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Abstract

:

Cutting fluids are the most effective method to lower the cutting temperature and decrease the cutting tool wear. At the same time, the cutting fluids influence the corrosion resistance property of the machined surface. In this study, chlorinated paraffin (CP), which is a common additive in the cutting fluid, was selected as the research objective to study its corrosion resistance property. The passivation effect of CP with different concentrations on the machined surface of stainless steel was studied. Electrochemical measurements and surface morphology investigation were used to characterize the passivation effect of CP with different concentrations. The test results showed that the corrosion resistance of stainless steel in the cutting fluid was enhanced with the increase in CP additive. This reason is that the charge transfer resistance increases and the corrosion current density decreases with the increase in CP additive. The X-ray photoelectron spectroscopy (XPS) results show that the proportion of metal oxides on the processed surface of the stainless steel sample was increased from 20.4% to 22.0%, 32.9%, 26.6%, and 31.1% after adding 1 mL, 2 mL, 4 mL and 6 mL CP in the cutting fluid with a total volume of 500 mL, respectively. The oxidation reaction between CP and the stainless steel sample resulted in an increase in metal oxides proportion, which prevented the stainless steel sample from corrosion in cutting fluid.
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1. Introduction


Stainless steel, which contains 9–12 wt% chromium, is widely used in industrial [1] and biomedical [2,3] fields. Most stainless steels are difficult-to-cut materials due to high strength and low heat conductivity, which leads to high cutting temperature and fast cutting tool wear [4]. Cutting fluids are the most effective method to lower the cutting temperature and decrease the cutting tool wear [5]. Generally, cutting fluid has the main function of lubricating, cooling, and corrosion resistance. In ancient times, people have known that watering and olive oil can improve the quality and efficiency of finished products when processing metal parts and stone tools. In modern times, American scientist Taylor found that a heavy stream of water can improve the speed of the cutting tool by 30–40%, meanwhile, adding sodium carbonate to prevent rusting [6]. Since then, the discipline of cutting fluid has been developed. The focus of cutting fluid researching is mainly on tribological property and cooling functions. However, the risk of corrosion caused by additives of cutting fluid is usually ignored. There are only a few articles on corrosion caused by cutting fluid. Zhu J. et al. [7] studied corrosion behavior of Fe-based superalloy in cutting fluid. The results show significant corrosion of Fe-based superalloy after prolonged exposure to cutting fluid. Yan P. et al. [8] studied the effect of cutting fluid on stainless steel material. The results indicated that corrosion occurred related to the local loss of elemental chromium by using cutting fluid.



The workpiece and cutting tool in the environment suffer extremely high temperature and pressure [9], so chlorinated paraffin (CP) is widely used in the manufacturing industry as extreme pressure additives, due to its excellent tribological property. This excellent tribological property is attributed to the good chemical activity of CP, which leads to the formation of a metal-chlorinated film on the surface of workpiece. The metal-chlorinated film performs as a friction-reducing layer between the workpiece and cutting tool [10]. There is extensive literature that reported the importance and application of extreme pressure additives in the manufacturing process [11,12,13,14,15,16]. I. M. Petrushina et al. [17] briefly studied the chemical interaction of EP-additive (dialkylpoly sulfides and chlorinated paraffin) on AISI 304 stainless steel surface during ironing. It was found that chlorine additives have better extreme pressure performance in strip reduction tests, and it resulted from the better chemical activity of chlorinated paraffin with the main component (nickel, chromium, iron, etc.) of stainless steel. The study on the interaction of haloalkanes with metal has been conducted in the early years [18]. It has been reported that haloalkanes as acceptors of electrons, or oxidants, are generally reduced by iron. CP (40% Cl element containing) has better electrons acceptability than CP (70% Cl element containing) because chlorine atoms attached to adjacent carbon atoms are far apart from each other, which results in lower carbon–halogen bond energy. The reaction equation for the reduction of a haloalkane by iron to release the free halogen anion is shown below [19]:


    − C − C − X    →    Fe   2 +       − C − C −   +  X −   











The oxidation properties of CP make it a potential anti-corrosion agent. As mentioned in literature [20,21,22,23], adequate dense oxide passivation film formed on the surface of stainless steel has been an effective way to prevent corrosion. There are no reports of CP applied in corrosion protection. This fact draws our attention to the oxidation reaction of CP between stainless steel workpieces. Thus, it is important to study the passivation mechanism of CP with a stainless steel workpiece, which helps improve the machining process of stainless steel.



At present, electrochemical measurements are the primary method for the research of corrosion and passivation. In the electrochemical measurements, the relationship between the given voltage and the output current helps us understand corrosion or passivation behavior indirectly [24,25,26,27,28]. The potentiodynamic polarization measurement, or Tafel polarization method, is widely applied to the corrosion analysis field. It is kinetics based on the dissolution of anodic metal that allows faster electrochemical measurements to predict the long-period corrosion [29]. The electrochemical impedance spectroscopy (EIS) measurement is a kind of non-destructive testing technology. It is a method to obtain the relationship between electrode polarization dynamics and electrode surface state by applying different frequencies of the sinusoidal current to the electrode surface. It analyzes the separate layers or structures on the electrode surface by creating an equivalent circuit [30,31].



In this study, the passivation behavior of stainless steel in the cutting fluid with chlorinated paraffin (CP) of different content was studied using several characterization methods. The potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) were selected for obtaining corrosion current density and charge transfer resistance, respectively. Scanning electron microscope (SEM) and energy disperse spectroscopy (EDS) were selected for the surface morphology observation and the characterization of the elemental composition of the passivation film, respectively. X-ray photoelectron spectroscopy (XPS) was selected for the characterization of the reaction-generated products.




2. Results and Discussion


2.1. Electrochemical Characterization


2.1.1. Potentiodynamic Polarization Curves of Stainless Steel in the Cutting Fluid


The potentiodynamic polarization measurement was used to measure the corrosion sensitivity of the stainless steel sample with CP of different content added in the E206 cutting fluid. In this study, Icorr reflects the corrosion rate directly. The electrochemical parameter Icorr is the ratio of corrosion current and contact area. The corrosion current and corrosion potential are determined in the intersection point of anodic polarization curve and cathodic polarization curve. A higher Icorr value means a higher corrosion rate. The potentiodynamic polarization curves obtained in deionized water and E206 cutting fluid in the absence and presence of different concentrations of CP are shown in Figure 1. The corrosion-related parameters included corrosion current density Icorr (μA cm−2), corrosion potential Ecorr (V), and Tafel slope, which are shown in Table 1. Corrosion-related parameters were significantly influenced by the presence and different concentrations of CP in the E206 cutting fluid. Polarization curves shifted toward the negative direction with the addition of CP, as shown in Figure 1. As listed in Table 1, all Icorr values of CP-added groups were lower than E4 blank group.



