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Alloys such as 316L and the medium-entropy alloy CoCrNi are known for their excel-

lent strength and corrosion properties. In the present study, bulk samples of 316L

and CoCrNi (without and with 0.11 wt.% N) alloys fabricated using powder bed

fusion laser beam (PBF-LB) were tested in the as-printed state for their corrosion

behaviour in 0.5 M H2SO4 without and with added 3 wt.% NaCl. The tests were done

using potentiodynamic measurements and the results were compared with those of

the conventionally manufactured 316L. By means of angle-resolved X-ray photoelec-

tron spectroscopy (ARXPS), the passive film characteristics were studied in terms of

composition and film thickness. The 316L fabricated using PBF-LB showed favour-

able passivation and corrosion behaviour as compared with its conventionally manu-

factured counterpart. It was observed that all the alloys fabricated using the PBF-LB

showed similar corrosion behaviour, but with CoCrNi and CoCrNi-N showing better

passivation behaviour than 316L alloys in the presence of NaCl. The ARXPS showed

the presence of both hydroxide and oxides in all the alloys, with outer hydroxide

layer and inner oxide layer. The ARXPS of both 316L alloys showed the expected

presence of Cr–Fe oxide on the surface of as-passivated samples, whereas the pres-

ence of sulphide was also depicted for the conventionally manufactured 316L, sup-

posed to be detrimental to its corrosion behaviour. The CoCrNi-based alloys showed

the presence of only Cr2O3 layer in their passivated state, with Co and Ni acting as

noble elements in the formation of the passive film. Upon micro-alloying with the

strong solid solution strengthener N, CoCrNi did not show any negative effect on

either the corrosion behaviour or the passivation behaviour of the alloy.

K E YWORD S

additive manufacturing, corrosion behaviour, medium-entropy alloy, powder bed fusion–laser
beam, stainless steel, X-ray photoelectron spectroscopy

1 | INTRODUCTION

Additive manufacturing (AM) processes refer to the processes that

manufacture components layer by layer to near net shape in a

bottom-up approach, as opposed to the traditional top-down subtrac-

tive manufacturing processes.1,2 Among the AM techniques, powder

bed fusion–laser beam (PBF-LB) uses high-power laser to rapidly melt

and solidify thin layers of powder selectively and rapidly. Once a layer

of material is selectively fused, a new layer of material is applied, and

the process is repeated until a three-dimensional component with

near neat shape and nominally full densification is produced.1–3 Due

to the inherent high thermal gradient and solidification rate, the
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resulting microstructure of the PBF-LB components typically consists

of the epitaxially grown columnar grains and is unlike the microstruc-

ture of the components produced by traditional manufacturing

techniques.4–10

The ability to produce the parts on-demand, with near-full-

densification and near-net-shape components, makes PBF-LB a desir-

able technique for industrial applications. With the growing material

portfolios of PBF-LB, there is also growing interest in the wide range

of properties for the materials, and one such properties is the corro-

sion behaviour of the alloys.11–13 The focus on the corrosion proper-

ties of the alloys manufactured through PBF-LB has been mainly on

Al-based, Fe-based and Ti-based alloy systems.11,12

Among the Fe-based alloys, 316L is the most studied alloy for its

corrosion properties with studies mainly focusing on understanding

the influence of the microstructure, porosity and inclusions on the

corrosion behaviour. When compared with the wrought variant of

316L, the PBF-LB variant typically showed better corrosion resistance

mainly owing to its unique microstructure and rapid solidification rate,

which supresses the formation of undesirable inclusions that are detri-

mental to the corrosion performance.14–16 The porosity of the parts is

also an important aspect when it comes to the corrosion properties of

the alloys, specifically considering the re-passivation behaviour. Stud-

ies on the influence of the porosity of the PBF-LB parts show that

pore characteristics such as pore shape, size and distribution seem to

heavily influence the pitting behaviour of the alloys.11,12,17 With the

present state of the art, the PBF-LB 316L provides nominally pore-

free materials; see, for example, ref.18–20

High-entropy alloys (HEAs) and medium-entropy alloys (MEAs)

are members of the novel class of alloys that comprise several princi-

pal elements in nearly equiatomic proportions. These alloys have

attained increased interest over the last two decades due to their

excellent mechanical properties and damage tolerance.21–25 With

increasing interest in this novel class of alloys, there is also increasing

interest in understanding their corrosion behaviour. Due to the com-

positional complexity of these alloys, the corrosion behaviour will also

vary based on the alloying elements in these alloys. In case of the

single-phase face-centred cubic HEAs, the presence of high amount

of Cr is known to significantly enhance the corrosion behaviour of the

alloys.26 Similarly, addition of elements such as Al, Ti, Mo, B and N is

also known to further enhance the corrosion resistance of HEAs.27

The corrosion behaviour of HEAs were reportedly either comparable

or in most cases better than the stainless steels. Although there are

increased efforts on the development of HEAs and MEAs using AM,

very limited studies are available on the corrosion behaviour of these

alloys, especially in comparison with their stainless steel counterparts.

