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Abstract: In order to solve the problem of the corrosion and wear of N80 metal pipelines exposed to 

corrosive media and abrasive sand during the development of petroleum resources, the proposed 

solution involves utilizing HC-PECVD technology to deposit a series of multilayer Si-DLC films 

with varying thicknesses on the inner surfaces of the N80 steel pipes. This investigation systemati-

cally explored the microstructure, mechanical properties, tribological features, and corrosion re-

sistance of the multilayer Si-DLC films. Remarkably, after coating the multilayer (Si-DLC)40 film on 

the inner wall of the N80 tube, the friction coefficient decreased from 0.7~0.75 to 0.2~3, and the wear 

rate decreased by two orders of magnitude. In addition, the corrosion current decreased by 50%, 

and the impedance doubled in a 3.5 wt% NaCl solution saturated with CO2. Thus, the multilayer 

(Si-DLC)40 film on the inner wall of the N80 tube exhibited superior tribological properties and ex-

ceptional corrosion resistance. These findings are anticipated to furnish valuable data and technical 

insights for mitigating corrosion in N80 steel pipes during petroleum exploitation. 

Keywords: petroleum exploitation; Si-DLC film; CO2; corrosion resistance; tribology properties 

 

1. Introduction 

As the global economy advances, the demand for petroleum, natural gas, and other 

energy in various countries continues to increase, leading to ongoing enhancements in 

both the volume and efficiency of petroleum and gas exploitation. Carbon dioxide flood-

ing technology is one of the technologies with high efficiency in petroleum recovery [1]. 

However, the application of carbon dioxide flooding technology often subjects the petro-

leum production pipeline to prolonged exposure to high-temperature and high-pressure 

CO2 environments. Furthermore, the synergistic effect between CO2 and the formation 

water, containing high Cl− and other corrosive media, leads to accelerated pipeline corro-

sion during petroleum exploitation [2]. This corrosion risk poses a potential threat to pipe-

line perforation, failures, petroleum leakage, and safety incidents. Given the above situa-

tion, researchers have proposed several conventional solutions, such as high-corrosion-

resistant alloys, corrosion inhibitors, lubricating greases, and cathodic protection. While 

high-corrosion-resistant alloy pipelines meet industrial requirements, their high cost 

makes them unsuitable for large-scale production applications, limiting their use in spe-

cific environments [3]. Corrosion inhibitors, lubricating greases, and cathodic protection 

methods all necessitate regular maintenance, thereby increasing the operational cost and 

demanding specific process operations. 

From the perspective of the economy and environment, the most effective measure 

is to employ physical or chemical methods to create a modified layer with enhanced cor-

rosion resistance on the inner surfaces of metal pipelines. This approach can effectively 
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decelerate the corrosion of petroleum and gas during production and transportation. Fay-

yad et al. [4,5] deposited a chemical Ni-P film on the surface of API X100/X120 steel pipe-

lines to improve the corrosion and wear properties of materials. The Ni-P film exhibits 

superior corrosion resistance, a�ributed to the formation of hypophosphite ions in an 

acidic environment. Although the Ni-P film does not completely prevent the penetration 

of corrosive media, it significantly retards the corrosion rate of the metal, playing a sub-

stantial role in protecting metal pipelines. Wang et al. [6] used a high-power diode laser 

to prepare a Ni-Cr-Mo film on an X70 steel substrate and studied its corrosion behavior in 

simulated H2S and CO2 solutions. The morphology of the Ni-Cr-Mo film did not signifi-

cantly change before and after the corrosion experiment, showing a stable anti-corrosion 

performance. The hard W-C system deposit prepared by Dushik et al. [7] through chemi-

cal vapor deposition technology is also considered a promising anti-corrosion film be-

cause of its extremely low porosity of 0.02% and outstanding corrosion resistance. 

One of the most efficient ways to increase the corrosion resistance of the inner sur-

faces of metal pipes is to use hollow-cathode plasma-enhanced chemical vapor deposition 

(HC-PECVD) technology to deposit diamond-like carbon (DLC) films. DLC films exhibit 

high hardness, excellent chemical inertness, and no chemical reactions with acid and alkali 

salts [8–13]. By customizing the adhesion to substrates and depositing multiple layers, M. 

