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a  b  s  t  r  a  c  t

A  novel  high  nitrogen  medium-entropy  alloy  CrCoNiN,  which  had higher  strength  and  slightly  lower
ductility  than  CrCoNi  alloy,  was  successfully  manufactured  by  pressurized  metallurgy.  The  microstructure
and  corrosion  behaviour  were investigated  by  microscopic,  electrochemical  and  spectroscopic  methods.
The results  indicated  that  nitrogen  existed  in the  form  of  Cr2N  precipitates  and  uniformly  distributed  N
atoms,  and  nitrogen  alloying  significantly  refined  the  grain  size.  Besides,  nitrogen  enriched  on  the  outmost
eywords:
edium-entropy alloy
itrogen
itting corrosion
assive film

surface  of  passive  film  and metal/film  interface  as ammonia  (NH3 and  NH4
+)  and  CrN,  respectively.  The

significant  improvement  of corrosion  resistance  of CrCoNiN  was attributed  to the  lower metastable  pitting
susceptibility  together  with  thicker,  less  defective  and  more  compact  passive  film.

©  2018  Published  by  Elsevier  Ltd on  behalf  of  The  editorial  office  of Journal  of  Materials  Science  &
Technology.
etastable pitting

. Introduction

The newly explored high-entropy alloys, being composed of
ultiple principle elements in equimolar or near-equimolar ratio

1], have drawn extensive attentions [2,3]. In recent years, various
igh-entropy alloys have been developed which exhibit excellent
ombination of strength and ductility especially at low temperature
4,5], high wear resistance [6] and good thermal stability [7], etc.
he three-component CrCoNi medium-entropy alloy, which has
ow mixing configurational entropy (�Sconf = 1.10R), possesses high

ork hardenability, excellent ductility and fracture resistance [5,8].
owever, considering the demand for engineering application, it
ay  not satisfy the requirement of high yield strength at elevated

emperatures [9,10]. Therefore, mechanical alloying together with
park plasma sintering (MA  + SPS) [9] and precipitation harden-
ng by adding a small amount of Al and Ti [10] were investigated

o increase the strength of CrCoNi alloy. Besides, as an important
trengthening mechanism, interstitial strengthening by boron [11]
nd carbon [12] has be adopted to improve the mechanical proper-

∗ Corresponding authors.
E-mail addresses: huabing li@163.com (H. Li), xlwu@imech.ac.cn (X. Wu).

ttps://doi.org/10.1016/j.jmst.2018.03.021
005-0302/© 2018 Published by Elsevier Ltd on behalf of The editorial office of Journal of
ties of high-entropy alloys. However, both elements deteriorated
the properties of alloys because boron worsened the corrosion
resistance [13] and carbon promoted the sensitivity of precipitation
[14].

The beneficial effects of nitrogen on mechanical properties of
austenitic [15–18], duplex [19,20] and martensitic [21,22] stain-
less steels have been widely reported. Besides, nitrogen in stainless
steels could decrease the metastable pitting susceptibility [16],
promote passivation and stability of passive film [15,23,24], thus
enhancing the corrosion resistance of stainless steels [25]. There-
fore, it can be inferred that nitrogen has a great potential in
improving the properties of CrCoNi medium-entropy alloy. Con-
sidering the extremely low nitrogen solubility in Ni and Co based
alloys at atmospheric pressure [26], pressurized metallurgy, as
an effective technique to enhance nitrogen content in stainless
steels and alloys [21,27,28], has been firstly used to manufac-
ture the novel high nitrogen medium-entropy alloy CrCoNiN by
the authors. Recently, Wu [29] reported that the CrCoNiN alloy
exhibited an obvious increase in strength and a slight decrease
in ductility compared with CrCoNi alloy (Table 1). However, the

effect of nitrogen on corrosion resistance of CrCoNiN alloy is still
unclear.
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Table 1
Chemical compositions and mechanical properties of the investigated medium-entropy alloys.

Chemical composition Mechanical properties (at 25 ◦C)

Alloys Cr Co Ni N Yield strength (MPa) Ultimate tensile strength (MPa) Elongation (%)
CrCoNi wt%  30.58 34.71 34.71 – 205.6 638.6 68.9
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at%  33.25 33.31 33.44 –
CrCoNiN wt%  30.45 34.56 34.55 0.44

at%  32.68 32.73 32.84 1.75

The aim of the present paper is to reveal the effect of nitrogen
n microstructure and corrosion resistance of CrCoNiN alloy. The
icrostructure characterizations were analysed employing opti-

al microscope (OM), field emission scanning electron microscope
FE-SEM), transmission electron microscope (TEM) and three-
imensional atom probe (3DAP). The corrosion resistance was

nvestigated by potentiodynamic and cyclic polarization together
ith critical pitting temperature (CPT) tests. In addition, charac-

eristic of passive film was  analysed with Mott-Schottky and X-ray
hotoelectron spectrometer (XPS) analyses. Finally, the effects of
itrogen on passive film and metastable pitting initiation on CrCoNi
lloy were discussed.

