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Abstract

:

For present and future advanced aerospace bearing applications, it is significant and necessary to improve the corrosion resistance of carburized CSS-42L steel. In this study, Cr films of about 1 μm in thickness were fabricated onto carburized CSS-42L bearing steel using a filtered cathodic vacuum arc deposition system. The corrosion behavior of carburized CSS-42L steel with Cr films was investigated. The Cr film was composed of nanocrystalline α–Cr. The electrochemical experimental results indicated that the current density had two orders of magnitude decrease and the corrosion potential evidently increased after Cr film deposition. The protective efficiency of this Cr film was as high as 99.7%. Nanocrystalline exhibits a higher corrosion resistance and enhances the modification effect of Cr film on carburized CSS-42L steel.
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1. Introduction


Aircraft engines are one of the most sophisticated engineering technologies [1]. The impact of the gas turbine engine on the development of the aircraft industry creates urgent requirements for better materials and designs for bearings. They need to tolerate increased system temperature, speed and load capability [1,2,3,4]. The analysis of engine field failures has shown that the classical material fatigue failure initiated on the subsurface has nearly disappeared. Instead, the dominant bearing failures are caused by surface-initiated fatigue resulting from contaminants such as corrosion pit [4,5,6]. Next generation main shaft bearings for future advanced gas turbine engines should operate under conditions of extreme temperature, high loads and harsh, corrosive environments [7]. M50 and M50NiL alloys are frequently used for medium-temperature aerospace main shaft bearing steels. M50 provides good wear resistance but is poor in terms of both fracture toughness and corrosion resistance. M50NiL was developed as a low-carbon variant of M50, enriched with nickel for excellent fracture toughness, but is inadequate in terms of wear resistance and is also deficient in terms of corrosion resistance [1,7,8,9,10]. The increasing demands for alloys combining all these characteristics have led to the development of case-hardened high-temperature CSS-42L steel. It defines a case-core structure and has two sets of properties. The carburized surface has higher hardness, rolling contact fatigue resistance, wear resistance and relatively better corrosion resistance. The specific core provides adequate fracture toughness and strength [11]. The optimized heat treatment of CSS-42L steel meets most of the aerospace bearing requirements. However, its corrosion resistance after carburizing greater than AISI 440C has not yet been achieved [7,9].



Surface modification is a useful way to improve the corrosion resistance of bearings for aerospace applications. Various surface treatment techniques such as ion implantation, laser shock penning and coating deposition have been used to modify the corrosion property of bearing steels. It was reported that DLC, or “metallic ceramics”, such as TiN, CrN, TiC, CrC, etc., on stainless steel or other substrates made them promising corrosion-resistant coating materials [12,13,14,15]. As is known, the continuous protective Cr2O3 formed between the base metal and the environment (oil, water, air, etc.) creates the stainless behavior. There has also been a great deal of research into Cr ion implantation or Cr film deposition to improve the corrosion resistance of treated matrix materials [6,16,17]. Pearson et al. [6] pointed out that the thin dense chromium film can improve the life of M50NiL under contamination conditions.



Electroplating is a widely used method in industry. Traditionally used hexavalent chromium electrolytes have been shown to be toxic and carcinogenic and this process is strictly restricted now. Trivalent chromium plating is considered to be the most attractive alternative due to its eco-friendly properties [18,19,20,21]. However, the process of metallic chromium electrodeposition from trivalent chromium electrolytes is complicated. In addition, the deposited coatings are mainly amorphous and rarely pure chromium coatings, which present obvious flaws, such as high brittleness, low hardness and a poor bonding force. Thus far, the trivalent chromium plating process has not reached industry development [18,19,21]. The filtered cathodic vacuum arc technique (FCVA) is a deposition system that is appreciated both in industrial applications and in innovative research. Various single element films including metals, silicon, carbon, many ceramics coatings and semiconductor films have been deposited using this method [22,23]. It was confirmed that FCVA deposition is a promising technique for the production of high-quality films, achieved through the nano-structure, increased strength of adhesion and packing density of coating to substrate, and reduced coating surface defects [22,24]. However, to our best knowledge, little work has been reported on chromium film deposition on high-temperature bearing steel CSS-42L using the FCVA process.



