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A B S T R A C T   

Novel two-layer chromium-based coatings comprised of a first layer containing chromium, oxygen and carbon 
(Cr-O-C) and an oxygen rich (Cr-O) topcoat were electrodeposited from trivalent chromium electrolyte. The 
complex structure and composition of the coatings were studied using complementary characterization tech-
niques. The electrodeposited oxide was found to be amorphous and oxygen-deficient. In operando ambient 
pressure X-ray photoelectron spectroscopy when heating the sample from room temperature to 450 ◦C and 
Raman spectroscopy after the heating ascertained the metastable nature of the oxide. The cathodic delamination 
of a weak model polymer on these samples was studied using in situ scanning Kelvin probe.   

1. Introduction 

Chromium-based coatings are of great importance because of their 
ability to protect the substrate against wear and corrosion [1]. Up to 
recently, the widely used standard electrodeposition process to deposit 
chromium utilized a hexavalent chromium (Cr6+) containing electro-
lyte, which is now phased out from manufacturing processes, e.g. due to 
the REACH regulations in the EU [2]. Several other methods of chro-
mium deposition were investigated previously to replace the electro-
deposition from the Cr6+ electrolyte, such as physical vapor deposition 
[3,4] and electrodeposition from various trivalent chromium (Cr3+) 
containing electrolytes [5–8]. Electrodeposition from Cr6+ electrolytes 
occurs readily on the surface of the cathode, due to the high activity of 
Cr6+, resulting in a uniform deposit [9]. Electrodeposition from an 
electrolyte containing Cr3+ ions is more complicated than that from the 
Cr6+ electrolyte. This is because of the tendency of Cr3+ ions to form 
kinetically inert hexaqua coordinated complex [Cr(H2O)6]3+ in aqueous 
solutions [1,10]. Hence, the reduction of Cr3+ to Cr is accompanied by 
significant hydrogen evolution as a concurrent cathodic reaction, due to 
the highly negative standard reduction potential associated with the 
process [10,11]. The rapid evolution of hydrogen results in reduced 
faradaic efficiency of the deposition process and also leads to increased 
pH resulting in precipitation of hydroxides. To overcome these 

complications, a complexing agent is usually used to destabilize the 
kinetically inert hexaqua complex and a buffering agent is used to 
reduce the fluctuations in pH [1,10]. The oxidation of Cr3+ ions in the 
electrolyte to Cr6+ during the process is avoided using an appropriate 
anode material [1,12] and additives such as KBr [7]. The complex 
mechanism involved in this electrodeposition process also results in a 
complicated structure of the electrodeposit, like formation of bridged 
complexes [1,10]. 

Electrodeposition from a Cr3+ electrolyte containing formate ions as 
complexing agent was found to result in a mixed Chromium-oxygen- 
carbon (Cr-O-C) coating [7]. The electrodeposition from the formate 
bath was carried out without addition of a buffering agent, thus 
involving the hydroxide formation as a part of the deposition mecha-
nism [7]. These chromium-based coatings are covered by a polymer 
coating before application in the packaging industry [9]. Therefore, the 
delamination behaviour of the polymer coatings is of particular impor-
tance apart from the protection of the substrate from corrosion. Previous 
studies on cathodic delamination behaviour of electrodeposited 
chromium-based coatings demonstrated that a higher chromium oxide 
content in the coating leads to lower cathodic delamination rate [3,13]. 
It was proposed that this might be due to an increased inhibition of 
electron transfer to oxygen diffused to the interface by the chromium 
oxide. In view of this positive influence of chromium oxide in the 
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coating, a new concept for further improvement was to overcoat the 
existing Cr-O-C coatings by a Cr-O rich layer [12]. The Cr-O-C layer 
consists mainly of metallic chromium, whereas the Cr-O layer is 
oxide-rich. During the second step of the deposition at a higher current 
density, the enhanced hydrogen evolution leads to increased pH, 
resulting in the deposition of oxide [12]. The present study analyses the 
structure, chemical composition and cathodic delamination behaviour 
of these two-layers coatings and compares the cathodic delamination 
performance of these coatings with the traditional electrolytic chro-
mium coated steel (ECCS), which is produced from a hexavalent chro-
mium electrolyte. The chromium layer in the ECCS is crystalline with 
similar crystallographic orientation to the underlying steel substrate, 
and is 15− 30 nm thick [14]. The coating properties are also compared 
with a pure chromium with native oxide layer. 

Knowledge of structure and composition of the coatings is essential 
to ascertain their influence on the corrosion and cathodic delamination 
behaviour of the coatings. Compositional analysis of the Cr-O-C first 
layer has been carried out previously using X-ray fluorescence (XRF) and 
X-ray photoelectron spectroscopy (XPS) [7,13]. A detailed structural 
characterization of Cr-O-C coatings electrodeposited from trivalent 
chromium formate electrolyte has not been carried out before. There-
fore, in the current study, the focus was on the investigation of the 
structure and composition of these coatings. High resolution trans-
mission electron microscopy (HR-TEM) - phase contrast imaging has 
been employed to investigate the structure of the Cr-O-C and Cr-O 
nano-layers. The chemical composition of the coating at a 
sub-nanometre scale was investigated using atom probe tomography 
(APT). The chemical environment or bonding between the atoms in the 
samples was studied using XPS, Auger electron spectroscopy (AES) and 
Raman spectroscopy. The difficulties in analysing XPS data due to 
overlapping peaks and the assumptions needed regarding the stoichi-
ometry of oxide and carbide to obtain the final results were discussed 
previously [9]. Therefore, AES and Raman spectroscopy were addi-
tionally carried out to study the Cr-C and Cr-O bonding, respectively. 
Ambient pressure X-ray photoelectron spectroscopy (AP-XPS), while 
heating the sample from room temperature to 450 ◦C in the presence of 
oxygen, was carried out to study the stability of the oxide layer. 

