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Abstract:

One approach to enhance the surface degradation characteristics of laser powder 

bed fusion (LPBF) type 420 stainless steel involves the incorporation of spherical cast 

WC/W2C to create LPBF metal matrix composites (MMCs). However, the corrosion 

behaviour of stainless steel and cast WC/W2C varies inversely with different pH 

levels, and the phenomenon of pitting corrosion in LPBF MMCs across varying pH 

conditions has yet to be thoroughly investigated. In LPBF 420 + 5 wt% WC/W2C 

MMCs, pit occurs adjacent to cast WC/W2C in both acidic and neutral environments, 

attributed to the presence of chromium-rich carbides and galvanic coupling effects. 

The dissolution of the reinforced particles facilitates pit nucleation in alkaline 

conditions. Notably, in-situ reaction layers exhibit superior corrosion resistance 

compared to the matrix or the reinforced particles across all pH levels. The distinct 

corrosion mechanisms influence the pitting corrosion behaviour, with the corrosion 

ranking based on critical pitting potential being neutral > alkaline > acidic, which 

contrasts with the observed kinetics of pit growth (alkaline > acidic > neutral). 
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1 Introduction:

Type 420 martensitic stainless steel combines high mechanical performance and 

reasonable corrosion behaviours [1–3]. Laser powder bed fusion (LPBF) technology 

is one kind of famous additive manufacturing (AM) techniques, which selectively 

melts the region on the powder bed by high-energy laser in a repeated layer-wise 

fashion [4–6]. The primary benefits of the LPBF method include the swift fabrication 

of components without the need for specific designs and the reduction of material 

waste [5,7]. Type 420 stainless steel is already manufactured by LPBF, which shows 

excellent mechanical and corrosion resistance [8,9]. There are two approaches to 

enhance the mechanical characteristics of type 420 stainless steel. The first one is the 

post-heat treatments; the refining grains and higher carbon in the substrate increase in 

tensile and hardness properties, and then the change of retained austenite and Cr-rich 

carbides adjust the mechanical and corrosion performances [10–12]. The second way 

is by adding reinforced particles, such as TiC, WC, and SiC, to build the LPBF 

stainless steel-based metal matrix composites (MMCs) [13–16]. In our previous work, 

the spherical cast WC/W2C with a size range from 15 – 45 μm is selected as the 

reinforced particles, which the lower thermal stability of W2C releases W and C 

during laser scanning and react with the matrix to build a solid in-situ reaction layer. 

LPBF 420 + 5 wt% WC/W2C MMCs show excellent compressive strength and wear 

performance [17,18]. The corrosion resistance improved by WO3 in the passive film 

and the austenite phase from C in the matrix overcome the degradation from the 

galvanic coupling between reinforced particles and matrix, resulting in a higher Epit 

than conventional and LPBF 420 stainless steel [18].

The pitting resistance in the LPBF 420 + 5 wt% WC/W2C MMCs is controlled 

by the most accessible pit nucleation sites in the reinforced particle, in-situ reaction 
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layer, or stainless steel matrix. However, the sensitivity of pitting corrosion in 

stainless steel and spherical cast WC/W2C with higher pH values are opposite. The 

pitting corrosion resistance for stainless steel becomes better with increased pH value 

in the solution [19,20]. Also, the stability of the passive film in type 304L and type 

308L stainless steel increases with higher pH values from 10.5 to 13.5 [21]. However, 

the changes in corrosion resistance of cast WC/W2C with increased pH value show 

the opposite tendency to stainless steel. For example, WC is stable in the acidic and 

base solution in the WC-Co hard materials, whereas WC becomes less stable in the 

alkaline environment [22,23]. The stability evolution of the in-situ reaction layer 

formed between the reinforced particles and the matrix under varying pH conditions 

remains unclear. Therefore, it is essential to elucidate the pitting corrosion 

mechanisms for LPBF 420 + 5 wt% WC/W2C MMCs in acidic, neutral, and alkaline 

solutions. 

The high-throughput research platforms, experimental techniques, and analysis 

methods, which save time and materials for running experiments, have recently 

gained attention [24–28]. Bipolar electrochemistry is classified as a high-throughput 

corrosion testing technique, capable of evaluating the pit nucleation parameters 

alongside the pit growth rate across a broad spectrum of applied potentials on a single 

sample following a single test [29–32]. In bipolar electrochemistry, the bipolar 

electrode (the tested sample) is positioned between the feeder electrodes. Upon the 

application of a potential or current difference across the feeder electrodes, a linear 

potential gradient is established. Consequently, the potential difference between the 

electrolyte and the BPE fluctuates based on the location to the feeder electrode [33–

36]. The linear potential gradient observed on the stainless steel BPE leads to varying 

corrosion responses [37–39]. In the analysis of pitting corrosion, the length of the 

pit-covered area on the BPE serves as the pit nucleation parameter, while the volume 

loss due to pit corrosion along the BPE is utilized to derive the kinetics of pit growth 

[40,41]. In addition to stainless steel, bipolar electrochemistry is employed to 

investigate the mechanisms of brass dezincification and WC-Co de-alloying [42,43].

