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Highlights 

 Investigation of native and passive surface films formed on Ni-20 at.% Cr alloy surfaces  

 Surface analysis by in situ electrochemical measurements combined with advanced ex 

situ surface analysis 

 Mechanistic understanding of the effects of high-temperature hydrogen annealing 

pretreatment 

 Enhanced corrosion resistance of electrochemically passivated surface by high-

temperature hydrogen annealing pretreatment  

 Increase in Cr enrichment of initially weakly protected sites of the inner barrier layer 
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Abstract 

 The effect of high-temperature annealing under hydrogen gas surface preparation on a binary 

polycrystalline Ni-20 at.% Cr alloy was investigated in comparison with conventional mechanical 

grinding surface preparation. Duplex surface films with inner Cr(III) oxide and outer Ni(II) and Cr(III) 

hydroxide layers natively formed before and after H2 annealing were characterized by X-ray 

photoelectron spectroscopy and time-of-flight secondary ion mass spectroscopy. A thinner and less 

homogeneous inner barrier layer formed after H2 annealing caused an oxidation peak at the active/passive 

transition in the linear sweep voltammetry measurement in a 0.5 M H2SO4 solution. Despite this high 

oxidation peak, passivation of the H2 annealed surface resulted in the formation of a more corrosion 

resistant inner layer than on the mechanically ground surface, as demonstrated by electrochemical 

impedance spectroscopy. The corrosion resistant passive film formation of the H2 annealed surface is 

attributed to the increased Cr enrichment of the inner layer caused by the selective Ni dissolution 

providing corrosion resistance to the initially weakly protected sites of the natively formed surface film. 
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Introduction 

Stainless steels and Ni-based Cr-containing alloys are prepared by mechanical grinding before 

most of the laboratory analysis mainly to obtain a reproducible surface, and sometimes to have a better 

corrosion resistance [1, 2]. In the case of coated or plated materials, the performance of an alloy system is 

significantly influenced by the surface preparation method which gives a better adhesion property of the 

materials to the substrate when properly prepared. Recently developed alloys such as multi-principal 

element alloys and additively manufactured stainless steels are also generally prepared in the same ways 

as conventional alloys. An important question is whether the applied surface preparation procedure yields 

a reproducible and representative surface without significantly altering the surface chemistry, which could 

further affect the oxidation/corrosion properties. Although several works have referred to the importance 

of the surface preparation on surface film formation and overall corrosion kinetics [3], it is difficult to 

suggest a standardized surface preparation method (i.e., polishing or physical grinding) as the surface 

reactivity also depends on the history of the sample [4, 5, 6, 7]. It is further complicated to predict the 

effect of surface preparation for the new classes of alloys due to their multi-element, multi-phase nature 

and their more complex microstructure than for conventional alloys [8, 9]. For example, surface grinding 

using Si-C papers of a highly rough and geometrically complex as-printed additively manufactured 316L 

stainless steel did not efficiently remove tortuous asperities that are known to be initiation sites of pitting 

corrosion [10]. In this case, investigating the effect of surface preparation for relatively simple Fe- or Ni-

based Cr-containing binary/ternary alloy systems is useful as a reference for the more complex alloy 

systems because their passivity, oxidation mechanism and corrosion resistance are relatively well 

documented [11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21].  

For the Ni-Cr binary system, theoretical calculations combined with laboratory experiments have 

demonstrated that the general oxidation kinetics strongly depends on the alloy composition, the gaseous 

or aqueous environment, and the oxidation temperature [18, 19, 22, 23, 24, 25, 26, 27]. Element-resolved 

characterization analysis has been performed to better understand the early-stage oxidation mechanisms at 
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the metal/oxide interface that may regulate the overall passivation/corrosion process [17, 18, 28]. The 

effect of surface preparation on the overall oxidation process and the underlying mechanisms of this 

relatively simple binary system has, however, not been elucidated to a satisfactory level to date. An in-

depth analysis of the effect of surface preparation of this Ni-Cr binary system can be used to better 

understand the surface film of more complex Ni/Cr containing alloys such as Hastelloy, Inconel, stainless 

steels, and multi-principal element alloys.  

Ni-Cr alloys are known to form a duplex oxide/hydroxide surface layer upon spontaneous 

passivation and anodic polarization in acidic solutions. The Cr-rich inner oxide layer is known to promote 

corrosion resistance [15, 17, 19, 29, 30], and the outer layer has been reported to be composed of Ni and 

Cr hydroxides [29, 31]. Native oxide/hydroxide films form immediately after surface preparation of Ni-

based alloys [32, 33], stainless steels, [12, 34], multi-principal element alloys [35, 36] and additively 

manufactured alloys [37, 38]. The property of this native film is often considered as a key to controlling 

the corrosion mechanism when the surface is subsequently exposed to corrosive environments (i.e., in 

acidic solutions) [39, 40, 41]. The important point is that surface preparation may cause significant 

changes in both the composition and chemical stability of the native film [5, 42], thereby influencing the 

corrosion resistance of a system [43, 44]. To this end, it is essential to better understand the effect of 

surface preparation on the composition, structure and thickness of the native films formed on the alloy 

substrates.  

For the surface preparation, mechanical grinding is often followed by electropolishing to further 

improve the surface quality of the specimen by dissolving active sites such as non-metallic inclusions 

(e.g., MnS for stainless steels) and by removing the cold-worked layer leftover from grinding. 

Electropolishing has been reported to provide better resistance to pitting corrosion by reducing surface 

roughness [45, 46]. The reduced corrosion resistance of an electropolished stainless steel was attributed to 

the presence of sulfates and phosphates in the passive film observed by X-ray photoelectron spectroscopy 

(XPS) [45]. However, electropolishing is highly sensitive to the operating parameters [10] which may 
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lead to a significant increase in the electropolished surface area and possible associated defects [47]. It is 

a general challenge to accurately control the sample surface after polishing and there is no universal 

methodology applied to all different alloy systems.  

High-temperature annealing is often carried out to improve the mechanical properties of the cold-

worked surface layer left from mechanical grinding. Annealing in air carried out under atmospheric 

oxygen partial pressure results in grain growth by recrystallization of the microstructure. In most cases, 

however, the surface oxidizes during the high-temperature annealing even at low oxygen partial pressure 

or during sample transfer for quenching. Moreover, the possible formation of oxide inclusions at the 

interface in the presence of oxygen may block the cohesive bond in the case of annealing in air [48]. 

