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Abstract

This study evaluated the effect of disinfection procedures and exposure to 0.9% NaCl solution cycles during
sterilization, on the electrochemical, physical and chemical properties of different stainless steel alloys used in the
biomedical field. Discs of F899 XM16, F899 303, and F899 420B alloys were cleaned with enzymatic detergent
followed by 20 cycles of autoclave sterilization. Electrochemical tests were performed including open circuit
potential, electrochemical impedance spectroscopy, and potentiodynamic polarization tests in 0.9% NaCl (n=5).
Surface characterization was performed using scanning electron microscopy (SEM), energy dispersive spectroscopy,
and surface roughness and microhardness both before and after the electrochemical test. Quantitative data were
analyzed with a significance level of 5%. The corrosion current density and corrosion potential of the alloys did not
present statistical differences. The capacitance values of the three oxide layers, polarization resistance, and impedance
of Warburg were similar among the alloys. Considering the topography, surface roughness increased for all alloys in
the post-corrosion period. The stainless steel alloys analyzed were negatively affected at the electrochemical behavior,
corrosion kinetics, and surface characterization after the 0.9% NaCl solution and the autoclave sterilization cycles,
confirming the need for regular exchanges of surgical instruments and drills used in medical and dental implantology.
Keywords: Stainless steel; Alloys; Corrosion; Sodium chloride; Sterilization.

Resumo

Este estudo avaliou o efeito de procedimentos de desinfec¢@o e exposi¢ao a ciclos de solu¢do de NaCl a 0,9% durante
a esterilizagdo, nas propriedades eletroquimicas, fisicas e quimicas de diferentes ligas de ago inoxidavel utilizadas na
area biomédica. Os discos das ligas F§899 XM16, F899 303 e F899 420B foram limpos com detergente enzimatico
seguido de 20 ciclos de esterilizacdo em autoclave. Testes eletroquimicos foram realizados incluindo potencial de
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circuito aberto, espectroscopia de impedancia eletroquimica e testes de polarizagdo potenciodindmica em NaCl a 0,9%
(n = 5). A caracterizagdo da superficie foi realizada por meio de microscopia eletronica de varredura (MEV),
espectroscopia de energia dispersiva e rugosidade e microdureza de superficie antes e apos o teste eletroquimico. Os
dados quantitativos foram analisados com nivel de significancia de 5%. A densidade de corrente de corrosdo e o
potencial de corrosdo das ligas ndo apresentaram diferencas estatisticas. Os valores de capacitancia das trés camadas
de oxido, resisténcia de polarizacdo e impedancia de Warburg foram semelhantes entre as ligas. Considerando a
topografia, a rugosidade superficial aumentou para todas as ligas no periodo pés-corrosdo. As ligas de ago inoxidavel
analisadas foram afetadas negativamente no comportamento eletroquimico, cinética de corrosio ¢ caracterizagdo da
superficie ap6s a solugdo de NaCl a 0,9% e os ciclos de esterilizagdo em autoclave, confirmando a necessidade de
trocas regulares de instrumentos cirirgicos e brocas usadas em implantologia médica e dentaria.

Palavras-chave: Inox; Ligas; Corrosdo; Cloreto de sodio; Esterilizagao.

Resumen

Este estudio evaluo el efecto de los procedimientos de desinfeccion y la exposicion a ciclos de solucion de NaCl al
0,9% durante la esterilizacion, sobre las propiedades electroquimicas, fisicas y quimicas de diferentes aleaciones de
acero inoxidable utilizadas en el campo biomédico. Los discos de aleaciones F899 XM16, F§899 303 y F899 420B se
limpiaron con detergente enzimatico seguido de 20 ciclos de esterilizacion en autoclave. Se realizaron pruebas
electroquimicas que incluyeron potencial de circuito abierto, espectroscopia de impedancia electroquimica y pruebas
de polarizacion potenciodinamica en NaCl al 0,9% (n = 5). La caracterizacion de la superficie se realiz6 mediante
microscopia electronica de barrido (SEM), espectroscopia de dispersion de energia y rugosidad y microdureza de la
superficie antes y después de la prueba electroquimica. Los datos cuantitativos se analizaron con un nivel de
significancia del 5%. La densidad de la corriente de corrosion y el potencial de corrosion de las aleaciones no
presentaron diferencias estadisticas. Los valores de capacitancia de las tres capas de oxido, la resistencia a la
polarizacion y la impedancia de Warburg fueron similares entre las aleaciones. Teniendo en cuenta la topografia, la
rugosidad de la superficie aument6 para todas las aleaciones en el periodo posterior a la corrosion. Las aleaciones de
acero inoxidable analizadas se vieron afectadas negativamente en el comportamiento electroquimico, cinética de
corrosion y caracterizacion de la superficie después de la solucion de NaCl al 0,9% y los ciclos de esterilizacion en
autoclave, lo que confirma la necesidad de intercambios regulares de instrumentos quirurgicos y fresas utilizados en
implantologia médica y dental.