It was found that the Icorr value of the stainless steel sample in deionized water was considerably less than that in the cutting fluid environment. It meant the utilization of cutting fluid indeed posed a risk of corrosion. All the Icorr values obtained from groups with the addition of CP were lower than that obtained from the E4 blank group, so the corrosion resistance of stainless steel in E206 cutting fluid could be effectively improved by adding CP.



The final potential of polarization measurement was increased from −0.6 V to 3.0 V and the complete anodic polarization curve is shown in Figure 2. It can be observed that the first peak appeared at −0.2 V, which is associated with the transition of the dissolution state and the pseudo passivation state. The pseudo passivation zone lasted for a short period in the range between −0.2 V and 0.3 V. The stainless steel sample continued to dissolute till the second peak corresponded to primary passive potential (Epp). It can be observed that a significant drop of current density appeared in the interval from 1.1 V to 2.5 V with the addition of CP, so a significant passivation zone appeared (range d–e in Figure 2). However, no obvious passivation zone appeared in the E4 blank group. In the primary passivation region, the current density lowers and almost stays constant. The value of Epp depended on the oxidation of Cr to Cr3+ [32]. Group E4-CP2 (Epp of 1.1 V) and E4-CP4 (Epp of 1.16 V) reached the Epp at almost the same potential. The Epp of group E4-CP6 appeared at 1.25 V, and group E4-CP1 reached the biggest Epp of 1.44 V. The most-generated product under this condition is dense film of Cr2O3, which protects the stainless steel sample from corrosion.



Then, the current density continued to increase as the potential increased and reached the transpassive state (range e–f in Figure 2). Then, the third peak appeared at approximately 2.5 V, known as secondary passive potential (Esp), which depended on the oxidation from Cr3+ to Cr6+ [32]. The most-generated product under this condition was CrO3. Groups E4-CP1, E4-CP2, E4-CP4, and E4-CP6 reached the Esp at 2.46 V, 2.35 V, 2.5 V, and 2.46, respectively. The secondary passive state of anode electrode in alkaline solutions was consistent with literature [33,34]. The primary passive region area (ΔE = Esp − Epp) was 1.02 V, 1.25 V, 1.34 V, and 1.21 V when 1 mL, 2 mL, 4 mL, and 6 mL CP was added, respectively. A larger passivation zone means better corrosion resistance. This result indicated that CP promoted the oxidation reaction on the surface of stainless steel sample. CP promoted the generation of passivation film on the surface of the stainless steel sample. The main composition of this passivation film needs to be further characterized using elemental analysis methods, such as EDS and XPS.




2.1.2. Electrochemical Impedance Spectroscopy (EIS) Analysis of Passivation Film


The electrochemical impedance spectroscopy (EIS) measurements were performed after the polarization tests. It was utilized to obtain the passivation film information of the sample surface. The experiments and fitting results of the Nyquist plot are shown in Figure 3 and Table 2. As shown in Figure 3, all curves were in a similar shape and consist of two semicircles at the high frequency and medium frequency, respectively.



The Bode plot contains the phase angle-frequency plot, and the module of impedance-frequency plot is shown in Figure 4. This is consistent with the Bode-phase plot which means two different processes occurred. In the range of the second semicircle in the medium frequency region, the diameter of the semicircle increased with the addition of 1 mL CP and 2 mL CP, respectively. Then, it decreased slightly with the addition of 4 mL CP, and it increased again with the addition of 6 mL CP. It can be noted in Figure 4 that the phase angle and module of impedance increased as CP was added. The fitting curves, no matter the Nyquist plot or the Bode plot, showed good consistency with experiment results which reflected in the small relative error of those EIS parameters shown in Table 2. It contains the solution resistance (Rs), the outer layer constant phase element (CPE1), the passivating film pseudo resistance (Rfilm) [35,36,37], the inner layer constant phase element (CPE2), and the charge transfer resistance (Rct). All the above parameters were fitted by Zview software (Version 3.1, Scribner Associates Inc., Southern Pines, NC, USA).



The equivalent circuit was proposed as shown in Figure 5. As listed in Table 2, the solution resistance Rs in each set of experiments were around 35 Ω·cm−2, resulting from an electrolyte environment with similar conductivity as shown in Figure 6. The addition of CP caused a slight reduction in conductivity of cutting fluid relevant to the insulation of CP, and the mean of conductivity of those cutting fluids was 1.406 ms/cm. It is difficult to obtain a pure capacitor in the electrochemical process. Usually, CPE is used to approximately replace the capacitance. The CPE element is represented by Equation (1) [38,39,40]:


   Z  C P  E  d l     = 1 /   T     w j    n      ( 0 < n < 1 )  



(1)




where T is the imaginary admittance of the CPE, where  w  is the angular frequency, where    j 2  = − 1  , where n gets closer to 1, the more it tends to be a pure capacitor [41]. As listed in Table 2, most of the outer layer CPE1 values in the presence of CP were bigger than that of the E4 blank group. Meanwhile, the inner layer CPE2 values in the presence of CP were smaller than that of the E4 blank group. The CPE value is relevant to the thickness of the passivation film. When the dielectric constant is almost constant, the increase in CPE is caused by the decrease in the thickness of the passivation film [42]. It can be explained that the outer layer of the passivation film became thinner with the addition of CP. This was also reflected in the change of Rfilm that most of the Rfilm values decreased with the addition of CP. It was relevant to the formation of low-impedance porous metal hydroxides in the outer layer. The inner layer of the passivation film became thicker with the addition of CP, which was relevant to the generation of high-impedance and dense metal oxides film on the stainless steel sample surface. This was also reflected in the change of passive film resistance Rct. Rct is relevant to the corrosion rate directly. A higher Rct means a smaller corrosion rate. Rct is inversely proportional to Icorr [43]. As listed in Table 2, all the Rct values in the presence of CP were greater than the E4 blank group.



