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Abstract 

Purpose The aim of the study was to investigate the influence of the nitrocarburizing process 

carried out in low temperature plasma using the active screen at 440°C on the structure and 

physicochemical properties of the 316LVM steel. Methods In the paper results of 

microstructure and phase composition of the layers, roughness, and surface wettability, 

potentiodynamic pitting corrosion resistance, penetration of ions into the solution as well as 

biological tests were present. The studies were conducted for the samples of both mechanically 

polished and nitrocarburized surfaces, after sterilization, and exposure to the Ringer's solution. 

Results Based on the obtained results the influence of sterilization and exposure to Ringer's 

solution on the physicochemical properties of the surface of both the substrate and the layer 

were determined. The formation of a nitrocarburizing layer resulted in a favorable increase in 

the tested parameters were observed. Conclusions In the conclusion, the suitability of the 

proposed 316LVM steel surface treatment method for short-term implants can be confirmed. 

Key words: 316LVM steel, nitrocarburization, corrosion resistance, surface wettability, 

biocompatybility 

1. Introduction 

The treatment of anterior chest wall defects using the Nuss method involves the use of multi-

element metal stabilizers made of 316LVM steel or titanium alloys. Their use may be associated 

with adverse events that affect the patient's condition. However, due to the very good 

stabilization effect, low minimally invasiveness, less postoperative pain and very good cosmetic 

effect, this method is very often used by thoracic surgeons around the world [7,21,36,38]. 

Stabilization of a deformed chest using the Nuss method is most often performed in patients 

aged 17-21, however, due to it’s minimally invasiveness, it is also used in children under 10 

years of age – Fig. 1. 



 

 

 
Fig. 1. Age of patients treated with the Nuss method [7]  

 

According to literature [11], from 0.5% to 2.5% of planned procedures are associated with 

the occurrence of intraoperative adverse events. A progressive adverse event in the form of 

infection in the area of the implant may cause histopathological changes in the bone at the site 

of contact with the implant, most often through the development of inflammatory granulation 

tissue [27,29,34]. Such consequences were described by the authors [12], who performed 862 

stabilizations using the Nuss method over an 18-year period (1987-2005). Nineteen patients 

(2.2%) aged 9 to 23 were diagnosed with an allergy to the components of the metal implant. In 

particular, in this group, 63% of patients developed rash and erythema, 6% had inflammatory 

granulation tissue, and 31% had pleural effusion (Fig. 2). In these cases, the 316LVM steel 

plate had to be removed from the body, while in three patients it was replaced with a titanium 

plate. 

 
Fig. 2. Symptoms of allergy after insertion into the chest plate made of 316LVM steel [12] 

 

In multi-element stabilizers, displacements occur during anatomical loading. This leads to 

the formation of friction pairs that damage the passive layer of the implant surface. These 

conditions, combined with the aggressive impact of the tissue environment, favor the 

development of corrosion [18,23,37]. Corrosion products: i.e. ions of alloying elements from 
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the implant released into the tissue environment and body fluids, participate in synergistic or 

antagonistic reactions. The observed histopathological reactions in the tissues depend mainly 

on the type of biomaterial. For example, nickel allergy can cause a complex inflammatory 

condition similar to sepsis. This is manifested by: local skin inflammation, edema, 

lymphadenopathy [1], recurrent infections [30] and poor wound healing [31]. Increased 

exposure to nickel stimulates and duplicates "T" cells, which, if they reach the so-called 

tolerance test, cause the occurrence of the above symptoms [32]. Therefore, it is so important 

to increase the biocompatibility of implants. Increase of the corrosion resistance, and surface 

hardness as well, can be obtained by surface treatment [3,6,20,26,39,38]. More and more often 

processes of plasma or gas nitriding, or ion implantation are used [2,5,24]. Recently also the 

process of glow discharge nitrocarburizations is used. The mentioned technology combines the 

process of low-temperature nitriding and carburization in a low-temperature plasma, in which, 

next to a mixture of nitrogen and hydrogen, a methane is used [8,19]. This process enables the 

production on the austenitic stainless steel a double layer of nitrogen austenite γN and carbon 

austenite γC. Application of the modified process realized with the use of the active screen 

allows to process complex shape parts [9,33], which is especially important for medical 

instruments and implants. This technology allows for keeping a certain surface roughness, due 

to the reduction of the sputtering effect, resulting in improved mechanical and corrosion 

properties of these layers. A comprehensive solution to improve the quality of 316LVM steel 

used in orthopedic implants should be focused on shaping the structure of the diffusion surface 

layer including the sterilization process and tissue environment.  