The cathodic delamination behaviour of these two-layer chromium- 
based coatings with varying thicknesses of Cr-O top layer was investi-
gated by maintaining a constant thickness of 10 nm for the Cr-O-C layer 
underneath. The results of the delamination studies were also compared 
with that of ECCS, a pure chromium sample with a native oxide and a Cr- 
O-C sample without the Cr-O top layer. Cathodic delamination studies 
were carried out using the in situ scanning Kelvin probe (SKP) technique 
[15–22]. Details of the fundamental working principle and description 
of the SKP used in this work can be found elsewhere [23–25]. The SKP, 
when accordingly calibrated, measures the electrode potential of the 
surface beneath the polymer [24–26]. The evolution of electrode po-
tentials with time, across the sample, can be recorded and the rate at 
which the polymer delamination occurs can thus be calculated. 

2. Experimental methods 

2.1. Electrodeposition of chromium-based coatings on steel using trivalent 
chromium-coating technology (TCCT) 

Samples of two-layered (Cr-O-C and Cr-O) chromium-based coatings 
of varying thickness of Cr-O layer, ECCS and the single-layered Cr-O-C 
coating were obtained from Tata Steel Packaging Europe. The electro-
plating was carried out in an industrial pilot coating line. The process 
parameters and bath composition used to obtain the coatings are 
described elsewhere [12]. To summarize, the Cr-O-C layer is formed in 
the first step during the electrodeposition process from a formate bath, 
and the Cr-O rich layer is formed in the second step at a higher current 
density. The Cr-O-C coating thickness was maintained at 10 nm for all 
the samples with the Cr-O topcoat. The sample without Cr-O layer had 

Cr-O-C layer thickness of 32 nm. Table 1 shows the different trivalent 
chromium coated samples used in this study and their coating thick-
nesses. The coating thicknesses were obtained using XPS sputter depth 
profile, after calculating the sputter rate by correlating the thickness 
measured in TEM on 2 different samples in cross section. Sample 32C 
which is a single step Cr-O-C coating without the Cr-O topcoat is similar 
to the one used in previous studies [7,13]. Pure chromium foils of 
0.5 mm thickness and 99.99 % purity were procured from Goodfellow, 
Germany. Samples of chromium coating electrodeposited from hex-
avalent chromium electrolyte (ECCS) were also obtained from Tata Steel 
Packaging Europe. The Cr-O layer in the sample 10C-12O and the Cr-O-C 
layer in the sample 32C were characterized using APT, XPS, AES and 
Raman spectroscopy. The influence of the Cr-O layer thickness on the 
surface coverage was studied on the thickest (10C-12O) and the thinnest 
(10C-1.5O) Cr-O layered sample, using TEM. AP-XPS studies were car-
ried out on the sample 10C-12O. The cathodic delamination behaviour 
of a polymer topcoat was studied on the ECCS, native oxide on chro-
mium and all the TCCT samples mentioned in Table 1. 

2.2. Characterization of chromium-based coatings 

2.2.1. TEM and APT studies 
Sample preparation for the TEM and APT studies was carried out 

using focused ion beam (FIB) milling. To prevent the coating from being 
exposed to the ion beam, the samples were coated with 500 nm nickel 
layer using physical vapor deposition (PVD). Specimens for both APT 
and TEM studies were prepared using a FEI Helios Nanolab 600i dual- 
beam scanning-electron microscope (SEM) - focused ion beam (FIB) 
with a Ga source. To ensure that the Ga ion beam doesn’t induce 
structural changes in the FIB TEM cross-sectional lamella, the lamella 
was finally polished with a low energy beam (2 kV for 20 min.). Stan-
dard lift out protocol was employed for APT [27] and TEM [28] sample 
preparation. 

Image-corrected FEI Titan Themis 80 − 300 (Thermo Fischer Sci-
entific) TEM under negative Cs (− 15 μm) conditions was used for 
HRTEM imaging by using an accelerating voltage of 300 kV. 

APT data were acquired using a Cameca LEAP 5000 XR at 60 K in 
laser-assisted pulsing mode with 40 pJ pulse energy, pulse frequency of 
1.25 kHz, at detection rates between 1–1.5 %. The data were recon-
structed using Cameca’s IVAS 3.8.4. The reflectron equipped LEAP 5000 
XR employed in the current work leads to further enhanced mass reso-
lution [29,30]. 

2.2.2. XPS and AES studies 
XPS spectra were acquired with a Physical Electronics PHI Quantera 

II spectrometer using Al-Kα source at 1486.6 eV. Pass energy was set at 
26 eV to record the core level spectra of oxygen (O 1s), carbon (C 1s), 
and chromium (Cr 2p). A pass energy of 59 eV was used during the 
acquisition of the survey scan spectra. All the measurements were 
recorded using a take-off angle of 45◦. Energy step size of 0.025 eV was 
used for all high-resolution core level spectra (Cr 2p, O 1s, and C 1s), and 
0.25 eV was used to collect the survey scan spectrum. The peak fitting of 
the core spectra obtained during the XPS and AP-XPS studies was carried 
out in CasaXPS software version 2.3.22. A Shirley type background was 
used for all the analysed spectra. Gaussian (70 %) - Lorentzian (30 %) 
peak shape was used for all symmetric components, and the metallic 

Table 1 
Details of the trivalent chromium-based coatings used in the study.  

Sample code Cr-O-C layer thickness (nm) Cr-O layer thickness (nm) 

10C-1.5O 10 1.5 
10C-3O 10 3 
10C-6O 10 6 
10C-12O 10 12 
32C 32 –  

J.M. Prabhakar et al.                                                                                                                                                                                                                          



Corrosion Science 187 (2021) 109525

3

chromium component was fit using LA(1.3,4,5) peak shape to fit the 
asymmetric metallic peak [31]. The Cr 2p3/2 peak was fit using three 
components [7]: a metallic peak at ~574 eV, an oxide peak at ~575.5 
eV, and a hydroxide peak at ~577 eV. A carbide peak at ~ 282 eV and an 
organic carbon peak at ~ 284 eV were used to deconvolute the C 1s 
spectrum [7]. The O 1s peaks obtained from XPS and AP-XPS studies 
were fit using an oxide peak at ~ 529 eV, a hydroxide component at ~ 
531.5 eV and an organic oxygen/water peak at ~ 533 eV [7]. 

Auger spectra were obtained using a JEOL JAMP 9500-F scanning 
Auger microprobe. The spectra were differentiated and plotted in 
CasaXPS software version 2.3.22. AES was used to ascertain the chem-
ical environment of carbon in the coatings. 

