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Abstract

:

In this study, we applied an emerging, environmentally friendly surface engineering technology, electrolytic plasma processing (EPP), for the surface modification of Q195 structure carbon steel surface pretreatment and further Zn coating. Treating the surfaces of Q195 structure carbon steel by EPP was a quite dynamic process, which was investigated using scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), and X-ray diffraction (XRD). The results shown that surface scale can be effectively remove after 40 s EPP treatment, and the EPP-treated Q195 structure carbon steel revealed a slight decrease in elastic modulus and hardness, but a substantial improvement in tensile (especially plastic) mechanical properties. Moreover, the further EPP modification conducted on the pretreated Q195 structure carbon steel sample for production of a layer of compact zinc coating with 15 μm thickness under an optimization EPP process. We also identified the modification mechanism of EPP to Q195 structure carbon steel, which may provide theoretical and practical guidance for future researchers and developers.
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1. Introduction


Q195 structure carbon steel has garnered substantial research interest as a potential engineering material that is currently widely applied in the automobile industry. The material has unique properties such as high plasticity, toughness, and welding performance, as well as good deformation ability under high pressure [1,2], but requires surface modification before it can be efficiently applied in practice. Indeed, advanced modification technologies can greatly improve specific surface topographies and roughness, dramatically boost energy efficiency, and improve product performance and quality [3,4,5,6,7,8].



Surface modification is typically applied in order to obtain certain surface topographies and an appropriate amount of roughness to improve adhesion during bonding. Acid cleaning is commonly employed to remove oxides and contamination from metal materials to obtain clean and uniform surface finishes for industrial application [9,10,11]. However, acidic solutions introduce several drawbacks, such as corrosion to the material and environmental pollution. In addition, some surface modification methods, such as cathodic protection, fabrication of protective coatings, and use of corrosion inhibitors have advanced to the point of becoming actually useful for practical applications in the near future [12,13,14,15]. However, those methods involve complex multistep processing procedures, low efficiency, and high cost, which greatly limit their practical applications. Therefore, to find a simple and effective method that can attain Q195 structural carbon steel with rough surfaces is highly desired, and very favorable for the future coating.



Electrolytic plasma processing (EPP) technology can vastly boost energy efficiency and improve product performance and quality, while consuming relatively little energy and producing relatively few environmental pollutants; it is an important potential alternative cleaning process or galvanization technique, to this effect [16,17,18,19,20,21,22,23,24,25,26,27,28]. But there is a general lack of research on the interactions between EPP and the surface of Q195 structure carbon steel, which limits its further large-scale industrial production. In this work, we adopted EPP technology to surface modification of Q195 structural carbon steel, and the results show that Q195 structural carbon steel with a uniform surface and favorable properties was attained by the sample and processed within optimal parameters. Moreover, a layer of compact zinc coating with 15 µm thickness could be formed on the surface by EPP treatment. The deposition mechanism of the Zn coatings and the effect of EPP parameters are also described. We hope that this paper may serve as theoretical and practical guidance for the further development and industrial production application of EPP.




2. Experimental Procedure


2.1. Q195 Structural Carbon Steel Sample Preparation


The Q195 structural carbon steel with uniform diameter of about 2 mm (C ≤ 0.12, Mn ≤ 0.50, Si ≤ 0.30, S ≤ 0.040, P ≤ 0.035) used in this study was purchased from Baosteel Group Corp (Shanghai, China). Sodium bicarbonate and zinc sulfate were purchased from J & K Chemical Technology (Beijing, China). The experimental power source and electrode device was configured as shown in Figure 1. The electrolyzer consists of a 120 × 80 × 50 cm3 propene polymer container, an anode supply connected with two parallel graphite plates, and the suspending workpiece; the Q195 structural carbon steel sample served as the cathode. All saturated solution of sodium bicarbonate was prepared with ultra-pure MilliQ water (resistance > 18 MΩ cm−1).




2.2. Instruments


A TN-KGZ01 high frequency switching PC power supply (CHEGDU JINCHUANGLI SCIENCE & TECHNOLOGY CO., LET, Sichuan province, China) was used to provide the energy for plasma formation. The surface morphology microstructure of the steel samples was analyzed by field emission scanning electron microscopy (German ZEISS SUPRA55-FESEM, Carl Zeiss AG, Jena, Germany) and X-ray diffraction analysis (Rigaku D/MAX-2500-H, Rigaku, Tokyo, Japan) was conducted to determine the qualitative phases of the Q195 structural carbon steel (rectangle, with size of 10 × 5 × 2 mm3) before and after EPP. The mechanical properties (elastic modulus and hardness) of the steel was tested with a Nano Indenter II Nano probe (Techcomp, Beijing, China), and tensile mechanical properties were examined with a Strang Instron 5980 series double column tensile machine (Instron, Boston, MA, USA) on the floor.