Annealing is also performed in a reducing environment controlled by an inert gas (e.g., H2) to protect the 

sample surface from oxidation [49]. This procedure provides stress relief by recrystallizing the cold-

worked surface without causing significant damage. The stumbling block of using high-temperature 

annealing as a surface preparation finish is the uncertainty of the annealing parameters which may cause 

undesirable surface change [20, 21, 49]. In the case of stainless steels, air-annealing has been reported to 

lead to the formation and precipitation of the ζ-phase at grain boundaries during the heat treatment, 

known to be detrimental to the corrosion resistance as it may result in Cr and/or Mo depletion in the 

passive film [50, 51]. For annealing under H2 atmosphere at T = 1100°C for stainless steel, cracks were 

observed with the ε-martensite transformation on top of the sample surface attributed to hydrogen ingress 

during annealing and residual stress during subsequent cooling [49]. Regarding the passivation 

mechanisms and resulting corrosion resistance of stainless steel and Ni-Cr alloys, only limited 

information is available to date. On a 316L stainless steel, annealing under a H2 atmosphere at T = 900°C 

has proven to be effective in completely recrystallizing the cold-worked layer leftover from mechanical 

grinding without significantly altering the electrochemical response during passivation in a 0.05 M H2SO4 

solution [43]. 
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 In this work, we present the effect of the H2 annealing at T = 800°C on a polycrystalline Ni-20 at.% 

Cr alloy. One set of sample surface was only mechanically ground, and the other set was H2 annealed 

after mechanical grinding. The sample surfaces after each preparation method as well as after 

electrochemical passivation were characterized by XPS and time-of-flight secondary ion mass 

spectrometry (ToF-SIMS). The effect of H2 annealing on the passivity of the Ni-20 at.% Cr alloy was 

investigated by electrochemical measurements, including potentiodynamic polarization, potentiostatic 

hold at a given potential in the passive domain, and following potentiostatic electrochemical impedance 

spectroscopy (EIS). The formation of a more corrosion resistant passive film for the H2 annealed case 

than for the mechanically ground sample was demonstrated by a combination of in situ electrochemical 

analysis and ex situ element-resolved surface characterization. The mechanistic understanding 

investigated in this work can provide useful insights into the change in surface chemistry caused by the 

surface finish and how the corrosion resistance provided by the passive film is affected. 

 

Experimental 

Materials and sample preparation 

 Polycrystalline Ni-20 at.% Cr alloy was produced from pure Ni and Cr (purity > 99.95%) by 

electromagnetic induction melting in a water-cooled Cu crucible under He. The sample surface was 

ground with SiC paper up to P4000 under deionized (DI) water (Millipore
TM

, 18.2 Ω cm), and then with 

diamond suspension down to 0.25 µm. The samples were successively cleaned in an ultrasonic bath with 

acetone, ethanol, and DI water for 2 min each, then dried with flowing Ar gas. After mechanical grinding, 

another series of samples underwent H2 annealing at atmospheric pressure and T = 800°C for 8 h. The 

sample was placed in a quartz tube under vacuum below 10
-5

 mbar to reduce the presence of oxygen and 

water vapor, and thus prevent the formation of oxides during annealing. After vacuum pumping, a stream 

of ultrapure H2 (99.999%, 6 N) gas was introduced into the quartz tube at atmospheric pressure. A furnace 
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was placed close to the quartz tube and the temperature was ramped to T = 800°C and maintained at this 

temperature for 8 h. After H2 annealing, the quartz tube was rapidly quenched with iced water (T ≈ 0°) 

under H2 flux and maintained for 1 h to ensure cooling down to ambient temperature before transferring 

the sample to air.  

 

X-ray photoelectron spectroscopy (XPS) 

The sample surface was characterized by a Thermo Electron ESCALAB 250
TM

 spectrometer 

using a monochromatric Al Kα X-ray source (hυ = 1486.6 eV) under a pressure lower than 10
-9

 mbar. The 

spectrometer was calibrated with Au 4f7/2 at 84.1 eV. The photoelectron take-off angle was set at 90°. The 

high-resolution spectra of Ni 2p, Cr 2p, O 1s and C 1s were recorded at a pass energy of 20 eV with a 0.1 

eV step size. The core level spectral decomposition was carried out via Avantage
TM

 software using 

Shirley-type background subtraction.  

 

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) 

 A dual-beam ToF-SIMS (Iontof
TM

 GambH, Münster, Germany) was utilized to obtain elemental 

depth profile of the sample. Data acquisition and processing were carried out via IONSPEC 6.5
TM

 

software. The ToF-SIMS depth profiles were acquired under 10
-8

 mbar by interlaced analysis under static 

SIMS conditions with sputtering using two ion beams impinging the surface at 45°. A pulsed Bi
+
 primary 

ion beam, delivering a current of 1.2 pA and rastering an area of 100 x 100 µm
2
, was used for static SIMS 

analysis, and a Cs
+
 ion gun of 0.5 keV delivering a current of 17 nA over an area of 300 x 300 µm

2
 was 

used for sputtering. The two ion beams were well-aligned to ensure analysis from the center of the 

sputtered crater. Negative secondary ions were recorded as they are more sensitive to oxide matrices. The 

Ni2
-
, NiO2H2

-
, CrO3H2

-
, and CrO2

-
 secondary ions were selected as characteristic anions of metallic Ni, Ni 

and Cr hydroxides and Cr oxide, respectively, and their intensities were plotted versus sputtering time to 
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obtain the depth profiles. The surface film/metal interface was determined from the sputtering time when 

the Ni2
-
 signal reached 80% of its maximum intensity [52].  

 

Electrochemical measurements 

 A Gamry Reference 600+
TM

 potentiostat was used to perform the electrochemical tests. All the 

electrochemical measurements were carried out in a conventional 3-electrode electrochemical cell using a 

saturated calomel electrode (SCE) as reference electrode and a gold wire as counter electrode. A 0.5 M 

H2SO4 solution was prepared from analytical grade materials and DI water. The electrolyte was bubbled 

with flowing Ar gas for 20 min prior to the experiments. The linear sweep voltammetry (LSV) was 

performed as follows: measurement of open circuit potential (OCP) for 600 s; then LSV from -0.25 V vs. 