The need for such studies is required in various fields. However, in biomedical engineering 

from cardiology, through dentistry and orthopedics, they are special and regulated by dedicated 

normative regulations. The results of these studies are addressed to companies operating in the 

field of medical device production. 

Therefore, the aim of the study was to investigate the influence of the nitrocarburizing 

process carried out in low temperature plasma using the active screen at 440°C on the structure 

and properties of the 316LVM steel. 

2. Material and methods 

 The studies were conducted on stabilizers for the treatment of anterior chest wall 

deformities made of 316 LVM steel with chemical composition and mechanical properties 

consistent with the recommendations of ISO 5832-1:2020 [16]. Based on the results of 



 

 

microscopic metallographic examinations, non-metallic inclusions in the form of globular 

oxides were found in the steel structure - Fig. 3a. In the steel structure, elongated austenite 

grains with numerous slip bands were distinguished - Fig. 3b, c. The tested material met the 

recommendations included in the subject standard ISO 5832-1, which was verified during 

preliminary tests. 

a)  b)  c)  

Fig. 3. Non-metallic inclusions in the form of globular oxides ‒ a), austenitic structure with slip 

bands ‒ transverse b), longitudinal ‒ c), light microscope 

The surface modification of the stabilizers was carried out by: grinding, electrochemical 

polishing, passivation. The prepared samples were subjected to the glow discharge plasma 

assisted nitrocarburizing using the active screen made of the Fe-Cr-Ni [5]. The nitrocarburizing 

process was carried out at 420C. The pressure in the working chamber was equal to 2 hPa. The 

composition of the working mixture was as follows: N2, H2, and CH4 47:143:10, time of proces 

t=2h. The surfaces prepared in this way were subjected to medical sterilization and exposure to 

Ringer's solution simulating the tissue environment. The samples were kept for 28 days at 37 

°C in the laboratory incubator 53 FD (BINDER). Additionally, sterilization with ethylene oxide 

was performed before biological tests. The samples were then divided into the 6 groups 

acording to table 1. 

Table 1. Samples for testing 

Electrochemically polished 

PE Electrochemically polished and chemically passivated 

PES Electrochemically polished and chemically passivated after sterilization 

PESR 
Electrochemically polished and chemically passivated after sterilization and exposure to 

Ringer's solution 

Nnitrocarburizing layer (NC) 

ANC Nnitrocarburizing layer (NC)  

ANCS Nnitrocarburizing layer (NC) after sterilisation  

ANCSR Nnitrocarburizing layer (NC) after sterilization and exposure to Ringer's solution 

 

 

2.1. Chemical composition and microstructure of the layer 



 

 

The evaluation of the stabilizer microstructure was carried out on the cross-section using 

transmission electron microscopy (TEM) techniques. The THEMIS FEG microscope from 

ThermoFisher was used for the analyses. The thin film was prepared using the focused gallium 

ion beam technique on the DualBeam SCIOS II microscope from the ThermoFisher. First, the 

microstructure was assessed in the bright field observation (TEM BF). Phase analysis from 

selected locations was performed using electron diffraction (SAEDP) from the layer area and 

from the substrate area. Additionally, a qualitative analysis of the chemical composition was 

performed using EDS. The analysis results were presented in the form of maps of the 

distribution of elements such as: Fe, C and N. 

2.2. Surface topography 

Surface topography studies of all sample groups were conducted using a ZEISS Supra 25 

scanning electron microscope and a Park Systems XE-100 atomic force microscope (AFM). 

The QBSD detector and an accelerating voltage of 20,000 kV were used for SEM analysis. The 

QBSD detector was used to assess the surface structure in the scanning electron microscope, 

while the SE detector was used to assess the topography of the deformed samples with a layer.  

In AFM studies, the non-contact mode of the microscope was used, in which the tip was 

moved 1-10 nm away from the surface for imaging. The Sa parameter was calculated in the 

XEI program integrated with the AFM microscope, which is a tool for editing and processing 

the obtained images. 