2.2.3. Raman spectroscopy of as-deposited and heat-treated TCCT 
Raman spectra were recorded with a WiTec Alpha 300 M confocal 

Raman microscope. A laser with an excitation wavelength of 532 nm 
was used. The spectra were recorded in an ambient air atmosphere using 
the 100X magnification objective of the microscope. The resulting 
spectra were analysed using WiTec Project FIVE software. Raman 
spectra were recorded from different regions of the sample to verify the 
repeatability of the measurements. Surface maps obtained using the 
same instrument were processed in WiTec Project FIVE to correct 
background and remove cosmic rays. Non-negative matrix factorization 
as implemented in the control software was carried out to unmix spatial 
distribution of various components in the maps. 

2.2.4. AP-XPS studies 
AP-XPS measurements were carried out in a PHOIBOS 150 NAP 2D 

DLD hemispherical energy analyser customized equipment (SPECS 
Surface Nano Analysis GmbH). Metal stripes were screwed to attach the 
sample to the sample holder and a thermocouple type K was point 
welded to one of the stripes, on a spot above the sample, to read the 
temperature of the sample during in situ heating with an infrared laser. 
The sample was heated from room temperature to 450 ◦C at 50 ◦C in-
tervals. To characterize the coating at different temperature, in situ XPS 
spectra were obtained during heating, with an incident photon beam of 
energy 1486.7 eV corresponding to the Al-Kα emission line. All the 
spectra were obtained with a pass energy of 40 eV and a step size of 
0.5 eV. A dwell time of 0.2 s was used in all the measurements. The 
heating and XPS measurements were carried out in an atmosphere of 
1 mbar of O2. 

In the equipment used for the studies, a small NAP (near ambient 
pressure) reaction chamber is driven into the analysis chamber. Gas is 
allowed to flow through the NAP cell resulting in a defined pressure 
inside it. The NAP cell offers the advantage of requiring a smaller gas 
flow than what would be necessary to fill the whole analysis chamber, 
thus also enabling a quicker gas exchange and reducing the time 
required for preparation of the experiment. 

2.3. SKP measurements 

To carry out cathodic delamination measurements with SKP, the 
chromium coated steel samples or pure chromium samples were cut into 
sheets of dimension 20 mm x 20 mm. The sheets were then coated with 
10 wt.% PVB polymer in ethanol, in a spin coater. The polymer-coated 
sample was placed in contact with 1 M KCl reservoir on a steel plate. 
The reservoir was constructed on the steel plate by using X60 cold curing 
adhesive to form the walls of the reservoir and placed adjacent to the 
polymer-coated sample as illustrated in Fig. 1. The setup containing the 
polymer-coated sample and the reservoir was placed in the SKP to carry 
out delamination measurements. All the measurements were carried out 
in air, at high relative humidity (RH > 93 %) and room temperature. 
Before each experiment, the Ni-Cr SKP tip was calibrated against Cu/ 
CuSO4 standard electrode, and the corrosion potential measurements 
were recorded with respect to standard hydrogen electrode (SHE) after 
the calibration. 

3. Results 

3.1. Structural characterization 

Fig. 2a shows the high-resolution TEM micrograph of the cross- 
section of a 10C-12O two-layer sample with the thickest Cr-O layer. 
The TEM micrograph is depicting the 12 nm Cr-O layer and 10 nm Cr-O- 
C layer sandwiched between the nickel coating and the steel substrate. 
As mentioned in section 2.2.1, the 500 nm of Ni coating just served to 
prevent damage to the coating during FIB milling. Diffraction spots in 
the diffraction pattern of the sample (shown in Fig. 2b, inset) indicate 
the [113] crystallographic orientation of the grains in the steel substrate. 
The TEM micrograph shows no uniform periodic arrangement, 

Fig. 1. Schematic of the sample prepared for cathodic delamination studies.  

Fig. 2. a) TEM micrograph of the cross-section of the 10C-12O sample and b) 
Fast Fourier transformations from various locations on the 10C-12O sample 
(coloured boxes). 
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indicating the strongly disordered nature of both the chromium layers. 
This was further verified from the diffraction patterns obtained using 
fast Fourier transformation (FFT). Diffuse rings or the absence of 
diffraction spots in the FFTs of different regions of the chromium layers, 
indicated by the respective coloured boxes in Fig. 2b, reaffirm the 
amorphous nature of both the layers. 

Fig. 3a depicts the HR-TEM image of the cross-section of a 10C-1.5O 
sample, which has a metallic Cr-O-C layer of 10 nm thickness and Cr-O 
layer of 1.5 nm thickness. This much thinner Cr-O layer is not homo-
geneous across the surface, and a thicker layer is formed at certain lo-
cations (highlighted with a red box in Fig. 3a). Fast Fourier 
transformations on these thick locations reveal ordering (crystalline 
native oxide in Fig. 3b). 

3.2. Chemical composition analysis 

The sample types 10C-12O (Fig. 4a) and 32C (Fig. 4c) were also 
analysed using APT. One dimensional (1D) compositional profiles with a 
bin width of 0.3 nm (Fig. 4b & d) were obtained by placing a cylindrical 
region of interest (ROI) of diameter 10 nm across the coating as shown in 
Fig. 4a & c. The distance in the x-axis (Fig. 4b & d), increases along the 
direction of the black arrow marked in Fig. 4a & c. 

Fig. 4a & c depict the distribution of Cr & O in the Cr-O layer and Cr, 
O & C in the Cr-O-C layer, respectively. As expected from the 

electrodeposition process, the amount of oxygen is much higher in the 
Cr-O layer than in the Cr-O-C layer, and carbon incorporation in the 
coating is eliminated in the second step of electrodeposition at a higher 
current density [12]. From the 1D composition profiles in Fig. 4b & d, it 
is evident that the Cr and O are not present in a stoichiometric ratio that 
would be expected for chromium oxides (2:3 for Cr2O3 or 1:2 for 
CrOOH), but rather in a 1:1 ratio. The amorphous oxide is therefore 
oxygen-deficient, compared to stable oxides or oxy-hydroxides of 
chromium, and will henceforth be referred to as metastable oxide. The 
1D compositional profiles also reveal the presence of oxides at the 
interface between the steel and the Cr-O-C layer (marked by red arrows 
in Fig. 4b & d). 