In summary, after adding CP, the values of CPE1 were slightly larger and the values of Rfilm were slightly smaller than the E4 blank group. It is relevant to the thinning of the outer corrosion film on the stainless steel sample surface. All the values of CPE2 were smaller than the E4 blank group and all the values of Rct were larger than the E4 blank group. It is relevant to the formation of the thicker inner passivation film on the stainless steel sample surface. It can be speculated that the outer layer CPE1 tends to increase, while the pseudo resistance Rfilm tends to decrease, which is attributed to the formation of porous metal hydroxides in the outer layer. The inner layer CPE2 tends to decrease, while the charge transfer resistance Rct tends to increase, which is attributed to the formation of dense metal oxides in the inner layer. The results of EIS measurements show good consistency with the results of potentiodynamic polarization measurements.





2.2. Observation of Surface Morphology and Component Analysis of Passivation Film


2.2.1. SEM EDS Analysis of the Passivation Film


Four typical surface structures in this work are presented in Figure 7a–d. They are the original polished stainless steel sample surface, E4 blank group with a lot of pits, E4-CP2 group with rhombohedral pillar shape crystal, and E4-CP4 group with large number of surface defects, respectively.



It can be seen from these SEM photos that the original polished surface is relatively smooth, with only minor scratches after polishing with #800, #1000, #2000, and #4000 sandpaper in sequence. The experimental error caused by variation of surface roughness was reduced effectively, which is helpful for the implementation of electrochemical measurements. The EDS analysis of the stainless steel sample surface was carried out to identify the elemental composition of the different regions. As shown in Figure 7a, Point 1 is in the main body of the stainless steel sample. The results showed that the stainless steel sample is mainly composed of iron, accounting for more than 70% of the weight percentage. The content is followed by chromium, accounting for about 10% of the weight percentage. The rest of the elements consist of small amounts of carbon, manganese, cobalt, and other elements. Point 2 is in the highlighted part in the figure. It found that the main element in this region is tungsten, whose content has increased to about 50%. The EDS results of two different areas revealed that the main body of stainless steel sample consists of iron, chromium, and another small amount of elements such as tungsten, carbon, manganese, and cobalt.



As shown in Figure 7b, small pits appeared on the surface of the stainless steel sample. Oxygen content increased slightly and iron content decreased slightly after the electrochemical test. It can be observed in Figure 7c that a large area of defect appeared on the surface of the stainless steel sample. In addition, crystals in a rhombohedral pillar shape appeared inside the defects, which are associated with the formation of metal hydroxides by hydrolysis reaction of the metal surface with cutting fluid. It can be seen from the EDS spectrum of Point 5 and Point 6 that the oxygen content increased sharply. Additionally, a small signal of Cl element was detected, which is attributed to the generation of metal chloride and residues of CP. The concentration of Cl element is too low to penetrate into the passivation film, and it is the explanation why the electrochemical test results are inconsistent with the extensive literature that stainless steel is prone to corrosion in environments containing chloride ions. As shown in Figure 7d, the stainless steel sample surface has a large number of surface defects. It can be seen from the EDS spectrum of Point 7 and Point 8 that the main component of the highlight block is tungsten, and the content of oxygen also increased.



Through the SEM and EDS analysis results of the stainless steel sample surface, it was found that a large area of pits and defects appeared on the surface of the stainless steel sample after the electrochemical test. It was attributed to the forced loss of electrons on the stainless steel sample surface during the strong polarization process (range a–b) in Figure 2. The oxygen content on the surface of stainless steel sample increased significantly. It was attributed to the oxidation property of CP. The metal oxides content increased in the stainless steel sample surface as CP was added. The passivation film prevents the stainless steel sample from corrosion in cutting fluid. These results confirmed the hypothesis derived from the electrochemical tests.




2.2.2. XPS Analysis of the Products in Corrosion Scale


The composition of the corrosion scale on the stainless steel sample surface was analyzed by XPS. The signal of Fe 2p, Cr 2p, O 1s, and Cl 2p was used to discuss the composition of the corrosion scale. To ensure the reliability of results, the high-resolution spectra of each element were fitted in exactly the same way [44]. A similar binding energy (BE/eV) and the same full width half maximum (FWHM /eV) were used. The high-resolution spectra of Fe 2p and Cr 2p are shown in Figure 8 and the high-resolution spectra of O 1s and Cl 2p are shown in Figure 9.



The fitting results including binding energy (BE/eV), full width half maximum (FWHM/eV), and area of each peak are shown in Table 3. The binding energy of each species was referred to in literature [44]. The composition of corrosion scale in all sets of experiments is basically the same. Fe 2p was decomposed into eight peaks, representing six different Fe species and two satellite peaks of Fe. These six kinds of Fe were iron (707 eV), FeO (709.4 eV), Fe3O4 (710.4 eV), Fe2O3 (710.8 eV), FeCl3 (711.3 eV), and α-FeOOH (711.8 eV), respectively. Fe 2p exhibited two different valence states of +2 and +3, while α-FeOOH owned the largest peak area among all iron species in each group. This result is consistent with the SEM image shown in Figure 7c. α-FeOOH was in rhombohedral pillar shape, which is consistent with the literature [45]. Cr 2p was decomposed into three peaks, representing Cr2O3 (576.8 eV), Cr(OH)3 (577.3 eV), and CrO3 (578.3 eV), respectively. The dense chromium oxide protected stainless steel from corrosion. Cl 2p was decomposed into two kinds of peaks attributed to organic chloride (200 eV) and metal chloride (198–199 eV). The signal of Cl 2p was relatively small, which is consistent with the EDS results, as shown in Figure 7c, and it is mainly composed of a small amount of residual cutting fluid and a small amount of metal chloride.



The change of O 1s spectrum showed that CP promoted the oxidation of the stainless steel sample. O 1s was decomposed into three peaks, attributed to metal oxides (529–530 eV), metal hydroxides (530–532 eV), and bounded water (532–534 eV) [46,47]. The peak area of metal hydroxides in all groups was the largest, which was attributed to the hydrolysis of metal in aqueous solution. It could be found that the peak area attributed to metal oxides increased with the addition of chlorinated paraffin. According to the quantification calculation, the proportion of metal oxides in groups E4, E4-CP1, E4-CP2, E4-CP4, and E4-CP6 was 20.4%, 22.0%, 32.9%, 26.6%, and 31.1%, respectively.