OCP to 1.1 V vs. SCE with a scan rate of 1 mV s
-1

. The potentiostatic passivation experiment was 

conducted at a constant potential of 0.25 V vs. SCE for 4 h after open circuit measurement for 600 s. The 

passivation potential was chosen from the LSV result. After the potentiostatic hold experiment, EIS was 

performed at the same potential in the frequency range of 10
5
 to 10

-2
 Hz, and the data were recorded with 

8 points per decade by a sinusoidal perturbation of 10 mVrms. All EIS spectra were corrected by 

electrolyte resistance (Re) determined from Nyquist plots at high-frequency limit. For EIS data analysis, 

the double layer capacitance (Cdl) was also corrected to separate the effect of Cdl on the total effective 

capacitance (Ceff) of the interface. The Cdl was determined using Brug’s relation [53] as: 

 Cdl = Qdl
(1/αdl) (1/Re + 1/Rct)

(αdl - 1)/αdl       [1] 

where Cdl and Qdl (CPE parameter for the double layer) were obtained from the graphical impedance 

analysis [54, 55] and the power-law model in the low-frequency domain. Rct is the charge-transfer 

resistance. The 1/Rct term in Eq. 1 is often negligible because 1/Rct << 1/Re. The total impedance was 

corrected considering the double layer contribution [55] as: 
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 Zcorrected(ω) = Z(ω) – 1/{(jω)
αdl Qdl}       [2] 

The total capacitance of the system was also corrected considering the double layer and electrolyte 

resistance as: 

 Ccorrected(ω) = 1/{jω (Zcorr(ω) – Re)}       [3] 

The effective capacitance of the oxide layer (Cδ) was determined using the Cole-Cole representation of 

the real and imaginary capacitance [56] of Ccorrected in the high-frequency limit of the real component 

capacitance. The film thickness (δ) was estimated as: 

 δ = ε ε0 / Cδ          [4] 

where ε is the dielectric constant of the film and ε0 is the vacuum permittivity (8.85 x 10
-14

 F cm
-2

). All 

experiments presented in this work were repeated at least three times and showed good reproducibility.  

 

Results 

ToF-SIMS depth profile after each surface preparation 

 The ToF-SIMS depth profiles of both surface preparations are shown in Fig. 1. To simplify the 

comparison, the mechanically ground sample is denoted M, and the H2 annealed sample following 

mechanical grinding is denoted MH. The metal/oxide interfaces were determined by a sputtering time 

when the Ni2
-
 signal reaches 80% of its maximum intensity [34, 52], 17.7 s for M and 20.5 s for MH, 

respectively. For both surface preparation methods, the maximum intensities of the CrO3H2
-
 and NiO2H2

-
 

representing Cr and Ni hydroxides, respectively, are reached prior to the maximum intensity of the CrO2
-
 

representing Cr oxide. This is a characteristic of a bilayer film formation with an outer layer of Cr and Ni 

hydroxides mixture and an inner layer mainly of Cr oxide, as previously reported [19]. In Fig. 1, the 

interface between the outer and inner layers is indicated where the NiO2H2
-
 and CrO3H2

-
 intensities start 
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to decrease from the maximum value. Note that the NiO
-
 spectra are not presented herein because no Ni(II) 

oxide peak was observed by XPS curve fitting, as shown in the following section.  

It should be also noted that a pseudo intensity plateau of the Ni2
-
 signal is observed in the inner 

layer of the MH sample (7 s < t < 14 s in Fig. 1(b)) whereas a continuous increase of the Ni2
-
 signal 

towards its maximum level is observed for the M sample (Fig. 1(a)). This pseudo Ni2
-
 intensity plateau 

suggests the formation of an inner layer less homogeneous in thickness for the native surface film 

reformed after H2 annealing than for that formed after mechanical grinding. The pseudo plateau observed 

in the Ni2
-
 signal (characteristic species of the metallic substrate) mainly results from the formation of a 

less homogeneously thick Cr-rich inner layer on the MH sample surface [57, 58]. While the initial native 

surface film formed after mechanical grinding is reduced under the H2 environment during high-

temperature annealing, a new native surface film may be formed by reoxidation, possibly during 

quenching due to the presence of oxygen/water vapor in the H2 stream or during sample transfer in 

ambient air, similar to previous observations on FeCr, FeCrNi alloys and 316L stainless steel [20, 21, 43, 

58]. The surface microstructure (not shown here) of the MH sample recrystallized to the metallic state at 

high temperature would favor the formation of this less homogeneously thick Cr-rich inner oxide layer at 

lower temperature, probably due to the decrease in the number of nucleation sites for selective Cr 

oxidation [11]. 

For both the M and MH samples, the intensity of the NiO2H2
-
 signal is higher than that of the 

CrO3H2
-
 signal (Fig. 1). At the outer and inner layer interface, the NiO2H2

-
/ CrO3H2

-
 intensity ratio is 4.2 

for the M sample and 2.6 for the MH sample. This indicates that more Ni hydroxide species were formed 

in the outer layer of the initial native surface film formed after mechanical grinding (M sample) than after 

reoxidation following H2 annealing (MH sample), in agreement with the XPS results discussed in the next 

section.  

 

                  



11 
 

 

 

(a)  

 

(b)  

 

Fig. 1. ToF-SIMS depth profiles of negative ions CrO2
-
, CrO3H2

-
, NiO2H2

-
, and Ni2

-
 for (a) 

mechanically ground (M) and (b) H2 annealed (MH) samples.  

