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Abstract

:

Diamond-like carbon (DLC) film is widely used due to its excellent properties, such as high hardness and high wear resistance. To investigate the advantages of DLC film applied on the surface of Mg alloy, direct current (DC) pulse magnetron sputtering was used to prepare DLC film via plasma sputtering a graphite target and introducing C2H2 gas. The silicon interlayer was fabricated by sputtering the Si target. A scanning electron microscope (SEM), transmission electron microscope (TEM), a nano-indentation instrument, an electrochemical workstation and a pin-on-disc tester were employed to obtain the surface morphology, microstructure, mechanical properties, corrosion behavior and wear resistance of the obtained film, respectively. The results show that the DLC films are dense and compact, and the structure changes from amorphous to nanocrystalline with the increase of C2H2 flow. The film prepared at low C2H2 flow has larger surface roughness, lower deposition rate, higher hardness and elasticity modulus, poorer corrosion resistance and better wear resistance, compared with the film prepared at higher acetylene flow. The self-corrosion potential of the obtained DLC film is higher than −0.95 V, the corrosion current density is 10−7 A/cm2 orders of magnitude, and the wear rate is 10−9 mm3/Nm orders of magnitude. The friction coefficient of the film is less than 0.065, the hardness is 17.3 to 22.1 MPa, and the elastic modulus is 145 to 170 MPa. The DLC films obtained on the surface of AZ91 alloy have good comprehensive properties.
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1. Introduction


Diamond-like carbon (DLC) is an amorphous carbon material composed of sp2 and sp3 hybridized carbon atoms. DLC film has attracted much attention as a versatile material owing to its excellent properties such as corrosion resistance, high mechanical hardness, high electrical insulation, high thermal conductivity, as well as its good tribological properties [1,2,3,4,5,6]. For example, Ding et al. [7] deposited DLC coating on the Ti–6Al–4V substrate using the plasma-assisted chemical vapor deposition (PACVD) technique. They found that the coating presented high adhesion when a Si-rich interlayer with the thickness of approximately 0.5 μm was used as a bonding layer. Wang et al. [8] investigated the uniformity, mechanical and tribological properties of the thick Si/Si-DLC/DLC multilayer at different working pressures, the results show that the DLC coatings prepared by plasma enhanced chemical vapor deposition (PECVD) technology present good tribological properties and high hardness. Lan et al. [9] produced DLC coating on Cr12MoV steel by an in-situ duplex plasma nitriding and arc ion plating (AIP) process, which also indicated the high performance of the obtained DLC coating. Zhang et al. [10] used magnetron sputtering (MS) to prepare four different types of DLC coatings including amorphous carbon (a-C) and amorphous carbon doped with Si (a-C(Si)), Al (a-C(Al)) and H (a-C:H), respectively, on polished silicon wafers. They pointed out that the COF (coefficient of friction) of DLC coatings/PAO (poly-alpha-olefin) systems reduced by 19%–22%, and the wear rate of all DLC coatings decreased by 2–3 orders of magnitude. The composite of tribofilm was decided by the doped elements in DLC coatings. The doped element H led to the lowest wear rate of the a-C:H coating.



It can be known from above literature that DLC film can be formed on a variety of metals in a variety of methods to protect the substrate and improve its surface properties [11,12,13,14,15,16,17]. Compared with other techniques, magnetron sputtering has the characteristics of low temperature deposition, which is especially suitable for the preparation of protective DLC film on the surface of Mg alloy. It is well known that Mg alloy particularly needs to be protected due to the active Mg element and its low surface hardness. However, the major drawback for applying magnetron sputtering to the growth of films on the surface of Mg alloy is the low deposition rate. Because at a low temperature, the deposited atoms on the surface of substrate have poor diffusion and migration, the deposition rate is low and a longer time is required to deposit the thick coating. Moreover, the adhesion between the DLC coating and the Mg alloy is weak due to the larger difference in physical properties. In practice, we found it was difficult to deposit the DLC coating on the surface of Mg alloy. Even if it can be successfully deposited, it is also difficult to predict the structure and performance of the coating after deposition.



