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A B S T R A C T

Wire-arc additive manufacturing (WAAM) often leads to elemental microsegregation and non-equilibrium phase 
formation during solidification, which can compromise the corrosion performance of alloys. This study presents 
the first detailed investigation of WAAM processed Custom 465® (C465), a precipitation-hardened martensitic 
stainless steel, focusing on the effect of post-printing heat treatment strategies on the microstructure and its 
pitting corrosion behaviour, benchmarked against the conventionally manufactured wrought C465 material. As- 
printed C465 exhibited large columnar prior austenite grains (PAGs) and pronounced microsegregation, which 
stabilised the retained austenite and Laves phases. The standard solution treatment (SST) refined the PAGs but 
was insufficient to eliminate microsegregation. Guided by diffusion-controlled transformation (DICTRA) simu
lations, a suitable homogenisation treatment was developed that effectively reduced WAAM-induced micro
segregation and associated secondary phases. Ageing treatment after the SST only partially promoted martensite- 
to-austenite reversion, likely driven by pre-existing retained austenite and Ni-segregation. In contrast, ageing 
treatment after homogenisation and SST largely suppressed this transformation, resulting in a microstructure 
comparable to the wrought counterpart. The corrosion performance of C465 produced by both WAAM and 
conventional routes was further evaluated using cyclic potentiodynamic polarisation and electrochemical noise 
techniques. With the standard heat treatment, the WAAM material exhibited inferior pitting resistance compared 
to its wrought counterpart. Surface characterisation following anodic polarisation revealed pit initiation at Cr- 
depleted interdendritic retained austenite regions and Laves/matrix interfaces in the WAAM material. Howev
er, homogenisation prior to SST and ageing treatment significantly enhanced the pitting resistance by eliminating 
preferential pit nucleation sites, thereby achieving a performance comparable to the wrought counterpart. 
Overall, this work demonstrates the critical role of post-printing heat treatment strategies in addressing WAAM- 
induced microstructural heterogeneities and mitigating pitting susceptibilities.

1. Introduction

Additive manufacturing (AM) has recently emerged as a promising 
route for fabricating ultra-high strength martensitic steel components 
for critical aerospace applications [1]. By enabling near-net-shape ge
ometries with minimal machining and material wastage, AM offers a 
more sustainable and efficient alternative to conventional 
manufacturing (CM) routes [2]. Among the various AM techniques, 
wire-arc additive manufacturing (WAAM) has particularly garnered 

interest due to its ability to produce large-scale metallic components 
with high deposition rates (typically ~ 1–10 kg/h) [3]. WAAM is a 
direct-energy deposition technique that employs an electric or plasma 
arc as the heat source and a wire feedstock to build components 
layer-by-layer on a substrate, following principles similar to the tradi
tional arc-welding process. Compared to powder-based AM techniques, 
WAAM also offers higher feedstock utilisation and eliminates the need 
for powder handling and recycling, thereby reducing both operational 
costs and health and safety concerns [3].
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Over the past decades, the critical components of aircraft landing 
gear have relied on ultra-high strength martensitic steels such as AISI 
4340 and 300 M due to their excellent combination of tensile strength, 
fatigue resistance and fracture toughness [4,5]. Despite their excep
tional mechanical properties, these low-alloyed martensitic steels suffer 
from inherently poor corrosion resistance, necessitating the use of toxic 
cadmium surface coatings to ensure long-term durability in demanding 
service environments [6,7]. To address the need for materials that can 
provide similar mechanical performance, with better corrosion resis
tance, Carpenter Technology Corporation developed Custom 465® 
(C465), a precipitation-hardened martensitic stainless steel (PHMSS) 
which contains high Cr (~12 wt%) and Ni (~11 wt%) [8]. C465 is re
ported to have an excellent combination of tensile strength, fracture 
toughness and corrosion resistance as compared to 300 M martensitic 
steel [7].

The conventional manufacturing route and subsequent heat treat
ments for C465 are now well established for aerospace applications [7]. 
In the CM condition, C465 typically has a fully martensitic structure 
with homogeneous distribution of key alloying elements, owing to the 
optimised initial thermo-mechanical processing. According to Aero
space Material Specifications (AMS) 5936 C [9] and Carpenter Tech
nology data sheet [10], the recommended standard solution treatment 
(SST) involves solution annealing (at 982 ± 8◦C) to form a homogeneous 
austenite structure, and subsequently deep cryogenic cooling (at −

73◦C) to promote complete austenite to martensitic transformation. In 
the final step, an ageing treatment is performed to precipitate 
strengthening η–Ni3Ti particles and control the formation of reverted 
austenite, both of which are widely reported to significantly influence 
the alloy’s mechanical and corrosion performance [11–15]. However, 
the complex thermal cycles, relatively higher cooling rates (compared to 
CM), and non-equilibrium solidification conditions inherent to the 
WAAM process often result in coarse columnar grains, with pronounced 
elemental segregation during solidification and may also form phases 
that are not seen in a fully processed wrought material [16,17]. For 
C465, such microstructural features may significantly alter the alloy’s 
response to SST and adversely affect the performance of the WAAM 
fabricated alloy, unless they are successfully removed by 
post-processing treatments.

To date, no studies have reported in the open literature on the 
fabrication of C465 by WAAM. In addition, very limited studies have 
explored its processing via powder bed fusion by laser (PBF-L), which 
involves much higher solidification rates [18,19]. For example, Sun 
et al. [19] have reported hot cracking in C465 during PBF-L processing 
and attributed it to retained austenite formation and selective parti
tioning of Ti during solidification. In another study, Liu et al. [18] have 
demonstrated that PBF-L processed C465 after post-processing treat
ments, involving hot isostatic pressing (HIP) exhibited a combination of 
strength (UTS = 1761 MPa, YS = 1691 MPa) and ductility (6%) com
parable to wrought C465 (UTS = 1780 MPa, YS = 1684 MPa and 
ductility = 9%). Unlike the PBF-L process, which is characterised by 
extremely high cooling rates and rapid thermal cycles, due to its 
fast-moving, highly focused heat source, WAAM involves larger melt 
pools, and slower cooling rates owing to its higher heat input and lower 
translation rates [20]. These distinct solidification dynamics are ex
pected to present unique challenges for WAAM-fabricated C465 that 
remain unexplored, highlighting a critical research gap.

The more heterogeneous and complex microstructural features 
induced by WAAM process can readily influence the corrosion perfor
mance of alloys. Some microstructural features inherent to AM pro
cessing, such as elemental segregation, and non-equilibrium phases 
formed during solidification, have been shown to reduce pitting corro
sion resistance [21–23]. For instance, in PBF-L 316 L stainless steel, 
depletion of passivating elements (Cr and Mo) at melt pool boundaries 
reduced repassivation ability and promoted pit stability [24]. MnS in
clusions have long been recognised as preferential sites for pitting 
initiation in stainless steels [21,23]. However, some studies on AM 

fabricated stainless steels indicate that when these inclusions are refined 
to nanoscale dimensions (100–200 nm) by rapid solidification, their 
influence on pitting nucleation becomes negligible [25,26]. In addition, 
previous studies have shown that post-printing heat treatments can 
significantly improve the corrosion resistance of martensitic stainless 
steels produced by AM [27,28]. For instance, Nemani et al. [27] inves
tigated the corrosion performance of WAAM-fabricated 13–8Mo PHMSS 
and reported that solution treatment at 1050◦C could both eliminate the 
columnar structure and remove residual δ-ferrite, significantly enhanced 
pitting corrosion resistance compared to in the as-printed condition. 
Similarly, Stoudt et al. [28] demonstrated enhanced pitting resistance in 
AM 17–4 PHMSS after solution annealing, which was attributed to 
microstructural homogenisation and the elimination of elemental 
segregation. However, the effect of WAAM processing and post-printing 
heat treatment strategies on the corrosion performance of C465 is ex
pected to differ due to its distinct chemical composition and solidifica
tion characteristics, underscoring the need for further research. In 
particular, the localised pitting corrosion behaviour is of critical interest 
because pitting often acts as the precursor to stress corrosion cracking 
(SCC) in chloride-containing environments [29]. As SCC failures can be 
catastrophic and difficult to predict, understanding the factors govern
ing pit initiation and stability provides an essential early indication of 
the material’s susceptibility to more severe degradation modes.

