12a-d
and e-h show the EDX results of a higher magnification image of the carbide precipitates found
in the T300 and T600 samples, respectively. The carbides found in T300 (Figure 3.12a-d) can
be seen to have similar distribution of elements as the matrix, which supports the assumption
that the carbides found in lower temperature samples are Fe3C [48]. In contrast, the precipitates
found in T600 (Figure 3.12e-h) are shown to have a higher concentration of both chromium
and carbon, as well as a reduced iron content, indicating that these carbides are M23C6 [51].
The higher chromium content of these precipitates caused a chromium depletion in the nearby
regions, weakening the passive oxide layer of the alloy.

Figure 3.12. EDX maps of (a-d) T300 and (e-h) T600 samples showing a higher chromium
concentration in the carbide precipitates found in T600 compared to the precipitates found in
T300.
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Although the active surfaces observed in the T500 sample and as-printed sample are similar,
the driving force for the weak passive layer is different. The high chromium content of the
large amount of nano-sized carbides formed in T500 led to chromium depletion in the interface
region between the martensitic matrix and precipitates, causing a high number of sites for pits
to form [48]. Compared with the other tempering temperatures, T500 produces smaller sized
carbides with higher chromium content [48]. The high number of these smaller carbides caused
the fluctuating OCP values seen in Figure 3.9. The small distance between the sensitized
regions adjacent to the M23C6 carbides led to an active surface due to the coalescence of these
regions, creating a continuous disruption of the passive layer [86]. When considering the
galvanic series, carbides containing a higher amount of chromium are likely to be more noble
compared to the surrounding matrix [126]. Larger differences in potential between carbides
and matrix indicate that a lack of passivation can occur, which can be seen for T500 [127]. The
better passivation behavior of T300 and T400 comes down to the chemical composition of the
M3C precipitates, as the similar chromium concentration to the matrix do not cause any
sensitized regions [48, 51]. Tempering temperatures higher than 500°C led to desensitization
of chromium to the matrix along with larger carbides, which resulted in fewer initiation sites
for pits to occur, thus T600 showed improved corrosion resistance compared with T500 [48,
95].
3.2.2. Electrochemical impedance spectroscopy
The Bode and Nyquist plots generated from the electrochemical impedance spectroscopy (EIS)
can be seen in Figure 3.13 and 3.14, respectively. All samples were measured with regards to
OCP in an aerated NaCl solution of 3.5 wt.% and were exposed to the solution for immersion
times of 1 hour, 3 days, and 5 days. This was done to characterize the evolution of the passive
oxide layer of the samples when exposed to corrosive media. Depending on the immersion time
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and tempering temperature either a single capacitive loop, representing the double and passive
layer, or a double capacitive loop, resulting from a protective layer, can be seen [128]. The
larger capacitive semicircle in the Nyquist plot, seen in Figure 3.14, often indicates higher
corrosion resistance in the passive layer of a sample [129, 130]. After 1 hour of immersion,
depicted in Figure 3.14a, the largest semicircle belongs to T400, followed subsequently by
T300, T500 and lastly T600. A significant decrease in semicircle size can be observed for all
samples after being immersed in the solution for 3 days, ascribed to the dissolution of the
passive film into the electrolyte. Increasing the immersion time further does not seem to affect
the size of the semicircle significantly, indicating that a passive film has stabilized.

Figure 3.13. Bode plots of the tempered samples at immersion times of a) 1 hour, b) 3 days
and c) 5 days, along with d) the equivalent circuit used to describe the EIS data over time.
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Figure 3.14. Nyquist plots of the tempered samples at immersion times of a) 1 hour, b) 3 days
and c) 5 days, along with d) the equivalent circuit used to describe the EIS data over time.
Based on the semicircles of the samples in the Nyquist plot the T400 sample shows the highest
corrosion resistance, which corresponds well with the observed PD results. However, the third
largest semicircle belongs to T500, which does not directly agree with the results obtained in
the potentiodynamic tests. In the potentiodynamic tests T500 clearly shows the lowest
resistance to corrosion of the tempered samples due to its active surface. When looking into
the EIS results further, namely the Bode plots and the fitting data seen in Table 3.3, the reason
for T500’s larger semicircle can be explained. For T300, T400 and T600 the value of the charge
transfer resistance at the interface between the matrix and passive layer (Rct) is larger than the
value for the passive layer resistance (Rp) for all immersion times. When Rct > Rp the presence
of a passive layer on the surface of the sample is confirmed, correlating well with the
potentiodynamic results of these samples. For T500 however, it can be seen that R ct < Rp for
all immersion times, indicating active behavior. The Bode plot after 3 days of immersion
reveals that T500 shows the lowest impedance of the samples at higher frequencies, and that
the impedance increases at lower frequencies. This can be interpreted to mean that T500 has
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more resistance to general corrosion, but less resistance to pitting due to the type, concentration
and size of carbides found at this tempering temperature. The potential difference between
carbide and matrix for an MSS tempered at 500°C has been shown to be larger than for lower
tempering temperatures, however exposure to a corrosive solution over time causes this
potential difference to decrease [127]. This decrease in potential difference does not occur for
lower tempering temperatures and is attributed to differences in how the passive oxide layers
perform [127]. The change in potential during exposure to a corrosive solution can result from
the deposition of corrosion products onto the surface, thereby covering up the heterogeneities
in the microstructure of T500 [131]. The improved corrosion resistance results observed for
T500 in the EIS compared with the PD are due to this.
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Table 3.3. The fitting data values of the tempered samples after immersion times of 1h, 3d, 5d
obtained from the EIS.
Sample