. Experimental procedure

.1. Materials and heat treatment

The CrCoNi and CrCoNiN medium-entropy alloys were produced
rom high purity elements Cr (99.17%), Co (99.98%) and Ni (99.96%)
n a 25 kg pressurized induction furnace. The CrCoNi alloy was

elted and poured into ingot mould under argon atmosphere, and
he CrCoNiN alloy was melted and poured under nitrogen pressure
f 1.0 MPa  and 2.0 MPa, respectively. Before pouring, nickel mag-
esium (NiMg) master alloy and metallic cerium (Ce) were added

nto the melt for deoxidization and desulfurization. Nitrogen was
dded into CrCoNiN alloy through gas nitriding during melting and
ouring under high nitrogen pressure. The chemical compositions
f the alloys are shown in Table 1. Then the heat treatment and hot
orking processes were performed using a muffle furnace under

ir atmosphere. The ingots were homogenized at 1200 ◦C for 24 h,
nd then hot forged to 70 mm  × 12 mm plates in the temperature
ange of 1200 ◦C–950 ◦C. Finally, the plates were solution treated at
150 ◦C for 2 h followed by water quenching.

.2. Microstructure observation

The specimens with dimensions of 10 mm × 10 mm  × 6 mm
ere machined from the plates. They were wet ground with suc-

essive grade SiC papers up to 2000 grit, polished with 1.5 �m
iamond paste, and then etched using the reagent consisting of

 g FeCl3 + 5 mL  HCl + 1 mL  HNO3 + 10 mL  H2O. The microstructure
f the specimens were observed using an Olympus DSX510 optical
icroscope (OM) and a Carl-Zeiss Ultra Plus field emission scanning

lectron microscope (FE-SEM) equipped with an energy disper-
ive spectroscopy (EDS) system. Thin foils for transmission electron
icroscopy (TEM) observation were mechanically ground with SiC

aper to the thickness of 30 �m and punched into discs with the
iameter of 3 mm.  After that, the discs were Ar-ion milled and then
nalysed using an FEI Tecnai F30 microscope. To investigate the ele-
ental distribution in CrCoNiN alloy, the three-dimensional atom
robe (3DAP) analysis was performed with a Cameca local electrode
tom probe (LEAP 4000X HR). The data were reconstructed and
nalysed with Imago Visualization and Analysis Software (IVASTM

.6.8).
.4 1161.1 43.0

2.3. Electrochemical measurements

The electrochemical measurements were conducted using a
Gamry Reference 600 potentiostat with a three-electrode cell. The
working electrode was mounted in epoxy resin with an exposure
area of 1.0 cm2, and then abraded with SiC papers up to 2000 grit
before the experiments. A platinum plate was  served as the counter
electrode and a saturated calomel electrode (SCE) as the reference
electrode. The electrolyte was 3.5 wt% NaCl solution in naturally
aerated condition, and the temperature was  maintained at 30 ◦C,
50 ◦C and 70 ◦C in water bath. Prior to the electrochemical mea-
surements, the working electrode was  cathodically polarized at
−1.0 VSCE for 5 min  to remove the air formed oxide layer and then
stabilized in the electrolyte for 30 min  to achieve the steady state
condition. The potentiodynamic polarization test was performed at
a sweep rate of 0.333 mV/s from −0.3 V below open circuit poten-
tial (OCP) in the anodic direction, and the test was terminated when
the current density exceeded 1 mA/cm2. The cyclic polarization test
was carried out at a sweep rate of 1 mV/s from −0.3 V below OCP,
and the scan was  reversed to the starting potential when the cur-
rent density reached 1 mA/cm2. The pitting potential (Epit) was
determined when the current density reached 100 �A/cm2. The
potentiostatic measurement was  carried out to measure the critical
pitting temperature (CPT). The anodic potential of 600 mVSCE was
applied to the working electrode, and the electrolyte temperature
was increased at the rate of 1 ◦C/min with the initial temperature
of 10 ◦C. The CPT was  defined as the temperature at which the cur-
rent density reached 100 �A/cm2 and stayed above this value for
60 s [30].