In the present study, we investigated the fabrication of Cr films on carburized CSS-42L steel substrate using the FCVA deposition system. The film microstructure, surface morphology and corrosion properties of Cr films deposited on carburized CSS-42L steel were assessed with a wide range of characteristic techniques.




2. Materials and Methods


2.1. Substrate Materials and Film Synthesis


The experiment CSS-42L steel was prepared using vacuum induction melting and a casting furnace, before undergoing a forging and annealing treatment. Its nominal composition (wt %) is 13.73 Cr, 13.0 Co, 4.6 Mo, 2.11 Ni, 0.6 V, 0.33 Mn, 0.2 Si, 0.024 Nb, 0.002 B, 0.14 C and balance Fe. The CSS-42L was carburized in an atmosphere furnace and subsequently hardened. The hardening treatment consisted of the following steps:




	
Austenitizing at 1095 °C for 15 min;



	
Quenching in oil down to room temperature;



	
Deep cryogenic treatment for 5 h;



	
Tempering at 495 °C for 2 h;



	
Deep cryogenic treatment for 5 h;



	
Tempering at 495 °C for 2 h.








Specimens of 10 × 10 × 5 mm3 were mechanically polished with SiC emery papers up to #2000, and polished, finally, with diamond paste to 1.5 μm grit. Before the ion implantation and deposition, the samples were ultrasonically degreased in acetone. All the depositions were made using a FCVA deposition machine (Beijing Normal University, Beijing, China). The arc cathode was a high-purity chromium rod. In order to improve the adhesion of the deposited coating, the samples were sputter-etched with Cr ions prior to each experiment in the vacuum chamber, and then continuously implanted with Cr ions to a dose of 1 × 1017 ions/cm2 at an energy of 8 keV. Finally, thin chromium films with a thickness of ~1 μm were deposited on the pretreated samples. During the deposition process, a pulse arc current of 100 A and a dc pulsed a negative bias of −80 V with a duty cycle of 90% in a 180°-bend magnetic FCVA system were normally applied. For convenience, the specimens discussed in this paper may be referred to using an abbreviation based on their processing source. After carburizing, the CSS-42L steel was abbreviated to (C + C). The carburized CSS-42L with chromium deposition was abbreviated to (C + C)–Cr.




2.2. Characterization of the Deposited Cr Film


The surface topography was measured using an atomic force microscopy (ICON AFM, Veeco/Bruker, Santa Barbara, CA, USA) and NanoScope Analysis software (NanoScope Analysis 1.40) was used to calculate the arithmetic mean roughness (Ra). The longitudinal section microstructure of the film was observed using a scanning electronic microscopy (SEM, CamScan-3400, Cambridge, UK) and its composition was detected using Energy Disperse Spectroscopy (EDS). The crystallographic phases were determined by X-ray diffraction (XRD, Rigaku, Tokyo, Japan) with a Cu Kα source at 0.154 nm and the glancing angle X-ray diffraction (GAXRD, Bruker AXS, Karlsruhe, Germany) at 0.5° was used to discern the phases in the Cr film. The cross-section view of the thin film was observed using transmission electron microscopy (JEOL TEM 2100, 200 kV, Tokyo, Japan).




2.3. Corrosion Behavior Measurements


Polarization studies were performed in a 3.5% NaCl solution to investigate the electrochemical corrosion behavior of the carburized CSS-42L and the Cr-coated specimens. Potentiodynamic polarization scans were carried out using a CS300 electrochemical work station (Corrtest, Wuhan, China). The NaCl solution was maintained at 30 °C open to air and the potentiodynamic curves were initiated once the open circuit potential was stabilized. For the study, a conventional three-electrode cell system was used, in which a platinum sheet and a saturated calomel electrode (SCE, Ruosull Technology Ltd., Shanghai, China) were used as the counter and reference electrode, respectively. The scanning rate was 0.5 mV/s.