Palabras clave: Acero inoxidable; Aleaciones; Corrosion; Cloruro de sodio; Esterilizacion.

1. Introduction

Stainless steel is mainly composed of iron (Fe) and a minimum of 11% (in wt.%) of chromium (Cr); and may also
contain several other elements such as nickel (Ni), molybdenum (Mo), and manganese (Mn) (Hedberg, 2015; Sedriks, 1996;
Hedberg & Wang 2013). The stainless steels alloys possess mechanical properties, such as hardness and corrosion resistance,
that are dependent on their chemical composition. Therefore, considering their industrial and practical application, different
alloys can be applied. (Hedberg, 2015; Sedriks, 1996; Hedberg, et al., 2013; Agrawal, et al., 2015)

Stainless steels are widely employed in the nuclear, chemical, and petrochemical industries4. Specific classes of steels
are used in the biomedical industry owing to their biocompatibility and function, high resistance to corrosion, and less release
of metallic ions to the organism in addition to the reduced bacterial adhesion (Hedberg, 2015; Hedberg, et al., 2013; Hallab, et
al., 2000; Jacobs, et al., 1998). The main applications of steel in the medical and dental fields include implants (cardiac,
orthopedic, and dental) (ISO 5832-1; G108 — 94 ASTM) (Hedberg, 2015) and the manufacture of surgical instruments and
drills, such as those used in implantology (ASTM F899 — 12b Standard Specification for Wrought Stainless Steels for Surgical
Instruments).

There are two main international bodies responsible for the classification of metals and their alloys: ASTM (American
Society for Testing and Materials) and AISI (American Iron and Steel Institute). However, the UNS classification (Numbering
System for Metals and Alloys) (ASTM F899 — 12b Standard Specification for Wrought Stainless Steels for Surgical
Instruments) is considered as a universal reference. ISO 7153-1 specifies that Class 3 (austenitic), 4 (martensitic), 5 (hardened
by precipitation), and 6 (ferritic) steels can be used in the manufacture of surgical, medical, and dental instruments. Moreover,

these steels can also be applied in the manufacture of sharp and non-sharp medical and dental instruments (Table 1).
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Table 1. Classification of alloys of stainless steels and their applications according to ASTM F899-12b.

Alloys UNS* Classification n Sharp instruments Non-sharp instruments
5 (hardened by
XM16 S45500 precipitation) 5 Scissors Drills and needles

Cannula, staples, drills,

303 S30300 3 (Austenitic) 5 Chisel, curette forceps, probes,
hammers, retractors
420B S42000 4 (Martensitic) 5 Chisel, rongeur forceps, Staples, hooks, needles,
forceps, scissors, curettes retractors

* UNS - Numbering System for Metals and Alloys. Source: Authors.

The drills used in the implant surgeries are extensively used in dental applications (Porto, et al., 2015; Allsobrook, et
al., 2011). Some manufacturers suggest that the life span of the drills is approximately ten surgical procedures (Allsobrook, et
al., 2011; Chacon, et al., 2006; Tsaousis, et al., 2016). To ensure safe treatment and to prevent cross-contamination, an efficient
sterilization process is necessary (Porto, et al., 2015; Allsobrook, et al., 2011; Fais, et al., 2009). Autoclave sterilization,
combined with prior cleaning and disinfection, is the most sensitive and safe method for eliminating all viable microorganisms,
including bacterial spores (Porto, et al., 2015; Fais, et al., 2009; Wilson, S. Nayak, 2012; Rutala, et al., 2016). However,
repeated cycles of autoclave sterilization may cause undesirable changes in the physical properties of the instruments, such as
increased surface roughness (Isac, et al., 2015; Batista Mendes, et al., 2014), changes in instrument temperature (Porto, et al.,
2015; Chacon, et al., 2006), and reduction in cutting capacity (Fais, et al., 2009); these changes mostly result from the
corrosion process that can affect stainless steels (Porto, et al., 2015; Isac et al., 2017; Valois, et al., 2008).

Bone necrosis at the site of osteotomy can occur due to overheating of drills or a surgical technique of milling at
excessive speeds; therefore, effective and abundant irrigation, usually performed with a saline solution, is necessary to prevent
peri-implant bone loss (Batista-Mendes, et al., 2014; Bullon, et al., 2015). Despite the high resistance of stainless steels to
aggressive environments such as seawater, certain foods, body fluids, or solutions containing Cl- ions, their corrosion
resistance can be drastically reduced because of the rupture of the Cr oxide layer formed on the steel surface (Hedberg &
Wallinder, 2015; Allsobrook, et al., 2011). Thus, an inappropriate choice of the stainless steel class for manufacturing surgical
instruments may favor the corrosion process, which increases the probability of loss of the function of the instruments and/or
drills.