The formulation of XPS quantification calculation is presented by Equations (2)–(4) [48]:


   A m ′  =  A m  / S  F m   



(2)






   A  t o t a l   =  A  F e  ′  +  A  C r  ′  +  A O ′  +  A  C l  ′   



(3)






  M % =  A m ′  /  A  t o t a l    



(4)




where    A m    is the peak area of species m,    S  F m    is the sensitivity factor of species m, and    A m ′    is the normalized peak area of species m. The value of the sensitivity factor depends on the test instrument. In this study, the sensitivity factors of Fe 2p, Cr 2p, O 1s, Cl 2p3, and Cl 2p1 are 10.82, 7.69, 2.93, 2.285, and 0.961, respectively.



Chlorinated paraffin promotes the generation of metal oxidation corrosion scale, which contributed to the better corrosion resistance of stainless steel sample. Chlorinated paraffin is prone to REDOX reactions with metal in the stainless steel sample surface where iron and chromium are oxidized. According to the reaction below:


  R −   CH  2    CH  2  Cl + Me +   ne  −  → R − CH =   CH  2  +   HCl     aq     +   Me   n +    











Initially, the metal ions undergo a hydrolysis reaction to form metal hydroxides according to the reaction:


  Fe   ( OH )  +  +   OH  −  → Fe     OH    2   










  4 Fe     OH    2  +  O 2  + 2  H 2  O → 4 FeOOH ·  H 2  O  










  Cr   ( OH )  +  +   OH  −  → Cr     OH    2   










  Cr     OH    2  +  H 2  O → Cr     OH    3  +  H +  +  e −   











Then, the part of the metal hydroxide continues to oxidize to form metal oxides according to the reaction:


  2 FeOOH ·  H 2  O →   Fe  2   O 3  + 3  H 2  O  










  2 Cr     OH    3  →   Cr  2   O 3  + 3  H 2  O  











Meanwhile, part of the metal hydroxides and metal oxides react with chloride ions to form metal chloride according to the reaction:


  FeOOH + 3 HCl →   FeCl  3  + 3  H 2  O  










    Fe  2   O 3  + 6 HCl → 2   FeCl  3  + 3  H 2  O  











In summary, CP can promote the surface oxidation of the stainless steel sample. The outer layer of the corrosion scale was mainly composed of porous metal hydroxides such as α-FeOOH and Cr(OH)3. The inner layer of the corrosion scale was mainly composed of dense metal oxides such as Cr2O3 and CrO3. These results are in agreement with the explanation of equivalent circuits to the corrosion scale. Corrosion resistance of the stainless steel sample in the environment containing CP is better than that in the pure cutting fluid environment, which is attributed to the presence of dense metal oxide corrosion scale.






3. Experiment Design


3.1. Preparation of Stainless Steel Sample for Electrochemical Characterization


The material selected for the research is a kind of hard-to-machine stainless steel, usually used in the manufacturing of turbine blades. The main component of stainless steel is shown in Table 4. The steel was machined into a cuboid by wire cut electric discharge machine with a size of 10 mm × 10 mm × 2 mm, then welded with copper wire. Epoxy resin was utilized to encapsulate it into a cylinder, and only one side was left as the working electrode for the convenience of the electrochemical measurements.




3.2. Preparation of Cutting Fluid and Electrochemical Characterization


In this study, commercial water-based cutting fluid E206 from Master Chemical Co., Ltd. (Plattsburgh, NY, USA) and CP (40% Cl element containing) were selected for the research of passivation behavior. The total volume of prepared cutting fluid is 500 mL for each group. The volume of E206 stock solution is a constant 20 mL, expressed in the volume fraction of 4%, which group is abbreviated as E4. In addition, chlorinated paraffin of 1 mL, 2 mL, 4 mL, and 6 mL were added in the group of E4, which are abbreviated as E4-CP1, E4-CP2, E4-CP4, and E4-CP6, respectively. The pH of the solution is between 8 and 9. Another blank group of deionized water was set. All the glassware used in this experiment was washed with ethanol and deionized water. All the cutting fluid was prepared freshly with deionized water before the experiment. A conventional three-electrode electrochemical cell was selected for this study. It contains a working electrode (WE) mentioned, a platinum foil counter electrode (CE) with an area of 1 cm2, and a Ag/AgCl reference electrode (RE), which is fully immersed in KCl solution (3 mol/L). The working electrode was encapsulated with epoxy resin. The working surface of the stainless steel was polished to the average surface roughness Ra of lower than 100 nm, which is measured by Zygo 9300 (Zygo Corp., Middlefield, CT, USA). The stainless steel samples were processed by ultrasonic cleaning in ethanol for 5 min and then washed with deionized water before each experiment. The platinum has little polarization in the electrochemical process. To prevent the pollution of the reference electrode by cutting fluid, which may lead to a slight change of reference potential during the experiments, a salt bridge containing 3 mol/L KCl solution was attached to the reference electrode. The tip of the reference electrode and the salt bridge are a porous ceramic junction that allows a low flow rate of cutting fluid to prevent pollution of reference potential by the cutting fluid and prevent pollution of cutting fluid by the reference potential.



All the electrodes were immersed in the cutting fluid for 30 min before electrochemical tests to obtain a stable open circuit potential (OCP), which is the potential between the reference potential and the working electrode. However, there is no current flow in the above period. All the electrochemical tests were performed under the stable OCP. The potentiodynamic polarization measurement was performed immediately. There is a current flow between the working electrode and the counter electrode, and the direction of the current changes in the process, which is called polarization current. Parameters such as corrosion potential (Ecorr), corrosion current (Icorr), and Tafel slope can be obtained by the potentiodynamic polarization curve which reflects the corrosion rate directly. The range of potential was set as follows: the initial potential from −0.8 V to the final potential 0.6 V, and the scan rate to 1 mV/s. In addition, the final potential of another group was increased to 3.0 V to obtain the complete anodic polarization curve which was used to investigate the chemical process on the sample surface before and after adding CP. The electrochemical impedance spectroscopy (EIS) measurement was carried out after the polarization measurement attempt to obtain the information of the passivation film. The sinusoidal electrical signal with an amplitude of 5 mV and frequency from 106 Hz to 1 Hz was applied to the working electrode under the open circuit potential to obtain the passive film information of the working electrode surface. All the above electrochemical tests were performed by CHI 660E electrochemical workstation (CHI Instruments, Shanghai, China). The electrochemical workstation was stabled for 30 min before electrochemical measurements.