The surface chemistry of the carburized CSS-42L and Cr film-coated samples after the polarization study was determined using X-ray photo electron spectroscopy (XPS, ULVAC-PHI, Kanagawa, Japan). All the XPS results were attained at a depth of 3 nm from the outmost surface. The corrosion morphology was examined using SEM and the composition of the corrosion products was analyzed using SEM/EDS.





3. Results and Discussion


3.1. Surface and Cross-Sectional Morphology


In Figure 1a, cross-sectional SEM images of (C + C)–Cr are shown. The Cr film has a compact and homogeneous layer adhered to the substrate and its average thickness is about 1.1 μm. The composition line scanning result of the coating is presented in Figure 1b. The width of the Cr enrich zone is nearly equivalent to that observed in Figure 1a. The line analysis also reveals that the Cr concentration is highest near the surface and gradually decreases. There is no abrupt drop in Cr content at the boundary between the Cr rich layer and the substrate. The chromium ion implantation layer before the Cr film deposition may be responsible for this composition transition and have the benefit of increasing the adhesion between the coating and the substrate.



The corrosion properties of the coatings relate to the surface density and roughness. The surface morphology of the Cr film was investigated using an AFM. Figure 2 demonstrates 2D and 3D images in a 1 × 1 μm2 square of the deposited film. The measured arithmetic means of Ra of (C + C) and (C + C)–Cr are given as 1.01 nm and 3.95 nm, respectively. The Cr coating consisted of spherical-like particles with sizes of 80–100 nm. The increase in coating roughness may be correlated with its trend to grow in a columnar structure [25]. The surface topography of the Cr film shows an almost uniform and dense structure.




3.2. Structural Information


Figure 3 presents the XRD patterns for the (C + C)–Cr specimen. The diffraction peaks corresponding to the (110) and (211) indexed values of α-Cr were detected. GAXRD at 0.5° was conducted to investigate the phase constituents on the subsurface of Cr film where no oxide peaks appear. The position of the (211) diffraction peak and the full width of the peak at half maximum were used to estimate the mean grain size of the coating using the Debye-Scherrer equation [26,27]:


  D =   0.9 λ   B cos θ    



(1)




where D is the average dimension of crystalline, B is the full width at half maximum (FWHM), λ is the wavelength of the X-ray radiation and θ denotes the Bragg diffraction angle. The calculated average grain diameter in the Cr film was about 90 nm, which was close to that determined using AFM measurements.



TEM observation was performed to investigate the more detailed microstructure of the deposited Cr film. Figure 4a,b shows the bright-field micrograph and the center dark-field micrograph of the Cr film, respectively. The deposited Cr film has a microstructure with crystal grain of fine and homogeneous. The TEM-EDS results and the selected area electron diffraction (SAED) pattern of the Cr coating are presented separately in Figure 4c,d. The corresponding SAED pattern includes discontinuous diffraction rings of α–Cr, indicating that the deposited films consist of nanometer polycrystalline α–Cr. Former research found that a nanocrystalline coating with a homogenous microstructure could promote the corrosion resistance of metals/alloys [28,29,30].




3.3. Potentiodynamic Polarization Test


Figure 5 depicts the potentiodynamic polarization curves for the carburized CSS-42L steel samples with and without Cr films in a 3.5% NaCl solution. For carburized CSS-42L steel, the corrosion potential value was about −0.42 V and the corrosion current density was about 9.8 × 10−6 A cm−2. There was no passivation region; instead, the corresponding corrosion current density was quite high and the current density raised at a high rate immediately after the corrosion potential under the testing conditions. Generally, a rapid increase in current density resulted from the breakdown of the passive film, and is always accompanied by localized corrosion [31]. However, for the Cr deposited sample, the corrosion potential was greatly increased to −0.12 V and the corrosion current density was approximately 3.0 × 10−8 A cm−2. In addition, the Cr deposited specimen had a passivation region where the current density increased slowly with the potential increase. The anodic current density of the Cr deposited sample was over two orders of magnitude lower than that of an uncoated sample, suggesting that the corrosion rate of the Cr deposited sample was far less than that of the uncoated one. At higher potentials, the transpassivity branch was observed as indicated by the sudden increase in current density. Pitting also occurred for the Cr deposited samples. However, the pitting potential, which has a value of about 0.3 V for the Cr deposited specimen, was much higher than −0.4 V for the untreated steel.