Therefore, the present study aims to investigate and compare the electrochemical, physical and chemical properties of
three different groups of stainless steel alloys (XM16, 303, and 420B) as a function of sterilization processes including
autoclaving and exposure to a saline solution (0.9% NaCl). The null hypotheses are as follows: (1) There will be no difference
in the pattern and corrosion resistance among the different metal alloys in the intergroup comparison. (2) There will be no
difference in the surface characterization for each of the alloys in the baseline and post-corrosion periods. (3) There will be no

difference in the microhardness of each alloy in the baseline and post-corrosion periods.

2. Methodology
2.1 study design

Fifteen discs (8 mm in diameter and 3 mm thickness) were made from three different stainless steel alloys (XM16,
303, and 420B) as per the ASTM F899 standard. Discs were subjected to standard metallography techniques to obtain a mirror-
finished surface. Then, a cleaning process with an enzymatic detergent followed by 20 cycles of autoclave sterilization were

performed on the discs and, finally, an electrochemical test was performed to understand the behavior of the stainless steel
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alloys against the saline solution (0.9% NaCl). The surface and microhardness analyses were performed in two periods:
baseline (before the electrochemical test) and post-corrosion (after the electrochemical test). The study design is described at
Figure 1.

Figure 1. Study design.

v

Preparation nf SEM + EDS

the sample | Baseline S

R:}uglmem;

= = Microhardness

Cleaning e B R
(Enzyme

Detergent)

b

f-"- = -,
Sterilization hy

uuh‘n.:fuving

(20 eycles) ! S
7~ ~ . :' SEM + EDS
EIE;»[rT{:I;emwal IM ) Roughness
es

Microhardness
. / | )

Source: Authors.

2.2 Preparation of discs

Discs were polished using standardized metallography techniques with sequential sandpaper (#320, #400, #600, and
#800) (Carbimet 2, Buehler, Lake Bluff, IL, USA) in an automatic polisher (ECOMET® 250PRO/Grinder-polisher
AUTOMET 250, Buehler). Then, they were ultrasonically cleaned in distilled water for 10 min. The discs were then polished
with a cloth (TextMet Polishing Cloth, Buehler), diamond paste (MetaDi 9-micron, Buehler), and lubricant (MetaDi Fluid,
Buehler). Subsequently, they were mirror-finished with a rubber disc (Chemomet I, Buheler) and colloidal silica (MasterMed,
Buehler). Finally, the discs were degreased and cleaned with deionized water and 70% propanol and hot air dried. The surface

roughness of all specimens was determined to provide standardization in the finishing of the discs.

2.3 Cleaning and sterilization process

Discs were subjected to automated cleaning and disinfection for 5 min at 37 °C in an ultrasonic vessel with distilled
water containing enzymatic detergent (Riozyme® IV and Neutro, Pharmaceutical Industry Rioquimica, SP, Brazil) (1 mL per
liter of water, as recommended by the manufacturer). The discs were then abundantly washed with distilled water, dried and
finally subjected to autoclave steam sterilization (Vitale Plus 21, Cristéfoli Biosecurity - PR — Brazil) for 30 min at 121 °C and
118 kPa, followed by drying for 40 min; only distilled water was used for the process. The sterilization process was repeated
20 times, with the specimens being cooled between the cycles; thus, it simulates the use of the same material for 20 times.

The sterilization process was monitored using physical, chemical and biological indicators. The physical indicators
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are the temperature and pressure of the autoclave. The autoclave tape 1222 (3M™ Comply™, 3M, SP, Brazil) and the markers
of the surgical-grade paper itself were considered chemical indicators, which in turn are Class 1 indicators (as defined by ISO
11140-1: 2014), and their purpose is to differentiate between exposed and unexposed samples, not to ensure sterilization.
Finally, biological indicators consisted of a population of bacterial spores of Geobacillus stearothermophillus (ATCC 7953),
self-contained for steam sterilization (SporTest; SPS medical — USA) to evaluate the effectiveness of the process. The test was

performed in a mini-incubator, following the manufacturer's recommendations.

2.4 Electrochemical behavior study

The tests were conducted on a polysulfone electrochemical cell. All the measurements were performed using a
standardized three-cell electrode system, according to the instructions of the American Society for Testing Materials (ASTM)
(G61 e G31-72). A potentiostat (Interface 1000 Potentiostat/Galvanostat/ZRA, Gamry Instruments, Warminster, PA, USA)
connected to a microcomputer was used to perform the electrochemical study. A saturated calomel electrode (SCE) was used
as a reference electrode (RE), a graphite rod as a counter electrode (CE) or auxiliary electrode, and the exposed surface of the
disc of each alloy (XM16, 303, and 420B) as the working electrode.

The electrolyte used was saline (0.9% NaCl) (10 mL; pH 6.5) (Sigma-Aldrich, MO, USA). In this environment, body
fluids can be simulated as human blood plasma, which is composed of 0.9% NaCl and other inorganic salts21, besides it is the
main solution used for irrigation in surgical procedures, aiming to reduce high temperatures generated during osteotomies
(Allsobrook, et al., 2011; Batista Mendes, 2014; Bullon, et al., 2015).