While general heat treatment optimisation has been widely reported 
across various additively manufactured alloys, these studies have 
overwhelmingly emphasised mechanical performance. In contrast, very 
limited work has examined corrosion behaviour, particularly its mech
anistic connection to WAAM specific solidification features. Moreover, 
for C465 specifically, no systematic comparison between WAAM and 
wrought material exists in the literature, especially regarding micro
structural evolution, heat treatment response, and the resulting pitting 
corrosion behaviour. This work therefore provides the first compre
hensive process–structure–corrosion relationship for WAAM C465. A 
comprehensive evaluation has been carried out to assess the effect of 
post-printing heat treatments on the solidified WAAM microstructure 
and its pitting corrosion behaviour, benchmarked against the CM 
wrought C465. Guided by CALPHAD diffusion-controlled trans
formation (DICTRA) simulations [30], a suitable homogenisation 
treatment was developed to mitigate WAAM-induced microsegregation 
and associated non-equilibrium phases and achieve a microstructure 
comparable to that of the wrought counterpart. To compare the localised 
corrosion behaviour of WAAM produced and wrought C465 material, a 
cyclic potentiodynamic polarisation (CPP) technique was employed. 
Metastable pitting events, which act as precursor to stable pit growth, 
are characterised by rapid initiation and repassivation events. Although, 
potentiostatic methods are commonly used to monitor these events, they 
can introduce artefacts due to externally applied potentials, leading to 
biased interpretations [31,32]. To address this limitation, the electro
chemical noise (ECN) technique was employed to capture spontaneous 
metastable pitting events under free corrosion conditions more closely 
replicating real-service environments [31,33]. High-resolution surface 
characterisation after anodic polarisation was performed to explore the 
pit nucleation sites in both WAAM produced and wrought C465 
materials.

Collectively, this work advances the additive manufacturing field by 
(i) establishing a comprehensive process–structure–corrosion relation
ship for WAAM material, (ii) demonstrating whether conventional heat- 
treatment protocols designed for wrought material are directly trans
ferable to WAAM produced material, and (iii) provides a modelling- 
based post processing strategy to mitigate WAAM-induced pitting sus
ceptibility and improve corrosion performance.
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2. Methodology

2.1. WAAM deposition

A single-pass wide WAAM C465 straight wall sample with overall 
dimensions of approximately 60 mm (height) × 15 mm (thickness) was 
deposited on a mild steel substrate using plasma transferred arc (PTA) 
heat source. An external wire feeder was used to feed the PHMSS wire 
into the melt pool. The motion of the torch was controlled by a 6-axis 
robot. The interlayer temperature during WAAM deposition was moni
tored using a handheld industrial probe thermometer applied directly to 
the surface of the newly deposited layer. Deposition of each subsequent 
layer was resumed once the surface temperature of the preceding layer 
had decreased to approximately 150◦C. This approach maintained the 
interlayer temperature within a narrow range, ensuring consistent 
thermal conditions throughout the build. The processing parameters 
used during the WAAM deposition are provided in Table 1. While the full 
exploration of the WAAM process window for C465 is beyond the scope 
of the current study, the single set of parameters provided in Table 1 lie 
within a stable operating range that ensured reliable material deposi
tion. The wall reference axes are defined as Z (build direction, BD), Y 
(normal direction, ND) and X (transverse direction, TD) as shown later 
in Fig. 3(a). The chemical composition of the WAAM C465 material is 
listed in Table 2. The elemental concentrations were determined using a 
combination of inert gas fusion (for nitrogen and oxygen), inductively 
coupled plasma (ICP) spectroscopy (for metallic elements) and com
bustion analysis (for carbon and sulphur).

2.2. Thermodynamic simulations

Thermodynamic simulations were performed using Thermo-CalC 
software® (version 2022a), with thermodynamic database TCFE10 
and mobility database MOBFE5. The Scheil-Gulliver model was 
employed to predict the non-equilibrium solidification path during the 
WAAM process [34]. To predict homogenisation behaviour across 
various thermal conditions, kinetic simulations were performed using 
the DICTRA model in the Thermo-Calc software package [30], using a 
segregation profile measured after deposition by energy dispersive X-ray 
spectroscopy (EDS) technique (see Section 3.5) as a starting condition. 
DICTRA simulations were automated using the TC-Python application 
programming interface (API), which enabled batch execution of multi
ple thermal conditions and efficient extraction of composition profiles 
for homogenisation analysis.

2.3. Heat treatments

For heat treatments, sample coupons were sectioned longitudinally 
from the as-printed wall, parallel to the BD. A 50 mm diameter wrought 
C465 bar, received from Carpenter Technology [8], was also investi
gated to compare the heat treatment response with WAAM C465. All the 
heat treatments were performed using a Carbolite tube furnace under a 
controlled argon atmosphere. An N-type thermocouple wire attached to 

a thermometer was placed near the sample to ensure that the sample was 
exposed to the target temperatures. The heat treatments applied are 
detailed below and their shorthand designations are summarised in 
Fig. 1 and Table 3, respectively. 

1. Standard Solution Treatment (SST): The standard solution treatment 
process for wrought products, as recommended in AMS 5936 C [9]
and Carpenter Technology C465 datasheet [10], was applied to 
WAAM deposited sample. This involved solution annealing at 982◦C 
for 1 h and water quenching, followed by cryogenic treatment at 
–73◦C for 8 h (within a 24 h duration after solution annealing).

2. Homogenisation (H): As-printed WAAM samples were also subjected 
to homogenisation trials prior to SST, based on DICTRA simulation 
results. These were conducted at 1100◦C, 1150◦C and 1200◦C for 
4 h, and air cooled. Following microstructure characterisation, the 
1200◦C for 4 h homogenisation condition was selected and applied 
to WAAM samples.

3. Ageing H950 (A): Following SST and H + SST treatments of the 
WAAM samples, ageing treatment was performed at 510◦C for 4 h 
followed by air cooling [7]. Additionally, a wrought C465 bar 
baseline (received in the SST condition) was subjected to the same 
ageing treatment.

Three material conditions were selected for detailed electrochemical 
testing, to reflect the main possible routes to obtaining full in-service 
corrosion performance of C465. These samples were also subjected to 
detailed microstructure characterisation. 

i. WAAM_SST + A: The WAAM material subjected to the standard 
heat treatment normally applied to wrought products (SST + A).

ii. WAAM_H + SST + A: The WAAM material subjected to a suitable 
first homogenisation step before the (SST + A) treatment.

iii. WR_ SST + A: A wrought bar baseline (received in the SST con
dition) subjected to the same ageing treatment.

2.4. Microstructure characterisation

For metallographic preparation, the samples were ground using sil
icon carbide papers of reducing grit size down to P4000, followed by 
sequential polishing with diamond suspension (3 µm, 1 µm and 
0.25 µm). A final polishing step was performed using colloidal silica 
with a 0.05 µm particle size. Secondary electron (SE) imaging, back
scattered electron imaging (BSE), EDS and electron backscattered 
diffraction (EBSD) analyses were acquired using a Thermo Fisher Apreo 
C, field emission gun scanning electron microscopy (SEM), equipped 
with an Oxford Instruments’ Symmetry 2 EBSD detector and Ultim Max 
170 detector. EBSD acquisition was performed using an accelerating 
voltage of 20 kV and a beam current of 51 nA with a step size of 0.02 – 
0.5 μm, depending on the region of interest. Large area maps were 
montaged and stitched using Aztec 6.1 SP2 software and PAGs were 
reconstructed using the Aztec Crystal 3 parent grain reconstruction tool 
with the Kurdjumov-Sachs orientation relationship. The EBSD maps are 
shown in inverse pole figure (IPF) colouring with the orientation 
reference parallel to Z. The grain size was measured using the area 
weighted average equivalent circle diameter method. For the EDS 
analysis, beam conditions of 10 kV and 13 nA were used and the TruMap 
tool in Aztec software was used to remove background noise from the 
maps.

2.5. Electrochemical tests

Electrochemical tests were performed using a potentiostat. To ensure 
comparable surface conditions, all specimens were ground using silicon 
carbide papers up to P4000. All tests were conducted using samples with 
an exposed area of 1 cm2. CPP measurements were performed in a 
conventional three-electrode cell, in an aerated 0.6 M NaCl solution 

Table 1 
WAAM processing parameters.

Process parameters Value

Current 210 A
Wire feed speed 2.35 m/min
Travel speed 3.3 mm/s
Wire diameter 1.2 mm
Deposition strategy Back-and-forth
Total layers 52 layers
Interlayer temperature ~150◦C
Contact to work distance 8 mm
Torch gas flow rate 0.8 L/min
Local shielding gas flow rate 80 L/min
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prepared using de-ionised water. Under these conditions, dissolved ox
ygen (approximately 8 ppm) typically increases the open circuit po
tential (OCP) measured with respect to an oxygen-free environment. 
However, the pitting potential (Epit), would not be altered since it de
pends on the microstructure and chloride concentration [35–37]. 
Although the dissolved oxygen content was not continuously monitored, 
the temperature and solution composition were kept constant across all 
experiments, ensuring consistent and comparable electrochemical con
ditions. The C465 specimens were used as a working electrode (WE), 
while Ag/AgCl and a platinum electrode were used as reference (RE) and 
counter (CE) electrodes, respectively. The OCP of all specimens was 
monitored for 1 h prior to polarisation measurements. This stabilisation 
period ensured that any residual potential drift was negligible relative to 
the applied potential during the subsequent electrochemical tests. Sub
sequently, CPP scans were conducted at a scanning rate of 0.5 mVs−1, 
started 20 mV below the OCP and the scan direction was reversed when 
the measured current reached ~ 0.5 mA. The CPP tests were performed 
to assess the pitting corrosion behaviour of WAAM produced and 
wrought C465 materials under applied potential. From this test, two key 
electrochemical parameters were recorded: the pitting potential (Epit), 
above which stable pit formation occurs due to the breakdown of the 
passive film, and the repassivation potential (Erep), below which pit 
growth ceases and the passive film begins to reform [32]. Since pitting 
initiation and growth are stochastic processes, the measured electro
chemical parameters can exhibit significant scatter [32]. Therefore, 

each CPP test was repeated three times on freshly repolished specimens 
to ensure the reproducibility and the average values and standard de
viations of Epit and Erep were reported.