2.3. Q195 Structural Carbon Steel Treatment by EPP


2.3.1. Configuration of Sodium Bicarbonate Saturated Solution


We prepared the saturated sodium bicarbonate solution by first pouring 500 L deionized water into a propene polymer container, then slowly stirring in 100 g sodium bicarbonate.




2.3.2. EPP Treatment Process


For EPP surface modification, we quickly fixed the Q195 structural carbon steel sample to the test rig and heated the sodium bicarbonate saturated solution to 70 °C. We set the input voltage to 120 V, current to 200 A, duty ratio to 80%, and the distance between two electrodes to 5 cm. The power switch and temperature measuring device were flipped on, then electrolysis plasma discharge appeared, and the temperature of the liquid environment was tested by a thermocouple probe.




2.3.3. Sample Post-Processing


The Q195 structural carbon steel was treated under optimal processing conditions with different time intervals: 10 s, 20 s, 30 s, 40 s, or 80 s. The samples were washed with water and ethanol three times each under ultrasound and dried in the oven (60 °C) for 2 h prior to further analysis.




2.3.4. Preparation of Zinc-Coated Q195 Structural Carbon Steel


For the formation of zinc coating, the samples described above were then treated with 15 wt % ZnSO4 solution for 60 s before coating. And then, the zinc film thickness was controlled by adjusting the preset electrical potentials to 150 V and 180 V, respectively, for 60 s treatment.






3. Results and Discussion


In this section, we focus on the relationship between the electrolytic plasma formation mechanism and the plasma’s interaction with the surface of Q195 structure carbon steel. Some factors that can affect plasma production are discussed in detail, as well as our analysis of EPP-treated and zinc-coated Q195 structure carbon steel samples.



3.1. Characterization of Electrolytic Plasma Processing


The mechanism of electrolytic plasma processing can be described by an electron avalanche model, mainly involving the following four processes: (1) production of a low density area in the vicinity of the workpiece surface in the electrolyte; (2) low density area gradually expanded to the critical value of electron impact ionization; (3) free electron acceleration in the form of an avalanche in strong electric field and quickly growth in exponential function, formation of ionization area; and (4) ionization region to further expand, forming arc discharge caused by synergy of electron impact fever, liquid density decrease, avalanche development, and delay effect [28]. We identified several distinct physical processes involved in EPP surface modification and subsequent zinc-coating. The input voltage, temperature, and distance between cathode and anode were of note in particular, as they affected the formation of electrolytic plasma.



As shown in Figure 1, a strong electric field was formed across the electrode gap when the electrolyte flowed through the perforated anode onto the cathode. A hydrogen evolution reaction began at the surface of the workpiece at that time, which created hydrogen bubbles and generated hydrogen plasma in a thin layer just above the sample surface. The bulb generation and extinction created forceful pressure disruptions at the surface associated with bubble collapse and shock wave production, which effectively reduced or removed the oxides and contamination at the steel surface. Rapid quenching in the water may also have resulted in ultra-fine grained structures in the steel responsible for its enhanced tensile mechanical properties. Metal cations present in the electrolyte film began to migrate toward the sample surface during zinc coating, but most of the ions were attached to the hydrogen bubbles; those metal ions reached the steel surface via hydrogen bubble adsorption transport and subsequent collapse. This caused zinc coating to form continuously and at a high rate over the entire sample surface.



Figure 2 shows an electrode voltage-duty cycle curve of the liquid electrolysis plasma processing, and suitable processing parameters for liquid electrolytic plasma formation at pulse frequency of 4000 Hz are given. When the duty cycle was high, cations were difficult to reach the Q195 structure carbon steel surface due to the ion channel was blocked by the Q195 structure carbon steel (cathode) surface hydrogen bubbles. Conversely, plasma cannot form under duty cycle lower than the bottom limit, because normal electrolysis would happen on the surface of the Q195 structure carbon steel (cathode).