In order to examine the semiconductor property of the passive
film, Mott-Schottky measurement was  preformed after forming the
passive film at 0 mVSCE for 3600 s. The Mott-Schottky measurement
was carried out at a fixed frequency of 1000 Hz using a 5 mV  ampli-
tude voltage. The potential sweep was  performed at a step rate
of 25 mV  in the passive zone according to the potentiodynamic
polarization curves. All the electrochemical measurements were
repeated three times.

2.4. XPS analysis

The working electrodes for passive film analyses were pol-
ished with 1.5 �m diamond paste. The passive films on CrCoNi
and CrCoNiN alloys were formed under the potential of 0 mVSCE
for 3600 s at 50 ◦C after the air formed oxide layer was  removed.
X-ray photoelectron spectrometer (XPS) was employed to analyse
the chemical composition of the passive film using ESCALAB250
equipped with Al K� (1486.6 eV, 150 W)  X-ray source, and the
photoelectron take-off angle was  90◦. The depth profile informa-
tion was obtained using argon ions sputtering (base pressure:
1.33 × 10−5 Pa, energy: 2 keV, current: 2.0 �A/cm2) over an area
of 2 mm  × 2 mm.  XPS survey spectra were recorded to identify the
elements in the passive film, and then the high resolution spectra

of Cr 2p, Ni 2p, Co 2p, O 1s, N 1s and C 1s were recorded. The bind-
ing energies were corrected according to the internal standard of
C 1s peak at 284.6 eV. The spectra were fitted using XPSPEAK 4.0
software by reference to a database [31].
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Fig. 1. OM,  SEM and TEM micrographs of (a), (c), (e) CrCoNi and (b), (d), (f) CrCoNiN medium-entropy alloys.
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Fig. 2. 3D atom-by-atom tomographic reconstruction (box 

. Results

.1. Microstructure characterizations

The OM micrographs of CrCoNi and CrCoNiN medium-entropy
lloys are shown in Fig. 1(a) and (b). The microstructure of both
lloys consisted of austenite grains with annealing twins, and the
rains were remarkably refined by nitrogen alloying. The SEM
icrographs (Fig. 1(c) and (d)) show that no precipitate existed

n CrCoNi alloy, whereas massive precipitates were observed in
rCoNiN alloy. Based on the chemical composition of precipitates
y EDS analysis, the precipitates were preliminarily determined to
e Cr-rich nitrides. The TEM micrograph of CrCoNi alloy in Fig. 1(e)
eveals annealing twin with very low dislocation density. However,

he CrCoNiN alloy (Fig. 1(f)) exhibits a high dislocation density espe-
ially around the precipitates. Besides, the precipitates in CrCoNiN
lloy were confirmed to be Cr2N according to the SAD pattern. Based
n the microstructure observation, the addition of nitrogen obvi-
 nm × 87 nm × 216 nm)  of CrCoNiN medium-entropy alloy.

ously reduced the austenite grain size and induced the formation
of Cr2N precipitates together with high dislocation density.

The 3D atom-by-atom tomographic reconstruction of CrCoNiN
medium-entropy alloy is illustrated in Fig. 2. It indicates that the
Cr, Co, Ni and N elements were almost uniformly distributed in the
alloy. It is noteworthy that both uniform distribution and segrega-
tion of CrN were observed. The existence of uniformly distributed
CrN was  attributed to the field evaporation of N atom together
with Cr atom, and the segregated CrN was ascribed to Cr2N pre-
cipitate. Therefore, nitrogen exists in CrCoNiN alloy in the form of
Cr2N precipitates and uniformly distributed N atoms.

3.2. Electrochemical measurements
Fig. 3(a) and (b) shows the potentiodynamic polarization curves
of CrCoNi and CrCoNiN medium-entropy alloys, respectively. The
CrCoNi alloy exhibited a wide passive range at 30 ◦C in which the
current density kept almost stable. As the temperature increased
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Fig. 3. Potentiodynamic polarization curves and cyclic polarization curves of (a)(c) CrCoNi and (b)(d) CrCoNiN medium-entropy alloys.

Table 2
Potentiodynamic and cyclic polarization parameters of the investigated medium-entropy alloys.