Further, metastable pitting was assessed using the ECN technique 
under open-circuit conditions to avoid artefacts commonly associated 
with potentiostatic methods, where externally applied potential can lead 
to biased interpretations [31,38]. ECN tests were performed by coupling 
two specimens at their OCP connected by a zero-resistance ammeter 
(ZRA), with potential fluctuations recorded against an Ag/AgCl RE. Each 
condition was evaluated in a pairwise manner, with one specimen 
designated as the WE and the other as the ground (G), enabling a direct 
comparison of their metastable pitting behaviour and relative suscep
tibility to localised corrosion. ECN records were acquired with an 
acquisition rate of 10 Hz in a 4.6 mM FeCl3 + NaCl solution to reach a 
total chloride ion concentration of 0.6 M. The addition of FeCl3, acting 
as an oxidising agent, was used to raise the OCP and allow the meta
stable pitting region to be reached within a shorter experimental time 
than in NaCl alone. Importantly, the presence of Fe³ ⁺ does not influence 
the pitting potential, which is governed solely by the chloride concen
tration [35–37]. Because the chloride concentration in the solution was 
identical to that used in the CPP tests, the pitting potential remains 
comparable. ECN was primarily used as a relative ranking technique to 
compare the frequency of metastable pitting events between samples 
with different microstructures under identical conditions. A Python 
program was subsequently used to quantify the number of metastable 
events. By setting positive and negative current thresholds, the program 
determined the number of positive and negative peaks within a given 
time window increment. The program scanned the whole transient 
within the time window, with an overlap of 50% with the previous 
increment. The reported data were obtained by selecting a 1000 s win
dow length and ±1 µA as a threshold for the positive and negative 
current events. It should be noted that the current events below these 
thresholds may have been missed; however, their occurrence was 
negligible.

2.6. Localised corrosion characterisation

To identify the preferential sites for pit initiation in WAAM and 
wrought C465 materials, the WAAM_SST + A and WR_SST + A samples 
were polished using colloidal silica suspension. Subsequently, the sam
ples were anodically polarised at + 1 V (vs Ag/AgCl) for 2 s in a 0.6 M 
NaCl solution, to trigger pit initiation while suppressing further propa
gation [39,40]. For the post corrosion analyses, SEM-EDS analyses were 
performed using a Zeiss Merlin Field Emission Gun (FEG) attached with 
an Oxford Instruments X-Max Extreme 100 windowless SDD at low 
accelerating voltage of 5 kV and a beam current of 5 nA to maximise 
resolution.

3. Results

3.1. Thermodynamic modelling of solidification and segregation in 
WAAM C465

To support interpretations of the WAAM solidification microstruc
tures, the Scheil-Gulliver model [34] was employed to predict the 
non-equilibrium solidification path and extent of microsegregation 

Table 2 
Chemical composition of the WAAM C465 material.

Elements Cr Ni Ti Mo Si Al Co Cu

Content 
(in wt%)

11.4 10.96 1.55 0.95 0.08 0.04 0.02 0.02

Elements Mn Ta, Nb, V, Tn P C S O N H
Content 

(in wt%)
0.01 < 0.01 < 0.005 0.009 < 0.003 0.0039 < 0.003 0.0002

Fig. 1. Heat treatment process diagram used for WAAM produced and wrought 
C465 materials.

Table 3 
Sample nomenclature used in this work.

Manufacturing method Heat treatment process Sample nomenclature

Wrought SST WR_SST
WAAM SST WAAM_SST
WAAM H WAAM_H
Wrought SST + A WR_SST + A
WAAM SST + A WAAM_SST + A
WAAM H + SST + A WAAM_H + SST + A
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during the WAAM process. The model assumes infinitely fast diffusion in 
the liquid phase and negligible diffusion in the solid phase for the 
metallic elements present, which is a reasonable assumption for arc 
welding comparable solidification rates. The predicted non-equilibrium 
solidification path, with C and N entered as fast diffusers, is shown in 
Fig. 2(a). Solidification primarily begins with the formation of austenite 
phase, along with a small amount of corundum and Ti-rich carbides, 
oxides and nitrides. As the solid fraction increases to about 0.45, the 
model predicted the formation of δ-ferrite phase. However, δ-ferrite 
phase was not observed in the as-printed WAAM C465 microstructure, 
as shown later. The equilibrium phase fraction diagram predicted for 
C465 (Fig. 2(b)) showed a small fraction (~ 0.12) of δ-ferrite phase 
forming at higher temperature. However, the high solidification and 
cooling rates during WAAM process are likely to suppress the formation 
of δ-ferrite, as more rapid advancement of the solid–liquid interface 
promotes competitive selection of austenite due to its higher dendrite tip 
temperature [41]. Towards the final stage of solidification, the Laves 
phase was predicted to form at ~1230◦C under non-equilibrium con
ditions, whereas the equilibrium phase diagram predicted its formation 
at ~1050◦C. This discrepancy arises from the fundamental difference in 
diffusion assumptions between the Scheil-Gulliver model and the equi
librium model. The Scheil model [34], which neglects solid-state diffu
sion, simulates rapid solidification conditions where solute elements 
such as Ti, Ni, and Mo enrich the remaining liquid, leading to localised 
solute enrichment in the inter-dendritic regions. This solute build-up can 
result in the eutectic solidification of Laves phase at higher temperature. 
Conversely, the equilibrium model assumes complete diffusion in both 
solid and liquid phases, resulting in delayed Laves formation at lower 
temperature.

3.2. As-printed WAAM C465 microstructure

Fig. 3 presents the microstructure of the as-printed WAAM C465 
material. A cross-sectional view along the Z–X plane is shown in Fig. 3(a) 
and a large-area montaged EBSD map of the PAGs, reconstructed from 
the highlighted region in Fig. 3(a), is provided in Fig. 3(b). The WAAM 
microstructure was characterised by elongated columnar PAGs, 
extending up to millimetres in length and aligned close to the Z direc
tion, with slightly tilted towards the Y direction. This grain morphology 
is typical of the WAAM process and results from epitaxial grain growth 
during solidification [42,43]. Low-magnification SEM-EDS elemental 
maps of the as-printed structure are shown in Fig. 3(c). The EDS analysis 

revealed pronounced microsegregation of Ti, Ni, Mo, Fe, and Cr between 
the dendritic and inter-dendritic regions, demonstrating significant 
chemical heterogeneity. Fig. 4 presents a detailed microstructural and 
compositional characterisation of the WAAM solidified microstructure. 
Higher magnification BSE micrograph (Fig. 4(a)) revealed strong atomic 
contrast, indicating significant solute segregation within the 
inter-dendritic regions during solidification. These regions appeared 
darker than the surrounding matrix and were populated with discrete 
micron-sized secondary particles of distinct morphologies and contrast, 
some of which were also distributed in the dendritic regions.

A high-resolution EBSD scan shown in Fig. 4(b) was performed on 
the marked region (white box) in Fig. 4(a). The EBSD phase map indi
cated that the inter-dendritic regions predominantly consisted of 
retained austenite. Within these regions brittle intermetallic hexagonal 
Laves particles were also observed, reaching sizes up to ~ 4 µm. The 
EBSD analyses also indicated the presence of TiN particles distributed in 
the dendritic and inter-dendritic regions. To confirm the elemental 
composition of these phases, EDS analysis shown in Fig. 4(c) was per
formed on the exact location corresponding to the BSE image in Fig. 4
(a). The EDS results revealed that the retained austenite in the inter- 
dendritic regions was mainly enriched in Ni and Ti. The Laves phase 
within the retained austenite region exhibited selective enrichment in 
Ti, Mo and Si and depletion of Fe, Ni, Cr and Mn. Some Mo/Ti- rich 
needle-like particles were also observed within the inter-dendritic re
gions but could not be indexed in the EBSD map. The EDS analysis 
revealed that the TiN particles also contained traces of oxygen, indi
cating the possible presence of Ti-rich oxides and nitrides in the solidi
fied WAAM microstructure, consistent with the Scheil-Gulliver 
solidification simulation in Fig. 2(a) and reported in PBF-L fabricated 
C465 martensitic stainless steel [18].