2

Rs (Ωcm )

2

Rp (Ωcm )

2

Rct (Ωcm )

CPEp

N1

(Ω-1cm2sn)

CPEct

N2

(Ω-1cm-2sn)

T300_1h

1.38

688

1772

2.75E-05

0.70

8.25E-06

0.70

T400_1h

1.00

1.22

5474

1.40E-05

0.79

1.55E-06

0.82

T500_1h

1.30

1342

922

7.09E-05

0.82

3.23E-04

0.70

T600_1h

0.61

1.64

712

1.64E-04

0.70

4.13E-05

1.03

T300_3d

3.09

258

904

5.50E-05

0.70

3.18E-05

0.70

T400_3d

1.08

3.00

1089

1.00E-05

0.75

1.53E-05

0.80

T500_3d

3.19

687

97.5

7.80E-05

0.70

9.75E-05

0.71

T600_3d

3.56

290

325

1.30E-04

0.70

1.52E-04

0.72

T300_5d

1.33

327

917

1.50E-05

0.74

6.40E-05

0.70

T400_5d

3.75

809

1036

1.22E-05

0.75

5.40E-05

0.70

T500_5d

2.98

748

257

3.92E-05

0.70

5.16E-05

0.72

T600_5d

4.06

294

609

8.55E-05

0.70

6.55E-05

0.70

Comparing the samples exhibiting passive behavior (T300, T400 and T600) it can be seen that
after 1 hour of immersion the charge transfer resistance Rct differ significantly. The values
achieved by T400 are higher than for T300 and T600, indicating that the passive film in this
sample is more protective than for the other samples [68]. This same pattern can be seen for
longer immersion times, however with a smaller difference in values, ascribed to the deposition
of corrosion products covering up inhomogeneities in the microstructure. A larger value for
CPEct for a sample suggests that a more defective passive film has formed on the samples [68].
This corresponds well with the results observed in Table 3.3, where T400, T300 and T600 had
the lowest, second lowest, and largest values, respectively.
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The steady-state passive film thickness (𝐿𝑠𝑠 ) was calculated for all tempered samples after 1h,
3d and 5d immersion based on the measured EIS data and are presented in Table 3.4. The
parallel plate expression was used [132, 133]:
𝐿𝑠𝑠 =

𝜀𝜀0 𝐴

(2.1)

𝐶𝑓

where ε is the dielectric constant for the passive film (taken to be 15.6 for Cr2O3 [134]), ε0 is
the vacuum permittivity (8.854 × 10−14 𝐹𝑐𝑚−1), A is the area of the tested surface and 𝐶𝑓 is
the capacitance for the pure passive film which can be calculated by using:
1

𝐶𝑓 =

(𝑌0 𝑅𝑐𝑡 )𝑛

(2.2)

𝑅𝑐𝑡

Here, 𝑌0 is the constant for the CPE taken as CPEp from Table 3.3, 𝑅𝑐𝑡 is the charge transfer
resistance obtained from Table 3.3, and 𝑛 is the passive film exponent taken as n1 from Table
3.3 [135–137]. The obtained values for 𝐿𝑠𝑠 suggest that the passive film of T400 has the largest
thickness after 1h immersion, followed subsequently by T300, T500 and T600. The thickness
is then reduced for all samples after 3d while maintaining the same order of most thick to least
thick. After five days an increase in film thickness can be seen due to the deposition of
corrosion product on the surface resulting from the long immersion time.
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Table 3.4. The calculated values for the capacitance (Cf) and the thickness of the passive
layer (Lss) for all tempered samples.
Sample

Cf (Ω-1cm-2sn)

Lss (nm)

T300_1h

7.53×10-6

2.52×10-8

T400_1h

6.99×10-6

3.95×10-8

T500_1h

3.90×10-5

7.45×10-9

T600_1h

6.53×10-5

2.85×10-9

T300_3d

1.52×10-5

1.25×10-8

T400_3d

1.41×10-5

1.96×10-8

T500_3d

1.30×10-5

1.04×10-8

T600_3d

3.35×10-5

6.70×10-9

T300_5d

3.33×10-6

6.91×10-8

T400_5d

2.84×10-6

9.11×10-8

T500_5d

5.47×10-6

2.46×10-8

T600_5d

2.41×10-5

9.32×10-9

3.2.3. Corroded surfaces
Figure 3.15 shows the corroded surfaces of the tempered samples after a 1h PD test in an
aerated NaCl solution of 3.5 wt.%. For all samples, the initiation of corrosive attacks was
observed in the interface between the martensitic matrix and sulfide inclusions with high S and
Mn concentrations (see Figure 3.16). Sulfide inclusions in stainless steels (SS) can cause
chromium depletion in the nearby surrounding regions, making it a preferential site for
corrosion [138]. It has been suggested that this mechanism works similar to desensitization
near chromium carbides in SSs, and it is generally agreed upon that sulfide formations can
affect corrosion, however it is not fully understood [139]. Other initiation sites for corrosion in
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the tempered samples are depicted in Figure 3.15e-h. For T300, T400 and T600 (Figure 3.15e,
f and h respectively) the susceptibility to intergranular corrosion was apparent, attributed to the
carbide precipitates which formed along the primary austenite grain boundaries. The corrosive
damage observed on T400 was less severe than for T300 and T600 in both grain boundaries
and near inclusions (Figure 3.15), indicating a higher resistance to corrosion. The corrosion
mechanism observed for T500 differed from the rest of the tempered samples, as more general
corrosion was observed with initiation sites located near the intragranular carbides. This fits
well with the reported higher concentration of Cr in the intragranular carbides found in T500
[51]. Intergranular corrosion is a common occurrence in SSs, as a galvanic coupling between
the cathodic chromium carbides and the anodic martensitic matrix can form [140].
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Figure 3.15. SEM images of the corroded surfaces of (a,e) T300, (b,f) T400, (c,g) T500, and
(d&h) T600.
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Figure 3.16. EDX maps showing the element concentration of the inclusions found in the
tempered samples, example taken from T300.