To protect the Mg alloy and improve its surface performance, and expand the application of Mg alloy in the aviation field, DLC film was deposited on the surface of the Mg alloy to achieve surface modification. The performance of DLC coatings is dependent on the deposition technique [7], which determines their structure. Therefore, the systematic investigation of DLC films fabricated via a mixed carbon source (graphite and C2H2) has been studied and compared in this work. Pulsed bias magnetron sputtering was used to improve the sputtering rate, adhesion and structure of the coating. The purpose of this work is to obtain many of the properties of DLC film, which was achieved via sputtering the mixed carbon sources. The structure, hardness, corrosion behavior, and wear resistance of the obtained DLC films were investigated.




2. Materials and Methods


Prior to deposition, all AZ91 specimens measuring 20 × 20 × 3 mm3 were ground by using grade 500, 800, 1000, 1500, and 2000 grit emery papers to obtain a smooth surface. Then, all the AZ91 samples were soaked in acetone, anhydrous ethanol and cleaned ultrasonically for 10 min and washed using deionized water [15,18]. The samples were then dried by blowing pure compressed N2 and placed on the holder of the coating equipment. The distance from the substrate to the target was fixed at 60 mm. To obtain the micro-convex structure of the AZ91 surface, which enhances the locking effect between the substrate and the film, the AZ91 was etched for 30 min in a pure Ar plasma flowing at 80 sccm under a bias voltage of −1.0 KV, thus improving the adhesion of the film. To further improve the adhesive strength, an adhesion-promoting Si interlayer was first deposited to mitigate residual stress by applying a DC pulse power to sputter the pure Si target for 5 min with an Ar flow rate of 80 sccm, a DC pulse power of 280 W, a frequency of 30 kHz, and a bias of −100 V. The first group of DLC films was prepared by sputtering graphite in an atmosphere of argon, and named G1. The second and the third groups were prepared in a mixture atmosphere of Ar and C2H2, and named G2 and G3, respectively. The process parameters are shown in Table 1.



A scanning electron microscope (SEM, FEI, Hillsboro, OR, USA) was employed to observe the surface and cross-sectional morphology. A transmission electron microscope (TEM, FEI, Hillsboro, OR, USA) was used to examine the microstructure on the surface of the coatings. The selected area electron diffraction (SAED) was applied to further investigate the microstructure information. The surface hardness was measured using a nanoindenter (KLA-Tencor, Milpitas, CA, USA) equipped with a diamond Berkovich indenter tip. Five valid measurements were performed to minimize error [19]. The indentation depth was approximately 1/10 of the coating thickness in order to avoid the influence of the substrate. A pin-on-disk tester (SFT—2M, Lanzhou Institute of Chemical Physics, Chinese Academy of Sciences, Lanzhou, China) was used to evaluate the friction coefficient and wear resistance of the coatings under the condition of dry sliding against a 6 mm diameter Al2O3 ball rotating at 300 rpm (at room temperature and relative humidity of 40%). A normal load of 200 g, a test duration of 10 min, and the wear track morphology was observed with an optical microscope (OM, CR 30-T1000, suzhou bete jia optoelectronic technology co., LTD, Suzhou, China). An electrochemical workstation (Ametek, Berwyn, IL, USA) was used to evaluate the corrosion behavior of the DLC coatings in a 3.5 wt% NaCl solution. The experimental set-up comprised a three-electrode arrangement with a Pt sheet as a counter electrode, a saturated calomel electrode (SCE) as a reference electrode, and the coatings as working electrodes. A polarization scan was performed at a rate of 1 mV/s; after a steady-state potential was allowed to develop, the potential range was −0.5 VECS to +0.5 VECS [20,21]. Electrochemical impedance spectroscopy (EIS) was executed at a disturbing potential of 10 mV over the frequency range of 104 to 0.01 Hz.




3. Results and Discussion


3.1. Morphology


Figure 1 shows the surface morphology of the DLC films. The top view image of Figure 1a indicates the G1 type of coating is compact, but is not flat, with the irregular globular aggregates of 0.8~2 μm features, separated by very compact boundaries. It looks like cauliflower, and is often called cauliflower-type. The formation of so-called cauliflower morphology, that is typical for films deposited by magnetron sputtering, is a consequence of the atomic shadowing effect [3]. Figure 1b exhibits that the G2 type of coating is not only compact but also smoother than the G1 type of coating, with the more uniform size of 0.1~0.5 μm. Figure 1c shows the SEM image of the G3 type of coating. As we can see, the G3 coating is composed from compact globular aggregates. However, its surface looks smoother. The dimension of the agglomerates is considerably reduced, G3 coating presents the smallest agglomerate particles of the three types. It indicates that the acetylene flow rate has a significant effect on the morphology and particle size of the film. With the increase of the acetylene flow rate, the particle size of the film decreases and the surface becomes more uniform and smoother. However, the effect of acetylene on the compactness of the film is not significant, although the characteristics of the globular aggregates of all coatings remain similar.