3.3. Effect of standard solution treatment on WAAM C465

The microstructure of the as-printed WAAM C465 after standard 
AMS 5936 C solution treatment (WAAM_SST) is shown in Fig. 5. The 
EBSD IPF map of the reconstructed PAGs revealed a near equiaxed grain 
structure with an average PAG size of 62 ± 22 µm (Fig. 5(a)), indicating 
that the SST significantly refined the PAG size compared to the coarse 
columnar PAGs observed in the as-printed condition (Fig. 3(b)). The 
EBSD phase map demonstrated that retained austenite still persisted in 
the inter-dendritic regions, but its volume fraction reduced from ~ 8.4% 
in the as-printed condition (refer Fig. S1 in supplementary file) to ~ 3% 

Fig. 2. (a) Non-equilibrium solidification path predicted by Scheil-Gulliver model and (b) equilibrium phase fraction diagram of WAAM C465 material. The chemical 
composition for the thermodynamic simulations was simplified to only contain Fe, Cr, Ti, Mo, Si, Al, C, O and N, as displayed in Table 2.
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after SST (Fig. 5(b)). Elemental analysis (Fig. 5(c)) showed considerable 
amounts of Ni and Ti segregation in the inter-dendritic regions 
contributing to the stabilisation of the retained austenite and Ti-rich 
Laves particles. For comparison, the microstructure of wrought C465 
bar subjected to the same SST (WR_SST) was also investigated, as shown 
in Fig. 6. The wrought WR_SST condition revealed an equiaxed grain 
structure with an average PAG size of 54 ± 16 µm (Fig. 6(a)), which was 
comparable to the WAAM_SST condition (Fig. 5(a)). Unlike the 
WAAM_SST condition, the wrought WR_SST condition contained very 
low retained austenite fraction (~ 0.2%), as seen in Fig. 6(b). The EDS 
analysis also revealed a much more homogeneous distribution of the key 
alloying elements in the wrought WR_SST condition (Fig. 6(c)), in 
addition to a few coarser TiN inclusions, which are typical of wrought 
C465 material [14].

3.4. Predicting homogenisation behaviour using DICTRA simulations

To design a homogenisation heat treatment for the WAAM C465, 
kinetic simulations using a DICTRA model were performed [30]. To 
enable this, the simulation cell was treated as a single-phase FCC 
(austenite) system, rather than a two-phase moving boundary model 
(FCC + Laves), due to the unavailability of a commercial mobility 
database for the Laves phase. The dissolution behaviour of the Laves 
phase, confined to the retained-austenitic regions, was approximated 
through the redistribution of its constituent elements (mainly Ti and 
Mo) from the inter-dendritic regions into the surrounding FCC matrix, 
an approach expected to have a negligible impact on the predicted ho
mogenisation behaviour due to the very low Laves fraction. Key DICTRA 
simulation inputs were directly extracted from the SEM-EDS line scan 
that captured the most severe segregation profile across multiple den
dritic and inter-dendritic regions, as shown in Fig. 7. These included the 

Fig. 3. Microstructure of the as-printed WAAM C465. (a) Cross-section view of the WAAM wall along the Z-X plane, (b) Montaged EBSD IPF map of the reconstructed 
PAGs from the marked region in (a). (c) SEM-EDS elemental TruMaps highlighting the chemical inhomogeneity across the dendritic and inter-dendritic regions.
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total width of the simulation cell (418 µm), corresponding to the full 
length of the EDS line scan crossing approximately 20 dendritic arms, 
the number and spacing of each grid point (800 points spaced at 0.5 µm 
intervals), and the local composition at each point. This EDS step size 
was chosen in order to resolve microsegregated inter-dendritic regions 
that were approximately 2–8 µm wide, ensuring reliable representation 
of compositional variations in the simulation domain. The DICTRA 
simulations were performed at 982◦C for 1 h (based on the SST condi
tion, Fig. 1), as well as at elevated temperatures of 1100◦C, 1150◦C and 
1200◦C for time intervals of 4 h. The predicted profiles of the key 
alloying elements (Cr, Ti, Ni and Mo) as a function of temperature and 
time are shown in Fig. 8. Under the SST condition (982◦C for 1 h), the 
predicted compositional profiles across the dendritic and inter-dendritic 
regions remained largely unchanged (Fig. 8(a)) compared to the 
as-printed WAAM condition (Fig. 7). This simulation result was consis
tent with the experimental SEM-EDS analysis on the WAAM micro
structure after SST (WAAM_SST, Fig. 5(c)), thus further confirming the 

limited effectiveness of SST in achieving homogenisation in the WAAM 
C465. Simulations at 1100◦C and 1150◦C for 4 h resulted in a gradual 
reduction in the Ti, Cr, and Mo segregation, however, pronounced Ni 
segregation in the inter-dendritic regions persisted, as evident from the 
simulated profiles in Fig. 8(b,c). Predictions for heat treatment at a 
higher temperature of 1200◦C for 4 h produced nearly flat composi
tional profiles for all key elements, apart from Ni which was much more 
dispersed, suggesting effective homogenisation, with elimination of 
retained austenite and dissolution of the Laves particles in the 
inter-dendritic regions.

3.5. Assessment of homogenisation treatments in WAAM C465

Following the conclusion from the DICTRA simulations, the micro
structure of WAAM C465 after homogenisation at 1200◦C for 4 h 
(WAAM_H) is shown in Fig. 9. For brevity, only this suitable condition is 
shown here; detailed results for the other lower temperature 

Fig. 4. High-resolution characterisation of the WAAM C465 solidified microstructure. (a) BSE image showing secondary particles within the inter-dendritic regions. 
(b) High-resolution EBSD phase map, collected using a step size of 25 nm, from the marked region in (a). Phase colour codes are shown alongside. Black lines indicate 
high-angle grain boundaries with misorientation angles > 15◦. (c) EDS TruMaps corresponding to the BSE image in (a), highlighting the chemical composition of the 
secondary phases and oxides.
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homogenisation conditions studied (1100◦C and 1150◦C for 4 h) are 
provided in the supplementary file (Fig. S2 and Fig. S3, respectively). 
The average PAG size after homogenisation at 1100◦C and 1150◦C was 
97 ± 36 µm and 108 ± 31 µm, respectively; whereas homogenisation at 
1200◦C, had the disadvantage that it led to a marked increase in PAG 
size to 198 ± 58 µm (Fig. 9(a)), indicating more pronounced grain 
growth at this elevated temperature. However, the EBSD phase map 
revealed no detectable retained austenite after homogenisation at 
1200◦C (Fig. 9(b)), indicating that the high temperature treatment 
resulted in complete transformation to austenite, which then fully con
verted to martensite upon cooling. Elemental analysis also confirmed 
that homogenisation at 1100◦C and 1150◦C for 4 h was insufficient to 
remove the Ni-rich regions along the inter-dendritic boundaries (Fig. S2
and Fig. S3, respectively), corroborating well with the DICTRA simula
tion results in Fig. 8(b,c). Since enrichment in Ni (and Ti) locally lowers 
the martensitic start (Ms) temperature and stabilises retained austenite 
[44], the lower-temperature conditions (1100 ◦C and 1150 ◦C) were not 

expected to fully eliminate inter-dendritic retained austenite. In com
parison, homogenisation at 1200◦C, resulted in a nearly homogeneous 
distribution of the alloying elements Cr, Ti, and Mo, with significantly 
reduced inter-dendritic microsegregation and Laves particles (Fig. 9(c)). 
However, much less concentrated, Ni was still slightly enriched near the 
inter-dendritic regions. Overall, this demonstrates that homogenisation 
at 1200◦C for 4 h was effective in eliminating inter-dendritic micro
segregation to the extent that it prevented significant retained austenite, 
consistent with the DICTRA simulation results in Fig. 8(d). Fine Ti-rich 
nitrides and oxide particles, were also still randomly distributed 
within the microstructure, even after homogenisation at higher tem
perature, reflecting the high stability of TiN and TiO, as commonly re
ported in other AM fabricated Ti-containing martensitic steels [18,45].

3.6. Final heat treatment conditions

To be representative of the typical in-service material condition, it is 

Fig. 5. Microstructure of WAAM C465 after a standard solution treatment (WAAM_SST). (a) EBSD IPF map of the reconstructed PAGs and (b) corresponding phase 
map. Grain boundary overlays were omitted in (b) to clearly visualise the distribution of retained austenite (blue colour). (c) SEM-EDS TruMaps showing the dis
tribution of key alloying elements Fe, Cr, Ni, Ti and Mo.
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important to briefly review any further microstructural changes that 
occur after SST and ageing H950 (A) before discussing the effect of the 
WAAM processing route on the localised corrosion behaviour. These 
observations are compared across the three main processing routes 
described in Section 2.3: (i) WAAM with the standard solution treatment 
and ageing (WAAM_SST + A), (ii) WAAM with prior homogenisation 
step before standard solution treatment and ageing (WAAM_H + SST +
A), and (iii) the fully heat-treated wrought bar (WR_SST + A). The 
representative microstructures of the WAAM_SST + A and WAAM_H 
+ SST + A samples are shown in Fig. 10 and wrought WR_SST + A 
sample in Fig. 11. The non-homogenised WAAM_SST + A condition 
exhibited fine recrystallised grains with an average PAG size of 69 
± 11 µm (Fig. 10(a)), whilst the pre-homogenised WAAM_H + SST + A 
condition (Fig. 10(c)) exhibited slightly coarser PAG size of 85 ± 17 µm. 
Nevertheless, when compared to the initial homogenised condition 
(WAAM_H, Fig. 9(a)), it appears that subsequent application of the SST 
to the homogenised sample led to significant PAG refinement, 

considering that ageing temperature is well below the austenitisation 
temperature of the alloy and will therefore have no impact on the PAG 
size.