J. Hoque et al. [8] created a flawless F-DLC film with minimal surface energy and a 

Young’s modulus akin metals. In a three-year trial involving steam condensation, the F-

DLC film retained its hydrophobic properties, leading to continued and enhanced drop-

wise condensation on various metal substrates. 

Applying an acid treatment to DLC surfaces enhances their hydrophilicity, while XPS 

analysis revealed a 50% rise in ArmeenT uptake post-treatment, leading to reduced fric-

tion in micro-scale friction tests [9]. In a plasma immersion ion implantation and deposi-

tion (PIII&D) process, the inner surface of a narrow steel tube was coated with a substan-

tial layer of graphene-like (Gr-like) material [10]. The study reported by Brown et al. [11] 

presented a superhydrophobic duplex coating system, demonstrating sustained water 

droplet mobility after 170 icing/deicing cycles, resilience to extended UV and high-tem-

perature exposure, and a 300-fold enhancement compared with stearic acid in rain erosion 

resistance tests. Ellis et al. [12] prepared DLC films on the inner surfaces of pipes in a test 

conducted in a high-temperature and high-pressure autoclave simulating the acid pro-

duction environment. Remarkably, even when intentionally mechanically damaged be-

fore the test, the film demonstrated resilience against chemical a�acks. The investigation 

reported by Koshigan et al. [13] showed that environmental factors significantly affect the 

formation and release of adhesive junctions between steel and a-C:H:Si:O, with oxygen (p 

> 10 mbar) or hydrogen (p > 50 mbar) promoting bond detachment during sliding. In re-

cent years, Zhang’s group used an alternating multilayer design of a compressive stress 

layer (Si-poor layer) and a tensile stress layer (rich–poor layer) to reduce the residual 

stress in DLC films, thus successfully preparing multilayer thick DLC films exceeding 50 

µm in thickness [14]. They also deposited these thick DLC films on the inner surfaces of 

various materials, including 304 stainless steel pipes, aluminum pipes, and cast iron, with 

different diameters and shapes, such as straight pipes, bent pipes, and U-shaped pipes 

[15,16]. After undergoing 480 h and 720 h neutral salt spray tests, the film surfaces dis-

played no noticeable damage, indicating exceptional corrosion resistance and a prolonged 

service life [17,18]. In summary, Zhang’s group systematically studied the feasibility of 

the uniform deposition of anti-corrosion and wear-resistant integrated DLC films on the 

inner surfaces of metal pipes, the universality of deposition technology, the influence and 

optimization of doping on the performance of DLC films, and the functionalization of 

DLC films. Therefore, it is highly anticipated to use HC-PECVD technology to prepare 

DLC films on the inner walls of N80 tubes. A PECVD-deposited Si/Si-DLC/DLC coating 

inside a high-aspect-ratio pipe exhibited optimal performance at 70 mTorr, with an in-

creased thickness, superior hardness (18.11 GPa), a low friction coefficient (0.12), a mini-

mal wear rate (7.37 × 10−9 mm3/Nm), and strong adhesion (32 N), making it ideal for 
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pipeline protection [19]. The research results of Mariano et al. [10] indicated that the 

plasma immersion ion implantation and deposition (PIII&D) process coated a narrow 

steel tube with a thick, well-aligned multilayer graphene film, exhibiting a cauliflower-

like structure. Local gas feeding enabled an efficient carbon species supply, expanding 

PIII&D’s utility for diverse applications. The research results of Xu et al. [20] indicate that 

enhanced glow discharge–plasma immersion ion implantation and deposition (EGD-

PIII&D) achieves a deposition rate of 1.3 µm/min for DLC films on quar� tubes. Carbon 

films deposited inside titanium alloy tubes via PIII&D enhance corrosion resistance, as 

reported by Santos et al. [21], extending the tube lifespan in satellite propulsion and ther-

mal control systems by inhibiting corrosive species permeation. 

