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ZrN‑ZrOxNy vs ZrO2‑ZrOxNy 
coatings deposited via unbalanced 
DC magnetron sputtering
Gloria I. Cubillos1*, Eduard Romero1 & Adriana Umaña‑Perez2

ZrN-ZrOxNy and ZrO
2
-ZrOxNy coatings were deposited on 316L stainless steel substrates via the 

unbalanced DC magnetron sputtering technique in order to improve their corrosion resistance 
and evaluate their possible use as a coating biocompatible with bone cells. The composition, 
structure, morphology, and corrosion resistance were studied by sum means of x-ray photoelectron 
spectroscopy (XPS), x-Ray diffraction (XRD), scanning electron microscopy (SEM), and atomic force 
microscopy (AFM). The corrosion resistance was evaluated in 3.5 wt.% NaCl using potentiodynamic 
polarization (PL) and electrochemical impedance techniques (EIS). The ZrN-ZrOxNy and ZrO

2
-ZrOxNy 

coatings exhibited barrier-type protection of the substrate against corrosion. The growth of mouse 
osteoblast cells was evaluated in the coating that exhibited the greatest resistance to corrosion, ZrO

2

-ZrOxNy , finding that the cell viability was maintained, so this material can be considered to be a 
candidate for use in osteosynthesis processes.

Metallurgy is one of the research fields that directly influence industrial development worldwide. It underlies 
the chemical, automotive, oil, medical, construction, and food industries, among others1–3. For this reason, the 
scientific community is constantly looking for ways to produce new alloys with better mechanical, thermal, and 
corrosion-resistant properties, the latter being an area that is the subject of constant and growing research and 
development at an industrial level3–7. Depending on the field of application, the alloys must resist corrosion dur-
ing their service time and simultaneously withstand environmental corrosion2,5,7. An example of this is the field 
of implants in dentistry or prosthetics in the osteosynthesis processes, where the metal not only must comply 
with the mechanical properties necessary to replace a bone piece or to promote the growth of bone cells but also 
must be harmless in a physiological environment in in vivo service8,9.

On the other hand, in production processes that involve heat exchangers with steam, this type of exchanger 
is a powerful source of corrosion, not only due to the oxygen dissolved in the water, which initiates the metal 
corrosion processes, but also due to the presence of CO2 in solution, which contributes to the formation of 
carbonates. Additionally, the dissolved salts presents in the water causes pitting corrosion10,11.

Not only does the deterioration of a material occur due to the action of the environment on it or to interac-
tion with the substances it must withstand when put into service, but additionally, the piece that material forms 
must withstand mechanical stress, with stress corrosion being the most serious, because it leads to the fracture 
of the piece12,13. Therefore, there is a need to develop alloys with protective additives, such as Cr, Mo, and Ni in 
the case of steels and Zn, Ni and Cu in that of aluminum, that improve the mechanical properties of the matrix 
and that, in contact with the atmosphere, produce protective oxides that act as a barrier to direct contact with the 
corrosive environment and isolate the metal from interaction with the atmosphere. Oxides are ceramic materials 
that are highly inert in acidic, alkaline, and neutral environments. However, these protective layers generated 
in situ, due to the conditions of use, are fragile and easily deteriorate, either through mechanical stress or through 
corrosion, exposing the metal matrix to degradation3,5,14.

Because of this, the development of the coatings and thin films industry goes hand in hand with that of the 
metallurgical industry. The coatings can be deposited with electrochemical techniques15, sol gel16, or high-
vacuum techniques17–20, in which the deposition technique used allows improving the adherence of the coating 
and protects the matrix of the metal. The most often coatings and films used are ceramic17,21–23, metallic24,25 and 
metal-ceramic26–28, which are much more chemically inert than the oxides formed from the elements of the alloy. 
Cerium, lanthanum, titanium, zirconium, and chromium ceramics are deposited, in the form of either nitrides, 
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oxides, or carbides15,17,23, so that the thin film is able to protect the substrate by isolating it from interaction with 
corrosive electrolytes.

The field of osteoimplantation is not exempt from the need for the combination of the mechanical properties 
of metal and the chemical inertness of ceramics. Today, many devices for long-term biomedical applications are 
constructed on a base of metal, but despite the wide variety of metallic materials available on the market, only a 
few fulfill the requirement of being biologically compatible with humans, e.g. titanium and its alloys, surgical-
grade stainless steel (AISI 316L), and cobalt-chromium alloys6,8. However, in vivo the interaction of the metal in 
a physiological environment favors the solubilization of some of the alloyed metals, triggering the migration of 
ions such as Ni2+ and Cr3+ into the bloodstream29. To prevent the passage of these ions, as a defense mechanism, 
the body triggers irritation and subsequent inflammation, acidifying the environment and therefore considerably 
affecting the surface of the implant, favoring an increase in the concentration of toxic ions.

Although metallic biomaterials play a good biomechanical role, the presence of toxic ions causes an inflam-
matory response, releasing chemicals such as histamine, bradykinin, and prostaglandins, which activate mac-
rophages that identify and attack these toxic substances. During the process, a series of enzymes are released 
that degrade certain mediators of inflammation, acidifying the physiological environment, which causes bone 
erosion and loss of material30,31. During the immune response, osteoclast formation is stimulated, increasing bone 
resorption and consequently producing areas of periprosthetic osteolysis, leading to aseptic loosening32. This 
chain of events forces the replacement of the implant and makes it necessary to use invasive corrective surgeries 
that affect the quality of life of the patient. Therefore, there is an urgent need to produce implants with greater 
durability and resistance to corrosion30,33.

The present research describes the synthesis of thin films of ZrN-ZrOxNy and ZrO2-ZrOxNy coatings on 
stainless steel via unbalanced magnetron (UBM) sputtering in order to increase the corrosion resistance of stain-
less steel in highly corrosive environments. Due to the ceramic nature of the material, this nitride-oxynitride 
zirconium combination increases the corrosion resistance of the steel by one to two orders of magnitude. A 
structural characterization was performed using x-ray diffraction (XRD), and the morphological changes of the 
surface were determined through scanning electron microscopy (SEM) and atomic force microscopy (AFM). In 
addition, the corrosion resistance provided by the coating to two stainless steel samples of different composition 
was determined based on an analysis of their polarization resistance and their potentiodynamic polarization 
curves in a 3.5 wt.% NaCl solution. The coating with the best corrosion resistance was selected to evaluate its 
biocompatibility with the osteosynthesis process in vitro.

Experimental procedure
Substrate preparation and deposition conditions.  AISI 316L and AISI 304 stainless steel specimens 
with areas of 2.0 × 2.0 cm were polished with 600 grit SiC. Prior to deposition, organic impurities were removed 
by washing and ultrasound with two solvents of different polarities, namely acetone and isopropanol. Non-
commercial equipment was employed for growing the films via the UBM technique described previously17. The 
system contained a Gencoa sputter VT 100 unbalanced magnetron. The magnetic field configuration, KG = 1.00, 
was measured using a portable PHYWE teslameter with a Hall-effect probe. A discharge current of 170 mA and 
a discharge power of ≈ 340 W were applied, at a temperature of 387 K. The films were obtained from a 10 cm 
diameter and 0.6 cm thick Zr (99.9%) target (CERAC, Inc.). They were grown in an Ar atmosphere (99.99% 
purity) with a mixture 95% N 2/5% O 2 for the ZrN-ZrOxNy coatings and 79% N 2/21% O 2 for the ZrO2-ZrOx

Ny coatings. The Ar and N 2 flow rates were set at 9.00 standard cubic centimeters/minute (sccm) and 3.00 
sccm, respectively, and regulated using MKS mass flow independent controllers. The base pressure was less than 
1.00 × 10−3 Pa. All the coatings were grown at 387 K, the sample target distance was set at 5 cm, and deposition 
time was 30 min, with a deposition rate of 10 nm/min. Under these experimental conditions, the coating’s thick-
ness, determined by profilometry, was about 300 nm.

Characterization of the coatings.  The structural characterization of the films was performed via X-ray 
diffraction (XRD) with a Philips XPERT diffractometer operating at 30 kV and 20 mA, with Cu K α radiation ( � 
= 0.1542 nm), using a step size of 0.05°. The surface morphology was characterized by imaging the secondary 
electrons using a Quanta 2000 scanning electron microscope operating at 15 kV and 10 mA.