The EBSD phase maps further revealed an increase in austenite 
fraction to ~ 9.2% on ageing the directly solution treated WAAM sample 
(WAAM_SST + A, Fig. 10(b)), compared to ~ 3% observed in the prior 
WAAM_SST condition (Fig. 5(b)), indicating that for this condition, the 
ageing treatment promoted austenite reversion [46]. However, very 
small fraction of austenite (~ 0.1%) was detectable by EBSD in the 
homogenised WAAM sample after full heat treatment to the same ageing 
treatment (WAAM_H + SST+ A, Fig. 10(d)), indicating that homogeni
sation step prior to SST and ageing treatment suppressed the reversion 
transformation. For comparison, the microstructure evolution of the 
wrought C465 bar after SST and ageing treatment (WR_SST + A) was 
also investigated, as shown in Fig. 11. For the wrought C465, as ex
pected, the average PAG size (53 ± 18 µm) showed negligible change 
after the ageing treatment (Fig. 11(a)) as compared to the prior SST 

Fig. 6. Microstructure of wrought C465 bar after a standard solution treatment (WR_SST). (a) EBSD IPF map of the reconstructed PAGs and (b) corresponding phase 
map. (c) SEM-EDS TruMaps showing the distribution of Fe, Cr, Ni, Ti and N. Here, the reference Z-axis corresponds to the rolling direction.
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condition (WR_SST, Fig. 6(a)). The EBSD phase map of wrought WR_SST 
+ A sample (Fig. 11(b)) revealed a very low austenite content (~ 0.5%), 
comparable to that observed in the pre-homogenised WAAM_H + SST 
+ A condition (Fig. 10(d)). A summary of PAG size and austenite content 
after different manufacturing and post-processing conditions is pre
sented in Table 4. It should be noted that the quantitative analysis of 
retained/reverted austenite by EBSD technique may not be accurate due 
to its limited spatial resolution and the difficulty in resolving thin 
austenite films [46].

3.7. Electrochemical evaluation of pitting corrosion behaviour

3.7.1. CPP analysis of pitting corrosion behaviour
Cyclic potentiodynamic polarisation tests were performed in 0.6 M 

NaCl to compare the localised corrosion behaviour of the WAAM pro
duced and wrought C465 materials. The WAAM produced samples were 
tested after two final heat treatment conditions, following: (i) the SST 
and ageing (WAAM_SST + A) and (ii) the prior homogenisation step 
combined with the SST and ageing (WAAM_H + SST + A). The results 
were compared to the fully heat-treated wrought C465 sample (WR_SST 
+ A). The CPP curves are shown in Fig. 12(a), and the corresponding 
threshold potentials are summarised in Fig. 12(b). As is evident from the 
CPP curves, all the material conditions developed a distinct passive re
gion, which eventually breaks down at higher potentials, resulting in a 
positive hysteresis loop indicative of pitting corrosion [32]. No signifi
cant difference in Ecorr was observed among the tested samples after the 
same immersion time. However, the Epit and Erep potentials varied 
significantly with processing route, as shown in Fig. 12(b), indicating 
differences in resistance to localised corrosion. For example, the 
non-homogenised WAAM_SST + A sample exhibited the lowest Epit 

(0.12 ± 0.01 V) and Erep ( − 0.01 ± 0.02 V), reflecting higher suscep
tibility to pit initiation and limited repassivation capability. In contrast, 
the addition of the homogenisation step to the WAAM processing route 
(WAAM_H + SST +A) significantly improved the pitting resistance, with 
both Epit (0.2 ± 0.02 V) and Erep (0.08 ± 0.006 V) values shifting 

towards more noble potentials. The fully heat-treated wrought WR_SST 
+ A sample exhibited the highest Epit (0.23 ± 0.008 V) and Erep (0.07 ±
0.009 V) values, indicating superior pitting resistance among all the 
tested materials. Interestingly, the pre-homogenised WAAM_H + SST 
+ A sample exhibited Epit and Erep values that were comparable to those 
of the wrought counterpart, indicating the effectiveness of homogeni
sation in enhancing pitting corrosion resistance. Additionally, the CPP 
curves revealed metastable pitting events during the anodic scan across 
all the tested conditions (Fig. 12(a)). The characteristic of metastable 
events are often related to a material’s susceptibility to stable pitting 
[33]. Therefore, a comparative analysis of these transients is critical for 
understanding the transition from metastable to stable pit growth and its 
role in governing localised corrosion behaviour, as these insights cannot 
be fully obtained from CPP curves.

3.7.2. ECN-based evaluation of metastable pitting activity
To address the limitations of CPP in resolving short-lived transients, 

more sensitive ECN measurements were employed to evaluate the 
metastable pitting events by capturing the natural fluctuations of cur
rent and potential under free-corrosion conditions, without the need for 
external perturbation [38]. ECN measurements were compared for the 
same processing conditions as above, namely: WAAM_SST + A, 
WAAM_H + SST + A, and WR_SST + A conditions. Fig. 13(a-f) shows the 
ECN record obtained from coupled specimens and the corresponding 
frequency of metastable events. In all cases, an initial rise in potential 
was observed, while the current tends towards zero. This is normally 
associated with the formation and thickening of the passive film and 
indicates that there were no substantial galvanic effects. After this 
transitory phase, metastable pitting events can be observed as sharp 
drops in the potential, which are followed by a sudden repassivation 
(restoration of the potential). Metastable pitting events can also be 
observed as peaks in the current, the sign of which indicates where the 
metastable event occurred, with the positive current peaks corre
sponding to the WE and the negative peaks to the G electrode. Hence, by 
counting positive and negative pitting events, it is possible to under
stand distinctly how many events occurred on the WE and G electrodes. 
A clear distinction in the frequency of current transients was observed 
across the pairings for the different processing conditions. When 
non-homogenised WAAM_SST + A sample was compared with the 
pre-homogenised WAAM_H + SST + A sample (Fig. 13(a,b)), a sub
stantially higher frequency of current transients was observed in the 
former. Similarly, comparison with wrought WR_SST + A sample 
(Fig. 13(c,d)) revealed that non-homogenised WAAM_SST + A sample 
again exhibited a higher transient frequency. These observations suggest 
that, among all the C465 samples tested, the non-homogenised 
WAAM_SST + A sample had inferior passive film stability and a 
greater tendency towards stable pit formation. In contrast, the pairing of 
pre-homogenised WAAM_H + SST + A sample with wrought WR_SST 
+ A sample (Fig. 13(e,f)), revealed nearly comparable transient activ
ities. These results indicate that the homogenisation treatment prior to 
SST and ageing significantly suppressed metastable pitting events in 
WAAM produced C465 material, yielding a response comparable to that 
of the wrought counterpart.

3.7.3. Identification of pit initiation sites after anodic polarisation
Post-exposure surface analysis, as revealed by high resolution, low- 

kV SEM-EDS analyses in Fig. 14, demonstrated that pit initiation was 
strongly influenced by microstructural features of C465 that could be 
correlated to the samples respective processing routes. Post anodic 
polarisation, the WAAM_SST + A sample corroded surface revealed that 
the pits were formed along the (Ni, Ti)-enriched and Cr-depleted inter- 
dendritic networks (Fig. 14(a)). A magnified image from the inter- 
dendritic region further showed nano-scale pit nucleation sites near 
the Ti-rich Laves/ matrix interface (Fig. 14(b)). Additionally, pit 
nucleation sites were observed near the interfaces of TiN inclusion 

Fig. 7. (a) Low-magnification SE image of as-printed WAAM C465; (b) corre
sponding EDS line scan profile showing the variation of key alloying elements 
Cr, Ni, Ti, and Mo across dendritic and inter-dendritic regions, covering a dis
tance of 418 µm.
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present in both WAAM and wrought microstructures (Fig. 14(c,d), 
respectively). Notably, due to the much higher solidification rate, the 
TiN inclusions in the WAAM sample were significantly smaller (~ 
250 nm) than in wrought sample (~ 2 µm), which resulted in smaller pit 
formation around these inclusions in the WAAM produced sample.