2.3. Surface wettability 

To determine the wettability of the surface, contact angle and the surface free energy (SFE) 

measurements, by means of the Owens-Wendt method were used. Contact angle measurements 

with distilled water (θd) (Merck) and diiodomethane (w) (Poch SA) were conducted using a 

drop of liquid with a volume of 1.5 ml. The measurements were performed by applying the 

SURFTENS UNIVERSAL optical goniometer (OEG) and the computer software Surftens 4.5 

for analyzing the recorded image of the drops. The measurements were carried out at room 

temperature (T=23±1°C) for 60 seconds.  

2.4. Potentiodynamic study 

The study of pitting corrosion resistance was carried out by means of the potentiodynamic 

method using three electrodes: the reference electrode (saturated calomel electrode - Ag/AgCl 



 

 

3M KCl), the auxiliary electrode (platinum electrode PtP-201), and the working electrode – the 

sample. The study was realized with the use of the VoltaLab PGP 201 potentiostat equipped 

with the Volta Master software. The study consisted in recording polarization curves in 

accordance with the recommendation of the PN-EN ISO 10993-15 standard [28]. On the basis 

of the obtained curves the following corrosion parameters were determined: corrosion potential 

Ecorr. breakdown potential Eb, repassivation potential Ecp, transpassivation potential Etr and, 

using the Stern method, polarization resistance Rp. The studies were performed in the Ringer’s 

solution at the temperature of  T = 37±1°C. 

2.5.  Ions infiltration  

In order to assess coating density of the surface layer and also the amount of ions infiltrating 

from the steel to the Ringer’s solution, metallic ions permeability tests were performed. The 

amount of Fe, Si, Cr, Ni and Mo ions that infiltrated to the solution was designated. Each sample 

was placed for 28 days in 100 ml of the Ringer’s solution at the temperature of T = 37±1°C. 

Metallic ions concentrations were measured with the JY 2000 spectrometer (by Yobin – Yvon) 

applying the ICP-AES method.  

2.6. Cytotoxicity studies 

The cytotoxicity and cell viability tests were performed using the direct method (according 

to ISO 10993-5) [15] using human fibroblast cells (PromoCell, DE), which consisted in 

determining the probability and number of necrotic cells on the analyzed surfaces in relation to 

live cells (first method) and determining the amount of lactate dehydrogenase secreted from 

cells that had direct contact with the surface (second method). In the first method, two dyes 

were used - propidium iodide (PI) and MitoTracker Green FM (Mitochondrion-Selective 

Probes), a green fluorescent mitochondrial dye. Cell viability was assessed after a 24-hour 

incubation using a confocal scanning microscope (Exciter 5, Carl Zeiss). In the second method, 

after conducting cell culture on the surfaces of the tested materials, the supernatant was 

collected in a volume of 100 µl for measuring lactate dehydrogenase LDH. The LDH level was 

determined using a spectroscopic method (EPOCH2 spectrophotometer by BioTek) through 

changes in absorbance observed per unit of time, which is a measure of the reaction rate. 

3. Results 

3.1. Chemical composition and microstructure of the layer 



 

 

For all layers (ANC, ANCS, ANSCR), point diffraction lines were found in the surface 

layer, indicating a coarse-grained structure (diffraction from a single grain). For the carbon-

nitrogen layer, the Fe4(Fe(CN)6)3 phase with a regular, flat-centered structure was identified – 

Fig. 4. Based on the obtained diffraction lines, austenitic steel was identified for the substrate 

and the presence of the Cr0.19Fe0.7Ni0.11 phase, also with a regular, flat-centered structure 

was found. 

 

Fig. 4. Example microstructural analysis, for the layer after the initial state (ANC): a) image in 

the bright field of view (TEM BF), b) phase analysis by electron diffraction (SAEDP) 

The results of the analysis (EDS) of the carbon-nitrogen layer in the form of distribution 

maps of selected elements for samples in the initial state are presented in Fig. 5b, 59b. In all 

cases, a gradient of N and C concentration was recorded, indicating a decrease in the share of 

C and N with the distance from the surface. Visible changes occurred to a depth of approx. 1.5 

μm from the surface. 