The elemental composition and the chemical bonds of the thin films were measured via X-ray photoelectron 
spectroscopy (XPS) using a Kratos Analytical AXIS Ultra DLD system. The photoelectron spectra were excited 
by a soft X-ray Al K α (1486.6 eV) anode at a power of 120 W (10 mA, 12 kV). The specimens were sputtered 
with Ar+ ions at 3 keV for 1 min in order to eliminate any surface contamination. The area of analysis of the 
samples was 700 × 300 microns. The C1s peak from the adventitious carbon-based contaminant with a value of 
284.6 eV according to the literature was used as a reference to calibrate the XPS spectra in order to counteract 
the displacement in the spectra produced by using the charge neutralizer. The pressure in the chamber during 
the depth profile study was 1 × 10−7 Torr. The etching was done with the following parameters: 3 kV, 15 mA, and 
sample current 0.5 μA. The chemical composition of Zr, N, and O was determined on the basis of the area under 
the curve of the peaks of Zr3d5/2 Zr3d3/2 , N1s, and O1s. The relative elemental quantities were calculated based 
on the area under the curve for each element’s XPS signal. Depth profile spectra were taken at 0, 1, 5, 10, 15, 20, 
25 and 30 min. A 100 μm diameter analysis spot was used.

Evaluation of the corrosion resistance.  For the corrosion resistance study, 316L and 304 stainless steel 
was used as substrates for the ZrN-ZrOxNy and ZrO2-ZrOxNy coatings, and a Solartron model 1287 potentio-
stat–galvanostat was used to measure the potentiodynamic polarization curves, in accordance with ASTM G5 
(“Standard Reference Method for Making Anodic Potentiostatic and Potentiodynamic Polarization Measure-
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ments”). Prior to the corrosion tests, the samples were cleaned with isopropanol in ultrasound equipment. The 
electrochemical corrosion tests of the coating samples were performed in a three-electrode cell using a graphite 
electrode as a counter, an Ag/AgCl with 3 M KCl (+ 0.207 V vs. SHE) as reference electrode, and the coating sam-
ples as the working electrode. The study area of the coating samples was 1 cm2. The corrosion solution was 3.5 
wt. % NaCl at room temperature. Potentiodynamic polarization tests were conducted by varying the potential 
between − 0.2 and 0.9 V at a rate of 0.1667 mV s−1. The data analyses were performed using Scribner software. 
CorrView was employed to study the LP curves. The corrosion tests were evaluated based on the polarization in 
the anodic region to determine the corrosion resistance of the film and to calculate the polarization resistance 
( Rp ) using the Simonds and Larson method34,35, in which Rp is the slope of the curve obtained from the graphic 
voltage versus the density current.

In each test, 3 h of open circuit potential ( Eoc ) was measured with the objective of letting the corrosion poten-
tial stabilize. Subsequently, EIS measurements were performed in potentiodynamic mode with a perturbation 
voltage of 20 mV vs. the corrosion potential.

The signal amplitude was 10 mV rms, and the measurement frequency ranged from 105 to 10−2 Hz. Three 
repeated tests were performed for each set of measurements in order to ensure the reproducibility of the results.

Biocompatibility study.  Cell viability analyses were carried out in a 12-well, flat-bottom tissue culture 
containing the coatings on which osteoblast primary cells derived from the mouse cranial vault C57BL/6, avail-
able at the cell repository of the Hormone Research Group, were seeded at 1.2 × 104 cells/well density in Dul-
becco’s Modified Eagle Medium supplemented with 10% fetal bovine serum, ascorbic acid (50 μg mL−1), β-glyc-
erophosphate (10 mM), and antibiotics (Thermo Fisher Scientist, USA). The cells were incubated at 37 °C in a 
5% CO2 humidified atmosphere for 72 h, allowing for cell adhesion and growth. Cell viability was determined 
using the MTT assay. For this, MTT solution was added to each well at 1.60 mg mL−1 final concentration, and 
the plates were incubated for 4 h at 37 °C. The formazan crystals were dissolved in 1.5 mL of 1% SDS in 0.01 M 
HCl, and the measurement of the absorbance (Abs) was performed at 570 nm in a Bio-Rad microplate reader. 
100 μL of solution per well was used, and the percentage of cell viability was calculated according to the Eq. (1).

Additionally, osteoblasts were fixed on the surface of the material in accordance with Hosseini, S. et al.32. 
7 × 103 cells cm2 were seeded on the film, and the system was incubated at 37 °C and 5% CO2 for 24 and 72 h 
with DMEM medium supplemented with 10% SFB. The samples were immersed in a 2.5% glutaraldehyde solu-
tion in 0.1 M PBS pH 7.4 for 4 h. Subsequently, they were washed in PBS in duplicate and dehydrated for 10 min 
by immersion in an aqueous ethanol solution of increasing concentrations: 30%, 50%, 60%, 80%, and 96%. The 
samples were immersed in 2 mL of 2.6-diamidine-2-phenylindole (DAPI) (SIGMA D9542) at a concentration 
of 1.00 mg mL−1, and after 12 h the samples were removed and washed three times with PBS. The DAPI-stained 
cells on coated and uncoated stainless steel were observed using confocal fluorescence microscopy (NIKON 
C1-Plus) and were captured in photographs. The morphology of the osteoblasts grown for 24 h attached to the 
film surface was determined with scanning electron microscopy (SEM) in a Quanta 2000® microscope operated 
at 15 kV and 10 mA. A sample of 600 grit AISI 316L steel polished with silicon carbide was used as the target. 
The samples were dried in a desiccator at room temperature for two hours before SEM microscopy analysis.

Results
Chemical composition of the coatings.  Zirconium nitride-oxynitride coatings and zirconium oxide-
oxynitride coatings were deposited on AISI 316L and AISI 304 stainless steel. The same deposition conditions 
used were: flow of gases, pressure, temperature and time deposit; the only variable was the composition of the 
reactive gases. For ZrN-ZrOxNy coatings, a N 2/O2 95/05 mixture was employed as a reactive gas in order to 
favor the formation of nitride, since the formation of oxynitride is thermodynamically more stable36. For ZrO2

-ZrOxNy coatings, N 2/O2 79/21 was employed as the reactive gas. For the surface chemical composition analy-
sis, X-ray photoelectron spectra (XPS) were recorded. The chemical composition of the films deposited on each 
substrate (AISI 316L and AISI 304) did not exhibit significant differences. Shown here is the composition of the 
films deposited on AISI 316L. In order to acquire information about the in-depth distribution of the different 
species, a depth profile was shown on the layer deposited on the 316 L stainless steel substrate.

The XPS spectra were measured for samples of ZrN-ZrOxNy and ZrO2-ZrOxNy at different sputtering times, 
0, 1, 5, 10, 15, 20, 25, and 30 min, and the results are shown in Fig. 1(a- ZrN-ZrOxNy and b- ZrO2-ZrOxNy 
coatings), where the signals for Zr, N, and C can be seen. With increasing depth (t = 0 to t = 30 min), the C1s 
signal decreases while the N1s signal increases. This is because the C1s signal is produced by the CO2 in the 
atmosphere, while the N1s signal corresponds to the sample. Similar behavior was observed for the ZrO2-ZrOx

Ny coating, except that the signal on the surface of the N1s was undetectable. A more detailed analysis of the 
chemical composition based on the high-resolution XPS spectra is shown in Fig. 2.

Data corresponding to the Zr3d, O1s, and N1s spectral regions after 1 min of sputtering are shown in Fig. 2a–c 
for the ZrN-ZrOxNy coating and Fig. 2d–e for the ZrO2-ZrOx N y coating. In Fig. 2a, the spectrum for the film 
can be deconvoluted into two doublets, which show two different chemical environments for Zr3d. The binding 
energy for Zr3d5/2 and Zr3d3/2 , centered at about 181.1 and 183.5 eV, respectively has been assigned by various 
authors to zirconium oxynitride. The binding energy for Zr3d5/2 and Zr3d3/2 , centered at 182.0 and 184.4 eV, 
has been ascribed to ZrO2 , with a Zr3d5/2-Zr3d3/2 separation of 2.4 eV, in both cases within the experimental 
error37–40. Table 1 shows the values of the binding energies for the samples of ZrN-ZrOxNy and ZrO2-ZrOxNy.