Alloys Temperature
(◦C)

Potentiodynamic polarization Cyclic polarization

Icorr × 107 (A/cm2) Epit (mVSCE) Epit (mVSCE) Erp (mVSCE) Imax (mA/cm2)

CrCoNi 30 1.40 ± 0.33 744.9 ± 2.6 762.8 ± 2.2 Epit 1.1 ± 0.0
50  2.85 ± 0.34 336.7 ± 24.6 421.3 ± 8.1 147.3 ± 19.2 3.4 ± 0.2
70  3.18 ± 0.96 240.7 ± 16.1 270.0 ± 10.5 55.3 ± 6.8 3.6 ± 0.9

CrCoNiN 30  1.39 ± 0.35 782.4 ± 9.7 763.1 ± 1.3 Epit 1.0 ± 0.0
 8.7 
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50  2.34 ± 0.44 712.0 ±
70  2.75 ± 0.77 663.4 ±

o 50 ◦C and 70 ◦C, the passive regions became narrow, and cor-
osion current densities (Icorr) increased and the pitting potentials
Epit) decreased substantially (Table 2), which meant that the pas-
ive films degraded and the corrosion resistance decreased with
he increasing of temperature. Moreover, current transients caused
y activation and repassivation of metastable pitting [32] were
bserved, particularly at higher temperatures. The CrCoNiN alloy
isplays similar polarization behaviour with CrCoNi alloy at 30 ◦C,
s shown in the inserted micrograph in Fig. 3(b). However, with
he increasing of temperature, the corrosion current densities
ncreased and pitting potentials decreased slightly (Table 2), and
hus the passive film kept almost stable at high temperatures.
esides, the addition of nitrogen in CrCoNi alloy reduced the inci-
ence of current transients. Therefore, it can be concluded that
itrogen alloying could inhibit the metastable pitting and enhance
he pitting corrosion resistance of CrCoNiN alloy in high tempera-
ure chloride solution.

Fig. 3(c) and (d) shows the cyclic polarization curves of CrCoNi
nd CrCoNiN medium-entropy alloys. For CrCoNi alloy at 30 ◦C, the
urrent density of the backward scan was lower than upward scan
nd the hysteresis loop did not appeared, which did not exhibit

ny pitting susceptibility. With increasing the temperatures to
0 ◦C and 70 ◦C, the current densities continuously increased to
aximum current densities (Imax) in the backward scans and hys-
711.6 ± 4.0 Epit 1.0 ± 0.0
660.9 ± 0.8 Epit 1.0 ± 0.0

teresis loops were generated. The Imax increased and repassivation
potential (Erp) decreased with increasing temperature (Table 2),
indicating the repassivation ability decreased and the pitting sus-
ceptibility increased at higher temperatures [33]. However, for
CrCoNiN alloy, the cyclic polarization curve almost coincided with
CrCoNiN at 30 ◦C, which was in accordance with the potentiody-
namic polarization curves. The absence of hysteresis loops at 50 ◦C
and 70 ◦C meant that CrCoNiN alloy exhibited low pitting suscep-
tibility even at high temperatures. Thus, the addition of nitrogen
effectively improved the repassivation ability and reduced the pit-
ting susceptibility.

To elucidate the resistance to stable pitting growth of CrCoNi
and CrCoNiN medium-entropy alloys in chloride solution at high
temperature, CPT measurements were performed by potentiostatic
polarization at 600 mVSCE in 3.5 wt% NaCl solution, as shown in
Fig. 4. The current densities of both alloys gradually increased
with the rise in temperature. The further raising of temperature
induced sharp increasing of current densities, which indicated the
occurrence of stable pitting. The CPT values were determined to
be 49.8 ± 3.7 ◦C and 79.0 ± 1.4 ◦C for CrCoNi and CrCoNiN alloys,
respectively. Compared with some commercial stainless steels

(Table 3) [30,34–37], the CrCoNi alloy exhibits good corrosion resis-
tance, and the addition of nitrogen further enhances its corrosion
resistance in high temperature chloride solution.
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Table  3
Main alloying element contents and CPT values of commercial stainless steels in literatures.

Alloys Contents of main alloying elements (wt%) CPT (◦C) Testing solutions

Cr Mo  N Ni

304 [34] 18 / / 9 4.6 1 M NaCl
316L  [30] 17.13 2.15 / 12.7 17.2 3.5 wt% NaCl
904L  [35] 20.06 4.32 / 

2101DSS [36] 21.4 0.31 0.23 

2304DSS [37] 23.23 0.42 0.12 
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ig. 4. Typical potentiostatic curves of CrCoNi and CrCoNiN medium-entropy alloys
t  600 mVSCE in 3.5 wt%  NaCl solution.