 

Fig. 5. Qualitative analysis of the chemical composition, EDS, for the layer in the initial state 

(ANC): a) STEM image from the analysis area, b) distribution maps, respectively: Fe, C, N 

Additionally, for the layer after sterilization and exposure to Ringer's solution, a bulge was 

observed on the surface of the material, which was caused by local corrosion – Fig. 6a, which 

border 

Zone of increased carbon and 
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was confirmed during the pitting corrosion resistance tests. The analysis of the chemical 

composition carried out for both the unchanged surface and the local corrosion sites confirmed 

the gradient content of carbon and nitrogen, which is consistent with the nitrocarburization 

process (Fig. 6b). 

a)  b)  

Fig. 6. Example microstructure analysis, TEM, for a layer (ANCSR): a) image in the bright 

field of view (TEM BF): a) local corrosion, b) surface without corrosion changes 

3.2. Surface topography 

The results of the surface topography studies were presented in Figs. 7-9 and in Table 11. 

Based on SEM analysis, the surface of electrochemically polished samples revealed the 

presence of an austenitic structure with visible slip bands and annealing twins, indicating the 

performed plastic processing of the biomaterial – Fig. 7. On the other hand, the surface of 

samples with a layer showed carbon-nitrogen austenite – Fig. 8. No effect of sterilization and 

exposure to Ringer's solution on the surface morphology was found for both polished and 

layered samples. For samples with a layer after sterilization (ANCS) and exposure (ANCSR) 

subjected to bending by an angle of 80 on their external surface, at 1000x magnification, a 

larger number of microcracks were observed for ANCSR samples – Fig. 9. 

Based on the AFM analysis, differences in the Sa parameter values were found – Figs. 10, 

11 and Table 2. Both sterilization and exposure to Ringer's solution increased the surface 

roughness. Smaller differences were observed for the surface of the samples with a layer. The 

formation of the layer didn’t significantly affect the change in roughness in relation to the 

substrate. The largest difference in values occurs for the samples exposed to Ringer's solution. 

a)  b) c)  

Fig. 7. Example of surface topography of the polished samples, SEM: a) PE, b) PES, c) PESR 



 

 

a)  b) c)  

Fig. 8. Example of surface topography of the layer, SEM: a) ANC, b) ANCS, c) ANCSR 

a)   b)   c)  

Fig. 9. Example of surface topography of the layer, after deformation: a) ANC, b) ANCS, c) 

ANCSR 

a) b) c)

Fig. 10. Example morphology of the polished surface, AFM: a) PE, b) PES, c) PESR 

a) b) c)  

Fig. 11. Example morphology of the layer, AFM: a) ANC, b) ANCS, c) ANCSR 

Table 2. Surface roughness test results 

 PE PES PESR ANC ANCS ANCSR 

Sa, nm 
Av. 25 86 164 29 65 79 

SD 5 12 14 9 12 11 

 

3.3. Surface wettability  

The results of the study were presented in Figs. 12 and 13 and in Table 3. The formation of 

a carbon-nitrogen layer caused an increase in the angle value in relation to the samples subjected 

to electrochemical polishing. The highest values of angles indicating hydrophobic properties in 

microfractures 
microfractures 

 



 

 

this case for both PE and ACN samples were observed for the initial state. On the other hand, 

the sterilization and exposure processes caused a change in the surface character from 

hydrophobic to hydrophilic, but with low wettability. Taking into account the obtained standard 

deviations, it can be stated that for the PES and ANCS variants no significant differences were 

observed in the values of angles av. A greater difference was observed for the PESR and 

ANCSR variants, while for ANCSR the wettability was lower. 

No significant differences were found in the surface free energy (SFE) values for the coated 

surface compared to the polished samples.  

a)   b)  c)  

Fig. 12. Examples of a drop during measurement: a) PE (śr = 90.7), b) PES (śr = 78.3), c) 

PESR (śr = 73.2) 

a)   b)  c)  

Fig. 13. Examples of a drop during measurement: a) ANC (śr = 113.5). b) ANCS (śr = 94.3), 

c) ANCSR (śr  83.0)  

 