4. Discussion

This study presents, for the first time, a comprehensive investigation 
into the effect of WAAM processing on the corrosion performance of an 
ultra-high strength precipitation-hardened martensitic stainless steel 
C465. Particular emphasis was paid to the potential of post-build heat 
treatments to improve key microstructural features that govern sus
ceptibility to pitting corrosion. WAAM produced material was system
atically benchmarked against a conventionally manufactured and fully 
heat treated wrought C465 material. The electrochemical techniques, 
including CPP and ECN were employed to elucidate the role of micro
structural modifications in governing pitting corrosion behaviour. These 
findings provided critical insights into the interplay between WAAM 
process, post-printing heat treatment strategies, and corrosion resis
tance, offering a pathway toward performance-driven processing of 
WAAM C465 components.

4.1. Effect of the WAAM process on the C465 as-printed microstructure

The as-printed WAAM C465 material developed a microstructure 

distinctly different from its wrought counterpart, due to the markedly 
different heat input and solidification characteristics between the two 
processing routes and the lack of post thermo-mechanical processing in 
additive manufacturing. During WAAM deposition, a small melt pool 
(relative to billet casting) is translated across the workpiece with the 
material added using a wire feed system. Each new melt track partially 
remelts the top of the previously deposited one, and solidification pro
ceeds at the rear of the melt pool predominantly upward but tilted 
slightly towards the deposition direction due to the curvature of the melt 
pool surface [47]. As the melt pool is heated, the thermal gradient in the 
liquid is positive and constitutional undercooling is often insufficient for 
free nucleation ahead of the solidification front [48]. Consequently, the 
solidification grain structure is typically dominated by columnar grain 
growth of the primary solid solution phase during solidification, which 
grows epitaxially from the grains melted back at the fusion boundary. 
Repeated passes with directional heat extraction (predominantly down 
the wall into the substrate) thus results in elongated columnar PAGs, as 
seen in the large area EBSD IPF map in Fig. 3(b). However, because the 
solidification rate is much higher than in billet casting, the dendrite 
spacings and any primary particles generated in the liquid are sub
stantially refined [17]. For example, the typical dendrite arm spacing in 
a cast forging billet is ~ 200 μm [49], whereas in WAAM it is in the range 
of 2–8 μm (Fig. 3(c)).

In addition to the columnar grain morphology, the solidified WAAM 
C465 microstructure exhibited pronounced microsegregation across its 
dendritic and inter-dendritic regions, as evident from the elemental 

Fig. 8. TC-Python automated DICTRA simulations based on the SEM-EDS line scan data in Fig. 7, evaluated under various thermal conditions: (a) 982◦C for 1 h (SST 
condition), (b) 1100◦C for 4 h, (c) 1150◦C for 4 h and (d) 1200◦C for 4 h.
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mappings in Fig. 3(c). However, the scale of this is much finer than in a 
cast billet, as noted above. The WAAM fabricated microstructure also 
revealed the presence of retained austenite in the inter-dendritic net
works, confirmed by the high-resolution EBSD phase map in Fig. 4(b), 
and these regions were predominantly enriched in Ni and Ti (Fig. 4(c)). 
This localised enrichment of solute elements explains the preferential 
stabilisation of retained austenite along the inter-dendritic networks, as 
CALPHAD-based thermodynamic assessments have shown that Ti 
(which is typically classified as a ferrite stabiliser) can lower the Ms 
temperature and reduce the Gibb’s free energy difference between 
austenite and martensite [44]. The co-location of retained austenite 
within a martensitic microstructure with the Ti-enriched inter-dendritic 
network has also been reported in other martensitic steels produced by 
AM [45,46,50].

Furthermore, (Ti, Mo, and Si)-rich Laves and few (Mo, Ti)-rich par
ticles were also observed in the inter-dendritic networks (Fig. 4(b-c)). 
Scheil-Gulliver solidification simulations in Fig. 2(a) indicate solidifi
cation initiates with austenite formation, while solute elements such as 

Ti, Ni, Mo, and Si are progressively rejected into the remaining liquid, 
promoting Laves formation during the final stages of solidification [45]. 
Discrete TiN inclusions with O dissolved in them were also observed 
within both dendritic and inter-dendritic regions, consistent with the 
Scheil-Gulliver solidification prediction. These Ti-based inclusions have 
also been reported in C465 fabricated by PBF-L [18], where they are 
believed to originate from oxygen contained in the feedstock powder 
particles. Accordingly, the feedstock wire or other sources of atmo
spheric exposure could introduce inclusions in the WAAM C465. 
Microstructural characterisation of the WAAM feedstock wire, as shown 
in the supplementary file (Fig. S4), revealed presence of TiN (~ 8 µm) 
and nano-scale Al-rich oxide inclusions. During the WAAM deposition, 
these pre-existing highly stable inclusions can survive remelting of the 
wire, leading to the formation of Ti-rich inclusions in the final solidified 
WAAM C465 [16].

In summary, the WAAM processing route characteristically produces 
columnar PAG structures, with pronounced microsegregation, as well as 
retained austenite, Laves particles and Ti-rich inclusions, leading to a 

Fig. 9. Microstructure of WAAM C465 after homogenisation at 1200◦C for 4 h (WAAM_H). (a) EBSD IPF map of the reconstructed PAGs and (b) corresponding phase 
map. (c) SEM-EDS TruMaps showing the distribution of key alloying elements Fe, Cr, Ni, Ti and Mo.
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heterogeneous microstructure. Such microstructural features are ex
pected to impart anisotropic properties and critically influence the 
reliability and performance of the WAAM fabricated C465 components 
in demanding applications. However, fortunately, the solidification 
microstructure is also much finer in scale than in a cast forging billet and 
would be expected to be more amenable to improvement by post-build 
heat treatment, without resorting to additional thermo-mechanical 
processing.

4.2. Effect of post-build heat treatments on the WAAM C465 
microstructure

4.2.1. Grain refinement
The recommended standard solution treatment for C465 forged bil

lets (AMS 5936 C) produced significant PAG refinement in the WAAM 
produced microstructure WAAM_SST (Table 4). This refined grain 
structure was comparable to that seen in the wrought bar microstructure 

(WR_SST), demonstrating that in this alloy SST alone was able to pro
duce sufficient PAG refinement through recrystallisation of the austenite 
that reforms on heating above the austenite phase boundary. This is an 
interesting phenomenon which does not always occur on re-heating 
martensitic steels. For many alloys, a memory of PAG structure is 
reproduced by phase transformation during re-heating, resulting in 
limited grain refinement, as has been discussed at length in [42,51,52]. 
However, more rapid heating rates and heavily alloyed steels tend to 
provide sufficient stored energy for the martensite-to-austenite trans
formation to drive recrystallisation [52].

4.2.2. Chemical homogenisation
The standard solution treatment recommended for wrought products 

was insufficient to reduce inter-dendritic microsegregation and elimi
nate retained austenite and Laves phase in the WAAM processed mate
rial (Fig. 5). This indicates that the applied SST was inadequate to enable 
sufficient diffusion of solute elements such as Ni and Ti away from the 

Fig. 10. Microstructure of WAAM C465 after standard solution treatment and H950 ageing. (a,c) EBSD IPF map of the reconstructed PAGs and (b,d) corresponding 
phase maps. (a,b) Non-homogenised WAAM_SST + A and (c, d) Pre-homogenised WAAM_H + SST + A conditions.
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inter-dendritic regions which consequently suppressed the Ms temper
ature sufficiently and enabled inter-dendritic austenite to persist even 
after deep cryogenic cooling at − 73◦C. In contrast, the wrought bar, 
which had undergone a much more extensive homogenisation and 

thermo-mechanical processing history [10], exhibited a 
near-homogeneous distribution of key alloying elements after the same 
heat treatment (WR_SST), although it contained some coarser TiN in
clusions (Fig. 6(c)). A smaller fraction of retained austenite was 
observed in wrought WR_SST sample (Table 4), indicating a 
near-complete transformation of austenite to martensite upon deep 
cryogenic cooling. These findings suggest that, while the standard heat 
treatment is effective for wrought C465 material, a tailored homogeni
sation strategy is required for WAAM produced C465 to mitigate 
microsegregation and secondary phases formed during solidification.

The DICTRA simulations provided insight into the homogenisation 
behaviour of the WAAM C465 and were able to predict suitable condi
tions to remove the chemical gradients present in the solidified material. 
Experimental homogenisation treatment (at 1200◦C for 4 h) showed 
good agreement with the DICTRA predictions, revealing a nearly 

Fig. 11. Microstructure of wrought C465 bar after standard solution treatment and H950 ageing (WR_SST + A). (a) EBSD IPF map of the reconstructed PAGs and (b) 
corresponding phase map. Here, the Z-axis corresponds to the rolling direction.

Table 4 
Summary of PAG size and austenite content after different manufacturing and 
post-processing conditions.