3.2. Surface Microstructural Morphology Analysis


Electrolytic plasma processing is used for removing oxide scale and contaminants on Q195 structure carbon steel surface and subsequent zinc coating. By analyzing the Q195 structure carbon steel surface morphology after EPP treatment at various processing times, we found that plasma treatment was a quite dynamic process. The morphological features of samples were, as mentioned above, observed via FESEM. As shown in Figure 3a, the carbon steel surface before EPP was covered in dirt and impurities. There was no arc plasma reaction before 15 s of EPP, and as a result, the treatment appeared to have relatively little influence on the sample. At this stage, electric heating increased the electrolyte temperature and created a large quantity of bubbles; in accordance with Ohm’s law, the sample resisted it and the surrounding electrolyte liquid was heated. There was stable plasma formation on the sample surface after EPP for 15 s, at which time the superficial dirt and impurities began to decompose and fall off of the sample. These observations suggest that the edge or the tip of the sample exhibited point discharge phenomena. Yamada et al. observed similar phenomena while observing a microwave plasma discharge process characterized by energy release and gas pressure state [29]. They indicated clearly that uneven plasma density distribution in the plasma generates an electric field, which in turn leads to a substrate surface electric field and uneven distribution of temperature and gas flow at the surface. Figure 3a depicts the FESEM images of the Q195 structural carbon steel before EPP treatment. It can be observed that irregular oxide scale cover the Q195 structural carbon steel surface. After 20 s of EPP treatment, the surface of the Q195 structural carbon steel was fairly clean as shown in Figure 3b. As treatment time increased, the steel surface became smoother and began to exhibit micrometer-scale pores as shown in Figure 3c. The optimal treatment performance was observed at 40 s, at which point there was a large amount of micrometer-scale pores (Figure 3d) which dramatically increased the specific surface area and surface roughness of the carbon steel sample. As shown in Figure 3e, the plasma continued to impact EPP surface modification after 60 s, at which point both microstructure and micrometer-scale pores were eroded. Figure 3f shows the sample treated with EPP for 80 s, where all micrometer-scale pores were destroyed completely and the surface layer of the carbon steel was covered in black residue that had begun to flake off. The black holes distributed on the surface are discharge channels like those shown in Figure 3, which are similar to those observed by Cai et al. [30]. The liquid melt had cooled and accumulated a “slope trace” around the discharge holes to make the entire surface uneven. As reaction time increased, the size of the discharge channels increased and the quantity within unit area decreased. Homogeneous gas film coverage and breakdown voltage are, evidently, two crucial parameters of liquid phase plasma formation; further, the solution volatilization caused by joule heat and the solution hydrodynamic instability caused by solvent electrolysis are crucial mechanisms of plasma formation [31,32,33,34,35].




3.3. X-ray Diffraction (XRD) Pattern Characterization


The XRD pattern of Q195 carbon structural steel before and after 40 s EPP treatment are collected in Figure 4. We found that the oxide scale of Q195 carbon structural steel was fully removed off with 40 s EPP treatment. Initially, Fe2O3 peak at 23.9°, 32.8°, 35.3° and 53.8° as well as FeO peak at 40.6° and Fe3O4 peak at 56.9° and 78.9° apparently occur in the diffractogram of the untreated Q195 carbon structural steel. The diffraction peaks of the Fe2O3, FeO, and Fe3O4 all disappeared after 40 s EPP treatment, at this moment almost all the diffraction peaks of the sample can be indexed to metallic phase of Fe. This indicates that surface scale of Q195 carbon structural steel can be successfully removed after 40 s EPP treatment.




3.4. Mechanical Properties Testing


3.4.1. Fracture Morphology Characterization


As shown in Figure 5a–c, the fracture mode of Q195 structural carbon steel was ductile fracture, and numerous dimples are observed from scanning electron microscopy (SEM) photographs; Figure 5d–f show that the fracture morphology was similar to that observed for untreated samples. These results altogether indicate that the fracture morphology of Q195 structural carbon steel was generally constant before and after EPP, further suggesting that modification occurred only on the surface of the sample and did not alter the fracture mechanism of the material.




3.4.2. Tensile Mechanical Properties


The mechanical properties of a Q195 carbon structural steel surface was elevated affected by high temperature and strong shock waves induced by electrolytic plasma processing [35]. The high frequency quenching of EPP benefitted grain refinement and the formation and annihilation of micro gas film generated by the shock wave released surface stress, resulting in enhanced mechanical properties in the sample. The tensile mechanical property analysis results are shown in Figure 6, where the engineering stress-strain curve of the steel after treatment indicates higher values, i.e., better mechanical (especially plastic) properties than the untreated steel.




