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Сажетак: Нерђајући челици имају отпорност према корозији услед формирања заштитног пасивног слоја оксида на површини. Пасивација биомедицинског челика AISI 316L потапањем у азотну киселину је изведена у циљу побољшања заштитног слоја и повећања отпорности према питинг корозији у физиолошком раствору. Регресиона анализа је примењена у циљу откривања утицаја параметара при пасивацији (HNО3 концентрација, температура и период пасивације) на корозиону отпорност нерђајућег челика 316L у Hank–овом раствору. Експеримент је изведен као пун факторни са три параметара на три нивоа. За меру корозионе отпорности узет је питинг потенцијал (Еp) добијен из потенциодинамичких мерења. На основу математичког модела анализирани су утицаји сваког од параметара, као и њихова међусобна интеракција.
Abstract: Corrosion resistance of steinless steel is due to the formation of a protective oxide film. Passivation of a biomedical grade AISI 316L stainless steel by means immersion in nitric acid was used to improve a protective oxide layer on the surface and to increase resistance to pitting corrosion in physiological solution. Regression analysis was employed to reveal the effects of parameters of the nitric acid passivation (HNO3 concentration. temperature and passivation period) on the corrosion resistance of 316L stainless steel in Hank’s solution. The experiment designed as full factorial with three factors and three levels. The responses were the pitting potential values (Ep) obtained from potentiodynamic tests. According to the mathematical model, the effects of each variable and interactions between them were analyzed.


1. INTRODUCTION

[bookmark: OLE_LINK3][bookmark: OLE_LINK4]Different types of bone screws and implants are used in orthopaedics for treatment of bone fractures. In fracture fixation, the main objective is maintaining the stability of the fracture site. On the other hand, the fixation device should allow favorable mechanical and biological conditions for healing [1]. Among various metallic materials used for orthopedic devices, AISI 316L stainless steel (316L SS) is one of the most commonly used [2,3]. SS 316L is a surgical alloy containing chromium, nickel, molybdenum, manganese and carbon (≤0.03 %). Nickel provides corrosion resistance and stabilizes the crystalline structure; chromium provides an oxidized surface reducing corrosion, molybdenum improves the corrosion properties and carbon increases the surface hardness [4]. 316L SS is compositionally disordered Fe, Cr, Ni and Mo alloy with the face-centered cubic (fcc) structure of the austenite. This particular alloy is used as an implant material to make internal fixation devices (artificial joints, bone plates, stents) due to its favorable combination of mechanical properties, corrosion resistance, satisfactory biocompatibility and cost effectiveness compared with other metallic biomaterials [5].
Pitting corrosion, one of the most severe and destructive types of localized attack, represents a serious problem related to the stability of stainless steels used in various applications, ranging from industrial to medical applications. The susceptibility of SS to pitting attack depends largely on the type of SS used and on the subsequent chemical composition of the protective passive layer. It is a common agreement that an increased content of chromium in the surface passive film results in an increased resistance of the SS to pitting corrosion [6-9]. On the other hand, the presence of some inclusions on the material′s surface, such as sulfide inclusions, represents a major problem due to their negative role in pitting corrosion. 
The passive films which are formed on the surface play an important role in corrosion stability of SS. The study of electrochemical behavior of that kind of steel in aggressive conditions, when a considerable dissolution of the metal takes place even in a passive state, is significant for the creation alloys, which are stable in corrosive media. In order to increase corrosion resistance, some protocols of passivation have been used for the stainless SS.
A number of research groups have done extensive research on the improvement of both general and pitting corrosion resistance of SS by developing techniques for the modification of the material′s surface and passive film. Nitric acid has been used as one of the most popular chemical passivating reagents for surface treatment of SS. Extensively cited works have emphasized a beneficial effect of nitric acid solution on chromium enrichment in the modified passive layer [10-14].
The ASTM-F86 standard defines a protocol for SS implant immersion in nitric acid solution due to reduce their surface reactivity and consequently their potential for dissolution [15]. The knowledge of the effect of these conditions of passivation is essential for achieving a controlled process. Experimental design techniques, such factorial design and optimization are useful tools in the characterisation of electrochemical processes to study the effects of variables which affect them and their possible interactions [16, 17]. The aim of this work was to determine the effects of the passivating solution concentration, its temperature and the period of treatment on the corrosion resistance of the passivated 316L SS, namely pitting potential by using multiple regression analysis.