(1)%cell viability =
Abs570 nm sample− Abs570 nm blank

Abs570 nm Control− Abs570 nm blank
× 100



4

Vol:.(1234567890)

Scientific Reports |        (2021) 11:18926  | https://doi.org/10.1038/s41598-021-98052-2

www.nature.com/scientificreports/

The presence of these phases is corroborated by the contribution at 529.8 and 531.9 eV in the O1s spectrum 
(Fig. 2b), which is characteristic of Zr-O bonds, the first associated with ZrO2 and the second associated with 
ZrOxNy , where two types of oxygen can clearly be seen. O1s at B.E. 532 eV has also been reported for physisorbed 
water; however, after a 1 min sputtering, it was removed from the surface40,41. In addition, the N1s spectrum can 
also be deconvoluted into two peaks. The strongest one, at 397.7 eV, is assigned to ZrOxNy , and the weakest one, 
centered at 396.0 eV, to ZrNO42,43. This signal has been reported for Zr2ON2 by Q.N. Meng and collaborators 
and by Muneshwar, T and Cadien, K41,43. An analysis of the area under the curve for the binding energies of N1s 
indicated a chemical composition of 45% for the most nitrogen-substituted species of ZrNO and 54.3% for the 

Figure 1.   General spectrum for (a) ZrN-ZrOxNy and (b) ZrO2-ZrOxNy coating on AISI 316L. Depth profile 0, 
5, 10, 15, 20, 25 and 30 min.

Figure 2.   High-resolution XPS spectral analysis for the (a) Zr3d; (b) O1s and (c) N1s signals ZrN-ZrOxNy, (d) 
Zr3d and (e) O1S signals in ZrO2-ZrOxNy coatings obtained by DC sputtering onto stainless steel. Spectrum 
recorded on surface after a 1 min sputter etching.
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most oxygenated species, ZrOxNy . The first one indicates stoichiometric ZrN0.4O0.7 and the second ZrN0.2O0.4 . 
The two species of zirconium oxynitride exhibit very similar compositions, and therefore the binding energies 
for Zr3d do not allow distinguishing them, since in both cases the union is O-Zr-N; however, it is evident that 
the ZrN near the surface has been oxidized or oxynitrided by interaction with atmospheric oxygen42. By way of 
contrast, for the sample that was used in a reactive gas atmosphere, N 2/O2 79/21 for ZrO2-ZrOxNy coatings, 
the wide-scan XPS spectra only showed the presence of Zr and O signals for ZrO2 on the surface (Fig. 2d and 
e, respectively). No N peaks were observed. Comparing the two types of coating, these results show that on the 
surface of the ZrN-ZrOxNy coating, a nitride has oxidized to oxynitride and zirconia, while for the ZrO2-ZrOx

Ny coating, the oxynitride has oxidized to zirconia, this being the only phase present.
The depth profile for the ZrN-ZrOxNy coating is shown in Fig. 3. The high-resolution XPS spectra for the 

zirconium 3d (Zr3d), oxygen 1 s (O1s), and nitrogen 1 s (N1s) for the films deposited onto 316L stainless steels 
are shown. Figure 3a) shows that after 1 min of cleaning, Zr3d is displaced toward lower binding energies. This 
displacement could be related to the increased nitrogen in the crystal’s structure. As the surface is stripped by 
sputtering with Ar+ in five minutes periods, displacement of Zr3d signals towards lower binding energies can 
be observed, stabilizing the chemical composition after 10 min of sputtering approximately 50 nm from the 
surface. At this point, the binding energy at 178.5 eV could be related to the presence of ZrN. For O1s and N1s, 
the displacement towards lower binding energies as the surface is penetrated is of lower magnitude, and the con-
tribution of the binding energy for O1s 532 eV (Fig. 3b) as the coating is penetrated decreases in intensity, while 
the signal at 395.5 for N1s increases in intensity. (Fig. 3c) In both cases, after 10 min of sputtering the chemical 
composition was constant. Similar results related to surface oxidation and change in concentration with bulk 
have been reported by N. Farkas and collaborators during ZrN oxidation44. For the ZrO2-ZrOxNy coating, the 
phases found in the depth profile were ZrO 2 , non-stoichiometric oxide ZrOx , and ZrOxNy (data not shown).

The high-resolution spectra obtained after 15 min of sputtering with Ar+ were characterized by a change in 
the chemical composition of the coating, as evidenced by a comparison of the high-resolution signals for Zr3d 
(Fig. 4a), O1s (Fig. 4b), and N1s (Fig. 4c). The binding energies associated with Zr 3d, O1s and N1s are presented 
in Table 1. A similar profile for Zr3d 182.8 eV signals was reported by Rizzo et al.38 in their synthesis of zirconium 
and titanium oxynitride films deposited on (100) Si wafers via the RF sputtering technique.

Table 1.   Summary of XPS binding energy values. *After 15 min sputter etching.

Sample Compound

Binding energy

Zr3d5/2 Zr3d3/2 O1s N1s

ZrN-ZrOxNy

ZrOxNy 181.1 183.5 531.9 397.7

ZrO2 182.0 184.4 529.8

ZrNO 396.0

ZrO2-ZrOxNy ZrO2 182.0 184.4 530.1

ZrN-ZrOxNy-15 min*

ZrN 179.2 181.6 395.4

ZrOxNy 181.0 183.4 530.7 396.5

ZrO2 182.7 185.1 529.5

ZrO2-ZrOZrOxNy-15 min*

ZrOxNy 180.0 182.4 531.4 398.3

ZrOx 181.4 183.8

ZrO2 183.1 185.5 530.0

Figure 3.   High-resolution XPS spectral analysis for the (a) Zr3d, (b) O1s and (c) N1s signals ZrN-ZrOxNy 
coatings for different sputter etching times.



6

Vol:.(1234567890)

Scientific Reports |        (2021) 11:18926  | https://doi.org/10.1038/s41598-021-98052-2

www.nature.com/scientificreports/

Associating these signals with the O1s and N1s, the binding energies at 529.5 and 530.8 eV correspond to 
zirconium oxide and zirconium oxynitride, respectively, with different compositions of nitrogen, the first associ-
ated with the species ZrNO corresponding to 41.2% and the second with ZrOxNy with a contribution of 58.8%. 
For N1s, three binding energies can be seen, at 395.4 eV associated with ZrN, 396.5 eV with ZrNO, and 397.6 eV 
with ZrOxNy . The phases of the ZrNO and ZrOxNy were identified as ZrO0.4N0.7 and ZrO0.2N0.4 , respectively.

Regarding the chemical composition of the ZrO2-ZrOxNy coatings after 15 min cleaning in Ar + , in Fig. 5a 
three phases can be seen: ZrOxNy , with Zr3d5/2 binding energies at 180.0 eV and Zr3d3/2 at 182.4, a new com-
ponent, which can be attributed to a nonstoichiometric oxide ZrO x , with Zr3d5/2 binding energies at 181.4 eV 
and Zr3d3/2 at 183.8 eV, and ZrO2 , with binding energies for Zr3d5/2 at 183.1 eV and Zr3d3/2 at 185.5 eV. The 
presence of non-stoichiometric oxides is characteristic of coatings deposited via the sputtering technique, where 
the re-sputtering process can give rise to the formation of anion vacancies. The B.E. for these phases are confirmed 
by the B.E. for O1s at 530 eV, assigned to the Zr-O bond in ZrO2 or Zrx , and O1s at 531.3 eV, assigned to the 
O-Zr-N bond in ZrOxNy (Fig. 5b). Unlike ZrN-ZrOxNy coatings, a single nitrogen species is present at 398.3 eV, 
characteristic of ZrOxNy (see Fig. 5c). In a more oxygen-rich atmosphere, the zirconia is the predominant phase, 
with 73.8%, while ZrOxNy is at 26.2%.

The results obtained in this study indicate that the coating changes according to the chemical composition 
of oxygen and nitrogen in the reactive atmosphere. With a nitrogen content of 95%, ZrN-ZrOxNy is deposited. 
If the film is deposited in an atmosphere of N 2/O2 79/21 on the surface, the only phase present is ZrO2 , and as 
it penetrates the coating, the composition is ZrO2-ZrO0.8N0.2 . As we have already mentioned, the composition 
of the film does not undergo major changes after 10 min of sputtering. From XPS, our research work related to 
thin films of zirconium oxynitrides has shown that atmospheric oxygen diffuses from the surface of the film to 
the bulk, favoring the formation of the most thermodynamically stable phase, the oxide. A detailed study was 
presented by Cubillos et al.36.

