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Abstract

:

A new surface strengthening process: Plasma surface chromizing was implemented on the metallic card clothing to improve its wear resistance based on double glow plasma surface metallurgy technology. A chromizing coating was prepared in the process, which consisted of a deposited layer and diffusion layer. The surface morphologies, microstructure, phase composition, and hardness were analyzed in detail. The friction behaviors of the metallic card clothing before and after plasma surface alloying were comparatively analyzed under various sliding speeds at room temperature. The results showed that: 1. The chromizing coating on the surface of metallic card clothing was dense and homogeneous without defects, and the metallic card clothing still maintained its integrity and sharpness. 2. The chromizing coating consist of [Fe,Cr], Cr, Cr23C6, and Cr7C3, which contribute to the high hardness. 3. The average microhardness of metallic card clothing increased from 365.4 HV0.05 to 564.9 HV0.05 after plasma surface chromizing. Nano hardness of the chromizing coating was approximately 1.87 times than the metallic card clothing. 4. At various sliding velocities of 2 m/min, 4 m/min, and 6 m/min, the specific wear rates of metallic card clothing were 16.38, 9.06 and 6.26 × 10−4·mm3·N−1·m−1, and the specific wear rates of metallic card clothing after plasma surface chromizing were 2.91, 3.30, and 2.95 × 10−4·mm3·N−1·m−1. Furthermore, the wear mechanism of the chromizing coating gradually changed from adhesive wear to abrasive wear as the sliding velocity increased. The results indicate that the wear resistance of metallic card clothing was improved obviously after plasma surface chromizing.
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1. Introduction


Textile industry occupies an important position in the national economy, and carding is an important process in textile production. As the main equipment of carding operation, carding machine plays an important role in textile production. At the same time, as the key part of carding machine, the main function of metallic card clothing is to comb and purify the fiber, and finally to remix the high-quality fiber. Additionally, the quality of metallic card clothing determines the quality of fiber significantly.



However, the poor wear resistance reduces the service life and carding quality of metallic card clothing. Through the high-speed contact friction and collision with all types of dust particles and impurities being mixed with the cotton fiber, the metallic card clothing front and the tooth surface top are passivated. The wear occurs mainly on the upper part of the card wire teeth. The actual working angle on the tip of the wire teeth became high, causing the metallic card clothing to lose its fiber grip ability gradually and having tremendous effect on the carding quality [1]. In addition, during the high-speed friction, the friction heat effect could cause the metallic card clothing wires to reach a high temperature, which would lead to the metallic card clothing tip softening. The friction heat could be used to transform the abrasive grain wear into hard abrasive wear [2]. Both the temperature change and the thermal shock could also be the sources of surface fatigue, which lead to a fatigue failure [3].



Heat treatment has often been used for improving the hardness of the metallic card clothing so as to improve the wear resistance. Main heat treatment methods include spheroidizing annealing and quenching. The wear resistance of the metallic card clothing is improved after quenching. However, the heating parameters are unstable in the process of quenching, which can cause uneven microstructure. The higher content of carbon causes rapid rising of austenite grain after quenching. As the same time, martensitic carbon content will increase and more twins martensitic are formed during quenching, which is harmful to limit micro crack propagation [1,2]. Therefore, there exists some disadvantages in improving the anti-wear property of the metallic card clothing in the traditional heat treatment method.



Recently, certain new surface modification technologies have been utilized to improve the wear resistance of the materials. The double glow plasma surface metallurgy technology provided a new plasma strengthening process for the wear resistance improvement of the metallic card clothing. The double glow plasma surface metallurgy technology (referred to as “double glow technology”) is a new metal surface alloying technology, developed independently by Chinese scholars (Xu Zhong) on the basis of ion nitriding and sputtering. The schematic illustration and equipment drawing is presented in Figure 1. The anode-source electrode (target) and the anode-substrate electrode (substrate) formed two independently regulating discharge systems [4]. During experimentation, the chamber was vacuumed and the working gas (argon) was injected. When a pulsed DC power supply was switched on, a glow was generated between the anode and the source electrode, as well as between the anode and substrate electrode due to the plasma discharge. Simultaneously, the argon was ionized into argon ions. Under the electric field, the argon ions continuously bombarded the source and substrate electrodes. The constant bombardment of argon ions caused the cathode temperature to increase, reaching the pre-penetration temperature. The constant bombardment of argon ions caused the target to continuously splash target ions (M) [4]. Under the electric field, the target ions (M) were deposited on the substrate and diffused to the interior, forming an alloyed layer with specific properties [5]. The alloy layers are formed by the deposition and diffusion of the elements, whereas the corresponding composition and properties present a gradual distribution with depth, which demonstrated the metallurgical bonding characteristic. This structure could effectively improve the adhesion between the alloy layer and substrate. The double glow technology is widely utilized to improve the wear resistance, the corrosion resistance, the fatigue resistance, and the high temperature oxidation of metal materials [6,7,8,9,10,11]. Qiuzhongkai et al. prepared W-Mo coatings on the gear steel surfaced through the double plasma technology. The high resistance to plastic deformation and load-carrying capacity of the W-Mo coating could improve the gear steel wear resistance under both room and high temperatures (500 °C). The wear rate of the treated gear steel at room temperatures was only 19 percent of the untreated specimen wear rate [12]. Wei Cong et al. prepared Ni-Cr alloy layers on the low carbon steel surfaces through the double glow technology, which effectively reduces the low carbon steel wear rate under the normal temperatures [13]. In addition, compared with the traditional diffusion technology, the diffusion temperature in the process of double glow technology is lower, which will reduce the impact on the mechanical properties of the metallic card clothing and prevent its thermal deformation [14].