2. MATERIALS AND METHODS 

2.1.  Materials

For this research, twenty eight cylindrical samples of the 316L SS with diameter of 6 mm, height of 15 mm were machined. Chemical composition and mechanical properties of used material are shown in Table 1 and 2 respectively. 

Таble 1. Chemical composition of tested AISI 316L stainless steel
	All in (wt. %)
	Chemical composition

	
	C
	Cr
	Ni
	Mo
	Mn
	3.3(%Mo)+(%Cr)

	Tested material
	0.011
	17.29
	14.56
	2.73
	1.70
	26.30

	ISO 5832-1 (2007)
	max 0.03
	17-19
	13-15
	2.25–3.50
	max 2.00
	min 26



Таble 2. Mechanical properties of tested AISI 316L stainless steel
	
	Proof stress R0.2, (MPa)
	Ultimate tensile stress Rm,(MPa)
	Elongation, (%)

	Tested material
	880
	995
	13

	ISO 5832-1 (2007)
	≥ 690
	≥ 860
	≥ 12



Prior to each test, the exposed surface of the samples (6 mm in diameter) were wet ground with silicon carbide paper up to 1200 grit, successively polished with diamond paste grain size up to 0.25 µm, rinsed with distilled water and then washed with ethanol in an ultrasonic cleaner.
After the final polishing and cleaning, the samples were immersed in nitric acid (HNO3) solutions. After the passivation treatment, the samples were rinsed in double distilled water and alcohol respectively.
The electrochemical tests were conducted in Hank’s solution, which is a simulated body fluid and most frequently used for in vitro tests. The solution was prepared at Faculty of Medicine University of Niš. Composition and instruction for preparation is contained in [18].

2.2. Electrochemical measurements

The experiments were carried out using a three compartiment cylindrical glass cell equipped with a saturated calomel electrode (SCE) as reference electrode and a platinum foil as a counter electrode. The measurements were made using Potentiostat–Galvanostat device (Princeton Applied research EG&G Type 273A) which was connected to the electrochemical cell. Data registration and testing process conduction were performed on an interfaced computer using appropriate software.
Electrochemical tests for each sample were carried out to assess the result. The potentiodynamic curves of the test specimens were measured from -400 mV with a scan rate of 0.25 mV/s to anodic potential direction. The tests were finished when the current density reached about 0.2 mA/cm2. The pitting potential (Ep) was obtained when the passive film broke down, namely the anodic current density increased very quickly, and pits were observed on the surface of specimen after the corrosion test.
The electrochemical tests were conducted in Hank’s solution, which is a simulated body fluid. The temperature was maintained at 37±1°C (typical body temperature) during the experiments.

2.3. Methodology

Three variables (X1: HNO3 concentration. X2: temperature of passivation solution and X3: passivation period) were selected in this study. As the experiments were easy to carry out, we decided to assign three levels for each variable and to perform the 27 experiments corresponding to a full factorial design 33. Real values of the factors and their levels used in the experimentation are given in Table 3.