Structure of the coatings.  A change in the structure of the coatings can also be observed according to 
the composition of the reactive gas atmosphere. If the mixture of reactive gases used is N 2/O2 95/05, the crystal 
structure of the films is ZrN-ZrOxNy , shown as signals at 2 θ 33.8 and 33.0 for ZrN and ZrOx N y , respectively 
(see Fig. 6a in blue and deconvolution of the signal in Fig. 6b). The first signal was identified as the plane (111) 

Figure 4.   High-resolution XPS spectral analysis for the (a) Zr3d, (b) O1s and (c) N1s signals in ZrN-ZrOxNy 
coatings after 15 min of etching.

Figure 5.   High-resolution XPS spectral analysis for the (a) Zr3d, (b) O1s and (c) N1s signals in ZrO2-ZrOxNy 
coatings after 15 min of sputter etching.
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in the cubic phase of ZrN according to the JCPDS 01–078-1420 standard, and the signal at 33.0 was identified as 
the plane 222 in the cubic phase of Zr2ON2 according to the JCPDS 00–050-1170 standard. The thin films show 
intense signals for (111) and (222) diffraction peaks, indicating a more strongly preferred (111) orientation in 
ZrN and (222) in ZrOxNy.

For N 2/O2 79/21, the crystal structure of the films is ZrOxNy , shown as signals at 2 θ 29.9 and 33.0 according 
to JCPDS 00–050-1170 (Fig. 6a). However, the chemical composition of this coating showed the presence of 
ZrO2 , and taking into account that cubic zirconia also exhibits the signal for the plane (111) at 2 θ=30.1 (JCPDS 
00–049-1642), both phases may be present.

Surface morphology.  Figure 7 shows the surface morphology on the basis of AFM. For both types of coat-
ings, the film is characterized as homogeneous. However, a larger formation of grains with distinguishable edges 
can be observed in Fig. 7a for ZrN-ZrOxNy , which suggest a denser nucleation process compared to ZrO2-ZrOx

Ny Fig. 7b), which is characterized by its grains of larger volume with a denser structure, where the growth of the 
film it does not allow differentiating the limits between them. The grain size of ZrO2-ZrOxNy is 1.8 times greater 
than that of the ZrN-ZrOxNy film (Table 2). The difference in the growth of the two coatings may be due to their 
different factors: the orientation of the substrate with respect to the target and differences in the morphology of 
the substrate surface, which although polished to the same particle size can be heterogeneous. This is supported 
by the average roughness values shown in Table 2 and the parameters associated with the formation of grains 

Figure 6.   (a) XRD of ZrN-ZrOxNy, ZrO2-ZrOxNy coatings on 316L stainless steels. Phases of AISI 316L is 
designated as (SS). (b) Peak decomposition between 30° and 40° for the ZrN-ZrOxNy sample.

Figure 7.   AFM micrograph image of the ZrOxNy film. (a) ZrO2-ZrOxNy, (b) ZrN-ZrOxNy deposited on 316L 
stainless steel. (a) XRD of ZrN-ZrOxNy, ZrO2-ZrOxNy coatings on 316L stainless steels.

Table 2.   Parameters characteristic the morphology of the films.

Sample

Roughness Grain size # grains per area

(nm) sd (nm) (nm) sd (nm) (μm2) sd (μm2)

ZrO2-ZrOxNy 9.6 0.17 381 46 9 2

ZrN-ZrOxNy 1.5 0.14 216 17 27 4
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and number of grains/μm2. The roughness of ZrO2-ZrOxNy film is 6.4 times greater than that of the ZrN-ZrO 
xNy film (Table 2).

Corrosion resistance.  Polarization curves.  For this investigation, of the degree of protection offered by 
the coating on steel, deposition of the film on two stainless steels with different compositions was evaluated: 
AISI 316L and AISI 304. The ability of the coatings to protect the steel against corrosion was evaluated using the 
potentiodynamic polarization curves and the Rp values obtained for them. The results are shown in Fig. 8a and 
b and Table 3. The magnitude of the Rp is indicative of the degree of protection provided by the coating on the 
steel and represents a reduction in the electrochemical activity of the system.

For steel coated with both ZrN-ZrOxNy and ZrO2-ZrOxNy , it can be seen that the film of ceramic material 
increases the resistance to corrosion of the steel by one or two orders of magnitude, as can be seen in Table 3 
from the corrosion current density ( jcorr ), the resistance to polarization ( Rp ), and the corrosion rate (CR). On 
AISI, the ZrO2-ZrOxNy-316L coating decreases its corrosion current density and corrosion rate by one order of 
magnitude relative to bare steel and increases polarization resistance by two orders of magnitude. The average 
value of the corrosion parameters obtained for each duplicate is shown in Table 3 in order to facilitate analysis of 
the results. On AISI 304, ZrO2-ZrOxNy coatings exhibit similar behavior, the difference being that the corrosion 
current density is lower than that of steel by an order of magnitude. For ZrN-ZrOxNy coatings, the protection 
afforded by the coating on the two types of steel is very similar and superior by an order of magnitude to that 
of ZrO2-ZrOxNy coatings, decreasing the current density and the corrosion rate by two orders of magnitude 
relative to bare steel and increasing Rp by two orders of magnitude compared to bare steel.

The results of the polarization curves show that the resistance to polarization against the electrolyte is greater 
with a film of ZrN-ZrOxNy . However, the potential for pit nucleation and therefore the passivation zone are 
diminished in the ZrN-ZrOxNy-stainless steel system with respect to ZrO2-ZrOxNy-stainless steel. For the 
ZrN-ZrOxNy coating deposited on AISI 316 L, the pitting nucleation potential (PNP) decreases by 0.2 V, and 
so does the passivation zone ( Ecorr − PNP ) compared with the PNP of the substrate, while for the ZrO2-ZrOx

Ny coating it increases by approximately 0.067 V in comparison with the substrate. On AISI 304, the PNP and 
the passivation zone are of the same order of magnitude as for ZrN-ZrOxNy coatings, while for ZrO2-ZrOxNy 

Figure 8.   Linear polarization curves of the ZrO2-ZrOxNy, and ZrN-ZrOxNy deposited on (a) AISI 316 L and 
(b) AISI 304.

Table 3.   Values average of the parameters of the corrosion test. jcorr = corrosion current density; Ecorr 
= corrosion potential; Rp = polarization resistance; CR = corrosion rate; mmpy = millimeters per year; 
PNP = pitting nucleation potential.

Sample

jcorr Ecorr Rp CR PNP PNP-CR

(nA cm−2) (mV) (MΩ cm2) (mmpy)/ × 10−6 (V) (V)

AISI 304 33.9  − 101 0.778 260 0.304 0.405

ZrO2-ZrOxNy-304 1.83  − 82.0 40.1 7.14 0.620 0.702

ZrN-ZrOxNy-304 0.932  − 45.6 29.1 7.24 0.357 0.402

AISI 316L 41.3  − 109 0.630 321 0.464 0.573

ZrO2-ZrOxNy-316L 2.82  − 43.1 12.4 22.0 0.531 0.574

ZrN-ZrOxNy-316L 0.6.98  − 20.2 37.8 5.69 0.260 0.280
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it increases by 0.3 V compared to steel. These results are reflected in the morphology of the specimens observed 
through SEM before and after the polarization test in Figs. 9 and 10.

The SEM analysis of the two systems before and after the corrosion test in a 3.5 wt.% NaCl solution is shown 
in Figs. 9 and 10, comparing the images for the two systems presented, ZrN-ZrOxNy-316L and ZrO2-ZrOxNy

-316L, at two different magnifications. Micropores and microcracks can be observed in the surface morphol-
ogy of the ZrN-ZrOxNy film deposited on 316L stainless steel (Fig. 9a, b), which would explain the decrease in 
the pitting nucleation potential in the PL and the fact that after the corrosion test, the damage generated on the 
surface of the coating is greater (Fig. 9c, d), with zones of film delamination. Before the corrosion test, the ZrO2

-ZrOxNy coating exhibited very few imperfections on its surface, Fig. 10a, b, and the damage caused after the 
corrosion is less severe compared with the ZrN-ZrOxNy , Fig. 10c, d.