Moody et al. [32] reported that the Pearson coefficient μ is a robust 
parameter to detect any solute segregation in atom probe datasets. A 
Pearson coefficient value of 0 indicates a random distribution, while the 
value of 1 signifies the segregation of the solute atoms. To affirm the 
homogeneity of C in the Cr-O-C layer, the Pearson coefficient μ was 
calculated from the 100-atom bin size frequency distribution analysis 
within a cuboidal ROI of dimensions 20 × 20 × 7 nm3 (as shown with 
white dotted lines in Fig. 4a). The carbon has a Pearson coefficient value 
of 0.021, which indicates the homogenous distribution of carbon atoms 
in the Cr-O-C layer. Also, the stoichiometry of Cr:C is not close to any 
stable carbide of chromium. Similar analysis on the sample 32C in 
Fig. 4c resulted in a Pearson coefficient value of 0.038 for carbon. The 
1-D compositional profile indicates some Fe enrichment in the Cr-O-C 
layer (red dotted lines in Fig. 4d). Fe enrichment in the Cr-O-C layer 
of the sample 10C-12O can also be observed from the higher amount of 
Fe in the Cr-O-C layer than the Cr-O layer (Fig. 4b). This can be attrib-
uted to the codeposition of Fe arising due to dissolution and redeposition 
occurring during the chromium electrodeposition process from trivalent 
chromium electrolyte [9,13]. 

3.3. Chemical state analysis 

3.3.1. XPS and AES 
XPS analysis of amorphous, oxygen-deficient oxide is associated with 

peak shifts for each oxidation state compared to their crystalline 

Fig. 3. a) TEM micrograph of the cross-section of the 10C-1.5O sample 
depicting native oxide formation (red box) and b) Fast Fourier transformations 
from the amorphous Cr-O-C layer (yellow box) and native oxide (green box) on 
the 10C-1.5O sample. 

Fig. 4. (a) Three-dimensional APT result of sample 10C-12O, (c) Three- 
dimensional APT result of sample 32C, (b) and (d) 1-D elemental profile 
across the coating for the cylindrical ROIs in (a) and (c) respectively. 
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counterparts [33]. This is attributed to the changes in metal-oxygen 
bond distances and coordination number of the metal atoms in an 
amorphous phase. This could lead to an erroneous association of peak 
positions, especially in metals which can occur in more than one 
oxidation state. Hence, in the current work, emphasis was given to a 
careful qualitative analysis of the obtained XPS spectra. The survey scan 
spectra from XPS revealed that the sample 32C without the Cr-O layer 
contains a higher amount of carbon compared to 10C-12O, which has a 
12 nm Cr-O topcoat (Fig. A1). Also, the amount of oxygen on the Cr-O 
layered 10C-12O is higher compared to 32C, as expected. 

Fig. 5a depicts the Cr 2p spectrum of the samples 10C-12O and 32C. 
The Cr 2p3/2 peaks of the samples were fitted for chromium in metallic, 
oxide, and hydroxide chemical environments (Fig. A2). The 32C sample 
is composed of a considerable amount of metallic Cr just below the 
native oxide, depicted by the clear asymmetric metallic peak. The 
metallic peak is completely absent in the Cr-O layered 10C-12O sample 
ascertaining that all Cr atoms are present in oxide or hydroxide envi-
ronment. This was also ascertained by carrying out XPS depth profiling 
of the 10C-12O sample, and it was found that the Cr atoms throughout 
the Cr-O layer were present in an oxide or hydroxide environment 
(Fig. 6). The depths depicted in Fig. 6 are obtained after calibrating the 
sputter depth in XPS with the thickness obtained from HR-TEM. Also, 
the absence of chromium in an organic carbonyl group environment can 
be ascertained by the absence of satellite peaks in the Cr 2p spectrum. 
The satellite peaks are characteristic of the interaction between chro-
mium and carbon in C––O environment [34,35]. 

The O 1s spectra obtained from the samples were fit using peaks for 
oxide and hydroxide/defective oxide (Fig. A3). XPS peak fitting of ox-
ides and defective oxides has been carried out previously, following a 
similar procedure [31,36,37]. According to this evaluation, oxygen in 
the 10C-12O sample seems to be mainly in a defective oxide or hy-
droxide environment, whereas the 32C sample seems to be composed of 
a higher fraction of oxide than defective oxide or hydroxide (Fig. 5b). It 
should be noted that the XPS O1 s spectrum of the 10C-12O sample 
reveals a very low oxygen content in the oxide environment compared to 
the 32C sample, i.e. typical native oxide layer is absent here. This 
chromium oxide of 1:1 Cr:O ratio should thermodynamically not be 
stable, but as it seems to exhibit an extremely low reactivity with the 
ambient atmosphere, it has to be metastable. 

The C 1s spectra in Fig. 5c show that the sample 32C contains a 
certain amount of C in a carbide environment, which is absent in the Cr- 
O layer of the sample 10C-12O. The peak fitting of the carbon peaks is 
shown in Fig. A4. The sample 32C consists of C in both aliphatic carbon 
environment (C-C and C–H) and carbide environment (Cr-C), whereas 
the Cr-O top layer of the sample 10C-12O contains carbon only in 
aliphatic carbon environment. Even though the C 1s spectrum shows the 
presence of organic/aliphatic carbon on the sample, the amount of C on 
the surface of 10C-12O is much lower compared to the 32C sample, as 
observed from the XPS survey scan (Fig. A1). 

To ascertain the presence of carbon in a metal carbide environment, 
Auger electron spectroscopy was carried out on both the Cr-O and Cr-O- 
C layers. The derivative Auger spectra corresponding to C KVV energies 
are shown in Fig. 7. The line shape observed in the 10C-12O sample 
(Fig. 7a) corresponds to that of carbon in graphitic carbon, whereas that 
in sample 32C (Fig. 7b) depicts carbon in metal carbide environment 
[38,39]. 