Figure 2 shows the fracture cross-sectional SEM images of the DLC coatings. The thicknesses of the films were measured from the cross-section SEM images. As shown in Figure 2, the cross-section micrographs of the obtained films display a dense microstructure with a uniform thickness, and the interface between the layers is closely bonded. The total thickness of the two groups of coatings is 2.67 μm (G1 type of coating) and 3.17 μm (G3 type of coating), respectively. Based on the relationship between deposition time and film thickness, the deposition rates of the films were calculated to be 28.7 nm/min for the G1 type of coating, and 34.1 nm/min for the G3 type of coating. With the increase of the acetylene flow rate, the deposition rate of the film increases, mainly because the active acetylene gas is easy to ionize.




3.2. Microstructure


A high-resolution TEM image of the DLC coatings is presented in Figure 3. The corresponding SAED images are also displayed in Figure 3. Figure 3a,b exhibit the amorphous morphology, and the corresponding SAED images present the typical features of a halo, as shown in Figure 3d,e, further indicating the amorphous structure of the DLC film. However, Figure 3c presents the mixed structure of amorphous and nanocrystalline, and the distinct lattice fringes with small interplanar spacing can be clearly seen, as shown by the orange arrows. The corresponding SAED image in Figure 3f shows some regularly arranged diffraction spots in addition to the amorphous halo. It can be seen that the G3 type of coating is a fine single crystal, which is encapsulated by a surrounding amorphous structure. With the help of Digital Micrograph software, the length of 10 lattice stripes was measured in the enlarged area, as shown in the circled position in Figure 3c. Then, the measured length was divided by 10 to obtain the crystal plane spacing of 1.93 and 1.67 Å, respectively. The corresponding crystal plane indices are (301) and (105), respectively, as shown at point A and point B in Figure 3f. Figure 3 indicates that with the increase of acetylene flow, the structure of DLC coating changes from fine amorphous to coarse amorphous, and then to fine nanocrystalline.




3.3. Mechanical Properties


The values of hardness (H), elastic modulus (E), plastic index parameter (H/E), and H3/E2 are often used to determine the mechanical properties of samples [14]. The H, E, H/E, and H3/E2 of the DLC films are shown in Table 2. As presented in Table 2, the G1 type of coating exhibits the highest hardness and elastic modulus of all the DLC films. The hardness values of the three films are 22.1, 20.3 and 17.4 GPa, respectively. The elastic modulus values are 168, 156 and 145 GPa, respectively. It is generally accepted that the wear resistance of a solid can be adjusted either by increasing H or decreasing E [22]. The (H/E) value can be used to explain elastic–plastic characteristics and predict the wear resistance of the films, the endurance capability (H/E) and resistance to plastic deformation (H3/E2) displayed in Table 2. Table 2 exhibits that the G3 type of coating has the smallest hardness and elastic modulus of all the films, whereas the G1 type has the highest hardness and elastic modulus of all. This indicates that G1 type of coating has the lowest wear rate and the best wear resistance due to the highest H/E ratio. In addition, a low H/E ratio indicates elastic–plastic behavior, whereas a high ratio indicates elastic behavior [1,23].




3.4. Corrosion Behavior


Figure 4a exhibits the potentio-dynamic polarization curves which can give us information about the anticorrosive protection abilities of the coatings [24]. The electrochemical parameters obtained from the potentio-dynamic polarization curves are shown in Table 3. Figure 4a shows that the polarization curve of the DLC film has a large shift in the direction of decreasing the current density and increasing the potential compared to the AZ91 substrate. The polarization curves for the two DLC films exhibit similar shapes in the cathode reaction region. However, the self-corrosion potential (Ecorr) of the G3 type of coating is slightly higher than that of the G2 type of coating, and the G2 type of coating is higher than the self-corrosion potential of the G1 type of coating. The corrosion current density (Icorr) of the G1 type of coating in the anode reaction region is obviously higher than that of the G2 type and G3 type, indicating the G1 type of coating has the poorest corrosion resistance of the three. That is because the G1 type could be destabilized with anodic polarization and contribute to the current response in the curve of Figure 4a [25]. Therefore, the gradual increase in current during anodic polarization is a contribution of the DLC instability itself, i.e., the oxidation/dissolution of C within the DLC, or of the underlying Si interlayer at local DLC coating growth defects [26].