4. Conclusions
Presented in this study was the improvement of corrosion performance of an AISI 420 MSS
produced by WAAM through heat treatment. The following conclusions can be made:
-

Austenitizing of as-printed samples at 1150°C and air-cooling to room temperature
eliminated all pre-existing microstructural secondary phases. 1150°C was high
enough to reach the single phase austenite region, the austenite was then able to fully
transform into martensite upon cooling to room temperature. This part of the heat
treatment removed the detrimental chromium-rich delta ferrite phase.

-

Tempering at temperatures of 300°C, 400°C, 500°C and 600°C for 2 h led to the
formation of carbide precipitates within the martensitic matrix. The chemical
composition of these carbide precipitates changed with temperature, where a higher
tempering temperature caused a higher chromium content in the precipitates. Needleshaped, Fe-rich M3C was observed for T300 and T400, while smaller M23C6 formed
in T500. Coarser and more spherical shaped carbides could be seen in the grain
boundaries for T600.

-

PD tests revealed that the highest corrosion resistance was exhibited by T400, where a
clear passive region ascribed to the formation of a strong and uniform oxide layer was
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formed. Similar oxide layers were formed for T300 and T600, however not as strong
as for T400. T500 exhibited the weakest corrosion resistance due to its active
behavior, determined by unstable OCP measurements and lack of a passive region in
the PD tests. The high chromium content of the carbide precipitates combined with
the precipitates’ close proximity to each other caused chromium depleted regions,
ultimately disrupting the formation of a passive layer for this sample.
-

Compared with the PD tests, the results obtained from EIS suggested a higher
corrosion resistance for T500. However, this was due to the deposition of corrosion
products on the surface of the sample, acting as a protective layer. For T300, T400
and T600 the EIS results agreed with the PD results, confirming a higher corrosion
resistance for T400.

-

The initiation of corrosive attacks was seen to occur near inclusions with high Mn and
S concentrations for all samples. Intergranular corrosion was observed for all of T300,
T400, and T600, whereas T500 exhibited more general corrosion which initiated near
intragranular carbide precipitates.
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Chapter 4
The effects of tempering time on the microstructure and
corrosion behavior of wire arc additively manufactured 420
martensitic stainless steel
Preface
I am the first and corresponding author of this paper. Along with the co-authors, Salar Salahi
and Dr. Ali Nasiri, I investigate the effects of tempering time on the microstructure and
corrosion behavior of a wire arc additively manufactured 13Cr (AISI 420) martensitic stainless
steel part. I prepared methodology, performed experiments, analysed the data, and prepared the
first draft of the manuscript, and given the co-authors’ feedback I revised the paper. Salar Salahi
contributed with experiments and data analysis, and Dr. Ali Nasiri contributed with
conceptualization, design, project administration, and supervision, review and editing of the
manuscript.

Abstract
In this study, the effects of tempering time on the microstructure and corrosion behavior of a
420 martensitic stainless steel (MSS) fabricated using wire arc additive manufacturing were
investigated. The microstructure of the as-printed part consisted of retained austenite and
detrimental delta ferrite embedded in a martensitic matrix. The undesirable delta ferrite phase
was eliminated through austenitizing, followed by air-quenching of the as-printed samples,
before tempering at 400°C. A wide range of tempering times from 1 h to 8 h were investigated.
The tempered microstructure was found to contain a martensitic matrix along with both inter75

and intragranular nano-sized carbide precipitates, formed within and along primary austenite
grains and their boundaries. An increase in the size of carbide precipitates was observed with
increasing the tempering time from 1 h to 8 h. Electrochemical studies revealed a decrease in
pitting potential and passive layer resistance of the fabricated alloy as tempering time
increased, indicating the deterioration of corrosion resistance. The corrosion morphology
assessment of the tempered samples revealed that primary austenite grain boundaries were the
preferential sites for localized corrosion attacks in all samples, ascribed to the formation of
intergranular chromium carbide precipitates, causing the alloy’s susceptibility to intergranular
corrosion. Larger sized carbides in samples tempered for longer times were proven to be
detrimental to the corrosion performance.