Equiatomic CoCrNi is one of the most widely studied MEA owing

to its excellent strength, ductility, oxidation and corrosion resistance,

enhanced hydrogen embrittlement resistance and excellent cryogenic

mechanical properties.28–30 Addition of nitrogen as an interstitial is

known to not only improve the strength but also to improve the cor-

rosion behaviour of the wrought CoCrNi MEA.28 The improved corro-

sion performance of the nitrogen-containing MEA was attributed to

the presence of relatively higher fraction of oxides/hydroxides on the

surface. With relatively higher Cr content as compared with the stain-

less steels, combined with the better mechanical properties, these

alloys could be engineered to potentially perform better than tradi-

tional 316L in the corrosive environment.

The aim of this study is to understand, compare and benchmark

the corrosion and passivation behaviour of CoCrNi and CoCrNi-N

(0.11 wt.% N) manufactured by PBF-LB, with 316L (AM and conven-

tionally manufactured). Conventional 316L is one of the most com-

monly used alloys in the field of marine engineering.31–33 However,

the conventional 316L is also susceptible to pitting corrosion in the

saline environments owing to the presence of MnS inclusions though

the absence of such precipitates in additively manufactured 316L is

known to result in the improved pitting resistance.14,15,34,35 The test-

ing approach includes potentiodynamic polarisation studies in sulphu-

ric acid without and with sodium chloride addition to simulate and

understand their behaviour in the acidic and saline environments.

Detailed investigations of synthetically passivated samples using X-

ray photoelectron spectroscopy (XPS) were performed to depict the

correlation between the passivation behaviour and the passive film

chemistry of the MEAs and stainless steels.

2 | MATERIALS AND METHODS

2.1 | Materials

The materials used in the present study are shown in Table 1. The

PBF-LB fabrication of 316L and CoCrNi and CoCrNi-N was per-

formed using the EOS M100 machine equipped with 200 W Yb-fibre

laser, with a focus diameter of 40 μm. In all cases, pre-alloyed powder

in the size range of 20–50 μm supplied by Höganäs AB, were used for

the studies. Cylindrical samples of 12 mm in diameter and 30 mm in

height were printed in the vertical orientation with optimised parame-

ters, yielding relative densities greater than 99.9% in all cases. As a

benchmark, conventional 316L of same dimensions was prepared

from extruded and machined rod specimens. Samples manufactured

by PBF-LB and conventional routes were machined to the shape of

cylindrical discs with a diameter of 10 mm and thickness of 2 mm. The

machined samples were ground down to 4000 grits SiC paper fol-

lowed by fine polishing using 3 and 1 μm suspended diamond solu-

tions. All materials are fully austenitic and expected to contain oxide

inclusions,9 and the conventional 316L is expected to also contain

manganese sulphide inclusions.34

TABLE 1 List of studied materials and their manufacturing route.

Material Manufacturing route

316L PBF-LB

316L Conventional

CoCrNi PBF-LB

CoCrNi-N (0.11 wt.% of N) PBF-LB

2 MALLADI ET AL.
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2.2 | Electrochemical studies

The electrochemical tests were performed on all the materials in 0.5 M

H2SO4 and 0.5 M H2SO4 + 3 wt.% NaCl solutions to study the

corrosion behaviour of 316L (manufactured by both conventional route

and PBF-LB) and MEAs (manufactured by PBF-LB). The tests in both

solutions were carried out by means of three-electrode setup using the

Solatron 1287 potentiostat. The fine-polished cylindrical samples were

cleaned and mounted in a Teflon sample holder as the working

electrode with �0.5 cm2 of area exposed to the solution. This set-up

was connected to a platinum auxiliary electrode and silver/silver

chloride (Ag/AgCl) reference electrode. Prior to the polarisation experi-

ments, the electrochemical cell was purged with nitrogen (5 N purity)