The higher corrosion potential, lower anodic current density and higher pitting potential of the Cr-coated specimens show that the corrosion resistance of the carburized CSS-42L steel was improved by the Cr deposition treatment. The protective efficiency (Pe) of the deposited Cr film was evaluated using the following equation [32,33,34]:


   P e   ( % )  =    (     i  c o r r  0  −  i  c o r r      i  c o r r  0     )  × 100 %  



(2)




where    i  c o r r  0    and    i  c o r r     refer to the corrosion current densities in the absence and presence of a Cr coating layer, respectively. The Pe value of the deposited Cr film was 99.7%. This result supports the conclusion that Cr film deposition using the FCVA technique is an effective means to improve the corrosion resistance of carburized CSS-42L steel.



It is known that the formation of a protective oxide film in which chromium is the main cation is responsible for the good corrosion resistance of stainless steels. The study of the electrochemical and passivation properties of pure chromium reveals its anodic dissolution proceeds and the passivation reaction. The anodic dissolution behavior is the oxidation of chromium metal to Cr2+. The formation of Cr3+–oxygen species on the corroding surface is related to the passivation process. Björnkvist et al. [35] proposed that a layer of Cr(OH)2 was formed on the actively corroding surface. Thus, the anodic dissolution process being:


  Cr    (  OH  )    2     + 2  H +  →   Cr   2 +   + 2  H 2  O  



(3)




the passivation mechanism is proposed as follows:


  Cr    (  OH  )    2     → CrOOH +  H +  +  e −   



(4)







The dissolution and passivation reactions proceed in parallel. The content of intermediate Cr(OH)2 and the stability of CrOOH contributed to corrosion resistance of the chromium film. In the present study, the grain size of the chromium coating was nanometer, which could improve the Cr diffusion further and form a more compact passive film. Similar results have been found for Ni-based alloys or stainless steels with a nanocrystalline coating [29,30,36].



Generally, chloride ion is the most aggressive anion resulting in localized corrosion on stainless steels or other metals. On the one hand, chloride ions may react with the intermediate Cr(OH)2, which decreases its coverage on the corroded surface. Previous reports have shown that the smaller grain size is more beneficial for decreasing the content of Cl− absorption on the surface [30,36]. Compared with the electrochemical results of conventional electroplated chromium film, which is composed of micrometer grains [37,38], the nanocrystalline chromium film in the present work had more positive corrosion potential, which has a reverse correlation with the absorption of Cl−.



Above all, the experimental Cr film deposited using the FCVA technique composed of nanometer grains, and the refining of the grain size, was beneficial for the formation of more compact passive film, which significantly enhanced the corrosion resistance of carburized CSS-42L steel.




3.4. Characterization of the Passive Film and Corrosion Morphology


The potentiodynamic polarization curves showed that the passive current density of the experimental samples was obviously different. The properties of passive film play an important role in influencing the magnitude of the current density [30]. An XPS analysis was conducted to provide more detailed information about the passive films formed in a 3.5% NaCl solution. The fitting results are shown in Figure 6. In the passive film of carburized CSS-42L steel (Figure 6b), the Fe2p, Cr2p and Mo3d peaks consisted of their metallic and oxide states. According to the peak strength, the main component in the passive film was Fe3+ in Fe2O3 at 710.7 eV, Fe2+ in FeO at 709 eV and Cr3+ in Cr2O3 at 575.6 eV. The CrOx peaks at 576.6 and 577.7 eV are chromium native oxides which correspond to CrOOH or Cr(OH)3 [39]. In the Cr-coated sample (Figure 6a), the passive film was mainly composed of chromium oxides and hydroxides. Weak Fe2p and Mo3d peaks could also be detected in this passive film which might be diffused from the matrix material. It is generally accepted that the protectiveness of these films, which contained more chromium oxides and hydroxides, was higher. These XPS analysis results regarding the passive composition correspond well with the polarization measurements.