 

High-resolution XPS spectra after each surface preparation 

The high-resolution Cr 2p, Ni 2p3/2 and O 1s core level XPS spectra obtained for both surface 

preparation methods are presented in Figs. 2, 3, and 4, respectively. The Cr 2p core level spectra in Fig. 2 

were fitted using 3 doublet peaks associated with the Cr 2p3/2 and Cr 2p1/2 spin-orbits [59]. The area ratio 

of the 2p1/2 peaks to the 2p3/2 peaks was fixed at the value of 0.5, characteristic of the 2p spin-orbit 

coupling. Binding energies at 574.1 eV and 583.3 eV; 576.3 eV and 586.3 eV; 577.4 eV and 587.1 eV are 

attributed to metallic Cr (Cr(0)); Cr(III) oxide; and Cr(III) hydroxide species, respectively [19]. Fig. 3 

presents the Ni 2p3/2 core level spectra decomposed with 4 components. Binding energies at 852.7 and 

858.5 eV are characteristic of metallic Ni (Ni(0)) and the associated satellite, respectively; and peaks at 

856.3 and 861.7 eV are associated with the Ni(II) hydroxide principal peak and the associated satellite, 

respectively [19]. No principal peak could be characterized at 853.7 eV, showing that the presence of 

Ni(II) oxide in the surface films is below the detection limit. In Fig. 4, the O 1s spectra were fitted with 3 

components at 530.0 eV (O
2-

), 531.6 eV (OH
-
), and 533.1 eV (H2O) [19]. For all non-metallic peaks, a 

                  



12 
 

symmetrical shape is observed with the exception of Cr(III) in Cr2O3 which shows an asymmetrical shape 

due to a discrete multiplet structure [19]. For the metallic peaks, an asymmetrical function was used for 

fitting. It is shown that the native surface films are composed of Cr(III) and Ni(II) hydroxide species in 

the outer layer and of Cr(III) oxide species in the inner layer based on combined XPS and ToF-SIMS 

characterizations.  

Fig. 2 shows that the intensity ratio between Cr(III) and Cr(0) is significantly higher for the M 

than for the MH sample. This observation confirms that the H2 annealing effectively reduces the initial 

Cr-rich native surface film formed after mechanical grinding. The Cr(III) peaks observed for the MH 

sample are most probably due to the surface reoxidation after reduction at high temperature as discussed 

above. The lower Cr(III)/Cr(0) intensity ratio for the MH sample indicates that the reformed native 

surface film is thinner and/or less Cr-enriched than the initial native surface film formed after mechanical 

grinding.  

  

 

Fig. 2. High-resolution XPS Cr 2p core level spectra for (a) mechanically ground (M) and (b) H2 

annealed (MH) samples.  
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Fig. 3. High-resolution XPS Ni 2p3/2 core level spectra for (a) mechanically ground (M) and (b) H2 

annealed (MH) samples.  

 

 

Fig. 4. High-resolution XPS O 1s core level spectra for (a) mechanically ground (M) and (b) H2 

annealed (MH) samples. 

 

The composition and thickness of the surface films as well as the composition of the underlying 

alloy substrate were estimated using a layered surface film model taking into account of the attenuation of 

photoelectron intensities [32, 52]. The results obtained for both surface preparation methods are provided 

in Table 1. A bilayer model [32] was used assuming an inner layer consisting of Cr2O3 and an outer layer 
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consisting of Cr(OH)3 and Ni(OH)2 in agreement with the ToF-SIMS and XPS results for both the M and 

MH samples. The calculated total equivalent thickness is 0.8 nm for the M sample with 0.5 nm of inner 

layer and 0.3 nm of outer layer. For the MH sample, the results must be considered with more caution 

since the applied model considers layers that are homogeneous in thickness and composition. The 

calculated total equivalent thickness of the MH sample is 0.5 nm with 0.3 and 0.2 nm of inner and outer 

layers, respectively, which provides a basis for comparison to discuss the effect of the H2 annealing 

treatment. Schematic images describing the surface after each surface preparation are provided in Fig. 5.  

The thinner inner and outer layers formed on the MH sample than those of the M sample are due 

to the reduction of the pre-existing surface films formed after mechanical grinding during the H2 

annealing treatment. The low estimated equivalent thickness of the inner layer of the MH sample (0.3 nm) 

is consistent with a less homogeneously thick and possibly discontinuous inner layer proposed by the 

ToF-SIMS results. The inner Cr(III) oxide would be locally thick due to a preferential local supply of Cr 

metal during nucleation and the initial growth of the oxide film formed by surface reoxidation. Between 

these local areas, the Cr(III) oxide would be thinner or even not have been formed, weakening the 

corrosion protection provided by the inner barrier layer. Regarding the composition of the outer layer, it is 

more enriched in Cr(III) hydroxide after reoxidation than in the pre-existing native surface film, in 

agreement with the ToF-SIMS results, indicating a more pronounced selective oxidation of Cr during 

surface reoxidation. The estimated composition of the modified alloy under the surface film shows 

significant Cr depletion for both surface preparation methods (15 and 13 at.% Cr for M and MH, 

respectively) compared to the nominal bulk composition of the alloy (20 at.% Cr). A slightly more 

pronounced Cr depletion of the modified alloy substrate for the MH sample is consistent with the more 

pronounced selective oxidation of Cr during reoxidation. It may be attributed to the lower free energy of 

formation for Cr oxide and Cr hydroxide than for Ni hydroxide [60, 61, 62], combined with the effect of 

wet oxidation of the cold-worked surface during the initial formation of the native surface film versus dry 

oxidation of the recrystallized surface during the reformation of the native surface film. It is shown that 
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the Ni(II) hydroxide and Cr(III) (hydr)oxide species natively formed on the alloy cold-worked surface 

after mechanical grinding are reduced at high temperature during the H2 annealing treatment. Most likely, 

the bare recrystallized metallic alloy surface is exposed to reoxidation during quenching and/or sample 

transfer during which Cr oxidation is more selective than after mechanical grinding. In this case, the oxide 

growth at saturation is more limited in thickness, resulting in a less homogeneous protection provided by 

the inner Cr(III) oxide layer.  

 

Table 1. Thickness and composition of the native surface films formed on the M and MH surfaces 
estimated from the XPS decomposition results using a bilayer model assuming an inner layer of 100% 

Cr2O3 and a mixed outer layer of Ni(OH)2 + Cr(OH)3.  