Therefore, we used the new plasma surface strengthening process (double glow technology) to improve the wear resistance of the metallic card clothing. The chromizing coating was prepared on the metallic card clothing by double glow technology. The strengthening effects of the chromizing coating on the metallic card clothing were comparatively analyzed from the aspects of microstructure, hardness, elasticity modulus, and wear properties. The friction and wear behavior of the metallic card clothing before and after plasma surface alloying were carried out on a reciprocating sliding friction-wear tester with the Si3N4 ball under various sliding speeds (2 m/min, 420 g; 4 m/min, 420 g; 6 m/min, 420 g) at room temperature.




2. Experimental Procedure


2.1. Preparation of Specimens


In the study, the metallic card clothing is made by 72B spring steel. Table 1 shows its chemical composition. Prior to the coating preparation, the substrate surface was polished with SiC emery papers (P180, P400, P600, P1000, and P1400). Following, acetone was utilized for ultrasonic cleaning and the samples were dried. (Φ100 × 4 mm3, 99.95 wt.%, produced by Shenzhen Morgan Sputtering Target and Technology Co., Ltd., Shenzhen, China). The experimental parameters of the double glow technology are presented in Table 2.




2.2. Microstructure Analysis and Measurements


The microstructure and element distribution of the metallic card clothing after plasma surface alloying were characterized by scanning electron microscopy (SEM) and energy-dispersive X-ray spectrometry (EDS, produced by FEI Co. Ltd., Eindhoven, The Netherlands). A BrukerD8-ADVANCE diffractometer (Proto Manufacturing Inc., Oldcastle, ON, Canada) was used to determine the XRD (X-ray diffraction method) patterns of the chromizing coating using CuKα1 radiation at 50 kV and 40 mA. Diffraction radiation were in a continuous mode with step size of 0.02° and step time of 8 s over the range of 20° < 2θ < 90°.




2.3. Strength Testing Methodologies


The surface microhardness of the metallic card clothing before and after plasma surface alloying was tested using HXS-100A microhardness tester (Ningbo yonghui instrument technology co. LTD, Ningbo, China) equipped with pyramid diamond indenter. There was a significant difference in the shape between the tip and the tooth body of metallic card clothing. Therefore, three different parts of each sample were selected as the test point, as shown in the Figure 2. The applied load was 50 g and loading time is 10 s. Each specimen is tested 5 points to get the arithmetic mean.



Nanoindentation tests were conducted with the Shimadzu dynamic microhardness tester (DUH-W201). The indenter was pressed onto the sample surface at the speed of 1.3239 mN s−1; the maximum load was 150 mN [12]. In order to avoid the substrate effect on the nanoindentation test, the maximum indentation depth should not exceed 10% of the coating thickness [15]. Three parallel experiments were conducted to improve the testing accuracy and the results were averaged.