3.3. Surface Morphology Observation and Passivation Products Characterization


After finishing the electrochemical tests, the stainless steel sample was ultrasonically cleaned by alcohol and deionized water for 10 min, respectively. The SEM and the EDS, provided by Phenom ProX (Phenom Word Corp., Eindhoven, The Netherlands), were performed for the observation of surface morphology and the element analysis of surface film products. The EDS analysis requires high energy, which contributed to electron beam energy set to 15 kV, and the analysis mode is point mode. EDS analysis was conducted in and around the reaction-generated product target, respectively. The XPS, provided by Thermo Fisher Scientific (Waltham, MA, USA) with an Al Kα source, was performed for the analysis of reaction-generated products. The reaction-generated products can be identified by distinguishing the binding energies of different substances. In this study, the element variation of Fe, Cr, O, and Cl on the processed surface was investigated. The results of the EDS and the XPS analysis are the key information for the explanation of the passivation mechanism.





4. Conclusions


In this study, passivation behavior of the stainless steel in the E206 cutting fluid with the addition of chlorinated paraffin has been investigated by electrochemical measurements and elemental analysis methods. It was found that the corrosion process of stainless steel in the E206 cutting fluid was alleviated by adding CP. It is related to the formation of a metal oxide layer on the electrode surface. There is a good correspondence between the results of electrochemical measurements and elemental analysis. The corrosion resistance of the stainless steel sample in cutting fluid can be enhanced as CP is added. The corrosion resistance was primarily attributed to the electronegativity of halogen substituents of CP, which result in the formation of dense metal oxides as the passivation film.







Author Contributions


Conceptualization, F.J.; Methodology, L.Y. and Y.L.; Validation, Y.S. and L.L.; Formal analysis, H.X.; Resources, Z.X.; Data curation, X.Y.; Writing—original draft, T.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by Natural Science Foundation of Fujian Province (Grant No. 2020J01066).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




Sample Availability


Not applicable.




References


	



Zhang, T.; Xie, H.; Huo, M.; Jia, F.; Li, L.; Pan, D.; Wu, H.; Liu, J.; Yang, T.; Jiang, F.; et al. A method for the determination of individual phase properties in multiphase steels. Mater. Sci. Eng. A 2022, 854, 143707. [Google Scholar] [CrossRef]

	



Tian, K.V.; Festa, G.; Basoli, F.; Lagana, G.; Scherillo, A.; Andreani, C.; Bollero, P.; Licoccia, S.; Senesi, R.; Cozza, P. Orthodontic archwire composition and phase analyses by neutron spectroscopy. Dent. Mater. J. 2017, 36, 282–288. [Google Scholar] [CrossRef] [PubMed]

	



Tian, K.V.; Festa, G.; Basoli, F.; Lagana, G.; Scherillo, A.; Andreani, C.; Bollero, P.; Licoccia, S.; Senesi, R.; Cozza, P. Composition―Nanostructure Steered Performance Predictions in Steel Wires. Nanomaterials 2019, 9, 1119. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, X.; Zha, X.M.; Jiang, F. Optimizing the geometric parameters of cutting edge for rough machining Fe-Cr-Ni stainless steel. Int. J. Adv. Manuf. Technol. 2016, 85, 683–693. [Google Scholar] [CrossRef]

	



Jiang, F.; Zhang, T.; Yan, L. Estimation of temperature-dependent heat transfer coefficients in near-dry cutting. Int. J. Adv. Manuf. Technol. 2016, 86, 1207–1218. [Google Scholar] [CrossRef]

	



Taylor, F. On the Art of Cutting Metals/Frederick Winslow Taylor; American Society of Mechanical Engineers: New York, NY, USA, 1907. [Google Scholar]

	



Zhu, J.; Yan, P.; Jiao, L.; Peng, Z.; Wang, P.; Wang, X.; Rong, Y. Effect of cutting fluids on corrosion properties and turning surface quality of Fe-based superalloy. Adv. Mech. Eng. 2017, 9, 1687814017730534. [Google Scholar] [CrossRef]

	



Yan, P.; Rong, Y.; Wang, X.; Zhu, J.; Jiao, L.; Liang, Z. Effect of cutting fluid on precision machined surface integrity of heat-resistant stainless steel. Proc. Inst. Mech. Eng. Part B J. Eng. Manuf. 2016, 232, 1535–1548. [Google Scholar] [CrossRef]

	



Debnath, S.; Reddy, M.M.; Yi, Q.S. Environmental friendly cutting fluids and cooling techniques in machining: A review. J. Clean. Prod. 2014, 83, 33–47. [Google Scholar] [CrossRef]

	



Saha, R.; Donofrio, R.S. The microbiology of metalworking fluids. Appl. Microbiol. Biotechnol. 2012, 94, 1119–1130. [Google Scholar] [CrossRef]

	



Randegger-Vollrath, A. Determination of chlorinated paraffins in cutting fluids and lubricants. Fresenius’ J. Anal. Chem. 1998, 360, 62–68. [Google Scholar] [CrossRef]

	



Xia, Y.; Hu, J.; Zhou, F.; Lin, Y.; Qiao, Y.; Xu, T. Friction and wear behavior of plasma nitrided 1Cr18Ni9Ti austenitic stainless steel under lubrication condition. Mater. Sci. Eng. A 2005, 402, 135–141. [Google Scholar] [CrossRef]

	



Hao, L.; Jiang, Z.; Wei, D.; Zhao, Y.; Zhao, J.; Luo, M.; Ma, L.; Luo, S.; Jiang, L. Effect of extreme pressure agents on the anti-scratch behaviour of high-speed steel material. Tribol. Int. 2015, 81, 19–28. [Google Scholar] [CrossRef]

	



Saini, V.; Bijwe, J.; Seth, S.; Ramakumar, S.S.V. Role of base oils in developing extreme pressure lubricants by exploring nano-PTFE particles. Tribol. Int. 2020, 143, 106071. [Google Scholar] [CrossRef]

	



Saini, V.; Bijwe, J.; Seth, S.; Ramakumar, S.S.V. Potential exploration of nano-talc particles for enhancing the anti-wear and extreme pressure performance of oil. Tribol. Int. 2020, 151, 106452. [Google Scholar] [CrossRef]