Table 3. Results of the surface wettability test - OW method 

Group no. 
Contact angle,  [°] Surface free energy, 

(SFE) mJ/m2  distilled water diiodomethane 

Elektrochemically polished steel 

 Av. SD Av. SD Av. SD 

PE 90.7  1.0 59.3   0.3 29.0   0.2 

PES 78.3  2.2 52.8   1.1 33.4   0.7 

PESR 73.2  6.3 59.3   3.0 33.0   3.1 

Nitrocarburized steel 

ANC 113.5  1.3 63.5  3.5 29.3   1.2 

ANCS 94.3  4.9 53.0  1.7 34.3   1.5 

ANCSR 83.0  4.8 57.0  2.4 30.8   1.6 



 

 

3.4. Potentiodynamic study 

The results of potentiodynamic tests of pitting corrosion resistance together with 

macroscopic evaluation of the surface were presented in Table 4 and Figs. 14-17. A beneficial 

effect of the produced layer on the parameters defining pitting corrosion resistance was 

observed. It was found that for such a modification method, for samples in the initial state, the 

values of: corrosion potential and breakdown potential and polarization resistance are higher 

than for polished samples. It was also observed that in the case of polished samples, sterilization 

and exposure to Ringer's solution increased corrosion resistance, in contrast to samples with a 

layer, where a decrease in the values of these parameters was observed. The obtained results 

confirm the macroscopic observations of the surfaces of the tested samples, indicating the 

initiation of corrosion pits - Fig. 15, 17.  

  
Fig. 14. Polarization curves for the electrochemically polished samples  

Table 4. Results of potentiodynamic study 
 Ecorr, V Eb, V Rp, kcm2 

 Av. SD Av. SD Av. SD 

PE -0.044 0.21 +1.263 0.26 187 0.65 

PES +0.125 0.42 +1.364 0.18 395 0.64 

PESR -0.085 0.35 +1.357 0.28 203 0.52 

       

ANC +0.231 0.33 +1.408 0.7 321 0.74 

ANCS +0.102 0.21 +1.362 0.6 343 0.68 

ANCSR -0.097 0.24 +1.125 0.32 94 0.22 

Av. – average, SD – standard deviation 

 

-11

-10

-9

-8

-7

-6

-5

-4

-3

-2

-0,2 0,3 0,8 1,3 1,8

j,
 l

o
g
 j

, 
A

/c
m

2

Potential E, V vs. Ag/AgCl 3M KCl

PE PES PESR



 

 

a)  b)  c) 

Fig. 15. Examples of corrosion damage on the samples surfaces: a) PE, b) PES, c) PESR, mag. 

18.9 x 

 
Fig. 16. Polarization curves for samples with the layer 

a)  b)  c)  

Fig. 17. Examples of corrosion damage on the samples: a) PE, b) PES, c) PESR, mag. 18.9 x 

 

 3.5.  Ions infiltration  

The test results were presented in Table 5. It was found that the deposited nitrocarburized 

layer has influence on barrier properties. The presence of ions of the main alloying elements of 

the 316LVM steel such as Fe, Cr, Ni, Mo were found, but in smaller amounts for the samples 

with the deposited layer.  

Table 5. Results of metallic ions infiltration    

 Metallic ions infiltration tests, 
µ𝑔

𝑐𝑚2 (mean value) 

 Fe SD Cr SD Ni OS Mo SD 

PE 15.5 0.65 56.5 1.10 65.6 1.42 98.9 2.01 

PES 7.5 0.65 49.9 1.56 59.8 1.30 97.9 2.01 
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ANC 9.9 0.65 50.1 1.30 58.8 1.43 92.8 1.98 

ANCS 6.6 0.63 48.9 1.30 54.4 1.38 89.3 1.80 

The highest concentration of ions for all types of groups was recorded for Mo ions (98.9 
µ𝑔

𝑐𝑚2
) 

whereas the lowest concentration was recorded for Fe ions (15.5 
µ𝑔

𝑐𝑚2 ). The highest barrier 

properties were observed for the layers on the samples subjected to sterilization and exposure 

to the Ringer's solution what from the point of view of the presence of the implant in a body is 

favorable. It can also be observed that the formation of the nitrocarburized layer resulted in a 

reduction in the mass of ions in the tested solution, in relation to polished samples. The greatest 

barrier was the layer for Fe ions.  