Similar results can be observed on the surface of the coating deposited on AISI 304 following the corrosion 
test. While it is true that the ZrN-ZrOxNy coating was deposited in a nitrogen-rich N 2/O2 95/05 atmosphere, 
the chemical composition determined via XPS shows that it is formed by a mixture of ZrN, ZrOxNy , and ZrO2 
phases generated by the interaction with atmospheric oxygen, according to the chemical reactions presented in 
Eqs. (2) and (3).

Oxidation of nitride to zirconia increases unit cell volume by 39.9% ( VcellZrN = 96.39 Å3, Vcell ZrO2 = 
134.85 Å3) (JCPDS 00-049-1642 and 01-078-1420). On the other hand, the film deposited using the sputtering 
technique grows de novo from its chemical elements, where initially the vaporized zirconium is deposited on 
the substrate. At this point, both the adhesion and the substrate-coating’s crystalline structure depend on the 
interaction forces of the zirconium with the alloying elements of the substrate. In Fig. 11a and b, as an example, 
the interaction forces of Zr with Cr2O3 of the passivating layer present on the surface of the steel are outlined.

Once the Zr adheres to the substrate, it reacts in the solid phase with the reactive gases N 2 and O 2 . In an 
atmosphere enriched in oxygen, N 2/O2 79/21, the predominant Van der Waals forces would be Zr-O, since 
the predominant anion according to the XPS and XRD results is oxygen. If the atmosphere were enriched in 
nitrogen, N 2/O2 95/05, the interaction forces would be predominantly Zr-N, weaker than Zr-O according to 
the higher electronegativity of oxygen (O 2 = 3.44, N 2 = 3.04). During the growth of the film, the Zr-anion ratio 

(2)ZrNy(s)+ (x/2)O2

(

g
)

− > ZrOxNy(s)

(3)ZrOxNy(s)+ O2

(

g
)

− > ZrO2(s)+ NyOx

(

g
)

Figure 9.   SEM micrograph showing the morphology of the ZrN-ZrOxNy-316L coatings (a, b) before corrosion; 
(c, d) after corrosion in 3.5 wt. % NaCl solution.
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is the same for the two types of coating, Fig. 12a and b. As mentioned before, the formation of ZrOxNy in the 
film ZrN-ZrOxNy occurs by diffusion of atmospheric oxygen from the surface to the substrate, which implies 
that the predominant Van der Waals forces in the substrate-coating interface would be Zr-N, and this would be 
related to the greater delamination of the ZrN-ZrOxNy coating during the corrosion test, versus ZrO2-ZrOxNy , 
as was observed through SEM.

Figure 10.   SEM micrograph showing the morphology of the ZrO2-ZrOxNy-316L coatings (a, b) before 
corrosion; (c, d) after corrosion in 3.5 wt. % NaCl solution.

Figure 11.   Schematic representation of the substrate-coating interaction forces (a) ZrO2-ZrOxNy (b) ZrN-
ZrOxNy coatings.
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Electrochemical impedance spectroscopy.  The efficiency of a coating to be used in an osteo implant is directly 
related to its chemical inertness and biocompatibility. The electrochemical impedance spectroscopy (EIS) study 
of surgical-grade AISI 316L bare steel coated with ZrN-ZrOxNy or ZrO2-ZrOxNy provides information related 
to the corrosion behavior of the steel-coating system that is put into service. The results obtained after exposure 
to the corrosive action of a 3.5 wt. % NaCl solution for different immersion times are shown here: 1, 24, 72, 120, 
and 168 h, in Figs. 13, 14, 15 and 16. The same color reference is used for the same exposure time, in order to 
facilitate analysis of the results.

In Fig. 13a of Nyquist and Bode, the diagram log |Z| vs. log of frequency in Fig. 13b shows impedance data 
obtained for AISI 316L bare steel. It can be seen that as a function of the exposure time to the corrosive elec-
trolyte, there is an increase in the slope of the curve Zvs. Z in the Nyquist diagram and in the resistance of the 
solution (data at high frequencies) in Fig. 13b, as well as an order of magnitude in the impedance module, which 
is related to the formation of the layer of chromium oxide, Cr2 O 3 , which protects the steel from the action of 
NaCl, increasing its resistance to corrosion. These results are also evident from the increase of the plateau zone 
by two orders of magnitude of frequency of (101–10−2 Hz) after 24 h, as seen in Fig. 13c, while the phase angle 
remains constant.

For the ZrO2-ZrOxNy-316L system, from the Nyquist diagram (Fig. 14a) it can be seen that after 1 h of 
immersion in NaCl, there is a decrease in the magnitude of Z, which shows chemical changes in the coating and 
could be associated with a loss of corrosion resistance. However, the Bode diagram, Fig. 14b and c, shows that 
the impedance and the phase angle do not undergo significant variations, which indicates little degradation of 
the coating as a function of immersion time.

Figure 12.   Schematic representation of the substrate-coating interaction forces. (a) ZrO2-ZrOxNy (b) ZrN-
ZrOxNy coatings.

Figure 13.   EIS diagram for impedance modulus obtained after different immersion times in 3.5% wt NaCl 
solution for stainless steel 316L (a) Nyquist impedance (b) Bode impedance and (c) Bode phase angle plots.
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The formation of a plateau zone from low to high frequency, Fig. 14c, is indicative of the high capacitive 
response of the coating and its stability, in comparison with its initial condition. The phase-angle shift at high 
frequencies as the exposure time increases shows an increase in the corrosion resistance of the coating, showing 
little degradation of the coating.

For the ZrN-ZrOxNy-316L system, the results differ from those of steel and ZrO2-ZrOxNy . The Nyquist dia-
gram in Fig. 15a shows constant degradation as a function of the time of the coating exposed to the electrolyte, 
with a recovery at 168 h. The radius of the semicircle in the Nyquist diagram undergoes a considerable decrease, 
which translates into a decrease in the polarization resistance ( Rp ) and therefore the corrosion resistance, this 
result was also observed in the Bode plot (Fig. 15b). In the Bode plot, the coating degradation process is clearer. 
In Fig. 15c, the Bode plot shows a single time constant or relaxation time ( τ ) initially, and after 1 h of exposure 
two relaxation constants are evident, at 103 and 10−1 Hz, which confirms the degradation of the coating. The 
phase angle shift at low frequencies and the appearance of two τ could be related to the oxidation of the surface 

Figure 14.   EIS diagram for impedance modulus obtained after different immersion times in 3.5% wt NaCl 
solution for ZrO2-ZrOxNy, (a) Nyquist impedance (b) Bode impedance and (c) Bode phase angle plots.

Figure 15.   EIS diagram for impedance modulus obtained after different immersion times in 3.5% wt NaCl 
solution for ZrN-ZrOxNy, (a) Nyquist impedance (b) Bode impedance and (c) Bode phase angle plots.
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layer of the coating. The characteristics of the corrosion process parameters are also affected by the development 
of a time constant in the low-frequency range of the EIS spectra, with a displacement of 10−1 Hz—10−2 Hz. After 
1 h of immersion, it exhibits significant electrochemical activity. The increase in Z in the Nyquist diagram after 
168 h of immersion could indicate that the electrolyte has penetrated the coating, reaching the substrate, as can 
be seen in Fig. 16, where it can be seen that this value corresponds to that of steel.

When comparing the impedance results obtained for steel (substrate) and the two types of coating at the 
different exposure times to the corrosive electrolyte, in Fig. 16a and b, it can be seem that during the first hours 
of immersion, the corrosion resistance for the ZrO2-ZrOxNy-316L system, with an impedance module around 
108 Ω cm2, is far superior to steel and to the ZrN-ZrOxNy-316L system (106 Ω cm2).

Initially, an impedance modulus of the ZrO2-ZrOxNy coating two orders of magnitude higher can be seen 
compared to steel and ZrN/ZrOxNy , the latter being slightly higher than that of the substrate. These results 
show that the resistance of the coating to being polarized is 100 times greater for ZrO2-ZrOxNy . On the other 
hand, the magnitude of the phase angle is of the same order of magnitude for steel and for ZrO2-ZrOxNy , with 
a phase angle ( θ ) close to 80, which indicates a capacitive behavior with good dielectric properties, while for 
ZrN-ZrOxNy it is 20° lower. Furthermore, the formation of a plateau zone from low to high frequency two 
orders of magnitude lower than AISI 316L and very similar for the two types of coating is indicative of the high 
capacitive response of the coating.