	



Chumakov, D.A.; Stan’kovskii, L.; Dorogochinskaya, V.A.; Tonkonogov, B.P. The Study of the Mutual Influence of Anti-Wear and Extreme Pressure Additives on the Nature of Wear of a Metal Surface. Chem. Technol. Fuels Oils 2019, 55, 135–144. [Google Scholar] [CrossRef]

	



Petrushina, I.M.; Christensen, E.; Bergqvist, R.S.; Møller, P.B.; Bjerrum, N.J.; Høj, J.; Kann, G.; Chorkendorff, I. On the chemical nature of boundary lubrication of stainless steel by chlorine- and sulfur-containing EP-additives. Wear 2000, 246, 98–105. [Google Scholar] [CrossRef]

	



Płaza, S.; Celichowski, G.; Margielewski, L. Load-carrying synergism of binary additive systems: Dibenzyl disulphide and halogenated hydrocarbons. Tribol. Int. 1999, 32, 315–325. [Google Scholar] [CrossRef]

	



Vogel, T.M.; Criddle, C.S.; McCarty, P.L. ES&T critical reviews: Transformations of halogenated aliphatic compounds. Environ. Sci. Technol. 1987, 21, 722–736. [Google Scholar]

	



Zhao, R.; Xu, W.; Yu, Q.; Niu, L. Synergistic effect of SAMs of S-containing amino acids and surfactant on corrosion inhibition of 316L stainless steel in 0.5 M NaCl solution. J. Mol. Liq. 2020, 318, 114322. [Google Scholar] [CrossRef]

	



Fouda, A.S.; Alsawy, T.F.; Ahmed, E.S.; Abou-elmagd, B.S. Performance of some thiophene derivatives as corrosion inhibitors for 304 stainless steel in aqueous solutions. Res. Chem. Intermed. 2013, 39, 2641–2661. [Google Scholar] [CrossRef]

	



Zand, R.Z.; Verbeken, K.; Adriaens, A. Corrosion resistance performance of cerium doped silica sol–gel coatings on 304L stainless steel. Prog. Org. Coat. 2012, 75, 463–473. [Google Scholar] [CrossRef]

	



Yeganeh, M.; Khosravi-Bigdeli, I.; Eskandari, M.; Alavi Zaree, S.R. Corrosion Inhibition of l-Methionine Amino Acid as a Green Corrosion Inhibitor for Stainless steel in the H2SO4 Solution. J. Mater. Eng. Perform. 2020, 29, 3983–3994. [Google Scholar] [CrossRef]

	



Song, G.; Atrens, A.; Stjohn, D.; Nairn, J.; Li, Y. The electrochemical corrosion of pure magnesium in 1 N NaCl. Corros. Sci. 1997, 39, 855–875. [Google Scholar] [CrossRef]

	



Kear, G.; Barker, B.D.; Walsh, F.C. Electrochemical corrosion of unalloyed copper in chloride media-a critical review. Corros. Sci. 2004, 46, 109–135. [Google Scholar] [CrossRef]

	



Cremasco, A.; Osório, W.R.; Freire, C.M.A.; Garcia, A.; Caram, R. Electrochemical corrosion behavior of a Ti–35Nb alloy for medical prostheses. Electrochim. Acta 2008, 53, 4867–4874. [Google Scholar] [CrossRef]

	



Lim, T.S.; Ryu, H.S.; Hong, S.H. Electrochemical corrosion properties of CeO2-containing coatings on AZ31 magnesium alloys prepared by plasma electrolytic oxidation. Corros. Sci. 2012, 62, 104–111. [Google Scholar] [CrossRef]

	



Shi, Z.; Jia, J.X.; Atrens, A. Galvanostatic anodic polarisation curves and galvanic corrosion of high purity Mg in 3.5% NaCl saturated with Mg(OH)2. Corros. Sci. 2012, 60, 296–308. [Google Scholar] [CrossRef]

	



Fischer, D.A.; Vargas, I.T.; Pizarro, G.E.; Armijo, F.; Walczak, M. The effect of scan rate on the precision of determining corrosion current by Tafel extrapolation: A numerical study on the example of pure Cu in chloride containing medium. Electrochim. Acta 2019, 313, 457–467. [Google Scholar] [CrossRef]

	



Tang, Z.; Huang, Q.A.; Wang, Y.J.; Zhang, F.; Li, W.; Li, A.; Zhang, L.; Zhang, J. Recent progress in the use of electrochemical impedance spectroscopy for the measurement, monitoring, diagnosis and optimization of proton exchange membrane fuel cell performance. J. Power Sources 2020, 468, 228361. [Google Scholar] [CrossRef]

	



Rezaei Niya, S.M.; Hoorfar, M. Study of proton exchange membrane fuel cells using electrochemical impedance spectroscopy technique—A review. J. Power Sources 2013, 240, 281–293. [Google Scholar] [CrossRef]

	



Carmezim, M.J.; Simões, A.M.; Montemor, M.F.; Cunha Belo, M.D. Capacitance behaviour of passive films on ferritic and austenitic stainless steel. Corros. Sci. 2005, 47, 581–591. [Google Scholar] [CrossRef]

	



Kim, S.Y.; Kim, H.; Kwan, H.S. Effects of tungsten and nickel on repassivation rate of stainless steels in chloride solution by electrochemical method. Mater. Corros. 2006, 57, 835–842. [Google Scholar] [CrossRef]

	



Lee, J.S.; Kitagawa, Y.; Nakanishi, T.; Hasegawa, Y.; Fushimi, K. Passivation Behavior of Type-316L Stainless steel in the Presence of Hydrogen Sulfide Ions Generated from a Local Anion Generating System. Electrochim. Acta 2016, 220, 304–311. [Google Scholar] [CrossRef]

	



Yadav, K.; Manivannan, R.; Noyel Victoria, S. Electrochemical characterization of ruthenium dissolution and chemical mechanical polishing in hydrogen peroxide based slurries. Mater. Today Proc. 2019, 18, 1220–1228. [Google Scholar] [CrossRef]

	



Hussin, M.H.; Kassim, M.J. The corrosion inhibition and adsorption behavior of Uncaria gambir extract on mild steel in 1 M HCl. Mater. Chem. Phys. 2011, 125, 461–468. [Google Scholar] [CrossRef]