3.6. Cytotoxicity studies 

Based on the analysis of the colocalization of the color intensity of the fluorochrome cell 

survival was determined for all modifications in accordance with the applicable statistical 

principles (Fig. 18).  

a) b) c) d)  

Fig. 18. Morphology and distribution of fibroblasts (PromoCell. DE), scanning confocal 

microscope: a) PE. b) PES. c) ANC, d) ANCS (green – live cells, red – necrotic cells)  

In accordance with the requirements of ISO 10993: "A reduction in cell viability by more 

than 30% is considered a cytotoxic effect". Based on the obtained results, cell survival was 

found to be above 70% for all analyzed surface variants (Figs. 19 and 20). 

 
Fig. 19. Correlation between the number of necrotic cells and metabolically active cells 
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Fig. 20. The relationship between cell survival as a function of the analyzed area 

The results of the lactate dehydrogenase level tests are presented in Fig. 21.  

 
Fig. 21. Direct cytotoxicity based on the level of lactate dehydrogenase 

5. Conclusion 

The use of multi-element stabilizers for the surgical treatment of anterior chest wall 

deformities provides a very good final effect related to obtaining the correct chest curvature.  

Previous studies, in most cases, were conducted on 316L steel [13,14,25]. 316LVM steel, 

compared to 316L, is characterized by a higher yield strength and tensile strength, which is 

associated with a higher percentage of Cr, Mo and Ni and a lower percentage of C, Cu, Si, P 

and S. Therefore, studies were conducted on samples with a layer prepared from a plate for the 

treatment of chest deformations. Based on the TEM results, it was found that both the substrate 

biomaterial and the layer crystallize in a cubic plane-centered lattice characteristic of the 

austenitic structure - Fig. 4. The TEM BF image clearly showed nitrided and carburized zones, 

separated by a separation boundary from the substrate. On this basis, it can be stated that the 

thickness of the surface layer produced at a temperature of 420C was about 1.5 μm. This 

allowed for eliminating the participation of unfavorable elements in the layer, such as Cr and 

Ni. Based on the literature analysis, it can be concluded that the process temperature affects the 
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layer thickness, which is confirmed by the results of the authors [17] who produced layers at 

temperatures of 425C and 475C. They observed, that increasing the heat temperature 

significantly increases thickness. 425C - 5 %CH4 sample produced the smallest S-phase layer 

thickness with 3.47 ± 0.21 µm and followed by 425C - 10 %CH4 samples with 4.90 ± 0.25 µm 

and of 475C - 5 %CH4 sample to 475C - 10 %CH4 sample to 13.32 ± 0.48 µm. This is 

because higher temperature increases diffusion rate, increasing the thickness [22]. This is not 

beneficial due to the prebending of implants before they are introduced into the body. Thick 

layers are subject to cracking, which affects the unfavorable changes in the physicochemical 

properties of the surface. 

The presence of the carbon-nitrogen layer was also confirmed by qualitative analysis of the 

chemical composition EDS. Both in the initial state, after sterilization and exposure, a gradient 

of C and N occurrence was shown, i.e. decreasing concentration of these elements with distance 

from the surface, which is characteristic of the occurrence of the carbon-nitrogen layer – Fig. 

5. For polished samples, as well as with the layer, diffraction lines originating from the substrate 

from gamma iron Fe (ICSD:98-005-3803) were identified, and additionally for the layer, 

diffraction lines originating from the Fe4N1 phase (ICSD:98-005-3503). In the studies, the 

phase detection threshold was about 3%, which made it difficult to identify the phase containing 

carbon. 

A very important issue related to short-term implants is also the reactions that occur between 

their surface and the tissue environment. Implants of this type remain in the body for up to two 

years, therefore, in order to allow their removal, osteointegration should not occur on the 

surface. In this case, the physical properties of the surface play a very important role, which 

include: topography, wettability and free surface energy. Based on the analysis carried out using 

a scanning electron microscope (SEM), it was found that the surface of polished samples has 

an austenitic structure with visible slip bands and annealing twins (Fig. 7), while on the surface 

of samples with a layer - carbon-nitrogen austenite (Fig. 8). This confirms the previously 

obtained TEM results. In this case, no effect of sterilization or exposure was found on the 

structure of samples without a layer and with a layer. The surface topography analysis showed 

that microcracks occur on the deformed samples with a layer after sterilization and exposure 

(Fig. 9), but as proven in other studies, they did not significantly reduce the resistance to pitting 

corrosion. On the other hand, based on the results obtained using AFM atomic force 

microscopy, it was found that the formation of a layer did not significantly increase the Sa 

parameter in relation to the polished surface, the value of the Sa=25nm for PE samples and 29 



 

 

nm for ANC samples. However, an increase in surface roughness was observed after 

sterilization and exposure - Table 2. The increase in roughness had an effect on wettability and 

surface energy. 