2.4. Friction and Wear Test


At room temperature (relative humidity < 40 ± 5%), the CET-I friction-wear tester with the Si3N4 ball (hardness of 77 HRC (Rockwell hardness) and diameter of 3 mm) was utilized to conduct the dry wear sliding tests. For the friction tests, various sliding speeds (2 m/min, 420 g; 4 m/min, 420 g; 6 m/min, 420 g) were utilized, and the effects of different sliding speeds on the wear properties of metallic card clothing were studied. The wear test was described in the ASTM G133-05 standard [16]. During testing, the Si3N4 ball produced reciprocating friction on the sample surfaces at various sliding speeds. The reciprocation length was 5 mm and the friction test duration was 10 min. After the friction test, the wear track profile was measured by the profilometer of the friction-wear tester. Three parallel experiments were conducted to improve the testing accuracy and the results were averaged. The schematic diagram of reciprocating friction (a), equipment drawing of CET-I friction-wear tester (b) and the schematic diagram of profilometer equipped by the friction-wear tester (c) are presented in Figure 3. The morphology of the wear track was analyzed through SEM. The weight loss comparison between the spring steel substrate and the alloy layers was inappropriate, because the densities were not comparable. In this paper, the wear volume was utilized for the wear rate calculations of the specimens. Additionally, the wear volume can be calculated through the wear track profile. The specific wear rate equation was as follows:


K = V/PS



(1)




where K is the specific wear rate (mm3 N−1 m−1), V is the wear volume (mm3), P is a load (N), and S is the total sliding distance (m) [17].





3. Results and Discussion


3.1. Microstructures of Chromizing Coating


The surface morphology and chemical composition of the chromizing coating are presented in Figure 4a,b. It exhibited compact and uniform structure without porosity or cracks. The chromizing coating contained mainly Cr (55.87 wt.%) and Fe (36.23 wt.%). From the composition distribution (Figure 5b), it could be found that the number of Fe element increased gradually within the range of 6~7 μm, indicating that the Fe had diffused towards the coating. According to the iron-carbon phase diagram, both Fe and Cr could be indefinitely dissolved. Combined with the XRD pattern and EDS results, it could be inferred that these two elements existed within the chromizing coating in the form of a [Fe,Cr] solid solution. The XRD pattern (Figure 4c) showed that the chromizing coating consist of [Fe,Cr], Cr, Cr23C6, and Cr7C3. High hardness chromium carbide (Cr23C6 and Cr7C3) can effectively improve the hardness of metallic card clothing.



The cross-sectional microstructure (SEM) and composition distribution (EDS) of chromizing coating are presented in Figure 5a. It exhibited a layered distribution without defects such as porosity, cracks or impurities. The cross-sectional microstructure of the chromizing coating (Figure 5a) was mainly consisting of the deposition layer, diffusion layer and the substrate. From the composition distribution of the chromizing coating presented in Figure 5b, it can be seen that the diffusion of Cr and Fe is obvious which implied the characteristic of metallurgical bonding between the coating and substrate. This structure could effectively improve the adhesion between the coating and the substrate. From the composition distribution it could be observed that the thickness of the deposited layer was approximately 6 μm and the diffusion layer thickness was approximately 1 μm.




3.2. Microhardness Test


The results of microhardness test for the metallic card clothing before and after plasma surface alloying were presented in Table 3. It can be seen that there were difference in the hardness of metallic card clothing at different positions. After surface treatment with double glow technology, the hardness difference of all parts of metallic card clothing increased, and the average value of hardness was 564.9 HV0.05, which was approximately 1.55 times the metallic card clothing hardness value.




3.3. Nanoindentation Tests


The wear resistance of materials always depends on the material hardness. Consequently, a high hardness could effectively improve the wear resistance of materials [18]. In recent years, some researchers considered that the hardness and elastic modulus ratio also constitutes a parameter for the material wear resistance measurements. The H/E was the resistance of elastic strain to failure and the H3/E2 represented the resistance to plastic deformation of the material [19]. A high H/E could improve the wear resistance and the fatigue resistance [20].



Force-depth curves of uncoated and coated samples are shows in Figure 6a. The results of nanoindentation testing demonstrated that the coating had a significant effect on the mechanical properties of metallic card clothing. The nanohardness and elastic modulus could be calculated through the force-depth curves and the Oliver-Pharr method [13,15]. Additionally, the results are presented in Figure 6b. The nanohardness (H) value of the metallic card clothing was 3.41 GPa; the nanohardness (H) value of the chromizing coating was 6.36 GPa, which was approximately 1.87 times the metallic card clothing nanohardness value. The elastic modulus (E) of the metallic card clothing was 161 GPa and the elastic modulus (E) of the chromizing coating was 118 GPa, which was lower compared to the metallic card clothing. Due to the ion sputtering effect, the deposition layer could be divided into the external gassy surface layer and the internal compact texture layer [8]. The external gassy surface layer of the deposition layer surface led to the lower elastic modulus of the chromizing coating compared to the metallic card clothing. The H/E ratios of the metallic card clothing, and the chromizing coating were 2.12 × 10−2 and 5.38 × 10−2, respectively. The H3/E2 ratios of the metallic card clothing and the chromizing coating were 1.53 × 10−3 and 1.85 × 10−2.