For additional evaluation of the corrosion resistance, the corrosion rate (Rcorr) of the film was calculated, using the following equation [27]:


Rcorr = 3.268 × Icorr M/nρ



(1)




where Icorr is the corrosion current density, M is the molecular weight of the reacting substrate, n is the number of electrons exchanged, and ρ is the density of materials [27].



As shown in Table 3, the self-corrosion potential of the DLC films is much higher than that of the substrate. The Ecorr values of −0.94 V, −0.90 V and −0.88 V were obtained for the G1, G2 and G3 films, respectively. The corrosion current density of the film is much lower (three orders of magnitude) than that of the substrate. The Icorr of the G3 type of coating is the lowest of the three due to its fine nano-structure and smooth surface, implying the excellent corrosion resistance of the G3 type of coating. The corrosion rate of the G1, G2 and G3 films were estimated to 0.0188, 0.0117 and 0.0089 mm/year, respectively. The corrosion rate of bare substrate was estimated to 17.77 mm/year. It is obvious that the DLC coating very effectively protected the substrate against the electrochemical corrosion.



Figure 4b presents the Nyquist plots of the samples. The Nyquist plots of the DLC films possess similar behavior, that the curves exhibit a single capacitive loop, indicating a typical capacitive response of the passive film [28]. The shape and diameter of the curves reflect the charge-transfer process and the corrosion resistance of the samples, respectively. Usually, a larger arc diameter of the capacitive loop corresponds to a higher corrosion resistance of the sample [29]. It can be clearly seen in Figure 4b that the diameters of the capacitive loop of the coatings are much larger than that of the substrate, which demonstrates a better electrochemical performance of the coating in NaCl solution. The diameter of the capacitive loop for the G3 type of coating is the largest, indicating its strong corrosion resistance.



Figure 4c shows the Bode-|Z| plots of the samples. Obviously, the |Z| values of the DLC coating (107) is four orders of magnitude higher than that of the substrate (103), indicating the protective capability of passive films developed on the DLC coating is better than that of the substrate. It was well known that materials with a higher Z modulus at lower frequencies exhibited better corrosion resistance for metal substrates [21]. As shown in Figure 4c, the Z value of the G3 type of coating is higher than that of the G1 type and the G2 type due to the fine nano-stucture and smoother surface, indicating the best corrosion resistance. Figure 4c demonstrates that the DLC film could efficiently protect AZ91 from corrosion and the smooth surface would further enhance the corrosion resistance, which is in good agreement with the polarization curves and EIS plots in Figure 4a,b.




3.5. Tribological Property


Figure 5 and Figure 6 show the friction coefficient, wear rate and wear track of the DLC coatings. As shown in Figure 5a, it can be observed that the low friction coefficient has been achieved, the friction coefficient of the G1 type of coating is stable at the beginning stage, then it remains stable, and the average value is approximately 0.032. This is mainly due to the fact that the G1 type of coating has a relatively low hardness and H/E value. However, the friction coefficient of the G2 type of coating has a different tendency; the friction coefficient increases first, then decreases, and after 50 s the friction process enters in a steady-state regime and the average value is approximately 0.045. This is related to the surface roughness and the formation of the transfer layer. In the running-in stage, a mechanical locking effect was formed between the Al2O3 ball and the surface of the DLC coating. With increasing sliding time, the so-called cauliflower-type macro-particles were torn and fractured from the surface by shearing force and the surface became smoother. At the same time, a transfer layer between the two contact surfaces is formed. It has a very low shear strength [30]. Therefore, in the second stage, the friction coefficient decreased rapidly to a steady-stage value. The friction coefficient of the G3 type of coating increases significantly at first, and then slowly. Then the friction coefficient tends to be stable with small fluctuation, and the friction process is very stable with a value of about 0.06.



The wear rate (W) of the coatings was calculated by Archard’s classical wear equation [10]:


W = (C × S)/(F × L)



(2)




where C is the perimeter of the wear scar, S is the cross sectional area of the wear scar, F is the applied load and L is the total sliding distance. All the deposited DLC films present relatively low wear rates, as shown in Figure 5b. The wear rates of the G1, G2, and G3 types of coatings were calculated to be 5.69 × 10−9, 7.05 × 10−9 and 8.28 × 10−9 mm3/Nm, respectively. It is noted that the wear rate of G1 is the smallest of the three due to the relatively higher hardness.