Analyzing the results, a similar relationship can be observed, because the formation of the 

layer resulted in obtaining higher values of wetting angles – Table 3. For PE samples - 

av=90.7, while for ANCSR samples - av=90.7. The change of the surface character from 

hydrophobic to hydrophilic was influenced by sterilization and exposure to Ringer's solution. 

On the other hand, for polished samples, both sterilization and exposure influenced the 

obtaining of a hydrophilic surface (av=78.3, av=73.2, respectively). No significant 

differences were observed in the values of surface free energy. However, it can be stated that 

the type of surface polishing affects its wettability. Compared to an electrochemically polished 

surface, a mechanically polished surface is characterized by greater wettability (av=83.2) [35]. 

However, for electrochemically polished samples with a TiO2 coating produced by the ALD 

method, an increase in the contact angle value above 100 was observed [4]. Taking into account 

the environment in which the implant is located during stabilization, it can be stated that another 

important criterion for the suitability of the produced layer is its resistance to pitting corrosion. 

The test results showed an increase in corrosion resistance for samples with the produced layer 

– Table 4. In particular, it was found, respectively, for polished surfaces: Ecorr=-0.044V, 

Eb=1.263V and Rp=187kcm2, while for the layer: Ecorr=+0.231V, Eb=1.408V and Rp 

=321kcm2. For samples after sterilization, the values of the analyzed parameters are 

comparable, while sterilization and exposure resulted in a slight decrease in the analyzed 

parameters (Ecorr=-0.097V, Eb =1.125V and Rp = 94kcm2). The studies conducted by the 

authors of the publication [17] on 316 steel with nitrided and carburized layers confirm the 

increase in corrosion resistance and in particular in corrosion potential in relation to the 

substrate biomaterial. They also observed smaller pitting for samples with a layer. 

Confirmation of obtaining favorable values of parameters characterizing corrosion 

resistance is the amount of metal ions released into the solution. The proposed surface 

modification resulted in the formation of a barrier layer against the release of the main alloying 

elements, such as: Cr, Ni, Mo and Fe. Additionally, sterilization of both polished samples and 

those with a layer reduced the mass density of metallic element ions in the solution - Table 5. 

The most important issues concerning biomaterials and implants include the interaction of 

their surface with the surrounding cells. Therefore, as part of the biological assessment, 

cytotoxicity and cell viability tests were conducted using the direct method. Based on the 



 

 

obtained results, cell survival was found to be above 70% for all analyzed surface variants, 

which indicates the lack of their cytotoxic effect; in particular for the sample: ANC - 77%, PE 

- 79%, PES - 88% and ANCS - 90% (Fig. 17,18,19). It can therefore be stated that sterilization 

had a positive effect on increasing cell survival. Also, based on the measurement of lactate 

dehydrogenase LDH, no significant differences in its level were found, therefore it can be stated 

that surface modification did not affect its cytotoxicity - Fig. 20. 

 In summary, it can be stated that the creation of a diffusion carbon-nitrogen layer has a 

beneficial effect on the physical and chemical properties of the implant surface and 

biocompatibility. Taking into account the obtained results, in the next stages the research 

methodology should be expanded to include fatigue tests of the layer, testing of the layer to 

assess the adhesion of S. aureus and E. coli bacterial colonies, and clinical studies. 

In summary, the creation of a diffusion nitrocarburized layer had a positive effect on 

increasing hardness and abrasion resistance. This is of great importance for medical products, 

in which friction occurs between structural elements during operation. On the other hand, 

increasing biocompatibility is very important for implants used in the human body. 

Taking into account the obtained results, in the next stages it is necessary to expand the 

research methodology in order to solve the following issues: 

• fatigue tests of the layer in order to determine the possible decohesion process during 

cyclic loading, 

• tests of the layer in order to assess the adhesion of S. aureus and E. coli bacterial 

colonies, 

• conducting detailed biological tests taking into account irritation, sensitization and 

genotoxicity, 

• for implants with a created layer, conducting tests in clinical conditions. 
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