3.4. Sliding Friction Behaviors of the Metallic Card Clothing Before and After Plasma Surface Alloying under Various Sliding Speeds at Room Temperature


The friction coefficients versus the sliding distances of the metallic card clothing before and after plasma surface alloying under various sliding speeds are presented in Figure 7a–c. The friction coefficient fluctuation improved with the sliding speed increase. The heat generated during friction was the reason for the changes of organization, structure, roughness of surface with the sliding speed increasing, which accordingly led to changes of the friction coefficient [21]. Figure 7d presents the friction coefficient variation curve of the samples along with sliding speeds. The friction coefficients of the chromizing coating decreased first and consequently increased as the sliding speed increased. When the sliding speed was 4 m/min, the chromizing coating presented the lowest friction coefficient. When the sliding speed was 4 m/min, the friction coefficient curve slope of the metallic card clothing changed. Therefore, as the sliding speed increased, the friction coefficient of the metallic card clothing gradually increased. The significantly lower friction coefficients of the chromizing coating demonstrated that the alloy layers were effective in the tribological properties improvement [22].



The wear profiles of the metallic card clothing before and after plasma surface alloying under various sliding speeds are presented in Figure 8. Figure 8d presents the wear volume variation curve of the samples along with sliding speeds. The wear volume increased along with the sliding speeds. It’s remarkable that the chromizing coating wear slowed down, when the sliding speed exceeded 4 m/min. The specific wear rates of the metallic card clothing before and after plasma surface alloying at different sliding speeds are presented in Table 4. It was apparent that the specific wear rate of the chromizing coating with low fluctuation was significantly lower compared to metallic card clothing under various sliding speeds. This indicated the excellent wear resistance of the coating. The lower wear rate of the chromizing coating was attributed to the high H/E and H3/E2 ratios.



As the sliding speed increased, the wear mechanisms of the steel, the aluminum alloys and other aluminum foundation composite materials would also change [23]. Figure 9 presents the wear track morphology of the chromizing coating at various sliding speeds. When the sliding speed was 2 m/min, only slight scratches existed on the wear track surface, while the alloy layer mainly presented adhesion wear. When the sliding speed increased to 4 m/min, the fast friction produced a thermal effect. As the sliding velocity increased, the friction pair interface shear stress increased [24]. Under the shear stress action, the wear debris as well as a high amount of scratches appeared on the wear track surface, while the wear mechanism was converted to abrasive wear. As the sliding speed continued to increase, the shear pressure became high and the coating was flaked. The friction mechanism was mainly abrasive wear. A large amount of scratches could be observed in Figure 9c. Moreover, the adhesion film could be observed near the edge of the wear track. The good bonding strength between the deposition layer and the diffusion layer prevented delamination of the deposited layer during friction. The deformed deposition layer acted as a soft film lubricant, subsequently reducing both the friction coefficient and specific wear rate. When the sliding speed was 2 m/min, the wear mechanism of the chromizing coating was abrasive wear. Moreover, the wear mechanism gradually changed from adhesive wear to abrasive wear as the sliding velocity increased (4–6 m/min). It could be observed from Figure 8d that when the sliding speed exceeded 4 m/min, the wear volume growth rate of the chromizing coating changed, which might be due to the change of the wear mechanism.





4. Conclusions


In this work, we report a new surface strengthening process (double glow technology) to improve the wear resistance of the metallic card clothing. The chromizing coating was successfully prepared on the metallic card clothing through the double glow technology. The surface morphologies microstructure and phase composition were characterized by the scanning electron microscopy (SEM), energy disperse spectroscopy (EDS) and X-ray diffraction (XRD) method. The hardness was examined by Vickers hardness test and nano-indentation test. The effects of different sliding speeds on the friction properties of metallic card clothing were studied. The following conclusions can be drawn from this study.



(1) The surface of the chromizing coating is smoother without granular sediment. The bond between the chromizing coating and metallic card clothing was a metallurgical, which guarantees it high adhesion between coating and metallic card clothing. The whole thickness of coating was approximately 7 μm.



(2) The hardness of metallic card clothing increased obviously after plasma surface alloying. The average value of hardness was 564.9 HV0.05, which was approximately 1.55 times the metallic card clothing hardness value. The H/E ratio and the H3/E2 ratio of the chromizing coating were approximately 2.5 times and 12 times the metallic card clothing ratios, which account for the significantly lower specific wear rate of chromizing coating compared to the metallic card clothing.