.3. Passive film analysis

Fig. 5(a) shows the Mott-Schottky plots for passive films on
rCoNi and CrCoNiN medium-entropy alloys formed at 0 mVSCE

or 3600 s in 3.5 wt% NaCl solution at different temperatures. The
lots reveal that a linear relationship with a negative slope existed
etween 1/C2 and E, which agrees well with the Mott-Schottky
quation for p-type semiconductor, as expressed by Eq. (1) [38–41]:

1
C2

= − 2
εε0qNA

(
E − EFB − kT

q

)
(1)

here C represents the space charge capacitance, ε the dielectric
onstant of the passive film (12.0), ε0 the permittivity of free space
8.854 × 10−14 F/cm), q the electron charge (1.602 × 10−19C), NA the
cceptor density, EFB the flat band potential, k the Boltzmann con-

tant (1.38 × 10−23 J/K), and T the absolute temperature. The NA
alues of passive films on CrCoNi and CrCoNiN alloys determined
rom the slope of 1/C2 vs. E are all of the order of 1021 cm−3

Fig. 5(b)), which are in similar range of stainless steels [39,42,43].

Fig. 5. (a) Mott-Schottky plots and (b) acceptor densities for pas
25.04 51.1 1 M NaCl
1.2 33 1 M NaCl
4.8 33 1 M NaCl

The NA values for CrCoNi increased significantly with temperature,
whereas the values for CrCoNiN slightly increased with temper-
ature, and they were lower than CrCoNi alloy, especially at high
temperatures. It indicates that the addition of nitrogen in CrCoNi
alloy decreased the defect density, promoted the formation of less
defective passive film and reduced its susceptibility to temperature.

Fig. 6(a) shows the XPS survey spectra of passive films on CrCoNi
and CrCoNiN medium-entropy alloys. The elements Ni, Co, Cr, O and
C were recorded on both alloys, but N was not observed on CrCoNiN
alloy due to its low content. The ratios of Cr/(Cr + Ni + Co) in the pas-
sive films increased with the addition of nitrogen in CrCoNi alloy
(Fig. 6(b)), and the enrichment of Cr could improve the stability and
corrosion resistance of passive film [42]. The variation of O 1s con-
tents in the passive films with etching time is displayed in Fig. 6(c),
and the etching time when the O 1s content reached half of the
maximum value was used to estimate the thickness of passive film
[44,45]. Considering that the sputtering rate was about 0.2 nm/s
(vs. Ta2O5) [46], the thickness of the passive films was increased
from 3.56 nm for CrCoNi alloy to 5.61 nm for CrCoNiN alloy.

The XPS spectra of Cr 2p3/2, Co 2p3/2, Ni 2p3/2 and O 1s recorded
from the outmost surface of passive films on CrCoNi and CrCoNiN
medium-entropy alloys are illustrated in Fig. 7. The Cr 2p3/2 spectra
were separated into Cr(OH)3 (577.4 eV), Cr2O3 (576.0 eV) and Cr-
met  (574.0 eV). The Co 2p3/2 spectra were split into CoO (780.0 eV)
and Co-met (778.1 eV). The Ni 2p3/2 spectra were dominated by
Ni(OH)2 (855.6 eV), NiO (854.0 eV) and Ni-met (852.6 eV), and the
contents of Ni(OH)2 and NiO were decreased by adding nitro-
gen into CrCoNi alloy. The O 1 s spectra were divided into OH−

(531.5 eV) and O2− (529.8 eV), and hydroxides were the primary
constituent on the outmost surface of the passive films.

Fig. 8 shows the XPS spectra of N 1 s recorded from the sput-
tering surfaces for 0 s, 10 s, 70 s and 170 s of the passive film on
CrCoNiN alloy. On the outmost surface of the passive film, peaks
representing NH4

+ (400.3 eV), NH3 (399.5 eV), Cr2N (397.6 eV) and
CrN (396.6 eV) were detected. After sputtering for 10 s, the peaks

for NH4

+ and NH3 disappeared, and peaks representing Cr2N and
CrN increased. As the sputtering time prolonged to 70 s and 170 s,
the intensity of CrN decreased, indicating that the nitrogen was
enriched in the passive film in the form of CrN. However, the change

sive films on CrCoNi and CrCoNiN medium-entropy alloys.
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Fig. 6. (a) XPS spectra, (b) ratios of Cr/(Cr+Ni+Co) and (c) contents of O 1 s in the passive films on CrCoNi and CrCoNiN medium-entropy alloys.