Preparation Layer 
Thickness 

/ nm 

Relative composition 

/ % 

Alloy composition 

under surface film / % 

M 

Total 0.8 
Ni-O/-OH Cr-O/-OH Ni Cr 

- - 85 15 

Outer 0.3 
Ni(OH)2 Cr(OH)3 

- 
66 34 

Inner 0.5 
Cr2O3 

100 

MH  

Total 0.5 
Ni-O/-OH Cr-O/-OH Ni Cr 

- - 87 13 

Outer 0.2 
Ni(OH)2 Cr(OH)3 

- 
26 74 

Inner 0.3 
Cr2O3 

100 

 

 

(a) 

 

(b) 

 

Fig. 5. Schematic images of the surface native surface films for (a) mechanically ground (M) and (b) 

H2 annealed (MH) samples. 
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Electrochemical responses  

 The electrochemical reactivity of the surfaces prepared by the M and MH methods was 

investigated via LSV and potentiostatic experiments performed in a 0.5 M H2SO4 solution (Fig. 6). The 

LSV curves in Fig. 6(a) show that the MH surface is more active in that the potential at j = 0 (Ej=0 = -0.26 

V vs. SCE) is more negative than for the M sample (Ej=0 = -0.18 V vs. SCE), consistent with open circuit 

potential (Eoc) values of -0.24 V and -0.13 V vs. SCE for the MH and M samples, respectively (not shown 

here). 

An obvious active current density peak (Ej=0 < E < 0.15 V vs. SCE) is monitored for the MH 

whereas no clear peak is observed for the M. This active peak may be again attributed to less 

homogeneous inner Cr-rich inner barrier layer formed during reoxidation after the H2 annealing. For E > 

0.15 V vs. SCE, a well-defined passive potential domain is observed for both surface preparations with an 

almost potential independent current density at 5 ~ 7 µA cm
-2

. The current density responses in the 

passive (0.15 V < E < 0.82 V vs. SCE) and transpassive domains (E > 0.82 V vs. SCE) are nearly 

superimposable for the two cases.  

(a) 

 

(b) 

 

 

Fig. 6. Electrochemical responses of the mechanically ground (M), and H2 annealed (MH) samples. (a) 
LSV with 1 mV s

-1
 scan rate; (b) current density decay as a function of time at a constant passivation 

potential of 0.25 V vs. SCE in 0.5 M H2SO4.  
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 A potential of 0.25 V vs. SCE in the passive potential domain of Fig. 6(a) was chosen to 

investigate the electrochemical passivation of each surface preparation method. The experiments were 

conducted as follows; 1) an open circuit measurement was conducted for 600 s; 2) then a constant 

potential of 0.25 V vs. SCE was applied for 4 h; 3) followed by a potentiostatic EIS measurement at the 

same potential. Fig. 6(b) shows the current density responses during the potentiostatic experiments. Both 

samples show typical current decays at constant potential indicating passive film formation and film 

growth by lowering the potential across the oxide/metal interface [63]. In the MH case, the passive 

current density is lower than in the M case, indicating the formation of a more corrosion resistant passive 

film formation for the H2 annealed surface [20, 64, 65]. A certain degree of instability is however 

observed for the MH case with anodic current density spikes shown before reaching a quasi-steady state, 

as shown in the inset in Fig. 6(b). 

 The potentiostatic EIS measurements were performed following 4 h of potentiostatic hold at the 

same potential. The Nyquist plots are shown in Fig. 7(a) with an equivalent circuit used to fit the data 

presented in the inset, and the fitting results are provided in Table 2. The CPE1/R1 and CPE2/R2 represent 

the outer and inner layer components in the passive films, respectively [66, 67]. The CPEct/Rct represents 

the charge-transfer impedance, and CPEdl is the double layer component. The Re corrected Bode modulus 

and phase plots are shown in Figs. 7(b) and 7(c), respectively. The CPE is well defined in a relatively 

wide frequency domain for 10
-1

 < f < 10
5
 Hz where the Re corrected phase shift was nearly -80° (Fig. 

7(c)), justifying the use of CPE parameters to estimate interfacial properties. Neglecting the 1/Rct term in 

Eq. 1 is also justified by the fitting results where Rct (~10
6
 Ω cm

2
) >> Re (~3 Ω cm

2
). For both M and MH 

surfaces, the inner layer would be more stable than the outer layer since R2 (5.1 x 10
5
 and 1.1 x 10

6
 Ω cm

2
 

for M and MH, respectively) are higher than R1 (1.3 x 10
5
 and 6.2 x 10

2
 Ω cm

2
 for M and MH, 

respectively). For the MH sample, a much larger difference between the inner and outer layer resistance 

(1.1 x 10
6
 and 6.2 x 10

2
 Ω cm

2
, respectively) is estimated than for the M sample (5.1 x 10

5
 and 1.3 x 10

5
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Ω cm
2
, respectively). The thickness of the passive film (δ) was calculated by Eq. 4 using the CPE 

parameters, and the corrected Cδ taking into account Cdl and Re as described in the experimental section. 

A relative dielectric constant of the passive film (εrel = 11) was used with average dielectric constant 

values of the oxidized Cr and Ni species previously reported for Ni- and Cr-containing alloys [68, 69]. 

The estimated δ values are 1.1 and 1.0 nm for the M and MH samples, respectively, which shows close 

agreement with the values obtained from XPS analysis discussed in the following section.  

 

 

 

 

Fig. 7. EIS analysis after 4 h electrochemical passivation at 0.25 V vs. SCE in 0.5 M H2SO4 solution of 
the mechanically ground (M) and the H2 annealed (MH) samples; (a) Nyquist, (b) Bode magnitude, and 

(c) Bode phase plots. The equivalent circuit used to fit the EIS spectra is given in the inset of Fig. 7(a). 

Symbols represent the recorded data points and solid lines represent the fitting results.  

 

Table 2. EIS fitting results for the samples M and MH during potentiostatic EIS at 0.25 V vs. SCE in 0.5 

M H2SO4. The equivalent circuit used for fitting is provided in the inset of Fig. 7(a). 

 
M MH 

R1 / Ω cm
2
 1.3 x 10

5
 6.2 x 10

2
 

Q1 / F s
α-1

 cm
-2

 125 x 10
-6

 700 x 10
-6

 

                  



19 
 

α1 0.95 0.84 

R2 / Ω cm
2
 5.1 x 10

5
 1.1 x 10

6
 

Q2 / F s
α-1

 cm
-2

 32 x 10
-6

 17 x 10
-6

 

α2 0.95 0.98 

Qdl / F s
α-1

 cm
-2

 5.2 x 10
-6

 1.3 x 10
-6

 

αdl 0.99 0.90 

Qct 0.15 x 10
-6

 2.6 x 10
-6

 

αct 0.95 0.70 

Rct / Ω cm
2
 9.6 x 10

5
 2.3 x 10

6
 

Re / Ω cm
2
 3.5 3.1 

δ / nm 1.1 1.0 

ρδ / Ω cm 1.5 x 10
5
 2.5 x 10

4
 

 

 

ToF-SIMS depth profile after electrochemical passivation  

Fig. 8 shows the ToF-SIMS depth profiles obtained after electrochemical passivation of each 

sample at 0.25 V vs. SCE in 0.5 M H2SO4 for 4 h. A bilayer passive film formation is indicated by a 

sequence of the selected ion intensity peaks, similar to that observed prior to electrochemical passivation 

(Fig. 1). The signal decay times for characteristic ions of the oxidized species are much longer after (Fig. 