3.3.2. Raman spectroscopy 
Raman spectra were measured on samples 10C-12O and 32C to 

further study the nature of the Cr-O, and Cr-O-C coated surface. Fig. 8 
depicts the different regions of the spectrum obtained from the samples. 
Both the samples exhibit similar Raman shifts in the regions 150 cm− 1 to 
750 cm− 1 and 1000 cm-1 to 1700 cm− 1, as can be seen in Fig. 8 a & b. 
Peaks at ~ 222 cm− 1, 285 cm− 1, 400 cm− 1, 600 and 650 cm− 1 were 
observed in the region with characteristic oxide peaks. Fe2O3 has peaks 
around all of these wavenumbers, with some variations [40–43]. Via the 

absence of a significant peak in the region around 3400 cm− 1, the 
presence of significant amounts of hydroxide can be ruled out [44]. A 
Raman shift at 550 cm− 1 corresponding to the A1g mode of crystalline 
α-Cr2O3 [44–47] was absent in both the samples, which may be a sign of 
the effect of disorder. 

In the region 1000 cm− 1 to 1700 cm− 1, the Raman shift at 
~1350 cm− 1 and 1580 cm− 1 depict the D and G band, respectively, of 

Fig. 5. Core level spectra of samples 10C-12O and 32C a) Cr 2p, b) O 1s and c) 
C 1s. 
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predominantly sp2 carbon [48,49]. The D band at ~1350 cm− 1 arises in 
the presence of disorder in graphite [50]. The G band at ~1580 cm− 1 is 
due to bond-stretching of a pair of sp2 carbon atoms and is not specific to 
ring structures. The intensity ratio between the D and G peak, I(D)/I(G), 
is of interest here since both samples exhibit a peak at similar wave-
numbers but differ in the intensity ratio (Fig. 8b). This ratio is a measure 
of the number of defects in a graphitic structure [51,52]. The number of 
defects in the graphitic domains in the sample 10C-12O is thus signifi-
cantly higher than in the sample 32C. The width of the peaks indicates 
that, especially in the sample 10C-12O, the sp2 carbon is close to 
amorphous. 

As depicted in Fig. 8c, the major difference between the samples 10C- 
12O and 32C was observed in Raman shifts in the region 2650 cm− 1 to 
3050 cm− 1. In this region, the 2D peaks of graphitic structures are 
observed below 2800 cm− 1 [50], and CH stretching modes of hydro-
carbons usually above 2800 cm− 1 [53,54]. The peaks at ~ 2850 cm− 1 

and 2890 cm-1 are typically assigned to symmetric stretching modes of 
CH2 and CH3 groups, respectively, in long aliphatic chains [54]. Com-
ponents at ~2930 cm− 1 and 2960 cm− 1 correspond to antisymmetric 
stretching modes of CH2 groups and an asymmetric stretching of a CH3 
group, respectively [53]. 

Raman spectroscopic mapping (Fig. 9) shows that the organic 
(green) component, the sp2 carbon (blue) component and the oxide (red) 
component are not always co-located. The different colours corre-
sponding to different components were obtained using non-negative 
matrix factorization of the Raman spectroscopic maps. Non-negative 
matrix factorization has been used previously to unmix complex 
Raman spectroscopic maps [55,56]. The layers do, therefore, have some 
lateral structure at the microscopic scale. However, the absence of any 
heterogeneity or particles in the TEM, implies that these heterogeneities 

arise due to fluctuations in the amorphous structure. At a nanoscopic 
scale and small sampling volumes processed in APT, uniform distribu-
tion of carbon is observed. The detailed investigation of this lateral 
structure and its possible relation to the substrate is beyond the scope of 
this work. 

3.3.3. Restructuring on heating 
From the XPS spectra in Fig. 5b, the Cr-O layer was observed to be 

unreactive with the ambient atmosphere. The layer was therefore 
inferred to be a metastable oxide. To confirm the metastable nature of 
the oxide in the Cr-O layer, the sample 10C-12O with the thickest Cr-O 
layer was heat-treated from 25 ◦C to 450 ◦C at 50 ◦C intervals in the 
presence of 1 mbar O2. The applied heating was maintained constant for 
a duration of 40 min, during which in situ XPS measurements were 
carried out. The XPS spectrum showed no observable difference from 
room temperature to 250 ◦C. The evolution of O 1s XPS spectrum with 
increasing temperature is shown in Fig. 10. It can be observed that the O 
1s peak at room temperature consists of a negligible amount of stoi-
chiometric oxide (Fig. 10a). The oxide peak grows stronger at the 
expense of the hydroxide / defective oxide peak (Fig. 10b) with an in-
crease in temperature, and finally, at 450 ◦C, the sample is completely 
converted into a stoichiometric oxide with a negligible amount of hy-
droxide or defective oxide (Fig. 10c). 

To verify the ordering transformation caused by heating in the 
presence of oxygen, Raman spectroscopy was carried out on the sample 
10C-12O, before and after heating to 450 ◦C (Fig. 11). Cr2O3 exhibits a 
characteristic peak at around 550 cm− 1, which corresponds to the A1g 
mode involving Cr-O stretching in octahedrally O-coordinated Cr3+ of 
Cr2O3 [45–47], and can be seen in the native oxide formed on pure 
chromium in Fig. 11. It is evident from the spectra in Fig. 11 that the 
peak is absent in the as-deposited Cr-O layer indicating the absence of 
this oxide. The stoichiometric chromium oxide is formed after heating to 
450 ◦C, manifested by the appearance of the peak at 550 cm− 1. This 
further validates the defective nature of the oxide in the as-deposited 
coating. 

3.4. Cathodic delamination studies 

The corrosion potential (E) vs. distance from the defect boundary 
plots of PVB as weak model coating, measured for the samples 32C,10C- 
1.5O, 10C-3O, 10C-6O, 10C-12O, pure chromium with native oxide and 
ECCS are presented in Fig. 13. The point of inflection in the E vs. distance 
to defect curve is considered to be the position of the delamination front 
[16] and the rate of change of this position with time is used to calculate 
the rate of delamination of the polymer coating. The position at a 
corrosion potential of 50 mV (average of the potentials between the 
cathodic and anodic regions) was considered as position of the delami-
nation front for Fig. 13g, owing to difficulties in finding the point of 
inflection in these curves. The delamination rate of the polymer coating 
was determined by plotting the position of the delamination front with 

Fig. 6. Cr 2p3/2 spectra obtained from sample 10C-12O at various depths.  