This paper aims to study the pitting corrosion resistance of LPBF 420 + 5wt% 
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WC/W2C MMCs in different pH value solutions. Scanning electron microscopy 

(SEM) is used to study the microstructure and morphologies of reinforced particles 

after laser scanning. Transmission electron microscopy (TEM) is chosen to research 

the in-situ reaction layer between the cast WC/W2C and matrix. The passivation in 

LPBF 420 + 5 wt% WC/W2C MMCs is exalted by potentio-dynamic and 

potentio-static polarisation tests. The pit initiation and expansion mechanism in 

H2SO4+ NaCl, Na2SO4 + NaCl, and NaOH + NaCl are studied by bipolar 

electrochemistry. At last, SEM and laser confocal microscopy investigate the pit 

corrosion on the BPE tested from different pH solutions.

2 Materials and methods

2.1 Materials

The chemical composition (wt%) of type 420 stainless steel powder is 13.99 Cr, 

0.2 C, 0.35 Mn, 0.59 Si, 0.03 Ni, 0.01 Mo, 0.01 P, 0.025 N, and bal. Fe. The type 420 

stainless steel and spherical cast WC/W2C powders have the same diameter range 

between 15 and 45 μm. Both stainless steel and spherical cast WC/W2C powder were 

produced by Zigong Tungsten Carbide Co. Ltd. Before the LPBF manufacturing, 

spherical cast WC/W2C and type 420 stainless steel with a weight ratio of 5:95 was 

mixed by tube roller to prepare the LPBF MMCs raw powder. The LPBF 

manufacturing environments were 200 °C at the powder bed. An argon gas 

environment (O < 0.05%) was utilized in the SLM 125HL facility, employing a layer 

thickness of 30 μm, a hatch spacing of 60 μm, and a 67° rotation between successive 

printing layers. The scanning speed was set at 950 mm/s, with a laser power of 275 

W. All samples analyzed were extracted from planes that are perpendicular to the 

build direction in LPBF 420 + 5 wt% WC/W2C MMCs, achieving a densification 

level of 99.82%, as determined by Archimedes' principle.
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2.2 Microstructural characterization

The samples with a size of 10 mm x 10 mm x 1 mm (length x width x thickness) 

were ground at 1200 grits and polished until 1 μm for the microstructure analysis, 

which was tested by SEM (ZEISS SUPRA55 SEM). To examine the in-situ reaction 

layer between the cast WC/W2C and the stainless steel matrix, thin lamellae were 

fabricated from the reinforced particle and the stainless steel matrix utilizing a 

focused ion beam (FIB, Thermofisher Heilos 5 UX). Subsequently, the microstructure 

and elemental compositions were analyzed using TEM (FEI G2 F200) integrated with 

an energy-dispersive X-ray spectroscopy (EDS) system. 

2.3 Corrosion tests

0.1M H2SO4+ 0.1M NaCl, 0.1M Na2SO4 + 0.1M NaCl, and 0.1M NaOH + 0.1M 

NaCl were selected as acidic, neutral, and alkaline solutions for electrochemistry tests. 

Before the corrosion test, the surface of the tested samples was checked by optical 

microscopy to confirm no visible cracks/pores which would influence the corrosion 

results. For potentio-dynamic and potentio-static polarization assessments, the 

samples were precisely sectioned to dimensions of 10 mm x 10 mm. Subsequently, 

the rear side of the LPBF 420 + 5 wt% WC/W2C MMCs was affixed to a copper wire 

and embedded in Araldite resin. The exposed surface underwent grinding to a 1200 

grit finish, followed by polishing with 1 μm diamond paste to achieve optimal surface 

quality, then 3M PTFE Tape was used to cover the interface of resin and test sample, 

which retarded the crevice corrosion during the potentio-dynamic polarization tests, 

with the tested area reduced to 5 mm x 5 mm. A CS2350 Bipotentiostat associated 

with CS Studio-5 software was employed for the potentio-dynamic and potentio-static 

polarization tests. Platinum and saturate calomel electrodes (SCE) were used as the 

counter and reference electrodes. For the potential-dynamic polarization assessment, 

the specimen was submerged in the electrolyte for 30 minutes to ensure stabilization 

of the open circuit potential (OCP). Subsequently, a scan was conducted from 0.2 V 

below the OCP to 1.0 V vs SCE at a scanning rate of 1 mV/s. In the case of the 
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potentio-static polarization evaluation, a constant potential of -0.1 VSCE, 0 VSCE, or 

+0.1 VSCE was applied to the LPBF 420 + 5 wt% WC/W2C MMCs for a duration of 

30 minutes. 