Initially, the discs were subjected to a cathodic potential (—0.9 V vs. SCE) to guarantee a standardization of the
surface oxide layer of the discs. Open circuit potential (OCP) was monitored for 3600 s to evaluate the potential of the material
to the solution and to stabilize the system. Electrochemical impedance spectroscopy (EIS) was used to investigate the
electrochemical formation of the oxide layer on the metal surfaces and the associated properties (corrosion kinetics). In EIS,
the electrochemical process can be represented by an equivalent electric circuit and the properties of the oxide film
(capacitance and resistance) were quantified to determine the corrosion process. The EIS measurements were obtained at a
frequency of 100 kHz at 5 mHz, with the AC curve at an amplitude of 10 mV applied to the electrode at its corrosion potential
after OCP stabilization for 3600 s (Bardo, et al., 2011; Bardo et al., 2012; Mathew, et al., 2012; Beline, et al., 2016). These
values were used to determine the real (Z”) and imaginary (Z”’) components of the impedance, at which the Nyquist plot or
total impedance (|Z|) and phase angle were plotted. The EIS results were used to model the corrosion process (corrosion
kinetics) and to understand the properties of the oxide film deposited on the surface of the discs using the appropriate electric

circuit.

Figure 2. Equivalent electrical circuit showing the passivation layers formed during the corrosion process [29].
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A specific software (Gamry Echem Analyst software, Gamry Instruments) was used to simulate the EIS data. A y2
value below 0.001 was considered, indicating excellent agreement between the experimental data and adjusted values (Beline,
et al., 2016; Xin, et al., 2014).

Finally, the specimens were anodically polarized from —0.8 V to 1.8 V at a scan rate of 2 mV/s. The corrosion
parameters were obtained from the potentiodynamic polarization curves. An electrochemical software and the Tafel method
were used to investigate the corrosion current density (Icorr), corrosion potential (Ecorr) and corrosion rate (CR) of the steeling

steel materials.

2.5 Surface characterization

The surface of the XM 16, 303, and 420B discs were analyzed by scanning electron microscopy (SEM) (Jeol, model
JSM-5600LV, Oregon, USA) to characterize the irregularities present on the surfaces before and after the electrochemical test.
Elemental chemical analyses were performed in small volumes, of the order of 1 um3, using energy-dispersive spectroscopy
(EDS) (VANTAGE Digital Microanalysis System, Noran Instruments Inc., Middleton, USA). The EDS involves electron
microscopic detection of characteristic X-rays produced by each element after a bombardment of the sample with high-energy
electrons. Thus, it allows rapid qualitative analysis (mapping) of the main constituent elements of the surfaces of the stainless
steel discs in the baseline and post-corrosion periods.

To understand the changes in the surfaces of the alloys of stainless steel upon corrosion, the surface roughness
parameter was investigated before (baseline) and after the corrosion process using a rugosimeter (Surftest SJ-400, Mitutoyo,
Tokyo, Japan). Each specimen was individually positioned in the center of the equipment and the measuring tip on the surface
of the specimen. Three measurements were performed in different areas on each disk (cut-off 0.25 mm at a velocity of 0.05
mm/s), and the mean value calculated.

The microhardness of the discs was performed in a microdriometer (Shimadzu HMV-2000 Micro Hardness Tester;
Shimadzu Corporation, Kyoto, Japao) at room temperature (22 = 2°C) before and after electrochemical tests. The applied load
was 500 gF for 15 s and the microhardness was expressed in unit of Vickers hardness (VHN). The test was repeated four times
at four randomized points on the surface of each disc; therefore, the average of these values corresponded to the Vickers

microhardness of each specimen.

2.6 Statistical analysis

Statistical analysis was performed using a statistical software (SigmaPlot 12.0 - Systat Software, Inc., Chicago, IL,
USA). All data were subjected to a normality test (Shapiro-Wilk). Among the corrosion parameters analyzed Ecorr, R2, CPE1,
CPE2, and CPE3 were nonhomogeneous (p<0.05) and were analyzed using the non-parametric Kruskal Wallis test. Icorr, R1,
R3, and W were homogeneous (p> 0.05), and the analysis was performed using the parametric 1-factor analysis of variance
(ANOVA). The roughness and microhardness data were within the normality curve (p>0.05). For the factors (alloys and time)
and the interaction (alloys vs. time), a 2-factor analysis of variance (ANOVA) was applied. The Tukey HSD test was used as a
post hoc technique for multiple comparisons between both variables (roughness and microhardness). In this study, with each
group containing 5 specimens, the power observed to detect a medium size effect (0.5, according to Cohen effect size

statistics) was >0.8.
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3. Results and Discussion
3.1 Electrochemical stability
Electrochemical Impedance Spectroscopy
The representation of the EIS data in the Nyquist diagram (Figure 3) shows that the 420B and XM16 alloys showed

slight increases in the semicircular diameter of the capacitance loop compared with alloy 303.