for 60 min, and the open circuit potential (EOCP) was monitored until it

stabilised. To obtain the potentiodynamic polarisation plots, the poten-

tial was then set to �0.5 V (vs. EOCP) and then increased to the final

value of +1.2 V (vs. EOCP) at a scan rate of 2 mVs�1. To understand the

passivation behaviour of the materials, the similar potentiodynamic set-

up was used and the potential was varied between �0.5 (vs. EOCP) and

0.5 V (vs. EOCP) in 0.5 M H2SO4 + 3 wt.% NaCl to reach the passivation

region for all the materials. The as-passivated samples were then taken

to angle-resolved XPS (ARXPS) for analysis of the passive film. The cor-

rosion currents (Icorr) were measured using the linear extrapolation from

the cathodic Tafel region.

2.3 | XPS studies

XPS analysis on as-passivated samples was conducted by using the

PHI 5000 Versaprobe III instrument equipped with monochromatic

AlKα X-ray source (E = 1486.6 eV), with a beam diameter of 100 μm

and under ultra-high vacuum of 10�9 mbar. Before the measurements,

calibration of the instrument was carried out using Au4f7/2 (83.96 eV),

Ag3d5/2 (368.21 eV) and Cu2p3/2 (932.62 eV) peaks, according to ISO

15472. Survey scans were performed between 0 and 1250 eV binding

energy with a step size of 1.0 eV to evaluate the overall compositions.

ARXPS was done at take-off angles of 30�, 45� and 60� relative to the

sample surface on all the alloys that were passivated up to 0.5 V

(vs. EOCP) to understand the passivation behaviour of the materials.

The narrow scan measurements and the ARXPS measurements were

aligned with the adventitious carbon peak (C1s) at 284.8 eV for all the

samples for analysis. Iterated Shirley-type background correction was

applied as it is necessary to remove the peaks from an inelastic scat-

tering background, and asymmetric components were assigned for

the area integration.

3 | RESULTS AND DISCUSSION

3.1 | Potentiodynamic polarisation measurements

The potentiodynamic polarisation plots obtained from the electro-

chemical corrosion tests performed on 316L (conventional and PBF-

LB), CoCrNi and CoCrNi-N alloys in 0.5 M H2SO4 and 0.5 M

H2SO4 + 3 wt.% NaCl are shown in Figure 1. The measured corrosion

potentials and corrosion current densities are presented in Table 2.

As compared with the conventionally manufactured 316L, the

PBF-LB 316L shows higher free corrosion potential (Ecorr) and smaller

corrosion current density (Icorr) in both environments. Also, the passiv-

ation current density is observed to be significantly smaller for the

F IGURE 1 Potentiodynamic polarisation plots for 316L (conventional and AM) in (A) 0.5 M H2SO4, (B) 0.5 M H2SO4 and 3 wt.% NaCl and
MEAs (CoCrNi and CoCrNi-N) in (C) 0.5 M H2SO4 and (D) 0.5 M H2SO4 and 3 wt.% NaCl.

MALLADI ET AL. 3
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316L manufactured using PBF-LB (Figure 1). These results suggest

that the PBF-LB 316L has better corrosion resistance as compared

with its wrought counterpart, as has been observed by Chao et al.36

This improved corrosion resistance in the 316L manufactured using

PBF-LB was attributed to the fast solidification rate, which suppresses

the formation of phases, which could be detrimental to the corrosion

behaviour of these alloys.