Figure 1 gives the schematic diagram of bipolar electrochemistry, where the BPE 

was situated between two feeder electrodes within the solution. A powder source was 

utilized to ensure a stable potential across the two feeder electrodes during the bipolar 

electrochemistry experiment. Upon activation of the power supply, a linear potential 

developed at the interface of the BPE and the solution. The experimental setup was 

uncomplicated, requiring only a power supply and two feeder electrodes for the 

bipolar electrochemistry process. Additionally, the BPE functions wirelessly, 

allowing for the evaluation of the corrosion behaviour of materials that are either 

challenging or sensitive to electrical connections. For all bipolar electrochemistry 

experiments, the sample dimensions were standardized to 30 mm x 15 mm x 1 mm 

(length x width x thickness), with the surface of the BPE meticulously polished to 

achieve a finish of 1 μm. The exposure durations for the bipolar electrochemistry 

were established at 1, 5, and 10 minutes, employing feeder electrodes with a surface 

area of 4 cm² positioned 50 mm apart. The BPE under investigation was centrally 

located between the feeder electrodes. A UTP1003S DC power supply was utilized to 

maintain a constant potential across the two feeder electrodes. After applying 20 V on 

the feeder electrodes, the anodic electrochemistry reactions occurred next to the 

negative feeder electrode, and the cathodic electrochemistry reactions nucleated close 

to the positive feeder electrode. Following the bipolar electrochemistry assessment, 

SEM was employed to investigate the pitting corrosion mechanism on the LPBF 420 

+ 5 wt% WC/W2C MMCs across various pH solutions. Additionally, laser confocal 

microscopy was selected to analyse the progression of pit formation on the BPEs 

under differing pH levels and exposure durations. 
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Figure 1 Setup of bipolar electrochemistry.

3 Results and discussion

3.1 Reinforced particles 

Figure 2 (a) presents the SEM images of the unprocessed spherical cast WC/W2C 

powder, demonstrating that all samples exhibit a high degree of sphericity, free from 

surface cracks or pores. The superior sphericity of the cast WC/W2C is expected to 

maintain the flowability of the LPBF raw powders when blended with 420 stainless 

steel powder. Figure 2 (b) displays the reinforced particles (relatively white) in the 

LPBF 420 + 5 wt% WC/W2C MMCs, which the surface is without cracks or pores 

obtained at this magnification. The shape of the cast WC/W2C varies, and the 

relatively large particles maintain a good circular shape, and the small size particles 

are irregular. The relationship between the reinforced particles size and geometry can 

be explained by the Gibbs - Thompson equation [44]:
𝐶𝑟1

𝐶𝑟2
= 𝑒𝑥𝑝 3𝜎𝑀

𝑅𝑇𝜌
1
𝑟1

― 1
𝑟2

                                               (3)

Cr1 and Cr2 represent the particles with sizes r1 and r2, respectively. The symbol σ 

denotes the interfacial tension between the reinforced particles and the liquid stainless 

steel. M refers to the molecular weight of the reinforced particles, R is the universal 
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gas constant. T indicates the temperature of the molten pool (K), and ρ signifies the 

density of the cast WC/W2C. So, the larger reinforced particles have minor dissolution 

during laser scanning, which can maintain a spherical shape; the small size reinforced 

particles can be dissolved more easily during laser scanning, resulting in the irregular 

shape of cast WC/W2C. Figure 2 (c) illustrates a cast WC/W2C particle size exceeding 

35 μm. The morphology of the reinforced particle retains a spherical form, indicating 

a low dissolution degree of the strengthen particle, accompanied by a consistent 

dissolution rate at the interface between the reinforced particles and the matrix. An 

enhanced magnification of the interface between the reinforced particle and the matrix 

is presented in Figure 2 (d), a fur-like structure is found between the cast WC/W2C 

and matrix, which is the in-situ reaction layer. So, the in-situ reaction layer is built 

between the strengthened particle and stainless-steel matrix, causing even a tiny 

dissolution of the spherical. Figure 2 (e, f) illustrates two irregularly shaped cast 

WC/W2C on the matrix, with a size of 10 μm x 20 μm. The irregular shape comes 

from different dissolution degrees at the cast WC/W2C. The net-like in-situ reaction 

layer is also found, as shown in Figure 2 (f). The dense crack-pore-free in-situ 

reaction layers next to all the reinforced particles indicate excellent mechanical 

bonding, which benefits the mechanical and corrosion resistance.

Figure 2 (a) geometry of spherical cast WC/W2C raw powder, (b) shapes of reinforced particles in 
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LPBF 420 + 5 wt% WC/W2C MMCs, with (c-f) individual reinforced particle at higher magnifications.