76

1. Introduction
Metal additive manufacturing (AM) has provided a more viable way of fabricating intricate
components at drastically lower fabrication time [45]. This fabrication method differs from
conventional subtractive methods by depositing feedstock material in a layer-by-layer fashion
until achieving a near-net-shaped component [59]. As a direct energy deposition process, in
wire arc additive manufacturing (WAAM), a wire is used as the feedstock material and an
electric arc or plasma as the heat source [141]. The high deposition rate associated with the
WAAM process along with its low capital cost and material waste, make this AM method a
suitable option for fabrication of large-scale components [18].
Martensitic stainless steel (MSS) is a relatively new material used as feedstock wire for
WAAM. It is considered as a general-purpose material due to its moderate resistance to
corrosion and excellent mechanical properties [65]. AISI 420 is a MSS alloy containing
approximately 13 wt.% Cr [69]. As a result of its ability to achieve a range of different
microstructural features after exposure to specific heat treatment cycles, AISI 420 MSS is
commonly used for a wide range of applications [108]. However, when used as feedstock
material for WAAM, this ability can make it challenging to predict the final microstructure of
the fabricated part due to the complex thermal history during deposition and subsequent cooling
[70, 71]. The deposition of subsequent layers during WAAM causes the part to experience
multiple heating and cooling cycles, leading to an inhomogeneous final microstructure
containing multiple phases [59]. From the corrosion’s perspective, a multiphase microstructure
can be detrimental to the pitting and intergranular corrosion resistance in MSSs [109]. In
previous works by the authors, it was determined that the complex thermal history led to the
formation of delta ferrite in the as-printed microstructure of the WAAM-420 MSS part [70,
71]. The higher Cr concentration of the delta ferrite phase compared to the martensitic matrix
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caused depletion of Cr in the nearby regions of the delta ferrite, ultimately causing local loss
of passivation, which resulted in reduced corrosion resistance [71].
Heat treatment of MSSs can be a complicated procedure as the carbon content promotes the
formation of various carbides depending on temperature, time, and chemical composition of
the treated alloy [112]. The formed carbides in MSSs are an important factor in influencing the
alloys’ resistance to abrasion, wear, and corrosion [120]. Undesirable microstructural phases
affecting corrosion resistance, such as delta ferrite and Cr-rich carbides, can be eliminated
through austenitizing at sufficiently high temperatures before tempering [58]. Bonagani et al.
(Bonagani et al., 2018) investigated how different tempering treatments can influence the
microstructure and pitting corrosion of a 13Cr MSS and reported that different types of carbides
form at different temperatures, Fe-rich M3C at 300°C and Cr-rich M23C6 at 550°C and 700°C.
Another study (Lu et al., 2015) similarly reported the formation of nano-sized M3C, nano-sized
M23C6, and micron-sized M23C6 after tempering at 300°C, 500°C, and 650°C, respectively. It
was reported that tempering at higher temperatures led to sensitized regions by Cr-rich
carbides, which caused a more electrochemically active microstructure (Anantha et al., 2017).
Although, the effects of tempering temperatures on the microstructure and corrosion properties
of 13Cr MSS have been reported in the literature, little has been done to elucidate the impact
of tempering time on corrosion performance of the alloy. Zhang et al., 2015 reported how
holding time at 620°C affected the evolution of retained austenite in a 13Cr MSS containing
4% Ni and detected a parabolic trend with increasing time. During their investigation on how
low-temperature plasma carburizing of AISI 420 MSS enhanced corrosion resistance of the
alloy, Scheuer et al., 2019 found that the growth of detrimental Cr-rich carbides is promoted
by longer treatment time. As a relatively new field of study, more work is needed to better
understand the properties of WAAM fabricated MSSs, and in particular, the post printing of
fabricated parts. Understanding the microstructural evolution during tempering of 420 MSS is
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crucial to be able to assess the overall electrochemical properties and corrosion response of the
alloy in service condition. Focusing on this gap, the purpose of the performed study was to
investigate the effect of tempering time on the microstructure and corrosion behavior of 420
MSS.

2. Experimental methods
The tested material in this study was a 420 MSS fabricated using a robotic gas metal arc
(GMA)-WAAM system. A thin-wall part was deposited layer-by-layer onto an AISI 420
substrate with an interlayer temperature of 200°C, which was ensured using a laser
thermometer. The nominal chemical composition of both the feedstock wire and the base plate
are given in Table 4.1. A six-axis robotic arm utilizing an all-y scanning strategy was employed
for the fabrication of the part. A 99.9 % pure argon shielding gas provided protection of the
fusion zone from oxidation and other contaminations during the deposition process. The
process parameters used for deposition are listed in Table 4.2.
Table 4.1. Nominal chemical compositions of the used base metal and wire (wt.%)
Sample

Cr

C

Si

Mn

Ni

Mo

P

S

Cu

V

Fe

ER-420 Wire

12-14

0.3-0.4

0-1

0-1

0-0.5

0-0.5

0-0.04

0-0.03

0-0.5

-

Bal.

AISI-420 Base Plate

12-14

0.15-0.46

0-1

0.4-0.1

-

0-0.1

0-0.04

0-0.03

-

0.3

Bal.

Table 4.2. WAAM process parameters used for fabrication of the thin-wall part.
Wire Feed Speed