Figure 16.   Comparative diagram for impedance modulus obtained after different immersion times in 3.5 wt. % 
NaCl solution for AISI 316L; for ZrN-ZrOxNy and for ZrO2-ZrOxNy coatings.
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After one hour of immersion in the corrosive electrolyte, the Nyquist plot shows a drastic fall in the arc of the 
semicircle Z vs. Z for ZrN to values lower than for steel, Fig. 16b. In the Bode diagram, the impedance module, 
and therefore the resistance to polarization, falls by two orders of magnitude, equaling that of steel. Regarding the 
phase angle, there is an order of magnitude shift at higher frequencies, and two time constants appear, showing a 
second relaxation process related to the penetration of the 3.5 wt. % NaCl solution through the network of pores 
of the coating, which reaches the substrate. Hence a rapid degradation of the ZrN-ZrOxNy coating is evident 
after 1 h of immersion in NaCl. The process of degradation of the ZrN-ZrOxNy coatings continues after 24 h of 
immersion and stabilizes after 72 h, Fig. 16c and -d, while the ZrO2-ZrOxNy coating does not show representa-
tive changes with respect to its initial state during the 164 h of immersion, Fig. 16e and f, demonstrating its high 
stability and resistance to corrosion by the corrosive electrolyte. The resistance to polarization, the plateau zone, 
and the resistance of the solution, Rs , remain constant.

In Fig. 17, the impedance spectra for the initial immersion in 3.5 wt. % NaCl solution of ZrN-ZrOxNy and 
ZrO2-ZrOxNy coatings are compared against AISI 316L. Table 4 shows data extracted from the equivalent elec-
trical circuit in Fig. 18. The chi-square values determined by ZView software are usually on the order of 10−3 , 
which means a good agreement for the curve fitted between the measured and calculated values by using the 
equivalent circuits. The equivalent electrical circuit used to analyze the impedance spectrum can be shown as a 
parallel circuit (RC) with resistance R, and capacity C; coupled in series with a parallel circuit for the solution. 
The surface heterogeneity caused by microcracks, defects in the crystal lattice, roughness, the presence of impu-
rities and porosity is represented by the constant phase element (CPE) (Fig. 18). CPEcoat and CPEdl represent 
the constant phase element of the coating and the capacitance of double layer, respectively. Rcoat represents the 
resistance of the coating, Rp the polarization resistance, and Rs the solution resistance. The CPE is used instead 
of the capacitive element to achieve a more accurate fit with the experimental data. In Table 4, the values of the 
EIS parameters, Rs and Rp , are reported, which are derived from appropriate equivalent electrical circuits using 
a constant phase element.

It can be seen in Fig. 17a that the semicircular diameter the Nyquist plot of the ZrO2-ZrOxNy coatings was 
larger than that of the ZrN-ZrOxNy coatings and AISI 316L. According to the Bode graph in Fig. 17b, the values 
of Rs (shown in Table 4) for the ZrO2-ZrOxNy , ZrN-ZrOx N y and AISI 316L, coatings were 10.24, 29.10 and 18.81 
Ω, respectively. The polarization resistance ( Rp ) of ZrO2-ZrOxNy (1.68 × 107) > ZrN-ZrOxNy (2.44 × 106) > AISI 
316L (4.65 × 104) showed the higher phase impedance (Z) and greater Rp , respectively, in which the ZrO2-ZrOx

Ny coating was thicker and denser. Its high capacity is shown in Fig. 17a. ZrO2-ZrOxNy film exhibited barrier 

Figure 17.   Nyquist diagram obtained from the impedance test for coated and uncoated samples in NaCl 
solution, (a) Nyquist impedance (b) Bode and (c) Bode plots; the solid line is the fit with the equivalent circuit.

Table 4.   Electrochemical parameters obtained from equivalent electrical circuits for the coating vs stainless 
steel.

Sample Rs(Ω) Cs(F) CPEcoat − T(Ω−1 sn) *ncoat Rcoat(Ω) CPEdl − T(Ω−1 sn) *ndl Rp(Ω)

AISI 316L 18.81 3.66 × 10−8 3.31 × 10−5 0.948 6.79 × 104 8.60 × 10−5 0.744 4.65 × 105

ZrO2-ZrOxNy 10.24 1.40 × 10−7 3.39 × 10−7 0.919 7.45 × 106 5.59 × 10−7 0.901 1.68 × 107

ZrN-ZrOxNy 29.10 3.47 × 10−8 2.52 × 10−8 0.975 1.20 × 102 1.72 × 10−6 0.683 2.44 × 106
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properties during the EIS test and resulted in a higher polarization resistance in the NaCl solution. Therefore, 
the corrosion resistance of AISI 316L can be significantly improved by the ZrO2-ZrOxNy coating.

The results show that charge transfer resistance of the AISI 316L substrate was greatly increased from 
6.79 × 104 to 7.45 × 106 Ω when the steel was coated with ZrO2-ZrOxNy , while that of ZrN is lower by two 
orders of magnitude, which could be related to the micropores and microcracks observed via SEM. Diffusional 
impedance is primarily related to the microstructure of coatings; a morphology with more porosity and deep 
grain boundaries can provide efficient diffusion channels that facilitate the passage of the corrosive electrolyte 
through the coating. In addition, CPEcoat capacity decreased by two orders of magnitude and n = 0.919 , indicat-
ing the ideal capacitive behavior of ZrO2-ZrOxNy (when n = 1 , the CPE behaves like a pure capacitor; if n = 0 , 
the behavior is that of a resistor). This behavior is increased by that of the double layer, where ZrO2-ZrOxNy has 
lower resistance to charge transfer and the size of n is closer to 1 ( n = 0.902).

Biocompatibility study.  The efficiency of a coating to be used in a bone implant is associated with the 
morphology of the surface and the physical–chemical interaction of the bone biomaterial; these are essential 
characteristics for good osseointegration. The two types of coating evaluated here, ZrO2-ZrO xNy and ZrN-ZrOx

Ny , meet these requirements and are nanoceramics deposited on surgical-grade stainless steel. However, the 
morphology of the ZrN-ZrOxNy coating deposited on AISI 316L post-corrosion showed delamination of the 
coating during the corrosion test, which could lead to allergic reactions generated by its release into the blood-
stream. Therefore, only the ZrO2-ZrOxNy-316L coating was used for biocompatibility tests, using the MTT 
method and direct counting of cells using confocal fluorescence microscopy.

MTT is a yellow aqueous solution, which, on reduction by dehydrogenases and reducing agents present in 
metabolically active cells, yields water-insoluble violet-blue formazan crystals that can be extracted with organic 
solvents and quantified by spectrophotometry. The amount of formazan is directly proportional to the number of 
living cells, and because of this, the MTT method is widely used to assess cytotoxicity and cell viability. Figure 19 
shows the results obtained by means of the MTT technique, from the culture of bone cells on 316L stainless steel 

Figure 18.   Equivalent electrical circuits used in order to modeling the data measured in the EIS diagram for 
coated samples.

Figure 19.   Percentage of cell adhesion of osteoblast on AISI 316L and ZrO2-ZrOxNy-316L system. DAPI-
stained cells on coated and uncoated stainless steel were counted using fluorescence and percentage was 
determined with the number of adhered cells divided by total cell number seeded in each well.
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and on the same steel coated with ZrO2-ZrOxNy , finding 27% higher growth for cells grown on the ZrO2-ZrOx

Ny coating than on bare steel.
Optical micrographs of primary osteoblast cells on bare steel and on the ZrO2-ZrOxNy-316L system can 

be seen in Fig. 20a and b, respectively. Cell proliferation on coated and uncoated stainless steel was followed 
by nuclei staining and observation with fluorescence microscopy of mouse bone cells grown for 72 h on the 
samples of untreated 316 L steel (Fig. 20c) and 316 L steel coated with ZrO2-ZrOxNy film (Fig. 20d). Live cell 
count per field indicated bone cell growth greater than 64% on coated steel compared to bare steel. Additionally, 
through scanning electron microscopy on cells cultured for 24 h to avoid cell confluence, the cell morphology 
exhibited a characteristic growth of spindle cells, elongated and thin (Fig. 20e and f), with good adherence to 
the substrate, which indicates that they are active bone cells and that the layer of ZrO2-ZrOxNy has the ability 
to induce the attachment, propagation, proliferation, and growth of osteoblasts on its surface. Similar results 
have been reported for thin TiN films deposited on NiTi alloy and for zirconia-based nanoceramics and TiCuN 
solid-solution coating20,45,46.