Figure 3. Nyquist diagram representing EIS data of XM 16, 303 and 420B alloys immersed in 0.9% saline solution.
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In the Bode diagram of impedance (Z) vs. frequency (Hz) (Figure 4), at low frequencies, high impedance values were

shown by the XM16 group, while the alloys 420B and 303 exhibited reduced impedance values.
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Figure 4. Impedance module (| Z |) obtained through the Bode diagram of stainless steel alloys (XM16, 303 and 420B).
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In Figure 5, two time constants was observed for the alloys 303, XM16 and 420B. The phase angles found for the

three alloys in the medium frequency regions were ~80°, but in the high-frequency regions, values below 20° were observed.

Figure 5. Phase angle obtained through the Bode diagram of stainless steel alloys XM16, 303 and 420B
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The equivalent circuit used to simulate the electrical parameters of the surface is shown in Figure 2. The averages of

the resistance parameters (Rsi, Ri, R, and Rj), capacitance (CPE;, CPE,, CPE;), W' (Porous Bounded Warburg), and %>

obtained from the equivalent circuit are presented in Table 2. When analyzing the electrical parameters, there was no

statistically significant difference (p> 0.05) in the values obtained for the different alloys. For the variables R,, CPE;, CPE,
and CPEs, (the P values were 0.597, 0.054, 0.093, and 0.113, respectively (determined by Kruskal-Wallis), and for R1, R3 and
W, the P values were 0.239, 0.182, and 0.208, respectively, (determined by 1-factor ANOVA) (Table 2).
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Table 2. Mean (and standard deviation) values of the electrical parameters obtained through the equivalent circuit model for all the alloys.

Alloys | Rsol R1 R2 R3 CPE1 m CPE2 0 CPE3 n» w £x10°
(Y0) (Y0) (Y0)
(Q.cm?) (MQ.cm?) (MQ.cm?)  (MQ.cm?) (Q.cm?)
(nQ'.s".cm?) (nQ'.s".cm?) (nQ!'.s".cm?)
455 30.090 0.490 0.684 0.900 26385.700 0.540 -6489.000 0.754 2.562 0.543
XM16 2.408 (0.406)
23)  (4.140) (0.482) (0.643) (0.001)  (26104300) (0.215)  (1858.000) (0.197) (3.072)  (0.077)
386 0.106 0.026 10.486 0.900 139.115 0.678 -1138.978 0.873 0.443 0.751
303 13.049 (6.187)
(54)  (0.082) (0.021) (2.727) 0.068)  (186.412)  (0.329) (1173.520)  (0.032) (0.149)  (0.314)
363 37.515 0.007 x 1073 0.300 0.920 926.100 0.552 17451.500 0.644 5.069 0.389
420B 4254 (0.597)
@) (5.395)  (0.005x10%  (0.179) 0.028)  (106.900)  (0.378) (15568.500) (0.201) (5.641)  (0.157)

Source: Authors.
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Potentiodynamic Polarization Curve
The polarization curves are shown in Figure 6 and the electrochemical parameters Icon, Ecor, and cathodic Tafel

curve (b.), obtained from the Tafel curve, are presented in Table 3.

Figure 6. Potentiodynamic polarization curve (Tafel method) of stainless steel alloys XM16, 303 and 420B

Electrode potential (V) vs. SCE

- =
0.5 g\
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0" 1w 1w 1w 1w w* w* w 1w 1w 1

current density (A/cm’)

Source: Authors.

Table 3. Mean (and standard deviation) values of the electrochemical parameters obtained from the potentiodynamic

polarization curves of the alloys.

Ecorr Icorr b
Alloys
(V) vs SCE MALcm?) (VUdec™h)
XM16 -280.830 (4.822) 18.603 (5.634) 0.130 (0.004)
303 -274.266 (13.914) 20.874 (1.140) 0.137 (0.007)
420B -257.877 (17.340) 26.817 (3.222) 0.141 (0.005)

Source: Authors.

No linear relationship was observed in the Tafel curve in the anodic region (b,) of the tested alloys, thus not allowing
the determination of the Ipas (passivation current density) values. Therefore, the parameters obtained were based on the
cathodic region (b.) of the Tafel curve. In Table 3, we observed similarities in the Ecor values, corroborating the quantitative
results, where there was no statistically significant difference among the three alloys (P=0.421, Kruskal-Wallis). Similarly, no
statistically significant differences were found for the Icor values (P=0.813, ANOVA 1 factor).

3.2 Surface characterization
Scanning Electron Microscopy and Energy Dispersive Spectroscopy
Figure 7 shows the SEM images, in which we can observe significant surface changes when comparing

baseline with post-corrosion periods for all the three alloys.

10



Research, Research, Society and Development, v. 10, n. 5, 32810513544, 2021
(CCBY 4.0) | ISSN 2525-3409 | DOLI: http://dx.doi.org/10.33448/rsd-v10i5.13544

Figure 7. Scanning Electron Microscopy of the three alloys of stainless steels (XM16, 303 and 420B). (*) Region exposed to
0.9% NacCl during the electrochemical test.