In the development of petroleum resources, widely used N80 metal pipes are prone 

to corrosion and wear under the action of corrosive media and abrasive sand. Therefore, 

a series of multilayer Si-DLC films with different thicknesses were prepared on the inner 

surfaces of N80 steel pipes with inner diameters of 75 mm by HC-PECVD technology. The 

microstructures, mechanical properties, tribological behaviors, and corrosion resistance 

of the Si-DLC films were systematically studied. The novelty of this article lies in the prep-

aration of high hardness and adhesion on the inner walls of pipelines with poor surface 

quality, such as high surface roughness and possible partial oxidation, using multilayer 

(Si-DLC)40 films with excellent tribological and corrosion resistance properties on the in-

ner walls of N80 steel pipes. This has great practical significance for improving the service 

performance and lifespan of N80 metal pipes. 

2. Experimental Details 

2.1. Preparation of Multilayer Si-DLC Films on the Inner Surfaces of N80 Steel Pipes 

Multilayer Si-DLC films with 10, 20, and 40 cycles were prepared with N80 pipes 

with a diameter of 75 mm by the HC-PECVD technique. The diagram of the hollow cath-

ode coating system is shown in Figure 1. The heat treatment state of the N80 pipes was 

normalized (N). The chemical composition of the N80 pipes was mainly composed of el-

ements such as C, Si, Mn, P, S, etc. The metallographic structure of the N80 pipes was 

pearlite P+ferrite F with a grain size of 9.0. Firstly, the N80 steel pipes were mechanically 

polished via sand-blasting and a grinding wheel. Secondly, an ultrasonic cleaner was used 

to clean the N80 steel pipes immersed in acetone and anhydrous ethanol for 20 min in 

turn, and then they were dried with nitrogen. 

 

Figure 1. The diagram of the hollow cathode coating system. 

The detailed steps for depositing DLC are shown in Table 1. (1) Clean the surface of 

the sample by Ar+ bombardment: when the vacuum chamber pressure is maintained at 

1.5  10−3 Pa, inject high-purity argon until the air pressure in the vacuum chamber is 5 Pa, 
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the pulse bias voltage is −6 kV, the duty cycle is 30%, and the cleaning time is 30 min. (2) 

Deposit the silicon interlayer: introduce two precursor gases (silane and argon), and de-

posit the silicon transition layer for 20 min under the conditions of a 15.0 Pa pressure, a 

−15 kV pulse bias voltage, and a 30% duty cycle. (3) Prepare the multilayer film: Use the 

mixture of argon, acetylene, and silane as the element source and keep the pulse bias volt-

age of the substrate within −0.65~−0.8 kV and the pulse duty ratio as 15%~20%. The mul-

tilayer Si-DLC films with 10, 20, and 40 cycles have 10, 20, and 40 Si-poor DLC layers and 

10, 20, and 40 Si-rich DLC layers, respectively. As shown in Table 2, the C/Si ratio content 

in the Si-poor layer and the Si-rich thin layer are approximately 82/7 and 74/15, respec-

tively [14]. It is noted that the thickness of the individual layers gradually changes as 

growth proceeds, becoming thinner as the number of periods increases. Their thicknesses 

are 4.1, 7.6, and 10.2 µm, respectively. Finally, take out the samples from the vacuum 

chamber after it is cooled to room temperature. Table 1 displays the detailed process pa-

rameters. 

Table 1. Parameters for deposition of multilayer Si-DLC films on N80 steel pipes. 

Process Step Precursors Pressure (Pa) Voltage (V) Time (min) 

Cleaning Ar 5 −6000 30 

Adhesion SiH4 + Ar 15 −15,000 20 

Six-DLC 
C2H2 + SiH4 + 

Ar 

18–20 −650~−800 4.5 

  

Siy-DLC 11–13 −650~−800 1.5 

Table 2. Percentage contents of C, Si, and O atoms in the individual layers [14]. 

Sample 
Concentration (at.%) 

C Si O 

Si-poor DLC layer 82.34 7.14 10.52 

Si-rich DLC layer 74.49 14.79 10.73 

2.2. Characterization of Structure and Mechanical Properties of Multilayer Si-DLC Films 

The cross-sectional structures and thicknesses of the multilayer Si-DLC films were 

obtained by field-emission scanning electron microscope (FESEM, JSM-6701F, JEOL, To-

kyo, Japan). The surface morphologies and roughness of the multilayer Si-DLC films were 

evaluated by using a 3D profilometer (Micro Xam-800, KLATencor, Milpitas, CA, USA). 