Nanoceramic coatings are known to promote osteochondral formation followed by osteogenesis and vascu-
larization, and the development of bone requires several sequences of processes, such as the adhesion of osteo-
genic cells followed by their survival and multiplication. The studied ZrO2-ZrOxNy coating, with a roughness of 
9.6 nm and a particle size of 381 nm (Table 2), meets these requirements, and therefore, it would contribute to 
the improvement of the proliferation and adherence of the osteoblasts, which will lead to better biocompatibility 
compared to uncoated AISI 316L, giving valuable information on the potential use of the coating in osteosyn-
thesis processes. The ZrO2-ZrOxNy-316L system guarantees resistance to the traction forces generated by the 

Figure 20.   Optical micrograph of the proliferation of osteoblast primary (a) uncoated AISI 316L and (b) ZrO2-
ZrOxNy-316L system at 72 h. Images of fluorescence microscopy (c) uncoated AISI 316L and (d) ZrO2-ZrOxNy-
316L system at 72 h with a filter; (e) and (f) culture cells derived from the mouse cranial vault C57BL/6 at 24 h 
on ZrO2-ZrOxNy-316L system.



17

Vol.:(0123456789)

Scientific Reports |        (2021) 11:18926  | https://doi.org/10.1038/s41598-021-98052-2

www.nature.com/scientificreports/

cells during their adhesion process, a barrier that cannot be overcome by highly soft and deformable substrates, 
where cells cannot adhere, spread, and survive. Additionally, its good corrosion resistance is indicative of the 
protective character of the coating in media rich in chlorides. D. Roman et al.42 also evaluated the corrosion 
resistance of a zirconium nitride coating deposited onto titanium and concluded that the protective effect exerted 
by the coating on titanium is due to the formation of a ZrO2-ZrOxNy amorphous mixture.

On the other hand, when a biocompatible coating is studied, not only must its ability to promote cell prolif-
eration be evaluated, but also its resistance to corrosion in a corrosive medium such as blood plasma, where the 
presence of chlorides favors pitting corrosion. The electrolytes in contact with the coating in vivo generate pitting 
corrosion, and it is precisely these corrosion products that can trigger the immune system and trigger allergic 
reactions in vivo. For this reason, the morphology of the coating, its chemical composition, and its resistance to 
corrosion are important properties for the evaluation of a biocompatible coating45,47.

The difference in the results for the cell proliferation obtained via MTT and confocal fluorescence microscopy 
can be explained by the fact that MTT tetrazolium reduction primarily depends on the rate of glycolytic NADH 
production in the endoplasmic reticulum (ER), where collateral reactions may occur, while microscopy allows 
directly quantifying living cells.

Conclusions
Using unbalanced DC magnetron sputtering, coatings of ZrN-ZrOxNy and ZrO2-ZrOxNy-316L with cubic crys-
talline structures and preferential in-plane growth (222) and (111), respectively, were deposited onto stainless 
steel. The depth profile of the composition of the coating indicates that it is oxidized to zirconia on the surface, 
but its composition from the surface to the substrate is homogeneous and consists of a mixture of ZrN-ZrOxNy 
phases for coatings deposited in an N 2/O2 95/05 atmosphere and ZrO2-ZrOxNy phases for coatings deposited 
in an N 2/O2 79/21 atmosphere.

The corrosion resistance of the coated steel is greater than that of bare steel in the following order: ZrO2-ZrOx

Ny > ZrN-ZrOxNy > stainless steel, where ZrN-ZrOxNy-316L exhibits great damage to its post-corrosion surface 
morphology compared to ZrO2-ZrOxNy-316L. These results were confirmed via EIS.

The biocompatibility study, evaluated by the growth of mouse bone cells, shown as live cell count per field, 
indicated growth 64% greater on ZrO2-ZrOxNy-316L than on bare steel. These results indicate that the ZrO2

-ZrNxOy coating promotes the adhesion of mouse bone cells, facilitating their proliferation.

Received: 5 April 2021; Accepted: 30 August 2021

References
	 1.	 Psyllaki, P. P., Pantazopoulos, G. & Pistoli, A. Degradation of stainless steel grids in chemically aggressive environment. Eng. Fail. 

Anal. 35, 418–426 (2013).
	 2.	 Mesquita, T. J., Chauveau, E., Mantel, M., Bouvier, N. & Koschel, D. Corrosion and metallurgical investigation of two supermarten-

sitic stainless steels for oil and gas environments. Corros. Sci. 81, 152–161 (2014).
	 3.	 Lo, K. H., Shek, C. H. & Lai, J. K. L. Recent developments in stainless steels. Mater. Sci. Eng. R Reports 65, 39–104 (2009).
	 4.	 Bolzoni, L., Herraiz, E., Ruiz-Navas, E. M. & Gordo, E. Study of the properties of low-cost powder metallurgy titanium alloys by 

430 stainless steel addition. Mater. Des. 60, 628–636 (2014).
	 5.	 Mills, D. J. & Knutsen, R. D. An investigation of the tribological behaviour of a high-nitrogen Cr-Mn austenitic stainless steel. 

Wear 215, 83–90 (1998).
	 6.	 Kaur, S., Sharma, S. & Bala, N. A comparative study of corrosion resistance of biocompatible coating on titanium alloy and stainless 

steel. Mater. Chem. Phys. 238, 121923 (2019).
	 7.	 Kaliaraj, G. S. et al. Corrosion and biocompatibility behaviour of zirconia coating by EBPVD for biomedical applications. Surf. 

Coatings Technol. 334, 336–343 (2018).
	 8.	 Bacakova, L., Filova, E., Parizek, M., Ruml, T. & Svorcik, V. Modulation of cell adhesion, proliferation and differentiation on 

materials designed for body implants. Biotechnol. Adv. 29, 739–767 (2011).
	 9.	 Bregliozzi, G., Di Schino, A., Kenny, J. M. & Haefke, H. The influence of atmospheric humidity and grain size on the friction and 

wear of AISI 304 austenitic stainless steel. Mater. Lett. 57, 4505–4508 (2003).
	10.	 Zhao, Y., Qi, Z., Wang, Q., Chen, J. & Shen, J. Effect of corrosion on performance of fin-and-tube heat exchangers with different 

fin materials. Exp. Therm. Fluid Sci. 37, 98–103 (2012).
	11.	 Xiu-Qing, X., Zhen-Quan, B., Yao-Rong, F., Qiu-Rong, M. & Wen-Zhen, Z. The influence of temperature on the corrosion resist-

ance of 10# carbon steel for refinery heat exchanger tubes. Appl. Surf. Sci. 280, 641–645 (2013).
	12.	 Stratulat, A., Duff, J. A. & Marrow, T. J. Grain boundary structure and intergranular stress corrosion crack initiation in high tem-

perature water of a thermally sensitised austenitic stainless steel, observed in situ. Corros. Sci. 85, 428–435 (2014).
	13.	 Nishimura, R. & Maeda, Y. Stress corrosion cracking of sensitized type 316 austenitic stainless steel in hydrochloric acid solution-

effect of sensitizing time. Corros. Sci. 45, 1847–1862 (2003).
	14.	 Barbangelo, A. Influence of alloying elements and heat treatment on impact toughness of chromium steel surface deposits. J. Mater. 

Sci. 25, 2975–2984 (1990).
	15.	 Bethencourt, M. et al. Protection against corrosion in marine environments of AA5083 Al-Mg alloy by lanthanide chlorides. J. 

Alloys Compd. 250, 455–460 (1997).
	16.	 Fernández-Osorio, A., Ramos-Olmos, L. & Julián, C. F. Black nanocrystalline cubic zirconia: Manganese-stabilized c-ZrO 2 

prepared via the sol-gel method. Mater. Chem. Phys. 147, 796–803 (2014).
	17.	 Cubillos, G. I., Olaya, J. J., Bethencourt, M., Antorrena, G. & El Amrani, K. Synthesis and characterization of zirconium oxynitride 

ZrO xNy coatings deposited via unbalanced DC magnetron sputtering. Mater. Chem. Phys. 141, 42–51 (2013).
	18.	 Musil, J. Hard nanocomposite coatings: Thermal stability, oxidation resistance and toughness. Surf. Coatings Technol. 207, 50–65 

(2012).
	19.	 Mu, S., Du, J., Jiang, H. & Li, W. Composition analysis and corrosion performance of a Mo-Ce conversion coating on AZ91 mag-

nesium alloy. Surf. Coatings Technol. 254, 364–370 (2014).
	20.	 Jin, S., Zhang, Y., Wang, Q., Zhang, D. & Zhang, S. Influence of TiN coating on the biocompatibility of medical NiTi alloy. Colloids 

Surfaces B Biointerfaces 101, 343–349 (2013).