3.2 In-situ reaction layer

A TEM image includes reinforced particles, an in-situ reaction layer, and the 

matrix is displayed in Figure 3, the same as our previous work [17]. Figure 3 (a) 

shows four areas labelled I, II, III, and IV. The brightness region is in Region I, which 

is the cast WC/W2C. Region II contains a dense, bar-like structure towards the 

stainless-steel matrix, which should be the in-situ reaction layer. In Region III, some 

nano-size precipitates are obtained. The large spherical (up to 50 nm) and small 

irregular (up to 10 nm) shape precipitates are obtained, as shown at higher 

magnification in Figure 3 (b). The point edx response in Region II, Region III, and 

Region IV is displayed in Table 1. In Region II, the weight percentage for Fe, W, and 

Cr are 18.79 wt%, 35.5 wt%, and 2.2 wt%. The composition of elements in Region III 

and Region IV is similar, with Fe and W being 17 wt% and 11 wt% lower than in 

Region II, respectively. Similar elements are detected in Region III and Region IV, 

indicating both are the matrix of LPBF 420 + 5 wt% WC/W2C MMCs. The 

precipitates in Region III come from the in-situ reaction layer. However, the limited 

dissolution of the cast WC/W2C and short diffusion time result in precipitates forming 

at a longer distance to the strengthened particles instead of forming the in-situ 

reaction layer. Figure 3 (c) and Figure 3 (d) give the spherical precipitates with sizes 

from 50 nm – 70 nm in region III and the matrix far from the reinforced particles, 

respectively. From the edx response, the precipitates have higher Fe/Cr content and 

lower W in the stainless steel matrix than in region III, which is related to the longer 

distance to cast WC/W2C. The Cr in the precipitates is higher than the surrounding 

matrix, which might form a Cr-depletion region next to the precipitates, sensitive to 

pitting corrosion [45,46]. Besides the Cr-depletion region, the galvanic effects 

between the precipitates and matrix also might accelerate the pitting corrosion [47].
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Figure 3 TEM images at (a) interface of cast WC/W2C and matrix, (b,c) high magnification precipitates 
next to in-situ reaction layer, (d) a precipitate in far from the reinforced particle.

Table 1 Element composition at different locations from Fig. 3 

Wt% Fe W Cr C

1 18.79 35.5 2.2 43.51
2 35.71 23.53 2.26 38.50
3 35.04 22.82 2.76 39.38
4 26.55 23.38 6.16 43.91
5 41.16 13.54 8.66 36.64

3.3 Corrosion behaviour

Figure 4 shows the potentio-dynamic polarisation tests for LPBF 420 + 5 wt% 

WC/W2C MMCs from solutions with varies pH levels. Three independent 

polarisation tests were done in different pH value solutions to ensure repeatable 

results, with all potentio-dynamic polarisation curves are displayed. The Ecorr value 

for LPBF 420 + 5 wt% WC/W2C MMCs in NaCl + Na2SO4 is around -0.2 VSCE, 
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higher than that (≈ -0.5 VSCE) in H2SO4+ NaCl and NaOH + NaCl. In H2SO4 + NaCl, 

the current density rises with an increased in the applied potential up to 0 VSCE, after 

which it stabilizes at approximately 0.32 mA/cm2; at last, the current density suddenly 

increases again at about 0.65 VSCE, indicating the formation of pitting corrosion. For 

the potentio-dynamic polarisation test, the current density tested in Na2SO4 + NaCl is 

the lowest in all solutions, stabilized at about 0.01 mA/cm2 from 0.2 VSCE to 1.0 VSCE. 

After the potentio-dynamic polarisation experiment, no pits were found. However, our 

previous work found that + 0.38 VSCE is the Epit for LPBF 420 + 5 wt% WC/W2C 

MMCs in 0.1M NaCl [18], caused by the competitive adsorption of SO4
2- and Cl- on 

the surface, which inhibits the formation of pits [48,49]. Interestingly, the current 

density obtained in the alkaline solution is higher than the neutral solution. The higher 

current density in LPBF 420 + 5 wt% WC/W2C MMCs comes from the dissolution of 

cast WC/W2C, which is unstable in the alkaline environment [50,51]. The current 

density in LPBF 420 + 5 wt% WC/W2C MMCs diminishes with an increase in 

potential up to +0.2 VSCE, after which the current density escalates as the applied 

potential continues to rise. So, +0.2 VSCE should be the critical potential to accelerate 

the corrosion rate, coming from the faster dissolution of cast WC/W2C. Faster growth 

for current density is also found in WC-based hard materials (alloying with Co, Ni, 

CoCr, and NiCrMo) at about +0.2 VSCE tested in 0.1M NaOH solutions [22,42]. 

Nevertheless, the potentio-dynamic polarization tests yielded no evidence of pitting, 

suggesting that the reinforced particle does not initiate pits in LPBF 420 + 5 wt% 

WC/W2C MMCs when exposed to 0.1M NaOH + 0.1M NaCl. Additionally, elevated 

pH levels exacerbate pitting corrosion in stainless steel [52]. Usually, the lower 

passive current density indicates the higher critical pitting potential in stainless steel. 