F299 XM16 FE99 303 F899 4208

Baseline

Post corrosion

b—

{*) Region exposed to 0,9% NacCl during the electrochemical test, 3.8cm?

Source: Authors.

In the baseline, homogeneous surfaces with no pores and longitudinal grooves due to the polishing process were
noted. On the other hand, in the post-corrosion period, suggestive areas of corrosion was observed. At 50x magnification, a
dashed line indicating the corroded (*) and non-corroded regions are presented. The area of exposure of the disc (diameter = 8
mm) to the electrochemical test was 3.8 mm?, located in the center of the specimen. The post-corrosion SEM images with 300x
and 2000x magnifications, showed non-homogeneous surfaces with corroded pits and marked reliefs.

Regarding EDS analyiss, one specimen from each group (XM16, 303, and 420B) was analyzed, and three
quadrangular regions of each specimen were determined and examined. The average values obtained were used to compare the

chemical compositions in the baseline and post-corrosion periods (Figure 8).
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Figure 8. EDS of XM 16, 303 and 420B alloys at baseline and post-corrosion periods.
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Source: Authors.

The baseline chemical composition of the XM16 alloy was Fe 78.55%, Cr 11.95%, Ni 8.22%, and Mo 1.27%. In the
303 and 420B alloys, Ni was not detected; the corresponding chemical compositions were Fe 81.39%, Cr 14.28%, and Mo
4.33% and Fe 78.3%, Cr 19.89%, and Mo 1.81%. In the post-corrosion period, peaks of different chemical elements were
observed mainly for the XM16 alloy, such as Fe (49.36%), Cu (14.75%), Ni (12.93%), Cr (4.94%), Ti (8.29%), Nb (5.1%), Si
(0.44%), and CI (0.28%). Minor differences were found in the composition of alloys 303 and 420B in the post-corrosion
period. For alloy 303, Fe (68.73%), Cr (21.01%), Ni (6.34%), Mo (2.88%), Cu (1%), and Ti (rest) were the components, while
those for alloy 420B were Fe (74.48%), Cr (18.56%), Mo (4.77%), Cu (1.32%), Ni (0.48%), and Ti (rest).

Surface Roughness and Microhardness

The Ra values at the baseline and post-corrosion periods are shown in Figure 9. Before the corrosion process, the Ra

values were similar among the steeling steel materials (P>0.05).
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Figure 9. Surface roughness (Ra) data of the XM16, 303 and 420B alloys tested at the baseline and post-corrosion periods.
Different upper-case letters indicate significant inter-group differences in the same evaluation period. Different lowercase

letters indicate significant difference in the different baseline and post-corrosion periods for each alloy (intra-group) (p <0.05)
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Source: Authors.

However, after the electrochemical test, all the alloys showed increased Ra values when compared to the baseline, with 303
and 420B alloys showing similar Ra values (P=0.118), higher than those found for XM16 (P<0.001).

Vickers microhardness data are shown in Figure 10.

Figure 10. Vickers microhardness data of XM 16, 303 and 420B alloys at baseline and post-corrosion periods. Different upper-
case letters indicate significant inter-group differences in the same evaluation period. Different lowercase letters indicate

significant difference in the different baseline and post-corrosion periods for each alloy (intra-group) (p <0.05).
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In the baseline period, the XM16 and 420B alloys presented similar microhardness values (P=0.687), greater than
those found for the 303 alloy (P<0.001). The corrosion process reduced the microhardness of the XM16 alloy (P<0.001) while
no effect was noted for the other alloys (303 and 420B) (P>0.05). In the post-corrosion period, 420B material had the highest

microhardness value with the 303 material the lowest one (P<0.001).

4. Discussion

The first null hypothesis was accepted because there was no statistical difference in electrochemical behavior between
the different stainless steel alloys exposure of the specimens to the 0.9% NacCl solution after the corrosion test. The second
hypothesis was rejected, due to the significant increase in the alterations found in the analyses for surface characterization,
both in qualitative (scanning electron microscopy and energy-dispersive spectroscopy) and quantitative (surface roughness)
data. By the evaluation of Vickers superficial microhardness, the third null hypothesis was rejected because the XM16 alloy
showed significant reduction of values, while the alloys 420B and 303 had similar baseline and post-corrosion microhardness
values.

The EIS data were analyzed using three methods: Nyquist diagrams, Bode plots (impedance and phase angle), and
equivalent circuit. The equivalent circuit model used for simulating surface electrical parameters describes a passivation film
with a bilayer structure composed of a dense inner layer and a porous outer layer (Figure 2) (Dadfar, et al., 2016)%°. The 32
values obtained were on the order of 10 to 10, indicating that the data obtained experimentally are in agreement with the
proposed circuit, corroborating the results obtained in previous studies (Beline, et al., 2016; Beline & Ida, et al., 2016;
Faverani, et al., 2014).