The bonding structures of the films were analyzed by a Raman spectrometer (LabRam HR 

Evolution, Renishaw, Wo�on-under-Edge, UK) with a laser wavelength of 532 nm, and 

the signal collection range was 800~2000 cm−1. A nanoindenter (TTX-NHT2, Anton Paar, 

Graz, Austria) was used to test the hardness and elasticity. The Berkovich diamond in-

denter was unloaded after a fixed load was applied, and the press–unload curve was ob-

tained. Therein, 30 mN and 10 s were taken as the maximum load and loading time. The 

indentation depth was within one-tenth of the thickness of the multilayer Si-DLC film to 

avoid the influence of the substrate on the measurement results. 

2.3. Evaluation of Tribological and Corrosion Properties of Multilayer Si-DLC Films 

A CSM (Tribo-S-D-0000, Anton Paar, Graz, Austria) friction and wear tester was used 

to evaluate the tribological properties of the multilayer Si-DLC films in an atmospheric 

environment (25 °C; 35% RH). Therein, a GCr15 ball with a diameter of 6 mm was selected 

as the counterpart, and the tribological behaviors were examined under the conditions of 

5 N, 5 Hz, 5 mm, and 20,000 cycles. Before the friction test, the multilayer Si-DLC films 

and GCr15 balls were cleaned by ultrasonic cleaning in acetone and ethanol for 10 min, in 

turn, to remove surface contaminants and dried with dry nitrogen. The corrosion re-

sistance of the films was evaluated using the electrochemical workstation (PGSTAT302, 
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Metrohm Autolab, Utrecht, The Netherlands). The corrosion performance test adopted a 

three-electrode system, in which a saturated calomel electrode, a platinum plate, and the 

film were the reference electrode, the opposite electrode, and the working electrode, re-

spectively. The corrosion medium was a 3.5 wt% NaCl solution and a 3.5% NaCl solution 

saturated with CO2. Before the electrochemical measurements, the multilayer Si-DLC 

films were immersed in the corrosion medium for 40 min to stabilize the open circuit po-

tential of the samples, and 10 mV/s was selected as the scanning speed of the potentiody-

namic polarization test. The electrochemical impedance spectrum test frequency range 

was 100 kHz~10 MHz, and the disturbance amplitude was 10 mV. We repeated the tribo-

logical and corrosion tests at least three times to ensure the reliability of the results. 

3. Results and Discussion 

3.1. Microstructures and Surface Morphologies of Multilayer Si-DLC Films on the Inner Sur-

faces of N80 Steel Pipes 

Figure 2 depicts a photo of the N80 steel pipe coated with the multilayer (Si-DLC)40 

film. The macro-surface of the multi-layer Si-DLC film was smooth and dense. In Figure 

3, the FESEM surface and cross-sectional image illustrate the multilayer (Si-DLC)40 film 

on the inner surface of the N80 steel pipe. The (Si-DLC)40 film consisted of the Si transition 

layer and the (Si-DLC)40 layer with different Si doping contents. By the high-energy im-

plantation of Si ions on the N80 steel substrate, a transition layer was obtained with the 

proportion of silane/argon in the gas mixture as 2:1. The Si transition layer improved the 

interface matching between the (Si-DLC)40 layer and the metal substrate, thus improving 

the film substrate's adhesive strength. The (Si-DLC)40 film, consisting of a Si-poor DLC 

layer (Six-DLC) and a Si-rich DLC layer (Siy-DLC), alternately, was deposited on the sur-

face of the interlayer. For the Si-poor and Si-rich layers, the acetylene/silane/argon pro-

portions in the Si-poor and Si-rich films were 2:1:3 and 2:1:1, respectively. The overall 

thickness of the multilayer (Si-DLC)40 film was approximately 11.53 µm. Furthermore, the 

film exhibited density and uniformity without evident cracks, holes, or other defects, in-

dicating excellent adhesive strength. 

 

Figure 2. N80 steel pipe with DLC film. 
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Figure 3. Surface and cross-sectional morphologies of (Si-DLC)40 film on the inner surface of N80 

steel pipe. 