Sample conditions PAG size (µm) Austenite content %

WAAM in millimetres 8.4
WAAM_SST 62 ± 22 3
WR_SST 54 ± 16 0.2
WAAM_H 198 ± 58 0
WAAM_SST + A 69 ± 11 9.2
WAAM_H + SST + A 85 ± 17 0.1
WR_SST + A 53 ± 18 0.5

Fig. 12. (a) Representative CPP curves of WAAM produced and wrought C465 samples in 0.6 M NaCl solution at room temperature and (b) Summary of Epit and Erep 

potentials obtained from the CPP curves.
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uniform microstructure largely free from inter-dendritic micro
segregation and Ti-rich Laves particles (Fig. 9). The enhanced diffusion 
and redistribution of Ni and Ti at high homogenisation temperatures 
reduced the localised inter-dendritic enrichment that would otherwise 
stabilise the retained austenite. As a result, homogenised WAAM_H 
sample was almost free from inter-dendritic retained austenite (Fig. 9(b) 
and Table 4).

4.2.3. Grain growth
Unfortunately, high temperature heat treatments have the potential 

to promote PAG growth which is undesirable in C465 aerospace prod
ucts [13], so a compromise with the level of homogenisation that can be 
achieved is required. For example, homogenisation at the more effective 
temperature of 1200◦C led to a pronounced influence on the PAG size. 
The average PAG size remained relatively stable at lower temperatures, 
but increased sharply at higher temperature of 1200◦C, indicating sig
nificant grain coarsening. This abrupt change was likely associated with 
dissolution of the Laves phase, which reduced the Zener grain boundary 
pinning and consequently enabled rapid grain growth at higher tem
peratures. Lian et al. [13] have reported a similar behaviour in wrought 

Fig. 13. (a,c,e) Electrochemical noise records showing potential (black) and current (red) transients of C465 tested in 4.6 mM FeCl3 + NaCl solution to reach a total 
chloride ions concentration of 0.6 M. In each pairwise test, one specimen was designated as working electrode (WE) and the other as the ground electrode (G), as 
indicated. (b,d,f) Frequency of metastable events obtained from the electrochemical noise records. Comparisons are shown for (a,b) WAAM_SST + A (WE) vs 
WAAM_H + SST + A (G); (c,d) WAAM_SST + A (WE) vs WR_SST + A (G); and (e,f) WAAM_H + SST + A (WE) vs WR_SST + A (G).
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C465 material, where grain growth became significant above 1000◦C 
due to dissolution of the Laves particles. Notably, the Laves dissolution 
temperature in wrought C465 is substantially lower than observed in the 
present WAAM C465 material. This difference can be attributed to the 
elemental segregation which led to localised enrichment of 
Laves-forming elements, particularly Ti, Mo, and Si in the inter-dendritic 
regions of the WAAM material (Fig. 4(c)). This enrichment increases the 
thermal stability of the Laves, delaying its dissolution and necessitating 
higher homogenisation temperatures. While the dissolution behaviour 
of Laves in other AM fabricated Ti-rich maraging steels has not been 
systematically studied, similar trends have been reported in AM Inconel 

718, where Laves dissolution occurs between 1100–1200◦C [53].

4.2.4. Reverted austenite
After the final heat-treatment step required to achieve full in-service 

properties, the aged microstructure of WAAM C465 is critically gov
erned by both the prior heat treatment history and the compositional 
heterogeneity inherited from the WAAM process. Pronounced phase 
transformation behaviour was observed in the non-homogenised 
WAAM_SST + A condition, which exhibited a notable increase in 
austenite fraction as compared to its pre-aged condition (WAAM_SST, 
Table 4). This increase is due to the martensite to austenite reversion 

Fig. 14. Corroded surfaces of (a-c) non-homogenised WAAM_SST + A sample and (d) wrought WR_SST + A sample after anodic polarisation at + 1.0 V (vs Ag/AgCl) 
for 2 s in 0.6 M NaCl solution. High resolution, low-kV SEM-EDS TruMaps show nano-to microscale pit nucleation sites: (a) along the (Ni, Ti)-enriched and Cr- 
depleted inter-dendritic regions, (b) at the Ti-rich Laves/matrix interface (c) at TiN inclusion/matrix interface in non-homogenised WAAM_SST + A sample and 
(d) at TiN inclusion/matrix interface in wrought WR_SST + A sample.
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transformation during the ageing process [46,54]. The austenite rever
sion typically occurs through the diffusion-controlled decomposition of 
martensite and is strongly influenced by the localised segregation of Ni 
which provides favourable conditions for stabilising reverted austenite 
[54]. It is worth noting that the pre-aged condition (WAAM_SST) con
tained retained austenite along the Ni-enriched inter-dendritic regions 
(Fig. 5(b) and Table 4), which can provide both the crystallographic and 
chemical conditions necessary for the formation of reverted austenite 
[55]. Pre-existing retained austenite has been widely recognised as a 
preferential nucleation site owing to its identical FCC crystal structure, 
which significantly reduces the energy barrier for austenite reversion 
[54,56]. Ni enrichment resulting from solidification-induced micro
segregation and Ni rejection during precipitation is also known to be 
important to the promotion of austenite reversion in AM alloys [54,57].

In contrast, the WAAM_H + SST + A condition, which underwent 
homogenisation at 1200◦C prior to SST, exhibited a very limited extent 
of austenite reversion after ageing (Table 4). The suppression of 
austenite reversion in this case further reinforces the fact that pre- 
existing retained austenite and localised Ni-segregation play a critical 
role during the reversion transformation. A comparable behaviour has 
been reported in PBF-L maraging steels, where a higher temperature 
solution treatment also eliminated both retained and reverted austenite 
[54]. In comparison, the wrought WR_SST + A sample which contained 
a small amount of retained austenite before ageing exhibited only a 
marginal increase in austenite fraction after ageing (Table 4), consistent 
with its greater chemical homogeneity and negligible retained austenite 
content prior to the ageing treatment, as seen in Fig. 6.

Fig. 15 schematically summarises the microstructure evolution in 
C465 resulting from various manufacturing routes and subsequent heat 
treatment steps. The WAAM process (Fig. 15(a)) exhibited a heteroge
neous microstructure characterised by elongated columnar structure, 
pronounced solute-enriched (primarily Ni and Ti) inter-dendritic re
gions associated with retained austenite, (Ti, Mo)-rich Laves phase, and 
the presence of Ti-rich oxide and nitride inclusions. Although the stan
dard heat treatment sequence (solution treatment and ageing) devel
oped for the wrought material could significantly refine the grain 
structure, it was insufficient to redistribute Ni and Ti from the inter- 
dendritic regions and as a result failed to eliminate inter-dendritic 
retained/ reverted austenite and Laves phases. This limitation necessi
tated a suitable homogenisation step prior to the standard heat treat
ment to reduce the WAAM induced microstructural heterogeneity. The 
homogenisation behaviour in WAAM C465 is governed primarily by the 
diffusion kinetics of solute elements (mainly Ni and Ti) which otherwise 
stabilise the retained austenite in the inter-dendritic networks by locally 
lowering the Ms temperature, along with dissolution of the Ti-rich Laves 
phase and associated grain coarsening. In the present study, homoge
nisation at 1200◦C for 4 h effectively reduced inter-dendritic segrega
tion and suppressed retained austenite and dissolved the Laves phase 
albeit at the expense of grain coarsening. Following this homogenisation 
step, the subsequent standard solution treatment and ageing produced a 
microstructure that was comparable to the fully heat treated wrought 
C465 (Fig. 15(b)).

4.3. Pitting corrosion behaviour

Given that pitting often serves as the onset of SCC in chloride envi
ronments, this section focuses on how WAAM specific microstructural 
features like microsegregation, Laves phase, retained or reverted 
austenite and inclusions influence the pitting corrosion behaviour of 
C465 material.

The electrochemical response was evaluated after application of the 
ageing treatment, as this represents the final processing step employed 
for aerospace applications of the C465 material. However, the benefits 
of using a prior homogenisation step with the WAAM material were 
compared to simply applying a post-build standard solution treatment 
and ageing. The pitting corrosion behaviour of WAAM-produced C465 is 

clearly dictated by the microstructural state imposed by post-processing 
heat treatments. From the CPP and ECN results, it can be deduced that 
while the pitting resistance of the WAAM material (WAAM_SST + A 
condition) is inferior to its wrought counterpart (WR_SST + A condi
tion), the application of an effective homogenisation treatment prior to 
the SST and ageing treatment significantly enhanced its corrosion per
formance, comparable to the wrought benchmark.