The pitting corrosion rank according the passive current density might be neutral > 

alkaline > acidic [53]. 
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Figure 4 Potentio-dynamic polarisation test of LPBF 420 + 5 wt% WC/W2C MMCs from acidic, 
neutral, and alkaline solutions.

Figure 5 illustrates the current density response of LPBF 420 + 5 wt% WC/W2C 

MMCs at a constant potential of -0.1 VSCE, 0 VSCE, and 0.1 VSCE across various pH 

solutions. In Figure 5 (a), the potentio-static polarization at -0.1 VSCE for LPBF 420 + 

5 wt% WC/W2C MMCs shows a rapid decline in current density for the first 200 

seconds, after which it stabilizes with prolonged exposure. The lowest current density 

response is observed in the Na2SO4 + NaCl solution, followed by H2SO4 + NaCl and 

NaOH + NaCl. The current density responses at 0 VSCE and 0.1 VSCE are depicted in 

Figure 5 (b) and (c), respectively. For the NaOH + NaCl solution, the current density 

decreases over time, whereas the acidic solution exhibits an opposite trend, with a 

slight increase in current density after reaching a stable value. In neutral solutions, the 

current density remains relatively constant over time once stability is achieved. Figure 

5 (d) summarizes the average current density and standard deviation from 1200 s to 

1800 s for both -0.1 VSCE and 0.1 VSCE, revealing the highest current density in the 

NaOH + NaCl solution and the lowest in Na2SO4 + NaCl. A linear correlation 

between average current density and applied potential is observed across all solutions, 

with the slope indicating the sensitivity of current density to increasing applied 
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potential. The steepest slope is recorded in NaOH + NaCl, suggesting that the surface 

passive film becomes increasingly unstable with higher applied potential. Conversely, 

the lowest slope in Na2SO4 + NaCl indicates that the passive film is more effective in 

maintaining passivation as the applied potential increases. In acidic environments, the 

current density is lower than in alkaline conditions, attributed to the formation of 

corrosion products that cover the sample surface, thereby reducing the corrosion rate. 

Figure 5 Potentio-static polarisation of LPBF 420 + 5 wt% WC/W2C MMCs in different solutions at 
(a) -0.1 VSCE, (b) 0 VSCE, (c) 0.1 VSCE, with (d) average current density at different applied potential 
and pH solutions.

3.4 Pitting corrosion resistance

Difference corrosion response, from localised corrosion (crevice and pitting 

corrosion), passivation area, and cathodic reaction area are obtained on the BPE after 

the bipolar electrochemistry. The pit-covered area on the BPE tested from different 

solutions between 1 min and 10 min is displayed in Figure 6, the distance between the 

BPE oxidation and the pits close to the BPE centre is defined by the length covered 

with pits. For all-optical images, the BPE oxidation edge is positioned on the left side, 
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where it experiences the highest applied potential. These optical images are captured 

after immersing the LPBF 420 + 5 wt% WC/W2C MMCs in an ultrasonic bath to 

eliminate the pit lacy cover. In the presence of H2SO4 + NaCl, no discernible crevice 

corrosion is observed at the BPE oxidation edge, which exhibits a reduced number of 

pits, as illustrated in Figure 6 (a1). No visible general corrosion is found on the BPE 

in an acidic solution, caused by the current density consumed by fast nucleation and 

propagation of crevice and pitting corrosion, which cannot support the occurrence of 

pitting corrosion. Figure 6 (b1, c1) displays the optical images of the pit-covered area 

on the BPE for 5- and 10-minute bipolar exposure. The crevice corrosion next to the 

BPE oxidation edge becomes visible at 5 min, and the size of the crevice corrosion 

dramatically increases after 10 min exposure. Pits near BPE oxidation are obtained at 

5 min, and then some pits merge with crevice corrosion, which is found after 10 min. 

Figure 6 (a2, b2, c2) demonstrates the pit-covered length on the BPE tested from 

Na2SO4 + NaCl; the pits nucleated at high applied potential (next to the BPE 

oxidation edge) are found after 1 minute of exposure. After 5 minutes, the crevice 

corrosion is visible, with the largest size and most minor pit numbers detected. The 

outcomes of the pit-covered length were tested in NaOH + NaCl for 1 min to 10 min, 

as illustrated in Figure 6 (a3, b3, c3). No large-size crevice corrosion is found in all 

exposure time, with pit size becoming irregular. The large pits are close to circular 

without merging with other pits in acidic and neutral solutions. However, the 

large-size pit on the BPE tested in an alkaline environment is irregular. Also, the 

large-size pits are not always at the BPE oxidation edge. So, the pit covered length, pit 

distribution, and pit size were changed by different pH values. SO4
2- and OH- can 

retard the nucleation of crevice corrosion in stainless steel, so less crevice corrosion is 

obtained on the BPE after 1 min exposure [54,55].
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Figure 6 Pit covered length on the BPE tested at (a) 1 min, (b) 5 min, and (c) 10 min. (1: H2SO4 + 
NaCl, 2: Na2SO4 + NaCl, 3: NaOH + NaCl).