The potentiodynamic curves of PBF-LB CoCrNi and CoCrNi-N

for 0.5 M H2SO4 and 0.5 M H2SO4 + 3 wt.% NaCl are shown in

Figure 1C,D. In 0.5 M H2SO4, both MEAs show pseudo-passivation

before reaching the transpassive region, but when the MEAs are

tested in 0.5 M H2SO4 + 3 wt.% NaCl, passivation is observed. The

transpassive behaviour of both alloys is observed to be similar in both

0.5 M H2SO4 and 0.5 M H2SO4 + 3 wt.% NaCl. Ecorr of both alloys

are observed to be very similar, whereas slightly smaller Icorr is

observed for CoCrNi-N as compared with CoCrNi. Overall, the poten-

tiodynamic behaviour is observed to be very similar for these two

alloys in the observed polarisation plots. These observations are, how-

ever, quite different as compared with the observations made by

Moravick et al,28 who observed improved corrosion response of

wrought CoCrNi MEAs with the addition of 0.5 wt.% of nitrogen. The

difference could be due to either the significant difference in the

microstructure between the alloys originating from the difference in

the processing techniques or the addition of 0.11 wt.% N in this work,

which is too little to significantly influence the corrosion properties of

CoCrNi. Nitrogen is a well-known interstitial solid solution strength-

ener and contributes to the enhanced mechanical behaviour of

CoCrNi.37,38 Preliminary results showed that with the addition of

0.11 wt.% N, yield and tensile strength increased from about 730 and

970 MPa to about 890 and 1100 MPa, respectively, while keeping

the ductility >40%.39 Consequently, it seems that nitrogen is a highly

interesting alloying element for MEAs from both strength and corro-

sion properties points of view.

Now, if one compares the corrosion behaviour among different

classes of alloys in this study, CoCrNi and CoCrNi-N show higher Icorr

than 316L (both conventional and PBF-LB) in both conditions. As evi-

dent from the polarisation curves, the passivation behaviour is

observed to be different for 316L alloys and MEAs. In acidic condi-

tions, 316L fabricated using PBF-LB shows similar passivation current

density as that of the MEAs, whereas in the presence of NaCl, both

CoCrNi and CoCrNi-N show lower passivation current density, which

infers better passivation behaviour and corrosion resistance of these

MEAs. With further increase in the voltage beyond the passive region,

the corrosion of the materials proceeds through transpassive range in

the acidic solution or to pitting in the presence of NaCl. The starting

point for pitting could be referred to as pitting potential (Epit). As

observed from Figure 1B–D, Epit of the CoCrNi, CoCrNi-N alloys and

the 316L processed by PBF-LB are very similar, but higher than that

of the 316L conventional alloy. This means that the 316L conven-

tional alloy has the lowest resistance to pitting corrosion in compari-

son with the other three alloys in this study. The improved pitting and

corrosion performance of PBF-LB 316L as compared with the 316L

conventional alloy is attributed to the unique hierarchical microstruc-

tures and the fast solidification rate suppressing/minimising elemental

segregation that would otherwise lead to coarse detrimental oxides

and sulphides.14–16,36,40,41 All three PBF-LB materials in this study

show good corrosion performance, when benchmarked against the

316L conventional alloy. Among the materials processed by PBF-LB,

both MEAs show higher corrosion current density when compared

with 316L. Because higher corrosion current density indicates higher

corrosion rate, it is fair to assume that both MEAs have better corro-

sion resistance than 316L in both acidic and saline environments.

3.2 | XPS

Figure 2 illustrates the ARXPS spectra performed on all passivated

samples in the present study, obtained from narrow scans at a 60�

take-off angle. The fractions of hydroxide/oxide calculated from the

curve fitting of O1s peaks for all the materials are also tabulated in

Figure 2. The O1s signal also shows evidence of both hydroxide and

oxide. As expected, the hydroxide/oxide ratio decreases as the

take-off angle increases, revealing the characteristics of the passive

film and the hydroxide character in the top part of both 316L

and MEAs. The O1s peak fitting also shows the presence of

surface moisture and S=O peak, which is due to the environment

(0.5 M H2SO4 + 3 wt.% NaCl) in which the passivation polarisation

tests were performed. It should be noted that samples were trans-

ferred in air after finishing the tests and subsequently cleaned. It is

however expected that any passive film formed should not be altered

upon exposure to air.

In the case of 316L alloys, it is clear from Figure 2 that the sur-

face is covered by the Cr–Fe-oxide film, which is rich in Cr as

expected. The presence of hydroxides and oxides is observed from

the curve fitting from both Fe2p3 and Cr2p3 peaks. In the case of

Cr, the presence of Cr2O3 is observed, while the curve fitting

TABLE 2 Corrosion potentials (Ecorr) and corrosion current densities (Icorr) extrapolated from the cathodic Tafel plots, obtained from
potentiodynamic polarisation tests.

Environment 316L conventional 316LPBF-LB CoCrNiPBF-LB CoCrNi-NPBF-LB

0.5 M H2SO4 Ecorr �0.35 �0.23 �0.20 �0.21

Icorr 1.1 � 10�05 4.0 � 10�06 4.2 � 10�07 4.3 � 10�07

0.5 M H2SO4 and 3 wt.% NaCl Ecorr �0.36 �0.26 �0.33 �0.32

Icorr 2.8 � 10�04 1.5 � 10�06 6.9 � 10�07 5.6 � 10�07

4 MALLADI ET AL.
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performed on Fe shows the presence of Fe2+- and Fe3+-type oxides.