(3) The wear resistance of metallic card clothing was obviously improved after strengthening by double glow technology. The specific wear rates of metallic card clothing after plasma surface chromizing were 2.91, 3.30, and 2.95 × 10−4·mm3·N−1·m−1, which was significantly lower than the wear rate of metallic card clothing before plasma surface chromizing.



(4) Double glow plasma surface metallurgy technology is easy to operate, stable in process parameters and suitable for mass production of metal card clothing. The chromizing coating processed by the double glow technology provides a solution to strengthening the wear resistance of the metal card clothing.
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Figure 1. Schematic illustration (a) and equipment drawing (b) of double glow plasma technology. 
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Figure 2. The schematic diagram of the test point. (a) The tooth point position of the metallic card clothing; (b) The position of the tooth base of the metal needle cloth; (c) The bottom of the metallic card clothing. 
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Figure 3. The schematic diagram of reciprocating friction (a), the equipment drawing of CET-I friction-wear tester (b) and the schematic diagram of profilometer equipped by the friction-wear tester (c). 
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Figure 4. Surface morphologies (a,b) and XRD (X-ray diffraction method) patterns (c) of chromizing coating. 






Figure 4. Surface morphologies (a,b) and XRD (X-ray diffraction method) patterns (c) of chromizing coating.



[image: Applsci 09 01849 g004]







[image: Applsci 09 01849 g005 550]





Figure 5. Cross-sectional microstructure (SEM) and composition distribution (EDS) of chromizing coating. (a) cross-sectional microstructure; (b) composition distribution 
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Figure 6. Nano indentation curve, nanohardness and elastic modulus bar graph of the metallic card clothing before and after plasma surface alloying. (a) Force-depth curves of uncoated and coated samples, and (b) hardness and elastic modulus of uncoated and coated samples. 
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Figure 7. Friction coefficient vs. sliding time for untreated and treated samples under various sliding speeds: (a) 2 m/min, 420 g; (b) 4 m/min, 420 g; (c) 6 m/min, 420 g; and (d) variation tendency of friction coefficient. 
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Figure 8. Wear profiles for uncoated and coated samples under various speeds: (a) 2 m/min; (b) 4 m/min; (c) 6 m/min; and (d) variation tendency of wear profile. 
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Figure 9. Wear track morphology of chromizing coating under various sliding speeds (a) 2 m/min; (b) 4 m/min; and (c) 6 m/min. 
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Table 1. Chemical composition of 72B spring steel (wt.%).
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	Fe
	C
	Mn
	Si
	S
	P





	The rest
	0.68–0.74
	0.60–0.90
	0.12–0.32
	<0.025
	<0.025
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Table 2. Process parameters of double glow plasma treatment.
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	Parameter Influence Factors of Double Glow Plasma Treatment
	Settings





	distance between the source and substrate (mm)
	20



	voltage of the substrate (V)
	450–480



	electric current of the substrate (A)
	1.1



	voltage of the source (V)
	900–960



	electric current of the source (A)
	1.7



	soaking time (h)
	3



	working pressure (Pa)
	35
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Table 3. Results of microhardness test for the metallic card clothing before and after plasma surface alloying (HV0.05).






Table 3. Results of microhardness test for the metallic card clothing before and after plasma surface alloying (HV0.05).





	
Sample

	
Test Point

	
1

	
2

	
3

	
4

	
5

	
Average Value






	
The Metallic Card Clothing

	
a

	
451.3

	
458.7

	
462.8

	
478.1

	
476.6

	
475.5

	
365.4




	
b

	
328.2

	
352.6

	
334.2

	
320.5

	
324.8

	
342.8




	
c

	
301.1

	
319.4

	
324.2

	
318.3

	
326.4

	
317.9




	
After Plasma Surface Alloying

	
a

	
549.3

	
552.8

	
574.5

	
569.7

	
577.7

	
564.8

	
564.9




	
b

	
546.8

	
567.9

	
553.6

	
584.5

	
566.8

	
564.3




	
c

	
576.9

	
556.3

	
546.5

	
578.5

	
570.4

	
565.7
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Table 4. Specific wear rate under various sliding speeds for the metallic card clothing before and after plasma surface alloying.






Table 4. Specific wear rate under various sliding speeds for the metallic card clothing before and after plasma surface alloying.





	
Load (g)

	
Sliding Speed (m/min)

	
Specific Wear Rate (10−4·mm3·N−1·m−1)




	
Metallic Card Clothing

	
Chromizing Coating






	
420

	
2

	
16.38

	
2.91




	
4

	
9.06

	
3.30




	
6

	
6.26

	
2.95
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