Figure 7 compares the critical pitting potential (pit-covered length) and localised 

corrosion growth rate (overall corrosion volume on the BPE) from 1 to 10 min. The 

bipolar electrochemistry setup is the same in H2SO4 + NaCl, Na2SO4+ NaCl, and 

NaOH + NaCl, so there is no difference in the potential distribution of the BPE in 

different pH solutions. The length values covered by pits signify the critical pitting 

potential; an increased length of pit coverage correlates with a diminished pitting 

potential. The total corrosion volume encompasses both pitting and crevice corrosion 

volumes, with a greater corrosion volume reflecting an accelerated rate of corrosion 
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progression. Figure 7 (a) compares the pit-covered length on the BPE tested by the 

different pH value solutions and exposure times. It can be found that the pitting 

potential reduces after a longer exposure time in acidic, neutral and alkaline solutions, 

which is related to the cumulative electric charge. Hence, the pit can be nucleated at a 

lower applied potential region after a longer exposure time [56,57]. The 

corrosion-covered length is longest in H2SO4 + NaCl and shortest in Na2SO4 + NaCl. 

A linear correlation has been established between the length covered by pits and the 

duration of exposure, with the slope of this relationship for varying exposure times 

also determined. A steeper slope indicates that the critical pitting potential becomes 

more readily achievable at a lower applied potential following an extended exposure 

period. The lowest slope (102.47) is detected in Na2SO4 + NaCl, whereas the highest 

slope is found in NaOH + NaCl (201.43), not H2SO4 + NaCl (144.99). The pitting 

corrosion potential tested from NaOH + NaCl is most sensitive to time, with the 

critical pitting potential in NaOH + NaCl being lower than H2SO4 + NaCl after a 

relatively long exposure time due to the different slopes. Figure 7 (b) compares the 

overall corrosion volume on the BPE in various solutions and soaking periods. 

Interestingly, the lowest corrosion volume is found on the BPE tested in NaOH + 

NaCl, with the fastest corrosion rate obtained from H2SO4 + NaCl, which is opposite 

to the rank of corrosion performance based on the critical pitting potential. The 

accelerated increase in corrosion volume from 1 to 5 minutes, compared to the 

interval between 5 and 10 minutes, may be attributed to intensified competition 

between pitting and crevice corrosion, which affects the overall corrosion growth rate.
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Figure 7 Evolution of (a) pit covered length and (c) corrosion volume loss on BPE in acidic, neutral, 
and alkaline environments from 1 min to 10 min.

Figure 8 depicts the maximum pit depth alongside the associated pit volume 

observed in the BPE subjected to H2SO4 + NaCl, Na2SO4 + NaCl, and NaOH + NaCl 

over a duration ranging from 1 minute to 10 minutes. Figure 8 (a) illustrates the 

relationship between pit depth and pit volume on the BPE following a 1-minute 

exposure, revealing that the deepest pits (reaching up to 35 μm) are predominantly 

located on the BPE in alkaline conditions; at the same time, the deepest pits tested 

from acidic and neutral solution are less than 25 μm. However, the pits formed in 

acidic and neutral solutions have a larger pit volume than those nucleated in an 

alkaline environment with the same maximum pit depth. Figure 8 (b) and Figure 8 (c) 

illustrate the correlation of pit depth and volume as assessed from various solutions at 

the 5-minute and 10-minute marks, respectively. Following the 5-minute interval, the 

maximum pit depth observed on the BPE across all solutions converges. A linear 

regression is established between pit depth and volume, with the slope value utilized 

to interpret the directions of pit growth. Compared to the slight slope, the giant pit 

slope indicates that large pit volume is increased with the same increase in pit depth, 

which means pit growth is faster in the pit wall directions. The slope changed by 

different pH value solutions and exposure period is summarised in Figure 8 (d). The 

slopes are largest at 1 min exposure, then decreasing with longer exposure time until 

10 min, which means its growth in the pit wall directions becomes slower with longer 

exposure time. The highest slope is obtained in Na2SO4 + NaCl, and the lowest is 
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found in NaOH + NaCl; however, the gaps in different pH solutions are decreasing 

with longer exposure time. 

Figure 8 Maximum pit depth and the corresponding pit volume on BPE tested in different solutions at 
(a) 5 min, (b) 10 min, and (c) 15 min., with (d) changes of pits shapes with different pH environment 
from 5 min to 15 min.