Figure 3 exhibits the Raman spectrum of the multilayer (Si-DLC)40 film on the inner 

surface of the N80 steel pipe. The Raman peak of the DLC film in the range of 1000~1800 

cm−1 was fi�ed to the D peak and G peak at about 1350 cm−1 and 1560 cm−1 by the Gaussian 

function, respectively [22–25]. The D peak was caused by the sp2-C atom in the ring struc-

ture or cluster, and the G peak was caused by the sp2-C structure in the chain or aromatic 

ring [21]. 

Figure 4 shows that the multilayer (Si-DLC)40 film had an asymmetric wide peak in 

the range of 1000~1800 cm−1, which is the Raman spectrum of a typical DLC film. The D 

peak and G peak fi�ed by the Gaussian function were located at 1334 cm−1 and 1513 cm−1, 

respectively [26]. It was determined that the peak position migrated to a lower wave-

number compared with a pure DLC film. This was mainly due to two reasons. On the one 

hand, Si doping can promote the hybridization of sp3 and inhibit the formation of sp2 clus-

ters [21,27]. On the other hand, Si doping into a multilayer (Si-DLC)40 film reduces the 

internal stress [28]. The incorporation of larger Si atoms and weaker C-Si bonds dimin-

ishes the vibration frequency of the C=C bond, resulting in the migration of Raman peaks 

to the low-wavenumber region. 

 

Figure 4. Raman spectrum of (Si-DLC)40 film on the inner surface of N80 steel pipe. 
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To further analyze the surface element composition of the original film, XPS analysis 

was conducted, as shown in Figure 5. In the case of the multilayer films, as shown in Fig-

ure 5b, the C1s spectrum was fi�ed into four peaks by the Gaussian function, namely, the 

O-C=O bond at 288.0 eV, the C-O bond at 285.6 eV, the C-C bond at 284.3 eV, and the C-Si 

bond at 283.4 eV. In addition, Figure 5c,d further demonstrates the presence of C-O and 

C-Si bonds in the film. These results affirm the successful preparation of multilayer Si-

DLC thin films through hollow-plasma chemical vapor deposition. 

 

Figure 5. XPS diagrams of (Si-DLC)40 film on the inner surface of N80 steel pipe: (a) full spectrum, 

(b) C1s spectrum, (c) Si2p spectrum, (d) O1s spectrum. 

3.2. Mechanical Properties of the Films on the Inner Surfaces of N80 Steel Pipes 

The load–displacement curve of the multilayer (Si-DLC)40 film on the N80 steel pipe 

is shown in Figure 6. As the thickness of the multilayer film increased, both the hardness 

and adhesion showed an upward trend. This is consistent with our previous research find-

ings [14]. The (Si-DLC)40 film exhibited the best mechanical properties, with hardness and 

elastic moduli of 14.3 GPa and 115.7 GPa, respectively. It is important to study the adhe-

sion of the (Si-DLC)40 film in tribology and corrosion resistance applications because the 

film may peel off from the substrate under external normal and shear forces [29]. 

The scratch image is shown in Figure 7. At the initial stage of sliding, the film exhib-

ited plastic deformation characteristics. With the increase in the load, the transverse cracks 

began to appear on the film’s surface, indicating that the film was beginning to fail and, 

at this point, was called Lc1, representing the initial peeling point of the film. Subse-

quently, as the load continued to rise, continuous transverse cracks developed, indicating 

the onset of continuous spalling phenomena. This stage, marked as Lc2, represented the 
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point of continuous spalling. As the thickness of the film increased, the adhesion of the 

film also increased. The Lc1 and Lc2 of the (Si-DLC)40 film were 6.8 N and 14.2 N, respec-

tively. By reducing the mismatch between the multilayer (Si-DLC)40 film and the N80 steel 

substrate, the interface stress was greatly reduced, thus improving the adhesion of the 

multilayer (Si-DLC)40 film [29]. 

 

Figure 6. Mechanical properties of nanoindentation multilayer Si-DLC film on the inner surface of 

N80 steel pipe: black column - Hardness, red column - Elastic modulus. 

 

Figure 7. Scratch image of Si-DLC film on the inner surface of the N80 steel pipe. 