The pit nucleation studies provided further useful insights into the 
observed pitting corrosion behaviour in WAAM produced and wrought 
C465 (Fig. 14). In WAAM_SST + A condition, pits were predominantly 
nucleated along (Ni, Ti)-enriched and Cr-depleted inter-dendritic net
works. These (Ni, Ti)-enriched inter-dendritic regions aligned with 
columnar grain growth direction, correspond to the retained/reverted 
austenite phase (see Figs. 4(b) and 10(b)). Given that Cr is a ferrite 
stabiliser, it is likely to segregate preferentially in the martensitic re
gions, leading to local Cr deficiency in the inter-dendritic austenite re
gions (Fig. 4(b) and (c)). Since Cr plays a pivotal role in passive film 
formation and stability in stainless steels, this localised depletion 
possibly compromised the integrity of the passive film, rendering the 
retained/reverted austenite regions more susceptible to passive film 
breakdown under chloride exposure. Consequently, the inter-dendritic 
austenite acted as a preferential site for nucleation of metastable pits. 
This observation was consistent with the recent findings by Keogh et al. 
[58] who reported that reverted austenite in aged 15–5 PHMSS resulted 

Fig. 15. Schematic illustration of microstructure evolution during the heat 
treatment sequence in C465 produced by (a) WAAM and (b) conventional 
manufacturing routes.

Y.H. Mozumder et al.                                                                                                                                                                                                                          Additive Manufacturing 122 (2026) 105196 

17 



in inhomogeneous distribution of Cr in the microstructure, compro
mising the integrity of the passive film and increasing susceptible sites 
for localised corrosion attack. In AM fabricated martensitic steel, during 
ageing treatment the reversion transformation from martensite to 
austenite resulted in accumulating a high dislocation density in the 
interphase boundaries between them due to the volume change of the 
lattice transformation, creating favourable sites for pit nucleation [59]. 
Therefore, it can be reasonably inferred that insufficient diffusion of Ni 
and Ti from the inter-dendritic regions during SST resulted in higher 
fraction of austenite in non-homogenised WAAM_SST+ A sample, which 
degraded the passive film stability and reduced pitting corrosion resis
tance. In contrast, homogenisation at 1200◦C for 4 h effectively reduced 
the enrichment of austenite-stabilising elements (Ni and Ti) in the 
inter-dendritic regions. As a result, the pre-homogenised WAAM_H 
+ SST + A sample exhibited a limited amount of reverted austenite, 
comparable to the benchmark wrought WR_SST + A sample. This 
microstructural refinement led to fewer metastable pitting events during 
the ECN test and improved passive film stability, yielding corrosion 
performance comparable to wrought WR_SST + A sample.

In addition, the presence of Ti-rich Laves particles embedded in the 
inter-dendritic austenite regions also contributed to the inferior pitting 
resistance of the non-homogenised WAAM _SST + A sample. High- 
resolution SEM-EDS analysis in Fig. 14(b), revealed a nano-scale pit at 
the interface of Laves particles and the surrounding austenite matrix. 
Similar pit initiation mechanisms have been reported in AM fabricated 
IN718 [53], where micro-galvanic coupling between the Laves and 
matrix has been proposed to promote preferential dissolution of the 
matrix following passive film breakdown. Liu et al. [60] demonstrated 
that Laves phase possesses lower Volta potential than the surrounding 
ferrite matrix, leading to selective dissolution and pitting in the matrix. 
These findings suggest that the Ti-rich Laves phase in WAAM produced 
C465 likely promoted micro-galvanic corrosion activity with the sur
rounding austenite, thereby facilitating pit nucleation at the Lav
es/matrix interface. This mechanism was consistent with the higher 
frequency of metastable events recorded for the WAAM_SST + A sample 
as compared to WAAM_H + SST + A sample (Fig. 13(a) and (b)), as 
homogenisation treatment dissolved the Laves particles (Fig. 9(c)), 
thereby significantly reducing the number of energetically favourable 
pit nucleation sites. As a result, the pre-homogenised WAAM_H + SST 
+ A sample exhibited fewer ECN transients, a nobler Epit and enhanced 
repassivation capabilities. In line with this understanding, the wrought 
WR_SST + A sample, which lacked Laves particles, demonstrated the 
lowest metastable activity and highest pitting resistance.

Inclusions were another factor that influenced the pitting behaviour 
of C465 steel. The TiN inclusions acted as preferential pit nucleation 
sites for both WAAM (Fig. 14(c)) and wrought C465 samples (Fig. 14
(d)). The role of inclusions on the localised corrosion behaviour of 
stainless steel has been extensively studied [22,23]. Inclusion-induced 
passive film breakdown has been attributed to Cr-depleted zones 
around the inclusions, as well as the micro-galvanic coupling effect 
arising from the potential difference between the inclusion and sur
rounding matrix. Previous studies have suggested that pitting nucleation 
at smaller size inclusions (< 500 nm) rarely evolves into stable pits due 
to the rapid formation of a stable passivation film over the inclusion 
surface [25,61]. In the present study, the Ti-rich inclusions in WAAM 
C465 steel were observed to be significantly finer (~ 250 nm) compared 
to those in the wrought C465 (~ 2 µm). Accordingly, while nanoscale 
TiN inclusions in WAAM C465 are likely to contribute to pit initiation, 
they are unlikely to lead to stable pits. In contrast, larger micron-scale 
TiN inclusions in the wrought WR_SST + A sample were possibly the 
primary factor influencing its localised corrosion, despite its higher 
overall pitting resistance, which is consistent with reported observations 
for other wrought martensitic stainless steels [62].

To summarise, the effect of manufacturing routes and post-printing 
heat treatments on the pitting corrosion behaviour of the C465 mate
rial is schematically illustrated in Fig. 16. The WAAM fabricated C465 

exhibited inferior pitting resistance compared to its wrought counter
part (Fig. 16a), primarily due to the WAAM-specific solidification fea
tures such as inter-dendritic microsegregation, retained/reverted 
austenite, and Laves particles. These microstructural characteristics 
were not sufficiently mitigated by the standard heat treatment protocols 
developed for wrought C465 material. Consequently, these features 
compromised passive film stability and increased pit nucleation sus
ceptibility in WAAM C465 when exposed to a chloride environment. A 
suitable homogenisation treatment prior to the standard heat treatment 
protocols effectively reduced compositional gradients, dissolved Laves 
particles, and suppressed austenite formation. These microstructural 
improvements led to enhanced pitting corrosion resistance, and restored 
corrosion performance to levels comparable with wrought C465 (Fig. 16
(b) and (c)).

Overall, the findings highlight the need for WAAM-specific post- 
processing strategies, as standard heat-treatments developed for 
wrought alloys cannot be directly applied to additively manufactured 
material, even when compositions are identical, because the thermal 
history and solidification path are fundamentally different. This work 
establishes a clear process–microstructure–corrosion relationship in 
WAAM C465 and provides a practical framework to mitigate 
solidification-induced pitting susceptibility in high-strength precipita
tion-hardened martensitic steels.

5. Conclusions

This study investigated the influence of WAAM processing and post- 
printing heat treatments on the microstructure and corrosion perfor
mance of C465, benchmarked against its wrought counterpart. Based on 
experimental results and DICTRA-guided simulations, the following 
conclusions were drawn: 

• WAAM produced a heterogeneous microstructure, characterised by 
coarse columnar PAGs, pronounced microsegregation, retained 
austenite, Laves phase and Ti-rich inclusions.

• Standard solution treatment refined grains but failed to remove 
microsegregation or retained austenite due to limited Ni and Ti 
diffusion, whereas wrought C465 achieved chemical homogeneity 
with negligible retained austenite.

• Homogenisation at 1200◦C for 4 h, guided by DICTRA simulations, 
substantially reduced microsegregation and eliminated retained 
austenite and Laves particles, but significant grain coarsening 
occurred.

• Ageing after SST only partially promoted martensite-to-austenite 
reversion in WAAM C465, likely driven by the pre-existing 
retained austenite and Ni segregation. In contrast, ageing after ho
mogenisation and SST suppressed this reversion, yielding a micro
structure comparable to wrought C465.

• Electrochemical tests showed that non-homogenised WAAM_SST 
+ A condition had the lowest pitting resistance and poorest repas
sivation, whereas homogenisation step prior to SST and ageing 
(WAAM_H + SST + A) enhanced pitting resistance to levels compa
rable with the fully heat-treated wrought C465.

• Pits initiated preferentially along Cr-depleted inter-dendritic 
austenite and at Laves/matrix interfaces in WAAM C465, while 
larger TiN inclusions dominated pit nucleation in wrought C465.

• Although homogenisation at 1200◦C effectively mitigates micro
segregation, the need for such high-temperature treatment and 
subsequent quenching may limit industrial feasibility for large 
WAAM components due to cost, thermal stress, and distortion risks. 
These findings nonetheless provide a transferable method
ology—DICTRA-guided heat treatments combined with CPP-ECN 
benchmarking, that can be applied to qualify WAAM-printed 
martensitic stainless steel.

• Future work should explore lower-temperature or shorter-time ho
mogenisation schedules, inter-pass thermal management, and alloy/ 
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process modifications to reduce microsegregation and Laves forma
tion, thereby minimising reliance on extreme post-processing. Given 
that pitting often precedes SCC in chloride environments, improving 
pitting resistance through microstructural control is a critical step 
toward enhancing overall durability. Future studies should extend 
these findings to evaluate SCC susceptibility under service-relevant 
conditions.
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