3.4 Post observation of pitting

The optical and 3D topographical images of the pits observed on the BPE after a 

10-minute exposure in H2SO4 + NaCl, Na2SO4 + NaCl, and NaOH + NaCl are 

presented in Figure 9. These optical images are obtained without running the 

ultrasonic bath cleaning, so pit lacy covers are retained on the surface. Figure 9 (a-c) 

illustrates the optical images of the BPE subjected to testing in an acidic solution. The 

cast WC/W2C surface exhibits a darkened appearance following the bipolar 

electrochemistry experiment, signifying that corrosion has taken place on the 

reinforced particle, as depicted in Figure 9 (a). Figure 9 (b, c) illustrates that the pits 
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are initiated adjacent to the reinforced particles, influenced by the galvanic interaction 

between the cast WC/W2C and the stainless steel matrix [58,59]. Both the lacy cover 

(Figure 9 (b)) pit and open pit (Figure 9 (c)) are found next to the strengthened 

particles obtained on the BPE. Figure 9 (d-f) displays the pit nucleates next to the 

reinforced particles, in which the surface of the reinforced particles is relatively clean, 

indicating less corrosion occurs on cast WC/W2C. Also, the area next to the 

reinforced particles is the pit nucleation-sensitive site. Interestingly, the concentrated 

corrosion on the cast WC/W2C is obtained on the BPE from the NaOH + NaCl 

solution, in which the surface of the matrix is relatively clean, indicating no/minor 

corrosion, as shown in Figure 9 (g, h). In Figure 9 (g), part of the reinforced particle 

has a lower height than the matrix, indicates a fast corrosion rate. The corrosion can 

remove the reinforced particle altogether, as the whole of the reinforced particle 

shows a lower height than the matrix, as shown in  Figure 9 (h). So, the area next to 

the reinforced particles offers the pit nucleation in acidic and neutral solutions, with 

the cast WC/W2C preferred to corrode away in the alkaline solutions.
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Figure 9 Corrosion response on BPE from (a-c) H2SO4 + NaCl, (d-f) Na2SO4 + NaCl, and (g, h) NaOH 
+ NaCl.

The pit induction resulting from reinforced particles in the LPBF 420 + 5 wt% 

WC/W2C MMCs in a NaOH + NaCl solution is presented in Figure 10. Initially, the 

corrosion that occurred on the reinforced particles with no corrosion at the matrix, as 

shown in Figure 10 (a). Figure 10 (b) displays that the reinforced particle stands lower 

than the matrix, with a feather-like structure on the cast WC/W2C surface. The 

feather-like structure is the W2C, coming from the fast dissolution of the WC from the 

cast WC/W2C. In Figure 10 (c) and Figure 10 (d), the side of the hole becomes 

smooth as the cast WC/W2C is completely corroded away, and the smooth part should 

be the stainless-steel matrix. So, corrosion occurred at the reinforced particles 

nucleate the pitting corrosion; so, the maximum pit depth can quickly reach about 35 

μm after 1 min exposure, which should be the largest diameter of reinforced particles 

in the LPBF MMCs. After that, the holes left from the completely dissolved cast 

WC/W2C are the pit electrolyte with a high concentration of Cl- and low pH value, 
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which the local aggressive electrolyte and occulted geometry of the encourage the 

corrosion continue growth as pitting corrosion [60,61]. The dissimilar reinforced 

particle size and relatively non-uniform distribution of the cast WC/W2C results in an 

irregular pit shape on the BPE tested in alkaline solutions. The cross-sectional area of 

the pit is associated with the distribution of cast WC/W2C, rather than solely 

depending on the applied potential. Hence, some pits contain larger areas at a lower 

applied potential region on the BPE, as locally more numbers and larger size of 

reinforced particles are more accessible to connect, forming irregular and large pits. 

From these SEM images, it can be found that feature-like W2C remains on the cast 

WC/W2C, which means the corrosion speed of WC should be faster than W2C. At the 

same time, the stainless-steel matrix and in-situ reaction layers retained after the 

reinforced particles are corroded away indicate no/minor corrosion during the bipolar 

exposure period. Here, the localised corrosion occurs at the reinforced particle on the 

LPBF 420 + 5 wt% WC/W2C MMCs, and the propagation of the pits via consuming 

the cast WC/W2C until the reinforced particles are entirely removed.
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Figure 10 (a-d) Nucleation and growth of localised corrosion on LPBF 420 + 5 wt% WC/W2C MMCs 
BPE tested in NaOH + NaCl.

The surface of reinforced particles inside pitting corrosion from acidic and 

neutral solutions is displayed in Figure 11. Figure 11 (a) and Figure 11 (b) show the 

reinforced particles inside the pits tested in H2SO4 + NaCl and Na2SO4 + NaCl, 

respectively, with the reinforced particles showing spherical and irregular elliptical 

shapes. Interestingly, the fur-like in-situ reaction layers on the reinforced particles, 

marked as blue arrows, indicate a higher corrosion resistance than the matrix. Also, a 

cellular-like structure is found on the reinforced particles, which should be the in-situ 

reaction layers. The size and direction of the cellular structure on the reinforced 

particles are not the same, coming from the connect to different grain orientation. 