The equivalent electric circuit model used in this study follows that proposed by Dadfar, et al., in which Ry
represents the resistance of the solution; R, (resistance to transfer of charge) and CPE; (constant phase element) are parameters
obtained from the porous outer layer of the passivation film; R,, CPE,, and W, (porous bounded Warburg) are components
corresponding to the dense inner layer of the passivation film; and R; and CPE; represent the parameters of the substrate
(Dadfar, et al., 2016). The Warburg impedance element indicates the diffusion of ions through the micro pores present in the
passivation barrier, that is, the ability to resist ionic changes occurring in the pores (Skale et al., 2007). To fit the data and
reduce the surface heterogeneity (Beline, et al., 2016; Sun, et al., 2016), the CPE was used instead of the pure capacitance (Q)
in the equivalent circuit. The CPE includes values of YO and n, where n describes the behavior of CPE due to the surface
roughness acquired during the preparation of the specimens (Xin et al., 2013). When 1 = -1, the CPE acts as an inductor; for n
= 0, as a pure resistor; for 1 = 1, as an ideal capacitor (Xin, et al., 2013; Beline, et al., 2016, Luo, et al., 2017) and n = 0.5
represents the Warburg element (Luo, et al., 2017). In our study, the value of n in CPE; ranged from 0.90 to 0.92; in CPE,, 1
oscillated between 0.32 and 0.65; and in CPEj3, 1 presented values between 0.7 and 0.87 (Table 3). Thus, CPE; and CPE; acted
as non-ideal capacitors in the equivalent circuit. Lower values of n in CPE, indicate the formation of a porous structure
(Beline, et al., 2016), which can be correlated with the electrochemical circuit model shown in Figure 10.

The polarization resistance parameter (R;), also referred to as the charge transfer resistance, is a suitable measure to
verify the stability of the passive layer (Kocijan, et al., 2011). Its value is inversely proportional to the capacitance (CPE),
which represents the capacity of the material performing the ion exchange (Beline, et al., 2016; Faverani, et al., 2014). Table 2
shows the resistance and capacitance data of each of these layers, from which we suggest that the porous outer layer presents
high resistance (R;) and reduced capacitance (CPE,). In the dense inner layer, R, is lower than R; and Rs;. Owing to inverse
proportionality, CPE, presents the highest capacitance values compared to those of the other layers (CPE; and CPE3). In the

inner layer, termed the “double layer” of the metal, intermediate values of resistance (R3) and capacitance (CPE3) are observed.
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However, statistical differences are not obtained for the corrosion parameters between the alloys, which corroborates with the
representation of the Nyquist diagram, wherein similar semicircular diameters are observed for all groups.

In the Bode diagram, two time constants are observed for alloys 303, XM16 and 420B (Figure 4 and 5). The
occurrence of a time constant in the phase angle indicates the presence of a compact and homogeneous oxide layer, whereas
the occurrence of two time constants suggests the presence of a compact inner layer and porous outer layer (Beline, et al.,
2016; Faverani, et al. 2014; Jin-long, et al., 2012), compatible with the equivalent electric circuit used in our study. The
obtained phase angles for the three alloys in the high-frequency regions are below 20°. This indicates the aggressiveness of the
sterilization processes associated with exposure in the 0.9% NaCl solution in the stainless steel alloys tested, supporting
previous studies (Hedberg & Wallinder, 2015; Allsobrook, et al. 2011; Bonaccorso, et al., 2008; Luo, et al., 2017; ).

In the analysis of the impedance modulus (|Z|) versus frequency, in the low-frequency region, the impedance values
increase as 303 alloy < 420B alloy < XM16 alloy, suggesting slightly better electrochemical properties for XM16. The low-
frequency region represents the values of polarization resistance associated with the solution resistance, making it the region of
interest for electrochemical studies (Beline, et al., 2016; Ribeiro, et al., 2016).

The potentiodynamic polarization curves for alloys of stainless steels exposed to 0.9% NaCl present similar shapes.
No linear region is observed in the Tafel curve in the anodic region (b,) of the alloys tested, i.e., no passivation area is formed.
This phenomenon, which is associated with high Icorr values and corrosion rates, reinforces the aggressiveness of the electrolyte
action on the surface of the discs (Beline, et al., 2016; Beline, et al., 2016; Luo, et al., 2016). The electrochemical parameters
evaluated — Ecorr and Ieorr — show no statistical difference between the alloys. Positive values of Ecorr provide better performance
in corrosion resistance (Beline, et al., 2016; Beline, Ida, et al., 2016; Faverani, et al., 2014; Cui, et al., 2015); however, in our
study, significantly electronegative values were found for Ecorr in the three alloys, indicating a greater tendency for corrosion.

The surface finish has an important function in the corrosion resistance. The lower the initial values of Ra, the lower
the tendency for corrosion (McGuire, et al., 2018). Analysis of the baseline surface roughness of the alloys tested in this study
revealed similar values of Ra between the alloys. However, after subjecting the surfaces of the discs to disinfection processes,
repeated sterilization cycles, and electrochemical tests, surface changes were observed macro and microscopically, indicating
corrosive attack on all the evaluated specimens. Statistical analyses confirmed significantly higher values of Ra in the post-
corrosion period for all specimens and similar corrosion parameters between the alloys. Autoclave sterilization may have
contributed to the increased surface roughness and poor electrochemical behavior, in accordance with Batista Mendes, et al.
2014.