Table 3. Passivation factors and their levels used in the experimentation 
	Factors
	Level -1
	Level 0
	Level 1

	HNO3 concentration, (vol. %)
	10
	30
	65

	Temperature of solution, (°C)
	17
	40
	60

	Passivation period, (min)
	20
	40
	60



This procedure allowed us to measure 27 values for the response (pitting potential Ep) and to efficiently estimate the coefficients of second order model, which revealed a link between the passivation phenomena and experimental variables Xj. We chose a reduced second order. 
It can be represented as follows:
(1)
where: Y - response function, Xj - coded variables of the system, b0 - model constant, bj - first degree coefficient, bjk - crossproducts coefficients and bjj - quadratic coefficient.
The model coefficients b0, bj, bjk and bjj were estimated by a least squares fitting of the model to the experimental results obtained in the design points. The computed values of the response were designated by the .


3. RESULTS 

3.1. Experimental results

The objectives of corrosion research and testing are to provide information about the reasons for the determination of corrosion rates and the efficiency of corrosion protection achieved by the application of appropriate alloys, protective layers, coatings and inhibitors, respectively. Since corrosion processes are mostly of an electrochemical nature, electrochemical methods play an important role in corrosion research and testing.
Conventionally, the corrosion behavior of metals can be predicted from a polarization diagram which provides a pretty good illustration of different types of corrosion control. The presence of a passive film or protective coating on the surface of a metal can often modify its polarization diagram and thus the corrosion behavior. 
Potentiodynamic polarization testing is a technique where the potential of the electrode is varied at a selected rate by application of a current through the electrolyte. It is used for determining the corrosion current and to identify specific corrosion reactions, such as pitting and crevice corrosion. This technique was used for corrosion resistance assessment of both treated and non-treated surfaces, which before were ground and polished.
As the main results from the experiment are pitting potentials for all 27 combinations of the three factors (X1, X2 and X3) on the three levels (-1, 0, 1) and pitting potential of the control specimen, which tested right after polishing and cleaning. As expected, the lowest pitting potential value was for the control specimen around 0.68 V. The lowest pitting potential of the treated samples was 0.72 V measured for the sample immersed in 10 % nitric acid solution for 40 minutes at 60 C. Graphical reviews of the experimental results as contour plots of Ep (Y in graphs) versus X1 and X2 (a), Ep versus X2 and X3 (b) and versus X1 and X3 (c) are presented in figure 1. Based on the results can be concluded that maximal pitting potential around 1.42 was measured for the middle (0) level of the factors. In other words, concentration about 30% vol. HNO3 solution in distilled water, temperature about 40 C for period passivation about 40 minutes was the best combination in terms of surface passivation.
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Figure 1. Contour plot of experimental results for pitting potential (Y) and passivation factors 
(X1 – concentration; X2 – temperature and X3 – period of immersion)


3.2. Mathematical model and analysis

Multiple regression analysis was applied to develop mathematical model for the combined effect of passivation factors, namely nitric acid concentration, temperature and passivation period on the pitting potential. First and second order main effects and interaction effects were accounted in the mathematical model. The regression model coefficients were determined using least square method and the adequacy of model fit is assessed by coefficient of determination (R2). The mathematical model relating the passivation parameters and pitting potential (Ep) was obtained as:
 			      (2)
Results of analysis of variance (ANOVA) indicate that the regression was significant at the probability level 95%. Moreover, the R2 for the model is equal to 0.78 for implied that about 78% of the variability in the data for each response were explained by the models. Combined with the satisfactory residual analysis, this indicated that the model was a very good fit to the data.
Complete analysis of variance was summarized in Table 4. The statistical test allowed us to conclude that the main effect on the nitric acid passivation of 316L was X11 – second order of concentration as the most significant factor on the passivation. Secondary effect on the passivation was X22 –  temperature squared. Coefficients, such as b2, b3, b13 and b33 do not have statistical significance and because that they are neglected in the mathematical model (equation 2).