	



Tourabi, M.; Nohair, K.; Traisnel, M.; Jama, C.; Bentiss, F. Electrochemical and XPS studies of the corrosion inhibition of carbon steel in hydrochloric acid pickling solutions by 3, 5-bis (2-thienylmethyl)-4-amino-1, 2, 4-triazole. Corros. Sci. 2013, 75, 123–133. [Google Scholar] [CrossRef]

	



Liao, C.; Yang, J.; He, Y.; Ming, X. Electrochemical corrosion behavior of the carburized porous TiAl alloy. J. Alloy. Compd. 2015, 619, 221–227. [Google Scholar] [CrossRef]

	



Chen, L.; Richter, B.; Zhang, X.; Ren, X.; Pfefferkorn, F.E. Modification of surface characteristics and electrochemical corrosion behavior of laser powder bed fused stainless-steel 316L after laser polishing. Addit. Manuf. 2020, 32, 101013. [Google Scholar] [CrossRef]

	



Perini, N.; Corradini, P.G.; Nascimento, V.P.; Passamani, E.C.; Freitas, M.B.J.G. Characterization of AISI 1005 corrosion films grown under cyclic voltammetry of low sulfide ion concentrations. Corros. Sci. 2013, 74, 214–222. [Google Scholar] [CrossRef]

	



Liu, C.; Bi, Q.; Matthews, A. EIS comparison on corrosion performance of PVD TiN and CrN coated mild steel in 0.5 N NaCl aqueous solution. Corros. Sci. 2001, 43, 1953–1961. [Google Scholar] [CrossRef]

	



Cao, M.; Liu, L.; Yu, Z.; Fan, L.; Li, Y.; Wang, F. Electrochemical corrosion behavior of 2A02 Al alloy under an accelerated simulation marine atmospheric environment. J. Mater. Sci. Technol. 2019, 35, 651–659. [Google Scholar] [CrossRef]

	



Atapour, M.; Wang, X.; Färnlund, K.; Wallinder, O.I.; Hedberg, Y. Corrosion and metal release investigations of selective laser melted 316L stainless steel in a synthetic physiological fluid containing proteins and in diluted hydrochloric acid. Electrochim. Acta 2020, 354, 136748. [Google Scholar] [CrossRef]

	



Chastain, J.; King Jr, R.C. Handbook of X-ray Photoelectron Spectroscopy; Perkin-Elmer Corporation: Waltham, MA, USA, 1992; Volume 40, p. 221. [Google Scholar]

	



Kim, B.G.; Park, J.; Choi, W.; Han, D.S.; Kim, J.; Park, H. Electrocatalytic arsenite oxidation using iron oxyhydroxide polymorphs (α-, β-, and γ-FeOOH) in aqueous bicarbonate solution. Appl. Catal. B Environ. 2021, 283, 119608. [Google Scholar] [CrossRef]

	



Chiba, K.; Ohmori, R.; Tanigawa, H.; Yoneoka, T.; Tanaka, S. H2O trapping on various materials studied by AFM and XPS. Fusion Eng. Des. 2000, 49, 791–797. [Google Scholar] [CrossRef]

	



Zhang, Z.; Ter-Ovanessian, B.; Marcelin, S.; Normand, B. Investigation of the passive behavior of a Ni–Cr binary alloy using successive electrochemical impedance measurements. Electrochim. Acta 2020, 353, 136531. [Google Scholar] [CrossRef]

	



Grant, J. Methods for quantitative analysis in XPS and AES. Surf. Interface Anal. 1989, 14, 271–283. [Google Scholar] [CrossRef]








[image: Molecules 28 03648 g001 550] 





Figure 1. Potentiodynamic polarization curves of stainless steel in E206 cutting fluid added with CP after 30 min immersed under the stable OCP. 
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Figure 2. The complete anodic polarization curves with the final potential of 3.0 V obtained from group E4, E4-CP1, E4-CP2, E4-CP4, and E4-CP6, respectively. 
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Figure 3. The Nyquist plot and fitting curves for passivation film formed after polarization measurements (frequency range from 106 Hz to 1 Hz under the OCP; 25 °C). 
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Figure 4. The (a) Bode phase plot and (b) Bode phase angle module of impedance and fitting curves for passivation film formed after polarization measurements (frequency range from 106 Hz to 1 Hz under the OCP; 25 °C). 
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Figure 5. The equivalent circuit contains solution resistance (Rs), outer layer constant phase element (CPE1), corrosion scale resistance (Rfilm), inner layer constant phase element (CPE2), passive film resistance (Rct). 
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Figure 6. Conductivity of cutting fluid at different CP concentrations. 
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Figure 7. The scanning electron microscope (SEM), energy disperse spectroscopy (EDS) analysis of (a) the original polished stainless steel sample surface, (b) E4 group in pits shape, (c) E4-CP2 group in rhombohedral pillar shape, (d) E4-CP4 group with large number of surface defects. 
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Figure 8. The XPS high-resolution spectrum with the signal of Fe 2p, Cr 2p (a) E4 group, (b) E4-CP1 group, (c) E4-CP2 group, (d) E4-CP4 group, and (e) E4-CP6 group. 
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Figure 9. The XPS high-resolution spectrum with the signal of O 1s, Cl 2p (a) E4 group, (b) E4-CP1 group, (c) E4-CP2 group, (d) E4-CP4 group, and (e) E4-CP6 group. 






Figure 9. The XPS high-resolution spectrum with the signal of O 1s, Cl 2p (a) E4 group, (b) E4-CP1 group, (c) E4-CP2 group, (d) E4-CP4 group, and (e) E4-CP6 group.