Figure 6 shows the typical optical microscopy images of the wear tracks obtained after the pin-on-disk test. As exhibited in Figure 6, there are no obvious peeling at the edge of the wear tracks, and the tracks are smooth. The smooth wear track with shallow scratch lead to both low friction coefficient and wear rate. It can be seen that the track on the surface of G1 type is shallower than that of the G2 and G3 types, and the width of the G1 type of coating is slightly narrower than that of the G2 and G3 types, implying that the G1 type possesses the better wear resistance. In addition, Figure 5 and Figure 6 also imply that the hardness of the coating prepared by sputtering of graphite is higher than the coating fabricated by adding acetylene.





4. Conclusions


The DC-pulse magnetron sputtering is suitable for the preparation of DLC film on Mg alloy due to the low deposition temperature. However, reports on DLC films deposited on Mg alloy via composite carbon source are rare. We found that the structure of the DLC film deposited by DC-pulse magnetron sputtering on the surface of Mg alloy was compact and amorphous when the acetylene flow was low. But when the flow rate of acetylene exceeds 10 sccm, the structure of the film changes from amorphous to nanocrystalline. The amorphous structure is beneficial to the improvement of wear resistance, but the nanocrystalline helps to improve the corrosion resistance. The friction coefficient of the G3 type of coating is less than 0.065, which is smaller than that of the TiC/a-C:H nanocomposite film prepared on Si wafer by the same method [31]. The average friction coefficient of our investigation is also smaller than that of the Cr/CrN/DLC film (the minimum is 0.14) synthesized on high speed steel via the same method [32]. The hardness and elastic modulus of our investigation are higher than that of the Cr/CrN/DLC film in reference [32] (hardness: from 5.72 to 8.02 GPa; elastic modulus: from 80.19 to 139.63 GPa, respectively), although our study and literature [32] display the same characteristics of an amorphous structure. Moreover, the DLC films in this paper also present good corrosion resistance performance, and a certain toughness. This paper proves that carbon source is the decisive factor of the performance of DLC film. Acetylene has a great beneficial effect on the corrosion resistance. We found that the good corrosion resistance and good wear resistance cannot be achieved simultaneously.
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Figure 1. SEM images of the surface of coatings (a) G1; (b) G2; and (c) G3. 
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Figure 2. SEM images of fracture cross sections (a) G1; and (b) G3. 
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Figure 3. TEM surface morphology and the corresponding SAED images (a,d) G1; (b,e) G2; and (c,f) G3. 
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Figure 4. The results of electrochemical test (a) potentiodynamic polarization curves; (b) Nyquist plots; and (c) Bode plots of |Z| vs. frequency. 
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Figure 5. (a) Friction coefficients of the DLC films and (b) wear loss rates of the DLC films. 
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Figure 6. 2D profiles of the wear tracks observed by OM (a) G1; (b) G2; and (c) G3. 
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Table 1. The process parameters of DLC film preparation.
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	Process and Operation
	Values





	DC pulsed magnetron sputtering
	280 W; 30 kHz; duty cycle of 50%



	Bias (V)
	−100



	Working pressure (Pa)
	0.5~1.0



	Flow of Ar (sccm)
	80



	Flow of C2H2 (sccm)
	0 (G1); 10 (G2); 20 (G3)



	Deposition temperature (°C)
	200



	Deposition time (min)
	85
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Table 2. Mechanical properties of the DLC films.
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	Coatings
	H/GPa
	E/GPa
	H/E
	H3/E2





	G1
	22.1
	168
	0.13
	0.38



	G2
	20.3
	156
	0.13
	0.34



	G3
	17.4
	145
	0.12
	0.25










[image: Table] 





Table 3. Potentio-dynamic polarization parameters of the samples.
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	Samples
	Ecorr (V)
	Icorr (A·cm−2)
	Rcorr (mm/year)





	AZ91
	−1.48
	7.84 × 10−4
	17.77



	G1
	−0.94
	8.31 × 10−7
	0.0188



	G2
	−0.90
	5.15 × 10−7
	0.0117



	G3
	−0.88
	3.94 × 10−7
	0.0089
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