Travel Speed

Current

Gas Flow Rate

Arc Voltage

Wire Size

4.06 m/min

0.22 m/min

135 A

45 L/min

29 V

0.11 cm

Samples with dimensions of 10 × 7 × 7 mm3 for metallographic examination and corrosion
testing were extracted from the middle region of the fabricated thin-wall part. After
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austenitizing and tempering, these samples were ground and polished following standard
procedures for preparation of MSS and subsequently etched using Vilella’s etchant. To
investigate the microstructural features an FEI MLA 650F scanning electron microscope
(SEM) equipped with a Bruker energy dispersive X-ray was used. X-ray diffraction (XRD)
was performed using an Ultima-IV XRD machine to identify the phases present in the
microstructure of the austenitized and tempered samples. The XRD machine used Cu-Kα
radiation (λ=1.54Å) with a scanning rate of 1°/min in a 2θ-range of 20-100°. Further
characterization of the crystallographic orientation of the samples was performed using
electron backscatter diffraction (EBSD) analysis. This analysis produced inverse pole figures
(IPFs), pole figures (PFs), grain boundary maps, and phase maps. To be considered valid for
the study herein, the obtained data points needed a confidence index higher than 0.01.
The applied post-fabrication heat treatment included an austenitizing cycle for 30 min at
1150°C, air-cooling to room temperature, and then tempering at 400°C for various times. The
austenitizing temperature was selected based on the 13Cr pseudo-binary phase diagram, where
the high temperature of 1150°C was in the single-phase austenite region [12]. The investigated
tempering times included 1 h, 2 h, 4 h, and 8 h.
The corrosion behaviors of the tempered samples were characterized by performing
electrochemical testing including potentiodynamic polarization (PD) and electrochemical
impedance spectroscopy (EIS). A three-electrode cell setup where the MSS sample was the
working electrode, Ag/AgCl was the reference electrode, and a graphite rod was the counter
electrode was used for the testing. To ensure consistency during testing, all tests were
performed at room temperature in an aerated 3.5 wt.% NaCl solution using an IVIUM
apparatus and were performed at least three times on each sample to prove repeatability. The
open circuit potential (OCP) was monitored for 1 h before each test for stabilization purposes.
The PD tests were performed versus the OCP using a scanning rate of 1 mV/s within the
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potential range of -0.2 V to 0.6 V versus OCP. The EIS tests were performed after immersion
times of 1 h, 24 h and 72 h in 3.5 wt.% NaCl solution. EIS testing was done to determine the
evolution of the passive layer after different exposure times to the corrosive medium.

3. Results and discussion
3.1. Microstructure
The SEM images of the microstructure of the part in as-printed condition and after austenitizing
at 1150°C and quenching is shown in Figure 4.1a and d, respectively. The as-printed
microstructure consisted of a martensitic matrix along with secondary phases including
retained austenite and delta ferrite [70, 71]. As can be seen in the EDX maps in Figure 4.1b
and 32c, the delta ferrite phases contained a higher concentration of Cr compared with the
matrix with detrimental effect to the corrosion performance of the part [71]. Figures 4.1e and f
depict EDX concentration maps of the austenitized and quenched samples, where it is clear
that the delta ferrite phase has been eliminated and a single-phase martensitic microstructure
was achieved.

Figure 4.1. SEM images and EDX concentration maps of the fabricated thin-wall part in (a-c)
as-printed and (d-f) austenitized and quenched condition.
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The SEM micrographs of the samples after the austenitizing and tempering processes can be
seen in Figure 4.2, where Figure 4.2a-d represent T400_1h, T400_2h, T400_4h, and T400_8h,
respectively. For all tempered samples, a martensitic microstructure accompanied by both
inter- and intragranular carbides were observed. The intragranular carbides observed for all
tempering temperatures were needle-shaped precipitates distributed randomly among the
martensitic laths and had similar concentrations of Cr to the matrix (Figure 4.2e-h). This is an
indication that the observed carbides in the tempered samples are M3C-carbides, which have
been shown to form at lower tempering temperatures [48].
The intergranular carbides were distributed along the primary austenite grain boundaries
(PAGB) where they formed a continuous network. No distinct difference could be observed in
the intragranular carbides’ shape or size as tempering time increased. However, the
intergranular carbide network seems to be coarser in T400_8h sample than the other samples
(Figure 4.3), indicating carbide precipitates’ growth as tempering time increases. Precipitation
and growth of carbides are diffusion-controlled, dictated by the tempering temperature and
time [53]. Tempering of MSS at 400°C and 450°C for long times can cause precipitation of
chromium carbides, such as Cr7C3 and Cr23C6 [144], which contain higher chromium
concentration than the M3C carbides. Consequently, the chromium carbides formed along the
grain boundaries as a result of diffusion can create regions depleted of chromium at their
periphery, which are susceptible to localized corrosion attacks [114].
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Figure 4.2. SEM images of (a) T400_1h, (b) T400_2h, (c) T400_4h, (d) T400_8h and (e-h)
EDX elemental concentration maps of intragranular carbides.

Figure 4.3: SEM images showing the size comparison of intergranular carbide precipitates in
(a) T400_1h and (b) T400_8h.
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The XRD patterns of the tempered samples can be seen in Figure 4.4. The observed diffraction
peaks for all samples are the same, suggesting that a difference in tempering time does not
affect the phase structure of MSS. The peaks belong to the BCC phase (annotated by α’), while
the carbide precipitates observed in Figures 4.2 and 4.3 were not detected due to the relatively
low concentration of the precipitates compared with the martensitic matrix [77]. The similar
lattice axis ratio corresponding to alpha ferrite, delta ferrite, and martensite makes it difficult
to distinguish the diffraction peaks of these phases from each other [86]. However, based on
the results from the SEM analysis seen in Figures 4.1-4.3, it was determined that the diffraction
peaks represent the martensite (α’) phase.