Table 4. Significance of effects by ANOVA for 
	Main and interaction effects
	Coefficient
	Standard deviation
	t.exp
	Signification %

	Constant
	1.44656
	0.09118
	15.86
	0.000

	X1
	0.07198
	0.04155
	1.73
	10.4

	X2
	0.00364
	0.04314
	0.08
	93.4

	X3
	0.01942
	0.04155
	0.47
	64.7

	X12
	0.09105
	0.05217
	1.75
	10.1

	X13
	-0.03636
	0.05217
	-0.70
	49.6

	X23
	-0.05761
	0.05217
	-1.10
	28.7

	X11
	-0.16900
	0.07251
	-2.33
	3.4 *

	X22
	-0.15536
	0.07043
	-2.21
	4.3 **

	X33
	-0.05367
	0.07251
	-0.74
	47.1




4. DISCUSSION

There are in general two ways of improving the corrosion resistance of a material from the viewpoint of surface engineering. One way is to introduce extrinsically a protective coating (e.g. TiN, CrN etc.), having better corrosion resistance properties, onto the surface of a material; the other is to produce intrinsically a protective coating by either surface modifications or pretreatments which involve the interaction of a substrate material with external species, e.g. carburization, nitridation, oxidization.
Alloys with the ability of passive layers formation on the surface are used for biomaterial applications. The stability of passive film formed on austenitic SS depends mainly on the alloy composition, temperature, passive time and working environment [2]. Oxide film on the surface of SS consists of two regions: the inner region mainly consisting of chromium oxide formed and the outer region mostly consisting of iron oxide and nickel oxide. Stoichiometry of inner layer is approximately constant (Cr2O3). Stoichiometry of outer layer is various iron oxides. Inner layer mainly gives a protective nature to passive layer against environmental agents. Nickel oxide in the form of NiO has been identified in outer layer accompanied with iron oxide. Nickel concentrations in passive film, which is lower than main alloy, in inner and outer layers are 5% and 10%, respectively. Inner and outer layers exhibit different types of semiconductivity [2,15]. Molybdenum improves the pitting resistance of SS in environments consisting of chloride [2].
Increasing the molybdenum oxide concentration and decreasing the iron concentration in the substrate possibly are responsible for corrosion resistance of orthopedic SS in normal saline solution. Molybdenum chloride salts have a low solubility in aqueous solution, whereas chromium and iron chlorides are soluble. The formation of stable chloride complexes may lower the concentration of free chloride ions within the pit enough to allow repassivation [7,19].
It was observed from the prior results that passive film affects the corrosion reaction. During immersion in HNO3, Cr, one of the major alloying elements in 316L SS forms a passive oxide layer on SS surface. Some of the reports have suggested that the major beneficial effect of HNO3 pretreatment is to dissolve the surface emergent MnS inclusions that normally act as initiation sites for pitting [20,21]. Chemical and electrochemical dissolution processes in reducing acid conditions according to Eqs. (3) and (4) can remove MnS inclusions.
MnS + 2H+ → Mn2+ +H2S											     (3)
2MnS + 3H2O → 2Mn2+ +S2O32−  + 6H+ + 8e− 								     (4)
The removal of MnS inclusions can be speculated that the removal of pit initiation sites delays the onset of pitting attack and accounts for the increased Ep values. In the present study, 40% HNO3 passivation has shown to enhance the enrichment of Cr in the passive film (known as passivity promoters) formed as high Cr–O bond thus favoring the stability of the passive film.


5. CONCLUSION 

The effects of nitric acid concentration, temperature and passivation period on the pitting potential of AISI 316L stainless steel are reported in this work. Within the range of operating conditions, the following conclusion can be drawn:
· Corrosion behavior and biocompatibility of 316L SS can be improved by the nitric acid immersion.
· Maximal pitting potential was measured for the middle (0) level of the factors (30 vol. % of nitric acid solution, 40 minutes at 40 ⁰C).
· Multiple regression analysis can be applied to develop second order mathematical model.
· On the basis of the mathematical model and ANOVA analysis, it can be concluded that concentration squared had a major effect on the pitting potential.
· Temperature squared had a secondary effect, while passivation period was the factor with the lowest signification on the pitting potential.
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