8) than before (Fig. 1) passivation, suggesting an increased roughness [19, 58] of the electrochemically 

passivated surfaces. For the MH case after electrochemical passivation, a relatively less homogeneously 

thick inner layer formation is indicated by a large pseudo Ni2
-
 plateau (10 s < t < 30 s, Fig. 8(b) [19, 58]. 

Note that the same but narrower type of Ni2
-
 plateau (5 s < t < 15 s) was observed for the MH surface 

before electrochemical passivation (Fig. 1(b)). In Fig. 8, the CrO3H2
-
 profile (related to Cr(III) hydroxide 

species) obtained after electrochemical passivation is more intense than the NiO2H2
-
 profile (related to 

Ni(II) hydroxide species). This opposite trend to that observed before passivation (Fig. 1)
 
is supported by 

the XPS analysis presented in the next section. Cr(III) hydroxide species enrichment during 
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electrochemical passivation for both M and MH surfaces results from selective dissolution of the Ni(II) 

hydroxide species [32]. This enrichment would more likely occur at the interface between inner and outer 

layers (CrO3H2
-
/NiO2H2

-
 intensity ratio of 4.5 and 1.6 for M and MH, respectively) as indicated by the 

slower decay of the CrO3H2
-
 signal compared to that of the NiO2H2

-
 signal at this interface for both cases 

shown in Fig 8. 

 

(a)  

 

(b)  

 

Fig. 8. ToF-SIMS depth profile of negative ions CrO2
-
, CrO3H2

-
, NiO2H2

-
, and Ni2

-
 for (a) mechanically 

ground (M) and (b) H2 annealed (MH) samples after potentiostatic passivation for 4 h at 0.25 V vs. SCE 

in 0.5 M H2SO4. 

 

High-resolution XPS analysis after electrochemical passivation 

The high-resolution Cr 2p, Ni 2p3/2, and O 1s core level XPS spectra recorded after 

electrochemical passivation of the M and MH surfaces at 0.25 V vs. SCE in 0.5 M H2SO4 for 4 h are 

shown in Figs. 9, 10 and 11, respectively. The Cr 2p spectra presented in Fig. 9 show increased Cr(III) 

hydroxide formation during electrochemical passivation of both surfaces, as indicated by the increased 

relative intensity of the Cr(III) hydroxide peak compared to the surfaces prior to electrochemical 

passivation (Fig. 1). This is in agreement with previous observations of similar systems [70, 71], and 

consistent with the selective dissolution of Ni(II) hydroxide species. Based on the ToF-SIMS result in Fig. 

8, it is reasonable to conclude that the Cr(III) hydroxide species would be more concentrated near the 

                  



21 
 

inner/outer layer interface. From the XPS results, the Cr(III) hydroxide enrichment is more pronounced 

for the electrochemically passivated MH surface (Fig. 9(b)) than for the M surface (Fig. 9(a)). Figs. 10 

and 11 show that similar Ni and O surface species were observed after the electrochemical passivation 

compared to the case before passivation.  

A bilayer model is applied to estimate the equivalent thickness and composition of the passive 

films and the modified composition of the underlying alloy for the electrochemically passivated samples. 

Again, the results presented in Table 3 must be considered with caution due to the inhomogeneity in 

thickness of the passive film formed on the MH sample suggested by the ToF-SIMS results. It can 

provide a basis for comparing the M and MH surfaces shown schematically in Fig. 12. After 

electrochemical passivation, an equivalent inner layer passive film thickness of 0.5 nm is calculated for 

the M sample similar to the case before passivation. A slightly thinner Cr(III) oxide inner layer of 0.4 nm 

is estimated for the MH sample. The equivalent thickness values of the outer hydroxide layer are 0.4 nm 

and 0.6 nm for the passivated M and MH surfaces, respectively. In the outer layer, the relative 

composition of Cr(III) to Ni(II) hydroxides increases after electrochemical passivation (70% and 92% for 

M and MH respectively, in Table 3) compared to before passivation (34% and 74% for M and MH 

respectively, in Table 1). This indicates an increased formation of Cr(III) hydroxide species due to the 

selective dissolution of Ni(II) hydroxide species during electrochemical passivation, in agreement with 

ToF-SIMS results. The Cr(III) enrichment in the outer layer is more pronounced for the MH surface (92%) 

than for the M surface (70%), which may account for the high oxidation peak in the active/passive 

transition domain in the LSV result for the MH sample. The overall passive film thickness values are 

estimated to be 0.9 and 1.0 nm for the passivated M and MH surfaces, respectively, in close agreement 

with EIS analysis (1.1 nm and 1.0 nm, respectively).  
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Fig. 9. High-resolution XPS Cr 2p spectra for (a) mechanically ground (M) and (b) H2 annealed (MH) 

samples after potentiostatic passivation for 4 h at 0.25 V vs. SCE in 0.5 M H2SO4.  

 

 

 

Fig. 10. High-resolution XPS Ni 2p3/2 spectra for (a) mechanically ground (M) and (b) H2 annealed 
(MH) samples after potentiostatic passivation for 4 h at 0.25 V vs. SCE in 0.5 M H2SO4. 
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Fig. 11. High-resolution XPS O 1s spectra for (a) mechanically ground (M) and (b) H2 annealed (MH) 

samples after potentiostatic passivation for 4 h at 0.25 V vs. SCE in 0.5 M H2SO4. 

 

(a) 

 

(b) 

 

Fig. 12. Schematic images of the surface after electrochemical passivation at 0.25 V vs. SCE in 0.5 M 

H2SO4 for 4 h of the (a) mechanically ground (M) and (b) H2 annealed (MH) surfaces. 