Fig. 7. XPS spectra of Cr 2p3/2, Co 2p3/2, Ni 2p3/2 and O 1 s recorded from the outmost

F
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m
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ig. 8. XPS spectra of N 1 s recorded from the sputtering surfaces for (a) 0 s, (b) 10 s,
c)  70 s and (d) 170 s of the passive film on CrCoNiN medium-entropy alloy.
n intensity of Cr2N with sputtering time was not obvious, which
eans that the Cr2N in the passive film corresponded to Cr2N pre-

ipitates which hardly changed with sputtering due to their large
ize.
 surface of passive films on (a) CrCoNi and (b) CrCoNiN medium-entropy alloys.

4. Discussion

The addition of nitrogen in CrCoNi medium-entropy alloy
induced the formation of Cr2N precipitates and uniformly dis-
tributed N atoms, and then refined the grain size, reduced the defect
density, enhanced the stability of passive film and significantly
increased its corrosion resistance in high temperature chloride
solution. Based on the above results, the effect of nitrogen on con-
stitution, breakdown of passive film and the initiation of metastable
pitting will be discussed in detail.

4.1. Effect of nitrogen on constitution of passive film

The significant increase in corrosion resistance of CrCoNiN
medium-entropy alloy by adding nitrogen is closely related to the
change in the constitution of passive film. The beneficial effects of
nitrogen on passive films of austenitic and duplex stainless steels
have been widely reported [15,43,47]. In the present study, the
addition of nitrogen in CrCoNi alloy increased the thickness of pas-
sive film (Fig. 6(c)). However, Fu et al. [15] and Olefjord et al. [48]
reported that nitrogen did not influence the thickness of passive
film on austenitic stainless steels, which is inconsistent with our

result. According to the work by Lee et al. [49] on 18Cr-10Mn-
0.3C-0.3N austenitic stainless steel, the addition of Nb decreased
the grain size and increased the thickness of passive film, which
was regarded as one of the primary reasons for the enhanced
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Fig. 9. Peak areas of species in (a) Cr 2p3/2 in the passive films on CrCoNi and CrCoNiN medium-entropy alloys and (b) N 1 s in the passive films on CrCoNiN alloy.

Fig. 10. Schematic diagram of physicochemical processes based on PDM model.
m  = metal atom, Vx′

M = cation vacancy, MM = metal cation in cation site, Vm = vacancy
in metal site, Mx+ = cation interstitial, V = oxygen vacancy, Mı+ (aq) = metal cation
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Table 4
Contents of Ni, Co and Cr elements in the passive films on medium-entropy alloys
(at%).

Elements Alloys Etching time (s)

0 10 20 30

Ni CrCoNi 5.75 25.06 31.66 31.14
CrCoNiN 7.74 17.28 26.49 32.53

Co  CrCoNi 4.51 21.85 29.26 33.92
i Ö
n  electrolyte, OO = oxygen ion in anion site, Cl− (aq) = chloride ion in electrolyte,
lȯ = oxygen vacancy occupied by Cl− , N = nitrogen atom, N′′′ = nitrogen ion.

orrosion resistance. Therefore, considering that adding nitrogen
ignificantly refined the grain size of CrCoNi alloy, the volume frac-
ion of grain boundaries was increased, which further enhanced
he passivation reaction due to the promoted diffusion of passive
lements and the increased reactivity [49,50].

The enrichment of Cr in the passive films was  observed on both
rCoNi and CrCoNiN alloys (Fig. 6(b)), and the addition of nitrogen

urther promoted the Cr enrichment, although the precipitation
f Cr2N in CrCoNiN alloy lowered the Cr content of the matrix.
he promoted Cr enrichment and enhanced corrosion resistance
y N was also reported by previous researchers on stainless steels
16,20,43,51]. As shown in Table 4, Ni and Co elements in the pas-
ive films on both alloys were depleted due to the higher diffusion
ates of Co2+ and Ni2+ than that of Cr3+ [52], indicating that the pref-
rential dissolution of Co and Ni into the electrolyte induced the
nrichment of Cr in the passive films. Moreover, the severer deple-
ion of Ni and Co in the passive film on CrCoNiN alloy means that N
romoted their dissolution, and further improved the enrichment
f Cr, which is similar with the promoted selective dissolution of

e by N in stainless steels [16,20]. The enrichment of Cr enhanced
he stability of passive film on CrCoNiN alloy, and was  responsible
or its higher corrosion resistance. On the other hand, based on the
econvolution of XPS spectra (Fig. 9(a)), the contents of Cr2O3 in
CrCoNiN 3.24 13.20 18.36 24.28
Cr  CrCoNi 8.24 21.02 18.03 16.36

CrCoNiN 8.44 23.92 23.10 19.36

passive film were also enhanced by adding nitrogen, which could
improve the stability and protective ability of the passive film on
CrCoNiN alloy [53].