The surface morphology of the carburized CSS-42L samples after the corrosion test in a 3.5% NaCl solution with and without Cr film is demonstrated in Figure 7. The pictures clearly delineate the improvement in corrosion resistance for the Cr-coated sample. The SEM images obtained for the uncoated sample after the corrosion test showed a heavy attack (Figure 7b). The microstructure of the matrix was exposed and there were many pits distributing on the surface. Intergranular corrosion and crevice corrosion phenomena were also observed on the uncoated sample. Pitting corrosion was also detected in the chromium-coated sample and the size of the pitting holes was a little larger than that in the uncoated sample, which may be related to the degradation of the coating film (Figure 7a). However, the surface morphology preserved almost its original appearance and the number of pits decreased dramatically. The chemical composition of the corrosion products was also investigated using an SEM-EDS (shown in Table 1). Fe, Cr, Co, O and Cl were detected in the corrosion products. For the chromium-coated sample, the Cl content was relatively lower. Cr2O3 is a p-type semiconductor with redundant cation which can reduce Cl– ion adsorption [30].





4. Conclusions


The structure, morphology and corrosion protection efficiency of Cr films deposited on carburized CSS-42L bearing steel using the FCVA technique have been investigated. Based on the above experimental results and discussion, the conclusions can be summarized as follows:




	
SEM, AFM and TEM analyses have revealed that a uniform and dense Cr film with a homogeneous distribution of particles was introduced using the FCVA deposition system. The grain size of α–Cr was about 100 nm.



	
The nanocrystalline Cr coating significantly improved the corrosion resistance of the carburized CSS-42L steel in a 3.5% NaCl solution. The Cr-coated samples had two orders of magnitude lower current densities and evidently increased corrosion potential. The protective efficiency of the deposited Cr film is as high as 99.7%. The passive film of the Cr-coated sample was mainly composed of Cr2O3.



	
Nanometer grains improve Cr diffusion and decrease the content of Cl− absorption on the surface, which contributed to forming a more compact and protective passive film. The nanocystalline further enhances the modification effect of chromium coating on carburized CSS-42L bearing steel.
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Figure 1. SEM image of transverse of Cr coating deposited using the FCVA system (a) and the line analysis of the compositional element distribution along the substrate to the outmost layer (b). 
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Figure 2. AFM 2D and 3D images in a 1 × 1 μm2 square of the substrate samples (a,b) and Cr film-coated samples (c,d), respectively 
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Figure 3. Normal XRD pattern and GAXRD diffractogram at a grazing angle of 0.5° in the 30°–100° diffraction angles region for the carburized CSS-42L samples with Cr deposition ((C + C)–Cr). 
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Figure 4. (a,b) TEM bright and dark images of Cr film and (c,d) corresponding TEM-EDS results and electron diffraction pattern, respectively. 
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Figure 5. Potentiodynamic polarization plots of the carburized CSS-42L sample with and without Cr film deposition. 
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Figure 6. Cr2p, Fe2p, Mo3d and C1s XPS spectra from carburized CSS-42L specimens with chromium coating (a) and uncoated (b) after a polarization test in a 3.5% NaCl solution. 
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Figure 7. SEM micrographs of the corroded surface on carburized CSS-42L samples: (a) with Cr film deposition, (b) without Cr film deposition. 
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Table 1. Chemical composition of corrosion products detected using an SEM-EDS for carburized CSS-42L specimens with and without chromium coating.






Table 1. Chemical composition of corrosion products detected using an SEM-EDS for carburized CSS-42L specimens with and without chromium coating.





	Sample
	Fe (at %)
	Cr (at %)
	Co (at %)
	O (at %)
	Cl (at %)





	(C + C)
	43.41
	5.43
	9.66
	29.04
	12.17



	(C + C)–Cr
	55.33
	2.30
	12.12
	26.97
	3.11











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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