Pitting corrosion is a localized corrosion process occurring in stainless steels (Hedberg & Wallinder, 2015;
Bonaccorso, et al., 2008). Microregions of the surface are affected by pitting corrosion, and because of the aggressive medium
formed from the products of electrochemical reactions; an increase in their size is expected. In our study, the electrolyte used
for the reactions was 0.9% NaCl solution, the chloride ions (CI-) of which compete with oxygen and rupture the integrity of the
protective layers, thereby favoring corrosion (Hedberg & Wallinder, 2015; Bonaccorso, et al., 2008).

Corrosion weakens the internal structure of surgical instruments and drills due to the appearance of corrosion pits,
which have deep morphology in very limited areas (Isac, et a., 2015; Batista Mendes, et al., 2014), and may culminate in
possible fractures during clinical use. In a study evaluating the fracture of dental implants simulating masticatory loading in
different media, 0.9% NaCl was the solution that presented greater aggressiveness, with early implant failures (Shemtov-Yona,
et al., 2016). The lower values of the Vickers microhardness in the post-corrosion period contributed to the reduction of the
material resistance, with a consequent decrease in the longevity of the drills and instruments (Beline & Ida, et al., 2016). In
addition, high values of Ra favored bacterial adhesion (Hedberg, et al., 2013), making disinfection and cleaning difficult and

increasing the risks of cross contamination.
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On rough surfaces, the direction of emitted X-rays can often deviate from the ideal linear absorption path obtained
with a flat sample, enabling the identification of peaks of different chemical elements (Newbury, et al., 2013). This may justify
the phenomenon occurring in this study, whereby for all the alloys, more chemical elements were detected after the
electrochemical test. A higher Cr (wt%) content leads to the formation of a layer of chromium oxide (Cr20s) on the surface of
the metals, thereby imparting a higher corrosion resistance to the alloys. This generally results in a lower total amount of
metals (dominated by Fe), but not necessarily in a smaller amount of Cr, Ni, Mn, or Mo released (Hedberg, et al., 2015).

The composition of the metal alloys contributes to specific properties such as longevity, ability to cut drill
bits/surgical instruments, and corrosion resistance (Batista Mendes, et al., 2014; Bullon, et al., 2015). An electrochemical
process can become active due to inappropriate selection of the alloy for environments with corrosive characteristics (Hedberg,
et al., 2015). However, the application of 420B for the preparation of drills has not been described by ASTM F899-12b. In the
literature, we found studies employing alloy 420B in milling cutters for dental implants. As some manufacturers have
suggested that the life of implant cutters is approximately 10 surgical procedures (Allsobrook, et al., 2011; Chacon, et al.,
20006; Tsaousis, et al., 2016), in the present study, 20 sterilization cycles were performed to simulate multiple use and analyze
the consequent microstructural and electrochemical changes.

In a study comparing the mechanical properties, wear resistance, and corrosion resistance between implants made
with 440 (Straumann®) and 420B alloys, better characteristics were presented by 420B, suggesting the possibility of a 20%
greater use of drills made using 420B (Bullon, et al., 2017). Another study considered milling cutters from three world-
renowned implant systems, composed of stainless steel (Straumann® and Neoss®) and tungsten-coated stainless steel (Nobel
Biocare®), wherein all were subjected to multiple sterilization processes and irrigation with saline solution to simulate the
repeated use of drill bits. The authors concluded that tungsten-coated milling cutters showed minimal surface changes, less
corrosion, and lower temperature elevations during milling even after 20 osteotomies (Allsobrook, et al., 2011). Hence, new
studies are necessary for new alloys or metal coatings to improve surgical instruments and milling, to provide greater
resistance to routine dental procedures, which are aggressive to stainless steels, such as steam sterilization and saline irrigation.

Knowledge of the mechanisms involved in the simultaneous actions of use, wear and corrosion makes it possible to
predict with greater precision the longevity of the materials for procedures with regular conditions (Dalmau, et al., 2016). A
limitation of the present study for the simulation of dental drills is the use of the discs in static form; drills and milling cutters
in an implant are utilized and analyzed dynamically, with different rotations and pressures employed by surgeons, bone
resilience, and bone resiliency depending on the anatomical location for implanting. Therefore, we suggest that future studies

combining the effect of corrosion and wear should be carried out to verify the performance of the alloys tested in this study.

5. Conclusion

In conclusion, the stainless steel alloys XM16, 303 and 420B were negatively affected at the electrochemical
behavior, corrosion kinetics, and surface characterization after the 0.9% NaCl solution and the autoclave sterilization cycles
and similar electrochemical behavior and surface characteristics were found for the three alloys, confirming the need for

regular exchanges of surgical instruments and drills used in medical and dental implantology.
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