Furthermore, nitrogen itself also made great contributions to the
enhancement of corrosion resistance. The spectra (Fig. 8) together
with the peak areas (Fig. 9(b)) of N 1s reveal the enrichment of
ammonia (NH3 and NH4

+) on the outmost surface of passive film
and CrN at the metal/film interface on CrCoNiN alloy. The surface
enrichment of NH3 and NH4

+ is also reported in nitrogen-alloyed
stainless steels [15,21,47]. It is widely accepted that the forma-
tion of NH3 and NH4

+ could consume protons and enhance the
pH value in incipient pits, thus promoting the repassivation of pits
[21,25,27,47,54], which agrees well with the higher repassivation
potential of CrCoNiN alloy (Fig. 3(c) and (d)). On the other hand,
based on the adsorption mechanism [19,55], the passive film was
corroded by the absorbed Cl− ions. The N′′′ (CrN) in the metal/film
interface would induce desorption of Cl− ions with the further thin-
ning of passive film, thereby inhibiting the chlorination enhanced
corrosion [19]. Moreover, the enriched CrN could improve the pas-
sive film by Eq. (2) [24,25,47,56]:

2CrN + 3H2Oads = Cr2O3 + 2NH3(ligand) (2)

which induced the formation of Cr2O3, NH3 and even NH4
+ with

further protonation [47]. Willenbruch et al. considered the enriched
CrN beneath the passive film as a precursor to the formation of
passive film [56]. Therefore, the addition of nitrogen contributed to
the formation of thicker and more compact passive film of CrCoNiN
alloy, and thus decreased the corrosion current density, enhanced
the pitting potential, repassivation potential and CPT value.

4.2. Effect of nitrogen on the breakdown of passive film

The Mott-Schottky analyses show that the passive films on
both alloys behaved as a p-type semiconductor, which was  closely

connected with the composition of the passive films [57]. Pre-
vious studies have shown that the passive film rich in Cr2O3,
Cr(OH)3, NiO, FeO, etc. behaves as a p-type semiconductor, and the
passive film rich in Fe2O3, CrO3, etc. behaves as an n-type semi-
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Fig. 11. Morphologies of pitting initiation sites of CrCoNi and CrCoNiN medium-entropy alloys.
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Fig. 12. Schematic diagrams of corrosion mechanis

onductor [53,58]. In the present study, XPS results imply that the
assive films were enriched in oxides and hydroxides of Cr, Co
nd Ni, and their p-type semiconductivity is consistent with the
ott-Schottky results. According to the point defect model (PDM)

roposed by Macdonald [43,59,60], the oxygen vacancies (V
Ö

) and

ation interstitials (Mx+
i

) were created at the metal/film interface,

nd cation vacancies (Vx′
M) were created at the film/electrolyte inter-

ace. Afterwards, they migrated and diffused across the passive
lm, and finally annihilated at the opposite interfaces (Fig. 10). The

ncreasing of temperature significantly increased the generation
ate (Reaction 4) and diffusivity of cation vacancies but decreased
heir annihilation rate (Reaction 1) [61], which induced the conden-
ation of cation vacancies at the metal/film interface. Thereafter, the
assive film detached locally from the metal and ceased to grow,
hereas it continued to dissolve at the film/electrolyte interface,
hich would result in the breakdown of passive film and the ini-

iation of pitting corrosion [59,61]. The above processes agree well
ith the higher acceptor density and lower passive film stability of

rCoNi alloy in the present work.

However, in CrCoNiN alloy, the acceptor density was  remark-
bly reduced, in accordance with its higher Cr′′′ (Cr2O3+Cr(OH)3)
oncentration (Fig. 9(a)). Moreover, the generation of nitrogen ions
a) CrCoNi and (b) CrCoNiN medium-entropy alloys.

(N′′′), confirmed by the enrichment of CrN at the metal/film inter-
face (Fig. 9(b)), could consume cation vacancies by Reaction 9. At
the film/electrolyte interface, N′′′ could react with the H+ formed
by Reaction 6, thus consuming the oxygen vacancies and enhanc-
ing the content of OO (Reaction 10). This coincides with the higher
oxygen content in CrCoNiN than CrCoNi alloy in the present study
and the result by Wang et al. [62]. The formation of NH3 could con-
sume H+ (Reaction 11), and reduce the corroding of the passive film.
Moreover, the lower oxygen vacancy density could also restrain the
adsorption of Cl− (Reaction 8). The addition of nitrogen in CrCoNi
alloy significantly decreased the density of point defects, and then
decreased the breakdown susceptibility of passive film. As a conse-
quence, the stability of passive film was enhanced, in turn, resulting
in the improvement of the corrosion resistance.