3.3. Tribological Properties of Si-DLC Films on the Inner Surface of N80 Steel Pipe 

Figure 8 shows the tribological properties of the N80 steel pipe and Si-DLC films in 

an atmospheric environment. In Figure 8a, the stable friction coefficients of the Si-DLC 

films are significantly lower than that of N80. The N80 steel pipe exhibits a low initial 

friction coefficient, followed by a rapid increase. Beyond 2000 revolutions, the friction co-

efficient fluctuates within the range of 0.7~0.75. Conversely, the friction curve for the (Si-

DLC)10 film stabilizes with minimal fluctuations beyond 6000 revolutions, maintaining a 

stable friction coefficient of about 0.4. The (Si-DLC)20 film displays a relatively fluctuating 

friction coefficient, approximately at 0.22, while the (Si-DLC)40 film’s friction coefficient is 

also fluctuating, with a mean coefficient of friction (COF) of around 0.23. The friction co-

efficient curves all show a certain degree of fluctuation, mainly a�ributed to the higher 

roughness of the inner wall of the N80 pipe, and more abrasive particles appear as the 

friction increases. Figure 8b shows that the Si-DLC films significantly increased the wear 

resistance of the inner surface of the N80 steel pipe. As shown in Table 3, the wear rates of 

the N80 steel pipe, (Si-DLC)10 film, (Si-DLC)20 film, and (Si-DLC)40 film were 2.3 × 10−4 
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mm3·N−1·m−1, 3.8 × 10−6 mm3·N−1·m−1, 1.3 × 10−6 mm3·N−1·m−1, and 6.8 × 10−7 mm3·N−1·m−1, 

respectively.  

 

Figure 8. Friction curves (a) and wear rates (b) of the N80 steel pipe and Si-DLC films in an open-

air environment. 

Table 3. Friction coefficients and wear rates of N80 pipeline steel and multilayer Si-DLC films. 

Sample Friction Coefficient Wear Rate/mm3·N−1·m−1 

N80 ~0.75 2.3 × 10−4 

(Si-DLC)10 ~0.4 3.8 × 10−6 

(Si-DLC)20 ~0.21 1.3 × 10−6 

(Si-DLC)40 ~0.23 6.8 × 10−7 

Figure 9 shows the SEM images of the GCr15 steel ball wear scar and (Si-DLC)40 film 

wear track. The formation of a transfer film in the wear scar is observed in the GCr15 steel 

ball wear scar, which is conducive to reducing the friction coefficient [30]. The internal 

surface of the (Si-DLC)40 film wear track remains relatively smooth, and the original mi-

cro-pits of the film can still be observed, indicating excellent wear resistance. In addition, 

the evident furrows on the internal surface of the GCr15 steel ball wear scar indicate abra-

sive wear during the friction process.  

 

Figure 9. SEM images of (a) GCr15 steel ball wear scars and (b) (Si-DLC)40 film wear track. 

3.4. Corrosion Resistance of Si-DLC Films on the Inner Surface of N80 Steel Pipe 

Figure 10a shows the potentiodynamic polarization curves of Si-DLC films. The po-

tentiodynamic polarization diagrams were used to check the corrosion resistance. Table 4 

summarizes the parameters calculated by the Tafel method. Stern–Geary Equations (1) 

and (2) were used to calculate Rp and porosity, respectively [31]. 
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βa and βc represent the Tafel slope of the anode and cathode, respectively, and jcorr is 

the corrosion current density of the N80 steel pipe and the Si-DLC film. 

� =
��(���������)

��(����/���������)
× 10�|∆�����/��|  (2)

Rp(substrate) represents the Rp of the N80 steel pipe, Rp(film/substrate) represents the Rp of the 

Si-DLC film, and ∆Ecorr represents the Ecorr difference between the N80 steel pipe and Si-

DLC film. Generally, Rp indicates the difficulty of corrosion, and jcorr is related to the cor-

rosion resistance of the material [32,33]. The incorporation of silicon into the DLC film 

facilitates the generation of silicon oxide on the film surface, leading to an improvement 

in the corrosion resistance. The corrosion ions can penetrate through the pores, so the film 

with lower porosity has good corrosion resistance [34]. It is seen in Table 4 that the Si-DLC 

film has a lower corrosion current density than that of the N80 steel pipe. Notably, the 

corrosion current density of the (Si-DLC)40 film is one-tenth of that of the N80 steel pipe, 

indicating that the (Si-DLC)40 film effectively enhanced the corrosion resistance of the in-

ner surface of the N80 steel pipe. 