Figure 4.4. XRD patterns of the tempered samples.
Figure 4.5 depicts the inverse pole figures (IPF) as well as grain boundary misorientation maps
of T400_1h and T400_8h samples. The IPF maps seen in Figure 4.5a and b were superimposed
on the grain boundaries maps to better illustrate the formed lath martensitic structure in the
alloy. For both samples, a martensitic microstructure confined within the primary austenite
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grain boundaries (PAGB) can be seen. Within the morphology of the observed lath martensitic
structure, there is a three-level hierarchy, martensite lath, block, and packet [121]. The grain
boundary misorientation maps seen in Figure 4.5c and d clearly reveal the location of the
PAGBs and martensite laths, blocks, and packets. These grain boundaries have distinct angles
related to them: 2-5° for laths (red), 15-48° for PAGB (blue), and 48-62° for blocks and packets
(green) [145]. No significant change in the amount of low and high angle grain boundaries can
be seen with increasing the tempering time, suggesting no dominant influence on corrosion
behavior from grain boundary misorientation. The lath martensitic structure is fine grained,
which is shown by the high number of high-angle grain boundaries between the block and
packet martensite seen in Figure 4.5c and d [121].

Figure 4.5. EBSD patterns showing inverse pole figures of (a) T400_1h and (b) T400_8h, and
grain boundary misorientation maps of (c) T400_1h and (d) T400_8h.
The pole figures representing the body centered cubic (bcc) structure for the tempered
martensite laths in T400_1h and T400_8h samples at the {100}, {110}, and {111} planes can
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be observed in Figure 4.6a and b. Similar cubic texture was found for the two samples, where
the largest values for the high intensity components were 1.59 and 1.53 for T400_1h and
T400_8h, respectively, indicating little to no change in texture as tempering time increased.
The relatively low texture values in the tempered samples compared with that in the as-printed
condition [70] are accredited to the transformation of retained austenite to martensite and the
elimination of preferential grain growth during the austenitizing and quenching process [89].

Figure 4.6. The Pole figures of the martensite phase in (a) T400_1h and (b) T400_8h.
3.2. Electrochemical results
The open circuit potential (OCP) after 1 h of immersion time in aerated 3.5 wt.% NaCl solution
for all samples are shown in Figure 4.7a. For all samples, the OCP values are relatively stable
after 1 h of monitoring. A slight decrease in OCP values at 1 h of immersion time can be seen
as tempering time increases. More deterioration of the integrity and density of the passive layer
with increasing tempering time is implied by the reduction of OCP values [124].
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Figure 4.7. Results from the (a) OCP measurements and (b) potentiodynamic polarization
test.
The potentiodynamic polarization curves for T400_1h, T400_2h, T400_4h, and T400_8h are
depicted in Figure 4.7b. All samples exhibited clear passive regions with distinct pitting
potentials. The parameters associated with potentiodynamic polarization, including pitting
potential (Epit), corrosion potential (Ecorr), and corrosion current density (Icorr) are marked for
T400_1h on the graph in Figure 4.7b. A decrease in Epit, which indicates the resistance to pitting
corrosion, can be seen as tempering time increases, with T400_1h having the highest and
T400_8h having the lowest values for Epit. Similar values for Ecorr for all samples can be
observed, indicating that the samples have similar tendencies towards oxidation [48]. This is
in good agreement with the obtained OCP values. Similarly, a slightly increasing Icorr with
increasing tempering time suggests a higher corrosion rate for these samples [71]. In addition,
the current density for the passive region of the samples increases as tempering time increases,
confirming faster dissolution of the passive layer [48].
It is generally agreed upon that micro-constituents, such as carbide precipitates, retained
austenite and delta ferrite, affect the corrosion behavior of MSSs. The poor corrosion resistance
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in as-printed condition of the part in the present study was correlated to the presence of delta
ferrite in the as-printed structure [71]. However, as the performed austenitizing and quenching
process eliminated all pre-existing phases, delta ferrite did not affect the corrosion behavior of
the tempered samples. The tempering process promoted the growth of carbide precipitates, as
was shown in Figures 4.2 and 4.3. The formation of carbides in stainless steel (SS) is known
to drain Chromium from the matrix, thus causing regions depleted of Cr around the precipitates,
in particular at grain boundaries [142]. Potential differences between the martensitic matrix
and carbide precipitates have been shown to cause galvanic couplings between the cathodic
carbides and anodic matrix, especially in the carbide/matrix interface regions. As a result, the
sensitized regions in these interfaces are highly susceptible to localized corrosive attacks [142].
The lower resistance to corrosion in the samples tempered at longer time is attributed to the
further growth of carbides in these samples (Figure 4.3). Increasing the holding time at a set
temperature has been shown to cause carbide growth in a MSS [53]. The larger carbides
existing in T400_8h have drained more Cr from the nearby matrix, thereby producing larger
sensitized regions. Due to this, a less protective passive layer formed, thus a decrease in pitting
potential and an increase in the passive current density were seen.
Figure 4.8a and b depict the Bode and Nyquist plots, respectively, generated from the EIS
measurements. The samples were all immersed for 1 h, 24 h, and 72 h in an aerated 3.5 wt.%
NaCl solution to characterize changes in the passive oxide layer on the surface of the samples
with time. The Bode plots seen in Figure 4.8a revealed that either single or double capacitive
loops could be observed for all samples, depending on the length of immersion and tempering
time. The single capacitive loop represents the double and passive layer, whereas the double
capacitive loop is a result of a protective layer [128]. The size of the capacitive semicircles
shown in the Nyquist plots of Figure 4.8b can be regarded as an indication of corrosion
resistance for the samples, where larger semicircles are related to higher resistance [130]. For
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all immersion times, a trend where corrosion resistance decreases as tempering time increases,
can be seen. The resistance to corrosion increases for all samples after 24 h of immersion time
compared to 1 h, ascribed to the formation of a thicker passive layer with more protective
nature after 24 h. Longer immersion time of 72 h shows a decrease in corrosion resistance
compared with 24 h due to the degradation of the preformed passive layer.