 

Table 3. Thickness and composition of the passive films formed on the M and MH surfaces after 4 h of 
potentiostatic hold experiments at 0.25 V vs. SCE in 0.5 M H2SO4 calculated from the XPS 

decomposition results using a bilayer model assuming an inner layer of 100% Cr2O3 and a mixed outer 

layer of Ni(OH)2 + Cr(OH)3.  

Preparation Layer 
Thickness 

/ nm 

Relative composition 

/ % 

Alloy composition 

under surface film / % 

M 

Total 0.9 
Ni-O/-OH Cr-O/-OH Ni Cr 

- - 83 17 

Outer 0.4 
Ni(OH)2 Cr(OH)3 

- 
30 70 

Inner 0.5 
Cr2O3 

100 

MH  Total 1.0 Ni-O/-OH Cr-O/-OH Ni Cr 
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- - 84 16 

Outer 0.6 
Ni(OH)2 Cr(OH)3 

- 
8 92 

Inner 0.4 
Cr2O3 

100 

 

Discussion 

 In this work, the effect of H2 annealing at T = 800°C on the surface chemical state and 

electrochemical passivation of a polycrystalline Ni-20 at.% Cr alloy was investigated. The native duplex 

oxide/hydroxide surface film formed on the cold-worked surface remaining from mechanical grinding 

was reduced by the H2 annealing treatment, as indicated by the ToF-SIMS depth profile (Fig. 1) and the 

XPS high-resolution spectral analysis (Figs. 2-4). The H2 annealed surface reoxidizes during quenching 

due to the oxygen/water vapor present in the H2 gas stream and/or during sample transfer to air. Thus, a 

new duplex oxide/hydroxide surface film forms on the recrystallized surface. On both as-prepared 

surfaces, the inner layer is mainly of Cr(III) oxide and the outer layer is a mixture of Cr(III) and Ni(II) 

hydroxides. The inner layer of the native surface film grown on the recrystallized alloy surface is non-

uniform in thickness, as suggested by Tof-SIMS depth profiling and reflected by the low value (0.3 nm) 

of the equivalent thickness estimated from XPS analysis. 

 An obvious difference between the two surface preparation methods is in the active potential 

domain during the LSV experiment in 0.5 M H2SO4 (Fig. 6(a)). An active current density peak is 

observed for the MH case while no active peak is monitored for the M case in this potential domain. 

Despite this high active current peak in the active/passive transition in the LSV, the MH sample shows a 

slightly lower current density than the M sample during potentiostatic hold experiment at 0.25 V vs. SCE 

(Fig. 6(b)), an indication of a stable passive film formation. However, more passivity breakdown events 

are observed during the electrochemical passivation of the H2 annealed surface, suggesting a slightly 

higher instability during the passive film formation before reaching a quasi-steady state [ 72 ]. 

Potentiostatic EIS at the same potential showed higher inner layer resistance for the H2 annealed surface 
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(1.1 x 10
6
 Ω cm

2
) than for the mechanically ground surface (5.1 x 10

5
 Ω cm

2
) (Fig. 7, Table 2), indicating 

the formation of a more protective Cr(III)-based inner barrier layer film formation on the H2 annealed 

surface during electrochemical passivation. ToF-SIMS (Fig. 8) and XPS (Figs. 9 - 11) analysis of the 

electrochemically passivated surfaces show enhanced Cr(III) hydroxide formation for both surface 

preparation methods. For the H2 annealed surface, the relative content of the outer Cr(III) hydroxide layer 

is 92% and 70% for the mechanically ground surface (Table 3). 

These observations derived from in situ electrochemical and ex situ surface characterizations 

suggest the following mechanisms of passive film formation. On the mechanically ground surface, a 

relatively uniform native surface film is formed with an inner layer of Cr(III) oxide and an outer layer of 

mixed Cr(III) and Ni(II) hydroxides. On the H2 annealed sample, the surface layer formed after 

mechanical grinding is reduced during the high-temperature H2 annealing. A new duplex surface layer is 

reformed during the post-annealing sample transfer process in air with a less protective inner layer of 

inhomogeneous thickness (Fig. 5(b)). This less stable surface film formed after the H2 annealing 

treatment readily oxidizes when in contact with H2SO4, resulting in an active oxidation peak in the LSV 

curve (Fig. 6(a)). The activated area where the inner layer would initially be thinner may undergo the 

selective dissolution of Ni leading to an enrichment in Cr(III) oxide and hydroxide species during 

electrochemical passivation (Fig. 12(b)). The non-activated area (Fig. 12(b)) where the inner layer would 

initially be thicker and more protective is not significantly modified by the selective Ni dissolution during 

electrochemical passivation. The enhanced overall corrosion resistance of the passive film formed on the 

MH sample may be explained as follows. The recrystallized surface of the H2 annealed sample is less 

homogeneously covered and less well protected by the native surface film than the cold-worked surface 

of the non-annealed sample. The weaker sites of the H2 annealed sample, activated by the electrochemical 

polarization, are ultimately well protected by the electrochemically formed passive film. Cr enrichment is 

favored by the selective Ni dissolution in these initially weaker (less well protected) sites. 
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Increased Cr(III) hydroxide formation in the outer layer may be responsible for the passivity 

breakdown events observed during potentiostatic passivation of the MH sample (Fig. 6(b)). The 

formation of a less corrosion resistant Cr hydroxide outer layer by consuming a more corrosion resistant 

Cr oxide inner layer has been documented previously [64, 73, 74]. In the present work, the resistivity 

between the outer layer and the electrolyte, ρδ, was calculated using the power-law model [75] from the 

EIS spectra as: 

 ρδ = [(εrel ε0)
α
 / (g δ Q)]

1/(1- α)
        [5]  

 g = 1 + 2.88(1-α)
2.375

         [6] 

assuming a resistivity distribution in the passive film. The passive film thickness, δ, was taken from XPS 

analysis after passivation (Table 3), and the CPE parameters (Q and α) were obtained from the graphical 

analysis of the EIS spectra [54] as described in the experimental section. The ρδ value obtained for the H2 

annealed surface after passivation (2.5 x 10
4
 Ω cm) was one order of magnitude lower than that for the 

mechanically ground surface after passivation (1.5 x 10
5
 Ω cm), which may also be attributed to a higher 