Fig. 7. C KVV Auger spectra of sample a) 10C-12O b) 32C.  
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time and evaluating the slope of the resulting curve. The position of the 
delamination front with time for various samples used in this study are 
shown in Fig. 14a & b. The curves were fit using linear (xdel = xi + a⋅t) 
and sqrt(t) models (xdel = xi + a⋅√t) and the quality of the fits were 
evaluated using the correlation coefficient (R2) values for each of the 
fits. Linear and sqrt(t) models were used to demonstrate whether the 
delamination kinetics was dominated by the electron transfer or the 
cation migration, respectively. Table 2 summarizes the rates obtained on 
fitting the delaminated distance vs. time plots of different samples and 
their correlation coefficients. 

As summarized in Table 2, the delamination rate of 10 wt.% PVB 
coated on traditional ECCS sample assuming a linear delamination 

kinetics was found to be 42 μm/h. However, fitting with a sqrt(t) 
function was found to yield better results as observed from the R2 values 
for the linear fit. The rates of delamination on the 10C-1.5O, 32C and the 
pure Cr with native oxide samples were found to be quite similar as 
depicted in Fig. 14a and Table 2. All these three samples were found to 
predominantly follow sqrt(t) kinetics, as revealed from their better R2 

ratios for a sqrt(t) fit. The samples 10C-3O, 10C-6O and 10C-12O were 
found to rather follow linear delamination kinetics and the delamination 
rate decreased with increase in the thickness of Cr-O layer as can be seen 
in Fig. 14b. 

4. Discussion 

4.1. Structural and chemical characterization 

HR-TEM studies on the sample 10C-12O (Fig. 2) reveal the amor-
phous nature of both Cr-O and Cr-O-C layers in the sample 10C-12O. 
Such amorphous nature was previously observed in chromium-based 
coatings obtained by electrodeposition [57] and magnetron sputtering 
[58,59], and can be explained by the high rate of deposition employed, 
leading to rapid nucleation and reduced growth of nuclei. Also, 
chromium-carbon films are reported to be generally amorphous over a 
wide composition range and deposition conditions due to their high 
ability to form glasses [58]. The presence of a crystalline phase in the 
10C-1.5O sample (Fig. 3) can be ascribed to the oxidation of metallic 
chromium upon the exposure of the Cr-O-C layer to the ambient atmo-
sphere. The electrodeposited Cr-O layer seems to be unreactive with the 
ambient atmosphere, and prevents underlying metallic chromium from 
oxidation, even at lower thicknesses than that of native oxide (Fig. 3a). 
Correlating the APT data with TEM data, the electrodeposited Cr-O layer 
can be inferred as an amorphous oxide, which is deficient in oxygen. 
Contrary to the assumptions in earlier reports regarding the stoichiom-
etry of the carbide and oxide [7,13,60], TEM and APT studies reveal the 
absence of oxide or carbide particles in both layers of the coating. 

From the XPS O 1s spectra in Fig. 5b, it is evident that the oxide peak 
at lower binding energy is almost suppressed completely in the sample 
10C-12O. The high amount of oxide on the sample 32C in Fig. 5b results 
from the oxidation of metallic Cr, on exposure to ambient environment 
after the electrodeposition process. The thin surface oxide layer can also 
be observed from the APT 1D composition profile of 32C sample 
(Fig. 4d), where the oxygen composition is higher close to the surface to 
a depth of ~ 5 nm. These observations in XPS and APT also ascertain the 
oxide layer formation observed in TEM (Fig. 3a & b), at locations where 
the Cr-O-C layer is exposed. In contrast, the distribution of the oxygen 
composition in the 10C-12O sample is uniform throughout the Cr-O 
layer (Fig. 4b), also close to the surface, affirming the metastable na-
ture of the Cr-O layer. 

The Auger spectra confirm the formation of metal-carbon bonds in 
the Cr-O-C layer and not in the Cr-O layer, as also observed in the XPS 
spectra. Though we observe metal-carbon bonding in XPS and AES, 
there are no carbide particles observed in TEM and APT. Further, the 
Pearson coefficient analysis reveals the uniform distribution of carbon in 
the layer, denoting carbon in oxycarbide and aliphatic carbon states, 
uniformly distributed across the layer. 

The oxide peaks obtained in the Raman spectra in Fig. 8a, indicate 
that Fe2O3 is likely present at the interface between the steel and the 
electrodeposited Cr coating. This can also be verified from the elemental 
composition analysis from APT in Fig. 4b & d. A notable increase in the 
concentration of oxygen is observed at the interface between the steel 
substrate and the chromium layer (marked by red arrows in Fig. 4b & d), 
which results from the oxidation of the substrate. The organic carbon 
peaks (Fig. 8c) are completely absent in the sample 10C-12O. This 
observation is in line with XPS analysis, where the amount of carbon on 
the surface of the 32C sample is much higher than that of the 10C-12O 
sample. It is interesting to note the organic nature of the observed car-
bon. It is difficult to explain these with the typical impurities originating 

Fig. 8. Raman spectrum from samples 10C-12O (Cr-O-C and Cr-O) and 32C 
(Cr-O-C) depicting the wavenumber regions of Raman shift a) 150 to 750 cm− 1 

b) 1000 to 1700 cm− 1 c) 2650 to 3050 cm− 1. 
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from adsorption of organic contaminants from the atmosphere; such 
adsorption would not explain the differences between different samples, 
and would in addition, not likely be detected by Raman spectroscopy. 
Hence, the origin of these organic species has to be from differences in 
incorporation of formate ions from the electrolyte bath used for elec-
trodeposition. The formate ions or other organic additives are reduced 
along with the chromium ions during the electrodeposition process and 
incorporated as carbon in the layers [7,11,34,57]. During the process, 
possibly in side reactions, organic species with CH2 and CH3 groups may 
form. 

The in situ heating experiment in AP-XPS reveal restructuring of the 
oxide layer in the sample 10C-12O (Fig. 10). From Raman spectra 
analysis, we know that the amount of hydroxides is below detectible 
limits and is thus negligible. The restructuring can therefore be inferred 
as the transformation of a defective oxide into a stoichiometric oxide, 
substantiated by the appearance of the characteristic peak at 550 cm− 1 

(Fig. 11). The in situ heating experiment also confirms that the Cr-O layer 
is stable up to a temperature of 250 ◦C, ascertaining its metastable 
nature. 