Figure 4.8. Results from the electrochemical impedance spectroscopy, (a) Bode plot after 1h,
24h, and 72h immersion, (c) Nyquist plots after 1h, 24h, and 72h immersion, and (c) the
equivalent circuit used to describe the EIS data over time.
It can be observed from the semicircles found in the Nyquist plots and the impedance module
of the Bode plots that the highest corrosion resistance belongs to the sample tempered for 1 h,
followed subsequently by 2 h, 4 h, and 8 h. This is in good agreement with the obtained PD
results presented in Figure 4.7b, where the same order of highest to lowest corrosion resistance
could be seen. The fitting data results from the EIS test seen in Table 4.3 show that for all
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tempering and immersion times, the values for Rct (charge transfer resistance between matrix
and passive layer) are larger than the values for Rp (passive layer resistance). This confirms the
formation of a passive layer on the surface of the alloy, which corresponds well with the
observed passive regions for all samples in the PD tests. In addition, the values for both Rct and
Rp at all immersion times follow the same trend as the impedance modules of the Bode plots,
the semicircles of the Nyquist plots, and the polarization graphs of the PD tests, as the
impedance values decrease when tempering times increase. The significantly higher values for
both Rct and Rp at all immersion times seen for the sample tempered at 1 h compared with the
other tempering times suggest that a more protective passive film is present for this sample
[68]. In contrast, the lowest Rct and Rp values were observed for the longest tempering time of
8 h, suggesting that longer tempering time is detrimental for the protective nature of the passive
film. The values of the constant phase elements belonging to the capacitance of the double
layer and passive film, CPEct and CPEp respectively, are presented in Table 4.3. Larger CPEct
and CPEp values suggest a more defected passive film has formed on the sample, which for all
immersion times is the case for the longest tempering time (8 h) [68].
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Table 4.3. The fitting data values for all tempered samples obtained from EIS after 1h, 24h,
and 72h of immersion time.
Sample

Rs

Rp
2

Rct
2

CPEp
2

-1

n1

2 n

CPEct
-1

n2

-2 n

(Ωcm )

(Ωcm )

(Ωcm )

(Ω cm s )

(Ω cm s )

1h_1h

0.82

637

3950

2.12E-04

0.74

1.28E-04

0.75

2h_1h

0.70

322

2097

2.84E-04

0.75

3.29E-04

0.70

4h_1h

0.79

282

1148

3.55E-04

0.70

3.38E-04

0.70

8h_1h

0.61

216

758

4.40E-04

0.70

3.48E-04

0.70

1h_24h

0.63

1420

5038

7.62E-05

0.82

1.18E-04

0.70

2h_24h

0.84

1049

3438

1.04E-04

0.80

1.40E-04

0.70

4h_24h

0.77

564

2002

1.47E-04

0.70

2.26E-04

0.70

8h_24h

0.73

354

1039

1.82E-04

0.78

2.79E-04

0.82

1h_72h

0.80

633

2985

2.53E-04

0.70

1.39E-04

0.70

2h_72h

0.73

159

1802

3.15E-04

0.72

2.96E-04

0.70

4h_72h

0.73

28.2

1241

4.39E-04

0.70

3.10E-04

0.72

8h_72h

0.79

24.3

948

8.32E-04

0.81

3.40E-04

0.70

For calculation of the steady-state passive film thickness (𝐿𝑠𝑠 ) for all samples, the parallel plate
expression was used [136]:

𝐿𝑠𝑠 =

𝜀𝜀0 𝐴
𝐶𝑓

(3.1)

Here, ε is the dielectric constant for the passive film with a value of 15.6 for Cr2O3 [136], ε0 is
the permittivity of vacuum with a value of 8.854 × 10−14 𝐹𝑐𝑚−1, A is the surface area of the
tested sample, and 𝐶𝑓 is the pure passive film calculated from:
1

(𝑌0 𝑅𝑐𝑡 )𝑛
𝐶𝑓 =
𝑅𝑐𝑡

(3.2)

In equation (2), 𝑌0 is the CPE constant taken to be CPEp from Table 4.3, 𝑅𝑐𝑡 is the charge
transfer resistance from Table 4.3, and 𝑛 is the passive film exponent (n1 from Table 4.3) [136].
The obtained values for both 𝐶𝑓 and 𝐿𝑠𝑠 are given in Table 4.4. The calculated passive layer
thicknesses show that the largest thickness for all immersion times can be found for the sample
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tempered for 1 h, and a decreasing thickness can be seen as tempering time increases. It can be
seen from Table 4.4 that the thickness increases for all samples from 1 h to 24 h of immersion
time, ascribed to the delayed self passivation of the samples. A decrease in thickness from 24
h to 72 h of immersion time occurs for all samples due to the degradation and dissolution of
the preformed passive layer at 24 h at longer exposure times to the corrosive solution. The
decrease in the stability and thickness of the passive layer with increasing tempering time is
associated with the coarser carbide precipitates found in these samples, causing greater
sensitization in the carbide adjacent regions [53, 142].