Cr hydroxide content at the outer surface for the H2 annealed surface. The ρδ values obtained in this work 

agree with the ρδ profile analysis in the passive film of a Ni-20Cr alloy in various pH solutions [76]. It 

should be noted that this analysis may be limited in a qualitative level as the power-law model calculation 

assumes that the dielectric constant is independent of position within the passive film whereas a bilayer 

passive film was monitored by ex situ characterization in the present work. Therefore, it is possible that 

the dielectric constants in the inner and outer layer are significantly different, resulting in a less accurate 

ρδ calculation, although this assumption of a uniform dielectric constant may not be critical if the CPE 

results from a dielectric response of the material shows a normal distribution of time constants [77]. 
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Conclusions 

 Surface preparation by mechanical grinding or subsequent high-temperature H2 annealing of the 

Ni-20 at.% Cr alloy results in a duplex surface film formation with an inner layer consisting 

mainly of Cr(III) oxide and an outer layer of mixed Cr(III) and Ni(II) hydroxides. 

 On the H2 annealed surface, less Cr(III), Ni(II) hydroxides, and less Cr(III) oxide species were 

observed indicating that the native surface film initially formed on the cold-worked surface after 

mechanical grinding is effectively reduced during the annealing, then regrown by reoxidation 

during quenching and/or transfer to ambient air. The newly formed native surface film is overall 

thinner with a relatively less homogeneous thickness and a less protective inner barrier layer. 

 An active current peak during the potentiodynamic polarization experiment observed for the H2 

annealed sample is attributed to the oxidation of the weaker sites of the inner barrier layer of non-

homogeneous thickness when exposed to H2SO4. 

 A passive film formation with better corrosion resistance for the H2 annealed sample than the 

mechanically ground sample is indicated by electrochemical measurements. A lower passive 

current density is monitored for the H2 annealed sample during potentiostatic hold experiment at 

0.25 V vs. SCE in 0.5 M H2SO4. A higher passive film resistance as well as charge transfer 

resistance for the H2 annealed sample is estimated by equivalent circuit fitting of the EIS analysis. 

 A bilayer surface film is characterized after electrochemical passivation of the H2 annealed 

surface, with a higher resistance of the inner layer than for the mechanically ground surface. The 

enhanced corrosion resistance of the H2 annealed sample surface is attributed to the formation of 

a more protective inner Cr(III) oxide barrier layer caused by the selective Ni dissolution and 

associated Cr enrichment, providing corrosion resistance to initially weakly protected sites. 
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Figure captions and Tables 

Fig. 1. ToF-SIMS depth profiles of negative ions CrO2
-
, CrO3H2

-
, NiO2H2

-
, and Ni2

-
 for (a) mechanically 

ground (M) and (b) H2 annealed (MH) samples. 

Fig. 2. High-resolution XPS Cr 2p core level spectra for (a) mechanically ground (M) and (b) H2 annealed 

(MH) samples. 

Fig. 3. High-resolution XPS Ni 2p3/2 core level spectra for (a) mechanically ground (M) and (b) H2 

annealed (MH) samples. 

Fig. 4. High-resolution XPS O 1s core level spectra for (a) mechanically ground (M) and (b) H2 annealed 

(MH) samples. 

Fig. 5. Schematic images of the surface native surface films for (a) mechanically ground (M) and (b) H2 

annealed (MH) samples. 

Fig. 6. Electrochemical responses of the mechanically ground (M), and H2 annealed (MH) samples. (a) 

LSV with 1 mV s
-1

 scan rate; (b) current density decay as a function of time at a constant passivation 

potential of 0.25 V vs. SCE in 0.5 M H2SO4. 
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Fig. 7. EIS analysis after 4 h electrochemical passivation at 0.25 V vs. SCE in 0.5 M H2SO4 solution of 

the mechanically ground (M) and the H2 annealed (MH) samples; (a) Nyquist, (b) Bode magnitude, and (c) 
Bode phase plots. The equivalent circuit used to fit the EIS spectra is given in the inset of Fig. 7(a). 

Symbols represent the recorded data points and solid lines represent the fitting results. 

Fig. 8. ToF-SIMS depth profile of negative ions CrO2
-
, CrO3H2

-
, NiO2H2

-
, and Ni2

-
 for (a) mechanically 

ground (M) and (b) H2 annealed (MH) samples after potentiostatic passivation for 4 h at 0.25 V vs. SCE 

in 0.5 M H2SO4. 

Fig. 9. High-resolution XPS Cr 2p spectra for (a) mechanically ground (M) and (b) H2 annealed (MH) 

samples after potentiostatic passivation for 4 h at 0.25 V vs. SCE in 0.5 M H2SO4. 

Fig. 10. High-resolution XPS Ni 2p3/2 spectra for (a) mechanically ground (M) and (b) H2 annealed (MH) 

samples after potentiostatic passivation for 4 h at 0.25 V vs. SCE in 0.5 M H2SO4. 

Fig. 11. High-resolution XPS O 1s spectra for (a) mechanically ground (M) and (b) H2 annealed (MH) 

samples after potentiostatic passivation for 4 h at 0.25 V vs. SCE in 0.5 M H2SO4. 

Fig. 12. Schematic images of the surface after electrochemical passivation at 0.25 V vs. SCE in 0.5 M 

H2SO4 for 4 h of the (a) mechanically ground (M) and (b) H2 annealed (MH) surfaces. 

Table 1. Thickness and composition of the native surface films formed on the M and MH surfaces 
estimated from the XPS decomposition results using a bilayer model assuming an inner layer of 100% 

Cr2O3 and a mixed outer layer of Ni(OH)2 + Cr(OH)3.  

Table 2. EIS fitting results for the samples M and MH during potentiostatic EIS at 0.25 V vs. SCE in 0.5 

M H2SO4. The equivalent circuit used for fitting is provided in the inset of Fig. 7(a). 

Table 3. Thickness and composition of the passive films formed on the M and MH surfaces after 4 h of 
potentiostatic hold experiments at 0.25 V vs. SCE in 0.5 M H2SO4 calculated from the XPS 

decomposition results using a bilayer model assuming an inner layer of 100% Cr2O3 and a mixed outer 

layer of Ni(OH)2 + Cr(OH)3.  
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