18

Vol:.(1234567890)

Scientific Reports |        (2021) 11:18926  | https://doi.org/10.1038/s41598-021-98052-2

www.nature.com/scientificreports/

	21.	 Castillejo, F. E., Marulanda, D. M., Olaya, J. J. & Alfonso, J. E. Wear and corrosion resistance of niobium-chromium carbide coat-
ings on AISI D2 produced through TRD. Surf. Coatings Technol. 254, 104–111 (2014).

	22.	 Cubillos, G. I., Bethencourt, M., Olaya, J. J., Alfonso, J. E. & Marco, J. F. The influence of deposition temperature on microstructure 
and corrosion resistance of ZrOxNy/ZrO2 coatings deposited using RF sputtering. Appl. Surf. Sci. 309, 181–187 (2014).

	23.	 Milošev, I., Strehblow, H. H. & Navinšek, B. Comparison of TiN, ZrN and CrN hard nitride coatings: Electrochemical and thermal 
oxidation. Thin Solid Films 303, 246–254 (1997).

	24.	 Zhang, B., Myers, D., Wallace, G., Brandt, M. & Choong, P. Bioactive Coatings for Orthopaedic Implants—Recent Trends in 
Development of Implant Coatings. Int. J. Mol. Sci. 15, (2014).

	25.	 Harun, W. S. W. et al. A review of powder additive manufacturing processes for metallic biomaterials. Powder Technol. 327, 128–151 
(2018).

	26.	 Song, R. G., He, W. Z. & Huang, W. D. Effects of laser surface remelting on hydrogen permeation resistance of thermally-sprayed 
pure aluminum coatings. in Surface and Coatings Technology vol. 130 20–23 (Elsevier Sequoia SA, 2000).

	27.	 Wu, S. K., Yen, S. C. & Chou, T. S. A study of rf-sputtered Al and Ni thin films on AZ91D magnesium alloy. Surf. Coat. Technol. 
200, 2769–2774 (2006).

	28.	 Cotrut, C. M. et al. Corrosion resistance, mechanical properties and biocompatibility of Hf-containing ZrCN coatings. in Thin 
Solid Films vol. 538 48–55 (Elsevier, 2013).

	29.	 Chen, Q. & Thouas, G. A. Metallic implant biomaterials. Mater. Sci. Eng. R Rep. 87, 1–57 (2015).
	30.	 Devgan, S. & Sidhu, S. S. Evolution of surface modification trends in bone related biomaterials: A review. Mater. Chem. Phys. 233, 

68–78 (2019).
	31.	 Burstein, G. T., Liu, C. & Souto, R. M. The effect of temperature on the nucleation of corrosion pits on titanium in Ringer’s physi-

ological solution. Biomaterials 26, 245–256 (2005).
	32.	 Hosseini, S., Naderi-Manesh, H., Vali, H. & Faghihi, S. Improved surface bioactivity of stainless steel substrates using osteocalcin 

mimetic peptide. Mater. Chem. Phys. 143, 1364–1371 (2014).
	33.	 Scholes, S. C. & Unsworth, A. Wear studies on the likely performance of CFR-PEEK/CoCrMo for use as artificial joint bearing 

materials. J. Mater. Sci. Mater. Med. 20, 163–170 (2009).
	34.	 Skold, R. V. & Larson, T. E. Measurement of the instantaneous corrosion rate by means of polarization data. Corrosion 13, 139–142 

(1964).
	35.	 Stern, M. & Geaby, A. L. Electrochemical polarization. J. Electrochem. Soc. 104, 56 (1957).
	36.	 Cubillos, G. I., Mendoza, M. E., Alfonso, J. E., Blanco, G. & Bethencourt, M. Chemical composition and microstructure of zirco-

nium oxynitride thin layers from the surface to the substrate-coating interface. Mater. Charact. 131, 450–458 (2017).
	37.	 Signore, M. A., Rizzo, A., Mirenghi, L., Tagliente, M. A. & Cappello, A. Characterization of zirconium oxynitride films obtained 

by radio frequency magnetron reactive sputtering. Thin Solid Films 515, 6798–6804 (2007).
	38.	 Rizzo, A. et al. Sputtering deposition and characterization of zirconium nitride and oxynitride films. Thin Solid Films 520, 3532–

3538 (2012).
	39.	 Huang, J. H., Hu, Y. Y. & Yu, G. P. Structure evolution and mechanical properties of ZrNxOy thin film deposited on Si by magnetron 

sputtering. Surf. Coat. Technol. 205, 5093–5102 (2011).
	40.	 Wiame, H., Centeno, M. A., Picard, S., Bastians, P. & Grange, P. Thermal oxidation under oxygen of zirconium nitride studied by 

XPS, DRIFTS TG-MS. J. Eur. Ceram. Soc. 18, 1293–1299 (1998).
	41.	 Meng, Q. N., Wen, M., Qu, C. Q., Hu, C. Q. & Zheng, W. T. Preferred orientation, phase transition and hardness for sputtered 

zirconium nitride films grown at different substrate biases. Surf. Coat. Technol. 205, 2865–2870 (2011).
	42.	 Roman, D. et al. Effect of deposition temperature on microstructure and corrosion resistance of ZrN thin films deposited by DC 

reactive magnetron sputtering. Mater. Chem. Phys. 130, 147–153 (2011).
	43.	 Muneshwar, T. & Cadien, K. Comparing XPS on bare and capped ZrN films grown by plasma enhanced ALD: Effect of ambient 

oxidation. Appl. Surf. Sci. 435, 367–376 (2018).
	44.	 Farkas, N. et al. The role of subsurface oxygen in the local oxidation of zirconium and zirconium nitride thin films. in Thin Solid 

Films vols 447–448 468–473 (Elsevier, 2004).
	45.	 Zhang, Y. J. et al. TiCuN solid solution coating: Excellent wear-resistant biocompatible material to protect artificial joint. Mater. 

Lett. 227, 145–148 (2018).
	46.	 Sai Nievethitha, S. et al. Nanoceramics on osteoblast proliferation and differentiation in bone tissue engineering. Int. J. Biol. Mac-

romol. 98, 67–74 (2017).
	47.	 Stockert, J. C., Blázquez-Castro, A., Cañete, M., Horobin, R. W. & Villanueva, Á. MTT assay for cell viability: Intracellular localiza-

tion of the formazan product is in lipid droplets. Acta Histochem. 114, 785–796 (2012).

Acknowledgements
The authors acknowledge the Fundación para la Promoción de la Investigación y la Tecnología, for funding 
this research and thank the Division for Investigation of the Universidad Nacional de Colombia (DIB) Bogota-
Colombia Project HERMES 48286, the LABCYP Corrosion and Protection Laboratory of the University of Cádiz 
and the Materials Science Institute of Aragon, CSIC University of Zaragoza.

Author contributions
All authors contributed to the writing of the main text and the elaboration of the figures.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to G.I.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

www.nature.com/reprints


19

Vol.:(0123456789)

Scientific Reports |        (2021) 11:18926  | https://doi.org/10.1038/s41598-021-98052-2

www.nature.com/scientificreports/

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021

http://creativecommons.org/licenses/by/4.0/

	ZrN-ZrOxNy vs ZrO2-ZrOxNy coatings deposited via unbalanced DC magnetron sputtering
	Experimental procedure
	Substrate preparation and deposition conditions. 
	Characterization of the coatings. 
	Evaluation of the corrosion resistance. 
	Biocompatibility study. 

	Results
	Chemical composition of the coatings. 
	Structure of the coatings. 
	Surface morphology. 
	Corrosion resistance. 
	Polarization curves. 
	Electrochemical impedance spectroscopy. 

	Biocompatibility study. 

	Conclusions
	References
	Acknowledgements