A correlation between the various studies here gives a holistic picture 
of the Cr-O-C and Cr-O layers. Chemical bonding analysis using XPS 
reveals that the Cr-O-C layer constitutes of chromium as metal, oxide, 
hydroxide or defective oxide and carbide. Organic and defect rich sp2 

carbon species are also present. The carbon atoms in the Cr-O-C layer are 
present in a mixture of carbide [34], aromatic and aliphatic carbon as 
observed in earlier studies [58,59]. However, the nature of the carbide 
phase was not discussed in detail before. In the present work, the 
absence of carbide particles in TEM and APT studies establish that the 
carbon is present as amorphous non-stoichiometric oxycarbide, 
distributed uniformly across the coating at nanoscopic scales. At 
microscopic scales, however, lateral inhomogeneities are observed in 
Raman spectroscopic mapping. Additionally, XPS and Raman spectros-
copy reveal the presence of carbon as aliphatic and unsaturated carbon 
(C––C and C–H). Also, a higher content of organic and amorphous car-
bon in the Cr-O-C layer of the sample 32C was found. The oxygen atoms 
in the Cr-O-C layer are present in a defective oxide chemical state with a 
stoichiometric oxide layer formed near the surface due to the reaction of 
the metallic chromium with air. The hydroxide content in the layers was 
found to be below detectible limits from Raman spectroscopy. The 
deposited oxide was also found to be metastable, unreactive to the 
ambient atmosphere. In a nutshell, Fig. 12 illustrates the findings 
regarding the oxide in the layers on the samples with 1.5 nm and 12 nm 
Cr-O layers. No evidence for the presence of crystalline Cr2O3 was found 
before heat treatment. AP-XPS and Raman spectroscopy post-heat 
treatment show a transformation of the non-stoichiometric oxide into 
a phase with the typical octahedral coordination of Cr3+ by oxygen after 

heat treatment. 

4.2. Cathodic delamination behaviour 

The evolution of corrosion potential E during the process of delam-
ination led to the formation of three distinct regions [15,16],  

i a delaminated region; the polymer is delaminated and potential is 
close to that of the defect,  

ii an intact metal/polymer interface region; the polymer is still intact 
and  

iii a delamination front; a gradual change in corrosion potential and 
oxygen reduction occurs, which leads to degradation of the polymer 
at the interface with the metal and to its delamination. 

The steepness of the delamination front can be considered as an 
aspect that indicates the extent of cation diffusion into the intact metal / 
polymer interface [21,61]. A sharp increase in potential at the delami-
nation front can indicate inhibited cation migration into the intact 
interface. Higher rates of cation migration into the intact interface 
compared to the rate of oxygen reduction (or more inhibited oxygen 
reduction induced interfacial degradation relative to the cation migra-
tion rate) at the active front can be a plausible reason for a more gradual 
increase in potential at the front. It can be observed from Fig. 13f that 
the rate of cation migration is faster on the native oxide covered chro-
mium, resulting in a gradually changing potential at the delamination 
front. It is noteworthy that on all the different TCCT used in this study, a 
steep change in potentials at the delamination front was observed, 
which can be hypothesized as an effect of hindered cation migration. 

The difference in potentials between a point close to the defect and a 
point just before the delamination front is the ohmic drop or iR drop. 
This arises due to the ionic current i and the resistance to ionic current R 
between the local anode (defect) and the local cathode (delamination 
front) [20]. This lateral ionic current sustains the cathodic oxygen 
reduction reaction occurring at the delaminated interface and at the 
delamination front. The delamination profiles in Fig. 13 elucidate that 
the potential drop observed in the native oxide is much higher than 
those observed in TCCT. This could arise from a lower rate of oxygen 
reduction (lower i, thus lower iR) on the TCCT due to decreased con-
ductivity of the metastable oxide layer compared to the native chro-
mium oxide. Further investigation on the ohmic drops occurring in the 
delaminated region on these samples is beyond the scope of the current 
work. 

In a system where the delamination rate varies linearly with the 
square root of time, the rate of delamination is assumed to be controlled 
by the cation migration from the defect (anode) to the delamination 

Fig. 9. Raman spectroscopic mapping of samples a) 10C-12O and b) 32C, denoting the regions of iron oxide (red), amorphous carbon (blue) and organic car-
bon (green). 
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front (cathode) [15,19]. When the electron transfer for oxygen reduction 
reaction is the rate-controlling process, a linear relation between the 
position of delamination front and time is observed [21,62]. Previous 
measurements on PVB coated ECCS, with a defect filled by an aqueous 
solution of 0.86 M NaCl, resulted in no observable delamination within 
96 h [9]. This could be due to the electrolyte being in contact with ECCS 
in the previous study [9] where the anodic dissolution reaction is 
inhibited, in contrast to a steel defect in this study. This would poten-
tially lead to a lower corrosion potential in the defect and hence to a 
higher driving force for delamination in this study. The delamination of 
PVB on ECCS in the presence of steel defect covered with 1 M KCl 
electrolyte (Fig. 13g), can be inferred as a possible ion 
migration-controlled process, from the observed sqrt(t) kinetics in this 

study. It should be emphasized that the potential profile observed in 
ECCS is distinct, that the potential in the delaminated region is not 
levelled and an inhomogeneous potential distribution exists, unlike in 
the other samples. 

Albeit similar delamination rates of PVB on samples 10C-1.5O, 32C 
and native oxide on chromium (Fig. 14a), the cation migration most 
likely was faster in the native oxide compared to the other samples, as 
could be deduced from the shape of the delamination front. The similar 
delamination rates in these samples can be explained by the non- 
uniform coverage of the surface by the Cr-O layer in the sample 10C- 
1.5O as observed in TEM (Fig. 3), leading to the oxidation of underly-
ing metallic chromium, i.e. the presence of areas covered by the native 
oxide. Similar oxidation of metallic chromium is also possible in the 
sample 32C. 

The results indicate an electron transfer controlled delamination 

Fig. 10. XPS O 1s spectrum of sample 10C-12O acquired in 1 mbar O2 envi-
ronment at a) 25 ◦C b) 300 ◦C c) 450 ◦C. 

Fig. 11. Raman spectra obtained from sample 10C-12O, before and after 
heating to 450 ◦C. 