[image: Molecules 28 03648 g009]







[image: Table] 





Table 1. Ecorr (V), Icorr (μA cm−2), and Tafel slope obtained from potentiodynamic polarization curves shown in Figure 1 (scan rate 1 mV s−1; 25 °C).
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	Ecorr/V
	Icorr/μA cm−2
	An Slope
	Ca Slope





	E4
	−0.34
	2.566
	1.862
	6.019



	E4-CP1
	−0.35
	1.152
	1.897
	6.619



	E4-CP2
	−0.33
	0.764
	1.767
	6.844



	E4-CP4
	−0.35
	1.509
	2.111
	5.996



	E4-CP6
	−0.36
	0.938
	1.818
	6.518



	Water
	−0.16
	0.081
	6.429
	9.227
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Table 2. The electrochemical impedance spectroscopy (EIS) fitting results with the relative error (frequency scan range from 106 Hz to 1 Hz under the OCP).
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Rs

	
CPE1

	
Rfilm

	
CPE2dl

	
Rct




	

	
Ω·cm−2

	
T (10−9 sn Ω−1·cm−2)

	
n

	
Ω·cm−2

	
T (10−6 sn Ω−1·cm−2)

	
n

	
Ω·cm−2






	
E4

	
36.07 (0.04)

	
2.99 (0.12)

	
1.00 (0.09)

	
248.6 (0.10)

	
3.48 (0.04)

	
0.83 (0.006)

	
4241 (0.02)




	
E4-CP1

	
38.27 (0.04)

	
3.19 (0.13)

	
0.99 (0.10)

	
259.5 (0.01)

	
1.02 (0.03)

	
0.89 (0.004)

	
8770 (0.02)




	
E4-CP2

	
35.71 (0.05)

	
2.99 (0.21)

	
1.00 (0.01)

	
169.4 (0.02)

	
0.89 (0.03)

	
0.87 (0.005)

	
9778 (0.02)




	
E4-CP4

	
33.96 (0.06)

	
2.38 (0.19)

	
1.00 (0.01)

	
194.4 (0.02)

	
3.30 (0.05)

	
0.76 (0.008)

	
5086 (0.03)




	
E4-CP6

	
37.51 (0.03)

	
4.43 (0.16)

	
1.00 (0.01)

	
135.9 (0.01)

	
0.93 (0.02)

	
0.89 (0.003)

	
8941 (0.02)
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Table 3. The Binding energy (BE /eV), Full Width Half Maximum (FWHM /eV) and area of Fe 2p, Cr 2p, O 1s, Cl 2p in group E4, E4-CP1, E4-CP2, E4-CP4, and E4-CP6, respectively.
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Components

	

	
E4

	
E4-CP1

	
E4-CP2

	
E4-CP4

	
E4-CP6




	
FWHM (eV)

	
BE (eV)

	
Area (a.u.)

	
BE (eV)

	
Area (a.u.)

	
BE (eV)

	
Area (a.u.)

	
BE (eV)

	
Area (a.u.)

	
BE (eV)

	
Area (a.u.)






	
Fe met

	
2

	
707.3

	
1591.68

	
707.3

	
1406.82

	
707

	
3301.96

	
707.2

	
2761.18

	
707

	
3393.58




	
FeO

	
1.27

	
709.4

	
2148.63

	
709.3

	
2666.73

	
709.2

	
2738.41

	
709.2

	
5130.01

	
709

	
3062.91




	
Fe3O4

	
0.97

	
710.3

	
1607.4

	
710.1

	
2885.96

	
710.1

	
1902.64

	
710.1

	
3546.17

	
710

	
3261.37




	
Fe2O3

	
1.14

	
710.8

	
2329.76

	
710.8

	
3166.89

	
710.8

	
2405.36

	
710.6

	
3069.4

	
710.7

	
3763.99




	
FeCl3

	
1.03

	
711.3

	
977.63

	
711.2

	
1039.56

	
711.3

	
653.1

	
711.3

	
1279.99

	
711.3

	
956.38




	
α-FeOOH

	
2.17

	
711.8

	
8382.02

	
711.8

	
9939.37

	
711.8

	
4205.05

	
711.4

	
12,402.6

	
711.8

	
7849.99




	
FesatⅡ

	
3.14

	
713.6

	
7066.94

	
713.6

	
3811.13

	
712.3

	
5596.48

	
712.7

	
8843.04

	
712.6

	
4843.91




	
FesatⅢ

	
3.5

	
716.6

	
7451.96

	
715.1

	
1624.68

	
714.1

	
4085.5

	
713.7

	
3446.05

	
714.3

	
3433.72




	
Cr2O3

	
1.33

	
576.6

	
4536.04

	
576.3

	
6260.67

	
576.4

	
1790.08

	
576.3

	
8183.33

	
576.7

	
1791.15




	
Cr(OH)3

	
1.45

	
577.4

	
3955.75

	
577.3

	
4196.74

	
577.4

	
1497.42

	
577.1

	
5832.49

	
577.4

	
2524.22




	
CrO3

	
2

	
578

	
2340.47

	
578.4

	
2025.91

	
578.6

	
2414.5

	
578.1

	
6101.37

	
578.3

	
3393.58




	
Metal Oxide

	
1.5

	
531.7

	
23,191.4

	
531.6

	
22,758.4

	
531.6

	
25,927.4

	
531.6

	
36,335.4

	
531.5

	
31,226.5




	
Metal hydroxides

	
1.15

	
530.2

	
43,355.4

	
530.2

	
37,254.4

	
529.7

	
29,460.4

	
530.2

	
47,145.4

	
529.8

	
21,768.8




	
Bounded water

	
2

	
532.6

	
28,109.9

	
532.5

	
26,676.5

	
533.5

	
10,670.2

	
532.5

	
29,327.7

	
532.4

	
32,464.4




	
Organic chloride2p3

	
1.13

	
200.4

	
1980

	
200.3

	
1273.23

	
200.3

	
1125.89

	
200.3

	
1437.22

	
200.2

	
1217.16




	
Organic chloride2p1

	
1.13

	
202.1

	
995.42

	
201.9

	
642.95

	
202

	
564.61

	
201.9

	
707.71

	
201.7

	
587.65




	
Metal chloride2p3

	
0.81

	
198.7

	
215.59

	
198

	
642.95

	
197

	
187.83

	
198.4

	
426.44

	
197.6

	
164.37




	
Metal chloride2p1

	
0.81

	
200.3

	
105.72

	
199.7

	
183.29

	
198.6

	
96.57

	
200

	
218.83

	
199.3

	
84.47
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Table 4. The main elemental composition of 1Cr11Co3W3NiMoVNbNB stainless steel.
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	Elements
	C
	Mn
	Cr
	Mo
	V
	Ni
	Co
	W
	Nb
	Fe





	wt%
	0.08~0.13
	0.35~0.65
	10~12
	0.10~0.40
	0.15~0.25
	0.3~0.7
	2.5~3.5
	2.4~3.0
	0.05~0.12
	Balance
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