3.4.3. Elastic Modulus and Hardness


In order to quantitatively characterize the effect of EPP on the surface mechanical property of Q195 structural carbon steel, a nanoindentation testing was employed to measure the elastic modulus and hardness of the Q195 structural carbon steel, and the corresponding data are summarized in Figure 7 and Table 1. The results shown that EPP affected the surface mechanical property of Q195 structural carbon steel, and both of elastic modulus and hardness decreased slightly after EPP treatment for 40 s. This occurred because of uneven plasma density distribution in plasma generates an electric field, as well as uneven temperature reaction gas flow distribution on the surface of the Q195 structural carbon steel, which led to whole surface structures grew loose and porous after EPP treatment. In addition, the thermal impact cause by EPP and electrolytic hardening may have damaged the surface mechanical to some degree.





3.5. Zinc-Coating Preparation


As shown in Figure 8, the XRD pattern of Q195 structure carbon steel with 40 s EPP treatment and the sample after deposited zinc coating. There are some peaks of ZnO besides pure Zn and that is in consistent with EDS results form Table 2. In addition, no Fe substrate phase can be found after deposited zinc coating indicating that a layer of compact zinc coating cover the surface of Q195 structure carbon steel.



During the coating process, as described above, zinc cations present in the electrolyte film migrated toward the steel surface via hydrogen bubble adsorption transport and subsequent collapse. This caused zinc coating to continuously form at high rate over the entire sample surface. We found that the steel sample treated with EPP for 40 s had an optimal matrix due to its high surface roughness and homogeneous porosity. As shown in Figure 9a, after the sample was processed under 150 V applied voltage for 60 s, there was a layer of loose zinc coating with needle-like dendritic structure on the sample surface. The content of zinc atoms was 68.42% (Table 2) alongside quantities of Fe, C, and Si, indicating that the zinc layer did not completely cover the surface. Figure 9c also suggested that 5 µm of loose zinc coating was obtained by 60 s EPP treatment under 150 V applied voltage. On the contrary, Figure 9b shows that a layer of compact zinc coating formed on the surface when the sample was processed under 180 V applied voltage for 60 s; the entire surface was relatively uniform and zinc content reached 96.93%, suggesting that it had a homogeneously distributed elemental surface composition (Table 2). Figure 9d also proves that 15 μm compact zinc coating obtained by 60 s EPP treatment under 180 V applied voltage.





4. Conclusions


In this study, EPP was employed for surface modification of Q195 structure carbon steel under suitable processing parameters. The modification mechanism of EPP treatment to carbon steel was carefully examined in an effort to establish theoretical and practical guidance for further advancements in EPP technology, and potentially large-scale application. We hope that the results presented here have valuable significance in terms of a potential alternative metal surface treatments at the industrial scale.
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Figure 1. Experimental power source and electrode device. 
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Figure 2. Suitable parameters of pulsed current power source at frequency of 4000 Hz for liquid electrolysis plasma formation. 
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Figure 3. Field emission scanning electron microscopy (FESEM) image of Q195 carbon structural steel surface: (a) Before electrolytic plasma processing (EPP); (b–f) With EPP treatment for 20 s, 30 s, 40 s, 60 s, and 80 s. 
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Figure 4. X-ray diffraction (XRD) pattern of Q195 carbon structural steel: Before EPP (black curve); After EPP treatment for 25 s (red curve). 
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Figure 5. Scanning electron microscopy (SEM) image of tensile fracture morphology of Q195 carbon structural steel. (a–c) Before EPP; (d–f) With 25 s EPP treatment. 
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Figure 6. Stress-strain curve of Q195 carbon structural steel. (Before EPP: black curve; After 25 s EPP treatment: red curve). 
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Figure 7. (a) Elastic modulus histogram of Q195 carbon structural steel (b) Hardness histogram of Q195 carbon structural steel. (Before EPP: black curve; after 40 s EPP treatment: purple curve). 
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Figure 8. XRD patterns of Q195 structure carbon steel: With 40 s EPP treatment (black line); After Zinc coating (red line). 
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Figure 9. Zinc coating under different voltages, surface morphology: (a) 150 V, (c) 180 V; Cross-section topography: (b) 150 V, (d) 180 V. 
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Table 1. The mean elastic modulus and hardness of Q195 carbon structural steel before EPP and after EPP treatment for 40 s.
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	Sample
	EPP Treatment
	Elastic Modulus/GPa
	Hardness/GPa





	Q195 carbon structural steel
	0 s
	203.76
	53.75



	Q195 carbon structural steel
	40 s
	196.94
	49.43
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Table 2. Composition of zinc coatings shown in Figure 8.
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	Sample
	Zn (at. %)
	Fe (at. %)
	C (at. %)
	Si (at. %)
	O (at. %)





	a
	68.42
	26.97
	0.51
	0.05
	4.05



	b
	96.93
	1.23
	0.00
	0.00
	1.84











© 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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