Table 2 
Delamination rates obtained on fitting the delamination distance vs. time plots in 
Fig. 14a & b, and the correlation coefficient (R2) values.   

Linear fit Sqrt(t) fit  

Rate (μm/h) R2 Rate constant (μm/h1/2) R2 

Native oxide 828 ± 38 0.9613 3666 ± 48 0.9971 
32C 827 ± 42 0.9823 3923 ± 140 0.9979 
10C-1.5O 784 ± 26 0.9878 3207 ± 32 0.9993 
10C-3O 415 ± 5 0.9960 2665 ± 51 0.9905 
10C-6O 36.2 ± 0.3 0.9984 692 ± 10 0.9930 
10C-12O 9.2 ± 0.1 0.9966 239 ± 2 0.9942 
ECCS 42.1 ± 1.1 0.9508 647 ± 11 0.9828  
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mechanism on the samples with Cr-O layer thickness of at least 3 nm and 
cation migration-controlled process in 10C-1.5O, 32C and native chro-
mium oxide samples. The metastable oxide layer plausibly hinders 
charge transfer for the oxygen reduction reaction to occur, thus greatly 
reducing the rate of delamination and displaying an electron transfer 
controlled delamination kinetics. Similar behaviour was also observed 
on native oxide of chromium, where PVB on native oxide was found to 
delaminate faster than ECCS [3]. From Fig. 14b and Table 2, it is evident 
that the ECCS and 10C-6O samples have similar rates, though the 
initiation time for delamination was found to be higher in the 10C-6O 
sample. The 10C-12O sample was found to delaminate four times 
slower than the ECCS sample. 

Thus, the Cr-O layer has a tremendous impact on cathodic delami-
nation behaviour. Though the total coating thickness in 10C-6O (16 nm) 
is lower than that of 32C (32 nm), the delamination rate is considerably 
lowered in the former. This demonstrates the role of Cr-O layer in hin-
dering cathodic delamination. Also, a higher amount of Fe in the single 
step 32C sample could lead to enhanced cathodic reaction rates [9]. It 
was proposed previously [13] that oxides of chromium act as ohmic 
resistors and require quite extreme potentials for oxygen reduction re-
action to occur on the surface. However, it should be emphasized that 
the electronic conductivity behaviour of the oxide layer would depend 
on the nature of the oxide film. From the results obtained in this study, it 
is clear that the electrodeposited metastable oxide layer performs better 
compared to the native chromium oxide in terms of cathodic delami-
nation resistance. This behaviour could be related to an especially high 
resistance to electron transfer in these amorphous metastable layers, 
which leads to inhibited cathodic delamination. 

The results also show that the delamination resistance of coatings 
with 6 nm Cr-O layer thickness is similar to that of conventional ECCS 
(Fig. 14b). A previous study [13] found that the delamination of 
single-layer Cr-O-C coatings with higher thickness and chromium oxide 
content was limited by the rate of electron transfer. In the present work, 
an increased Cr-O layer thickness has been found to result in better 
delamination resistance of the PVB polymer topcoat. It is obvious from 
the results reported here, that the actual mechanism that determines the 
rate of delamination, electron transfer at the delaminating interface or 
ion migration from anode to cathode depends sensitively on the nature 
of the oxide layer. 

5. Conclusions 

In the present study, Cr-O oxide layers of various thicknesses be-
tween 1.5 nm and 12 nm were electrodeposited on a metallic Cr-O-C 
layer of 10 nm thickness, from a trivalent chromium electrolyte. The 
coated samples were characterized using HR-TEM, APT, XPS, AES, AP- 
XPS and Raman Spectroscopy. The samples were coated with a model 
10 wt.% PVB coating, and cathodic delamination studies were carried 
out. The following conclusions can be drawn:  

1 As observed in TEM, no evidence for long range ordering could be 
found in both the chromium layers. Also, the composition profiles 
from APT suggest that oxygen and carbon are uniformly distributed 
throughout the Cr-O and Cr-O-C layers at nanoscopic scales. The APT 
results also revealed that the ratio of Cr:O in the Cr-O layer was found 
to be 1:1. The oxide in the Cr-O layer is thus deficient in oxygen, 
compared to the stable native oxides on chromium (Cr2O3 or 
CrOOH). The Cr:C ratio was also observed to be different from any 
stoichiometric carbide of chromium.  

2 From the XPS data, the O1s spectrum from the surface of the Cr-O 
sample consisted mainly of a defective oxide or hydroxide peak. 
No oxide peak was observed, suggesting significantly lower reac-
tivity to the ambient atmosphere. The O 1s spectrum from the Cr-O-C 
layer consisted of both the oxide and the defective oxide peaks. 

3 XPS reveals the presence of carbon in a mixed organic and amor-
phous carbon (C = C and C–H) and carbide (Cr-C) chemical carbon 
states in the Cr-O-C layer and higher carbon content compared to the 
Cr-O layer. Raman spectra also reveal the presence of aliphatic car-
bon containing CH2 and CH3 carbon in the Cr-O-C layer and the 
presence of some inhomogeneity at the micrometre scale.  

4 The restructuring of the Cr-O oxide phase during heat treatment was 
studied by in situ heating in 1 mbar O2 environment in AP-XPS, from 
room temperature to 450 ◦C and Raman spectroscopy post heat 
treatment. The XPS profiles depicted the evolution of the oxygen- 
deficient or defective oxide into Cr2O3 oxide as the temperature 
was increased beyond 250 ◦C. This confirms the metastable nature of 
the Cr-O phase at ambient temperatures. Raman spectroscopy also 
revealed the presence of octahedrally coordinated chromium(III) as 
in Cr2O3 after heat treatment.  

5 The metastable oxygen-deficient Cr-O phase was found to hinder 
cathodic delamination much better than the native oxide on pure 
chromium. This can be attributed to the resistance to electron 
transfer, as observed by the linear charge transfer controlled 
delamination kinetics. The ion migration on the surface was also 
inhibited on the non-stoichiometric oxide compared to the native 
oxide, as inferred from the shape of the delamination front.  

6 The delamination resistance of the polymer topcoat was found to 
increase with the increase in Cr-O layer thickness. The delamination 
behaviour of the coating with 6 nm Cr-O layer was found to be 
similar to that of traditional ECCS. 
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