At a take-off angle of 30�, metallic Fe is hardly observed, although it

is clearly observed at the take-off angle of 45� (not shown in the

figure). Furthermore, at higher take-off angle of 60�, stronger Fe–

metal peak is also observed, indicating that increasing amount of

metal is detected beneath the oxide film. The fractions of hydroxide/

oxide obtained from different take-off angles show lower values for

316L manufactured through PBF-LB, as compared with its counter-

part manufactured using conventional manufacturing. Moreover, the

presence of sulphides is observed from XPS in the conventionally

manufactured 316L, although no sulphide is observed in the 316L

manufactured using PBF-LB. Mn-sulphides present in the conven-

tionally manufactured 316L were known to be detrimental to the

corrosion resistance as they could potentially dissolve in corrosive

environments, creating a break in the so-formed passive layer and

resulting in pitting.

CoCrNi and CoCrNi-N show similar corrosion properties in the

potentiodynamic polarisation experiments in either environment

(Figure 1C,D). From the XPS narrow scans on Cr, Co and Ni, only Cr

peaks are observed, which infers that only Cr takes part in the forma-

tion of the passive film. The presence of Co and Ni is not observed

irrespective of the take-off angles, suggesting that the Cr2O3 oxide

film seems to be thick enough to mitigate information from any other

metallic elements than Cr. In the case of the wrought MEAs previ-

ously studied by Moravick et al,28 it was inferred that the presence of

nitrogen decreased the fraction of hydroxide/oxide, resulting in the

enhanced corrosion resistance. Although the hydroxide/oxide frac-

tions calculated at different take-off angles from ARXPS show an

increase in the oxide content with increasing take-off angle, very simi-

lar fractions of hydroxide/oxide are observed for both CoCrNi and

CoCrNi-N (refer to the inset table in Figure 2).

4 | CONCLUSIONS

Fully dense test coupons of 316L stainless steels and two MEAs

CoCrNi and CoCrNi-N, the latter with 0.11 wt.% N, were fabricated

using PBF-LB. Samples were prepared for potentiodynamic

F IGURE 2 ARXPS spectra for 316L (conventional and PBF-LB) and CoCrNi and CoCrNi-N showing the original spectra and curve fitting for

O1s, Cr2p and Fe2p peaks performed at a take-off angle of 60� and a table depicting the hydroxide to oxide ratios obtained from ARXPS scans
performed at 30� , 45� and 60� and X in the O1s peak corresponds to fitting of both C=O and S=O.

MALLADI ET AL. 5
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polarisation studies and compared with the conventionally manufac-

tured 316L as a benchmark. To correlate the corrosion testing with

surface chemical compositions, samples anodically polarised to the

passive range were analysed by ARXPS. The main findings can be

summarised as follows.

• The AM-fabricated 316L shows better corrosion properties

than the conventional 316L used as benchmark in the current

study. On all measures like free corrosion potential, corrosion

current density, passivation current density and in particular

passivation current density, the AM-fabricated 316L shows

superior performance.

• The AM-fabricated MEAs CoCrNi and CoCrNi-N show attractive

corrosion properties, with free corrosion potential and corrosion

current density better than the AM-fabricated 316L.

• Compared with the conventionally manufactured 316L, the AM-

processed material shows better corrosion properties in the pitting

corrosion environment such as 0.5 M H2SO4 + 3 wt.% NaCl. The

actual mechanism will be subject to further studies. However, it

could be anticipated that even if AM generally means incorporation

of nm-size oxide inclusions (formed from powder surface oxide),

these inclusions are suggested to not be harmful to the corrosion

properties, whereas the conventionally manufactured 316L con-

tains MnS inclusions, which are supposedly detrimental to its pit-

ting corrosion resistance.

• The XPS analyses confirms that the passive film on the AM-

fabricated 316L consists of Cr–Fe oxide, rich in Cr. Also, in line

with the behaviour of stainless steels, the passive film is found to

be a mixture of hydroxide/oxide with higher hydroxide content on

the top surface.

• For both CoCrNi and CoCrNi-N alloys, a mixture of Cr oxides and

Cr hydroxides are observed. This is supposed to be a result of the

fact that both Co and Ni act as the noble alloying elements and

they do not take part in the oxide film formation.
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