4.3. Effect of nitrogen on the metastable pitting

To investigate the effect of nitrogen alloying on metastable pit-

ting behaviour of CrCoNi medium-entropy alloys, the morphologies
of two alloys after cyclic polarization tests in 3.5 wt% NaCl solu-
tion at 30 ◦C were observed using FE-SEM, as shown in Fig. 11. The
micro-crevice was observed around Ce-oxide inclusion in CrCoNi
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lloy, but no crevice existed around Ce-oxysulfide inclusion. This
eveals that metastable pitting preferentially initiated around the
e-oxide inclusions, and the micro-crevice might propagate to
ecome stable pits [32]. Recently, Liu et al. [63] reported that pitting
orrosion in Q460NH weathering steel initiated by the dissolution
f (RE)2O2S-(RE)xSy inclusions due to their lower Volta potential.
n the present study, the preferential initiation of pitting corrosion
round Ce-oxide might also associate with its lower Volta potential,
nd the work will be conducted in our further study.

In CrCoNiN alloy, the metastable pitting corrosion around Ce-
xide was also observed (Fig. 11). With the same deoxidization and
esulfurization process, the inclusions in both alloys were almost

dentical, which would induce similar metastable pitting suscep-
ibility. Meanwhile, the micro-crevices were found around Cr2N
recipitates as well. In general, the Cr-rich precipitates are detri-
ental to corrosion resistance due to the formation of Cr-depleted

ones [21,28]. Besides, the high-density dislocation piled up around
r2N (Fig. 1(f)) could reduce the energy barrier for electrochemical
eactions, provide more active sites, and hence increase the corro-
ion rate [64]. However, in this study, CrCoNiN alloy exhibited the
ower metastable pitting susceptibility. The reasons can be summa-
ized as two groups: firstly, nitrogen in the solid solution could react
s NH3 and increase the pH value on the film/electrolyte interface,
hich inhibited the generation of metastable pitting. Secondly, a
assive film with fewer defects can cover CrCoNiN alloy surface,
ubsequently, resulting in the lower metastable pitting suscepti-
ility, which can be attributed to the higher Cr content of CrCoNiN
lloy.

The corrosion mechanisms of CrCoNi and CrCoNiN medium-
ntropy alloys are schematically presented in Fig. 12. In CrCoNi
lloy, metastable pitting initiated around Ce-oxides in chloride
olution, especially at high temperatures, and the passive film dis-
olved due to the adsorption of chloride ions. For CrCoNiN alloy,
rstly, nitrogen atoms improved the corrosion resistance of both
r-depleted zones and the matrix around the inclusions. Moreover,
he thicker, less defective and more compact passive film enhanced
ts stability and protective ability. In addition, the generation of
mmonia on the outmost surface of passive film and CrN at the
etal/film interface could buffer local pH and repel chloride ions,

espectively. The above effects by nitrogen alloying through pres-
urized metallurgy decreased the metastable pitting susceptibility
nd increased the corrosion resistance of CrCoNi alloy.

. Conclusions

In this study, the effects of nitrogen alloying on microstruc-
ure and pitting corrosion resistance of CrCoNiN medium-entropy
lloy were investigated. The main conclusions could be obtained as
ollows:

. Nitrogen existed in the form of Cr2N precipitates and uniformly
distributed N atoms, and the addition of nitrogen significantly
refined the grain size of CrCoNiN alloy.

. Nitrogen alloying inhibited the initiation of metastable pitting,
remarkably decreased corrosion current densities, increased the
pitting and repassivation potentials and CPT values of CrCoNiN
alloy. Metastable pitting initiated around Ce-oxide inclusions
and Cr2N precipitates.

. The passive films on both alloys exhibited p-type semiconductor
behaviour. The addition of nitrogen decreased the acceptor den-
sity, increased the thickness of passive film and promoted the

enrichment of Cr and Cr2O3 in the passive film. Meanwhile, the
enrichment of ammonia (NH3 and NH4

+) on the outmost surface
of passive film and CrN at the metal/film interface on CrCoNiN
alloy enhanced the protective ability of passive film.

[
[
[
[
[
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