Table 4.4. The values for the capacitance (Cf) and the passive layer thickness for all tempered
samples after 1h, 24h, and 72h immersion.
-1

-2 n

Sample

Cf (Ω cm s )

Lss (nm)

1h_1h

1.99E-04

4.39E-09

2h_1h

2.39E-04

4.04E-09

4h_1h

2.42E-04

3.22E-09

8h_1h

2.75E-04

3.04E-09

1h_24h

6.15E-05

1.42E-08

2h_24h

8.04E-05

1.20E-08

4h_24h

8.70E-05

8.95E-09

8h_24h

1.14E-04

7.34E-09

1h_72h

1.86E-04

4.70E-09

2h_72h

2.53E-04

3.82E-09

4h_72h

3.38E-04

2.30E-09

8h_72h

7.87E-04

2.13E-09

The SEM images of the corroded surfaces of the tempered samples after 1 h of OCP
measurement is shown in Figure 4.9. Figure 4.9a-d correspond to T400_1h, T400_2h,
T400_4h, and T400_8h, respectively. For all samples, localized corrosion with preferential
initiation sites near carbide precipitates in the primary austenite grain boundaries was observed.
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As this material is susceptible to chloride corrosion, localized corrosion may take place as early
as at the corrosion potential [142]. Comparing the grain boundaries of the tempered samples
before and after exposure to the corrosive solution (Figure 4.3 and 4.9, respectively), it can be
seen that the continuous network of carbides has been broken up by the corrosion attacks,
leaving segments of disrupted carbides networks visible in the grain boundaries. The localized
corrosion damage observed in the grain boundaries of the tempered samples results from
galvanic corrosion associated with the Chromium depleted regions adjacent to the
carbide/matrix interface [142].

Figure 4.9. SEM images of the corroded surfaces of (a) T400_1h, (b) T400_2h, (c) T400_4h,
and (d) T400_8h, after 1 h at OCP.

4. Conclusions
In the present study, the effect of tempering time on the microstructure and corrosion behavior
of WAAM fabricated 420 MSS was investigated. The following conclusions were made:
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-

All pre-existing delta ferrite in the as-printed sample were eliminated by
austenitizing at 1150°C for 30 min, a single-phase martensitic microstructure with
evenly distributed Cr element was achieved. Tempering at 400°C for 1h, 2h, 4h,
and 8h caused precipitation of both intra- and intergranular carbides of the M3C
type. Coarser precipitates were seen in the grain boundaries of the sample tempered
for 8h, indicating carbides growth with increasing tempering time. The
intergranular carbides mainly formed along the primary austenite grain boundaries.

-

Potentiodynamic polarization tests revealed a trend where pitting potential
decreased and both corrosion current density and passive current density increased
with increasing tempering time, indicating lower pitting resistance in the samples
tempered at longer times.

-

Through EIS testing, it was determined that less protective passive layers with lower
thicknesses formed on the samples as tempering time increased.

-

The lower corrosion resistance in the longer tempered samples was due to the
growth of carbide precipitates in the primary austenite grain boundaries. Greater
sensitization in regions adjacent to the carbide/matrix interface as a result of
galvanic coupling occurred as tempering time and consequently carbides’ size
increased.
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Chapter 5
Summary, recommendations, and future works
5.1 Summary
The studies presented herein have been on a wire arc additively manufactured 13Cr martensitic
stainless steel part. The mechanical properties of the fabricated part in as-printed condition and
corrosion behavior after applying different post-fabrication heat treatments were investigated.
In addition, the microstructure of the part was documented in all conditions. It was found that
the microstructure of the as-printed part consisted of martensite along with retained austenite
and delta ferrite as secondary phases. The high hardness of the martensitic matrix caused the
part to be strong and brittle throughout. However, the top region of the fabricated part exhibited
lower strength and elongation, attributed to higher hardness resulting from a lack of in-situ reheating treatment and larger amounts of detrimental delta ferrite phase.
As the microconstituents present in the as-printed part were undesirable a post-fabrication heat
treatment was required for elimination of these phases. Austenitizing at 1150°C for 30 min
before quenching in air to room temperature was deemed sufficient for removing both retained
austenite and delta ferrite, leaving only the martensitic matrix. Tempering after the
austenitizing and quenching process for 2 h at 300-600°C was performed before
microstructural examination and electrochemical testing revealed which heat treatment process
provided the best results. It was determined that tempering at 400°C for 2 h provided best
resistance to pitting corrosion and the most stable passive layer out of the investigated
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temperatures. These results were ascribed to a lower Cr content in the samples tempered at
lower temperatures (300°C and 400°C) compared with higher temperatures (500°C and
600°C).
As tempering at 400°C provided the best resistance to corrosion, the tempering process was
investigated further by varying the treatment time. Tempering at 400°C for 1-8 h were
performed and the microstructure and electrochemical results were analysed and compared.
Based on the results it was determined that by increasing the tempering time the resistance to
pitting as well as the passive layer stability and thickness decreased. Longer tempering time
promoted the growth of intergranular carbide precipitates, causing larger sensitized regions
susceptible to corrosive attacks.

5.2 Recommendations and future works
The following subjects are suggested for future works:
-

Accurate identification of the carbide precipitates formed during tempering in the
presented study was not possible due to equipment limitations. Proper
investigations using transmission electron microscopy (TEM) would be beneficial
to determine the effects of both tempering temperature and time on the
morphologies and chemical compositions of the precipitates.

-

The thin-wall part produced in the presented study was fabricated along the y- and
z-axes, which led to in-situ heat treating treatments from above layers. Utilizing
deposition along the x-axis as well will create a three-dimensional part which will
have experienced a significantly different thermal history than the thin-wall part.
Identifying the mechanical properties and corrosion behavior in relation to the
microstructure in this part is topic for future works.
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