Figure 11 (c) shows a cast WC/W2C suffering the general corrosion in an acidic 

solution, in which W2C is not visible, which differs from the corrosion response in the 

alkaline solutions. Figure 11 (d) shows that the pit bottom consists of cellular 
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structures with various sizes and directions from different grain orientations. The 

surface of the cast WC/W2C suffers corrosion in Na2SO4 + NaCl at a very high 

applied potential region on the BPE, with some cracks, obtained on the surface, as 

displayed in Figure 11 (e), which is different from the corrosion responses in H2SO4 + 

NaCl and Na2SO4 + NaCl. The surface outcome of the pit bottom from LPBF 420 + 5 

wt% WC/W2C MMCs tested in neutral solution is displayed in Figure 11 (f), with 

different sizes and directions of the cellular structure seen, which are similar to the pit 

bottom appearance in acidic solutions. 

Figure 11 (a,b) reinforced particles tested inside of the pits, (c) appearance of strengthen particle and 
(d) inside of pits tested in H2SO4 + NaCl, with the corrosion morphologies of spherical cast WC/W2C 
and pit bottom from Na2SO4 + NaCl. (e, f) corrosion appearance on cast WC/W2C and inside of pit 
tested in NaOH + NaCl solution.
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The in-situ reaction layers next to large pits in acidic, neutral, and alkaline 

solutions are displayed in Figure 12. In Figure 12 (a1), a cast WC/W2C surrounded by 

a large pit is obtained after exposure to an acidic solution, in which the surface of the 

reinforced particles suffers general corrosion. A high magnification of in-situ reaction 

layers from the yellow square is shown in Figure 12 (a2), in which the fur-like in-situ 

reaction layer, labelled as blue arrows, with the surrounding matrix corroded away. 

Figure 12 (b1) demonstrates the pitting corrosion in Na2SO4+ NaCl, which reinforced 

particle next to the pitting corrosion; and the cast WC/W2C also suffers general 

corrosion, resulting in a relatively rough surface. Figure 12 (b2) gives the highlighted 

area from Figure 12 (b1); the results show that in-situ reaction layers are retained after 

the bipolar electrochemistry tests. Figure 12 (c1) and Figure 12 (d1) show two large 

reinforced particles next to the large-size pits; the large reinforced particle in Figure 

12 (c1) is partly dissolved, and the retained cast WC/W2C are seen. The strengthened 

particles in Figure 12 (c1) is entire, which the smooth surface of the holes from the 

completely dissolved cast WC/W2C. The higher magnification images of the in-situ 

layer are illustrated in Figure 12 (c2) and Figure 12 (d2), in which the stainless-steel 

matrix is corroded away as the high applied potential, with the in-situ reaction layers 

retained. The in-situ reaction layers maintain a relatively higher corrosion resistance 

than the stainless steel matrix in an acidic and neutral environment, as the higher W 

concentration in the reaction layers offers better corrosion resistance than stainless 

steel [62]. In the alkaline environment, the in-situ reaction layer corrodes slower than 

the reinforced particle, coming from a higher content of Fe. In the acidic and neutral 

solution, the pits start next to the reinforced particles, related to the Cr-deletion region 

or galvanic effects. A large number of Cr-rich carbides next to the in-situ reaction 

layers, as shown in Figure 3 (a), in which the large area of the Cr-depletion area is the 

driving force for pit nucleation [63]. Also, these carbides reduce the stability of the 

passive film in the stainless steel matrix at a relatively high applied potential; so, the 

pitting corrosion on the stainless steel is also obtained in the alkaline environment, as 

displayed in Figure 12 (c, d). Overall, the in-situ reaction layers have higher corrosion 
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resistance than the stainless steel matrix and cast WC/W2C in acidic, neutral, and 

alkaline solutions.

Figure 12 SEM images of stability of in-situ reaction layers next to pitting corrosion from (a) H2SO4 + 
NaCl, (b) Na2SO4 + NaCl, and (c,d) NaOH + NaCl.
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4 Conclusions

This paper studies the roles of spherical cast WC/W2C in pitting corrosion for 

LPBF 420 + 5 wt% WC/W2C MMCs in H2SO4+ NaCl, Na2SO4 + NaCl, and NaOH + 

NaCl, the main conclusions follow:

1. The dense and crack-free in-situ reaction layers are built between the reinforced 

particle and matrix during the laser scanning. Many Cr-rich precipitates are in the 

stainless-steel matrix next to the in-situ reaction layer.

2. The pit is nucleated next to the cast WC/W2C, as the galvanic coupling and 

Cr-depletion region in the acidic and neutral solutions. In contrast, the pit starts from 

the preferred dissolution of reinforced particles in alkaline solutions. The in-situ 

reaction layers are retained after the pit growth to a relatively large size in all pH 

value solutions. 

3. Adding reinforced particles results in a degradation of passive film and pitting 

corrosion performance in an alkaline environment. The corrosion rank from the pit 

nucleation potential is neutral > alkaline > acidic. However, pit growth is fastest in a 

neutral solution, followed by acidic, and slowest in an alkaline environment. 
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