 

Figure 10. Potentiodynamic polarization curves (a), Bode diagrams (b,c), and Nyquist diagram (d) 

of the inner surface of N80 steel pipe and Si-DLC film. 

Table 4. Polarization results of N80 steel pipe internal surface and Si-DLC film. 

Sample Ecorr (V) jcorr (A·cm2) Rp (Ω·cm2) P (Ω·cm2) 

N80 −0.431 8.21 × 10−5 1.85 × 103 — 

10 cycles  −0.582 1.39 × 10−5 2.21 × 103 3.09 

20 cycles −0.710 5.22 × 10−6 4.46 × 103 2.85 

40 cycles −0.683 4.99 × 10−7 7.51 × 104 0.89 
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Figure 10 also shows the EIS results of the N80 steel pipe and Si-DLC film, encom-

passing the (b) and (c) Bode plots, along with the (d) Nyquist plots. A wide time constant 

can be seen for the N80 steel pipe, indicating that a passive film was formed. The Bode 

diagram of the Si-DLC film shows low-frequency time constants and high-frequency time 

constants. The low-frequency impedances of the Si-DLC film surpass those of the N80 

steel pipe, indicating superior corrosion resistance. It should be noted that the impedance 

value of the (Si-DLC)40 film in Figure 10c reaches 8 × 103 Ω·cm2, which is four times that of 

N80 steel pipe. 

Figure 11 and Table 5 show the electrochemical test results of the inner surface of the 

N80 steel pipe and the (Si-DLC)40 film. The Ecorr of (Si-DLC)40 film is slightly lower than 

that of N80. The corrosion current density of the (Si-DLC)40 film is only half of that of the 

inner surface of the N80 steel pipe. The polarization resistance of the (Si-DLC)40 film is 

about twice that of the inner surface of the N80 steel pipe, and the porosity is less than 5%. 

The above results show that the (Si-DLC)40 film has be�er corrosion resistance than the 

N80 steel pipe, and the impedance value of the (Si-DLC)40 film is higher than that of the 

N80 steel pipe. 

 

Figure 11. Potentiodynamic polarization curves (a), Bode diagrams (b,c), and Nyquist diagram (d) 

of N80 steel pipe inner surface and (Si-DLC)40 film in 3.5% NaCl solution with saturated CO2. 

Table 5. Polarization results of N80 steel pipe internal surface and (Si-DLC)40 film. 

Sample Ecorr (V) jcorr (A·cm2) Rp (Ω·cm2) P (Ω·cm2) 

N80 −0.628 1.86 × 10−5 3.12 × 103 — 

Si-DLC −0.604 7.67 × 10−6 6.79 × 103 3.09 

It is observed in Figure 12 that the surface of the (Si-DLC)40 film was still smooth and 

flat without microscopic defects after the corrosion test. This indicates that the corrosive 

medium did not penetrate the passivation of the substrate surface, and only slight corro-

sion occurred on the surface of the thin film. Therefore, the (Si-DLC)40 film provided good 

protection to the inner surface of the N80 steel pipe, as the corrosion resistance of the inner 

surface of the N80 steel pipe was significantly improved. Then, the surface of the wear 

track after the corrosion test was analyzed by X-ray photoelectron spectroscopy (XPS), as 
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shown in Figure 13. Through Gaussian fi�ing, the C1s peak could be decomposed into 

four peaks at 288.3 eV, 285.6 eV, 284.8 eV, and 284.5 eV, corresponding to the O-C=O bond, 

C-O bond, C-C bond, and C-Si bond, respectively [35,36]. After comparing with the orig-

inal film, as depicted in Figure 5a, the content of the silicon–oxygen bond increased, indi-

cating the formation of silicon oxide. Consequently, the corrosion resistance of the film 

was enhanced due to the formation of silicon oxide. 

 

Figure 12. Surface morphology of (Si-DLC)40 film after corrosion in 3.5% NaCl solution with satu-

rated CO2. 

 

Figure 13. XPS image of (Si-DLC)40 film after corrosion: (a) full spectrum, (b) C1s spectrum, (c) Si2p 

spectrum, (d) O1s spectrum. 
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4. Conclusions 

(1) A series of multilayer Si-DLC films with 10, 20, and 40 modulation periods were suc-

cessfully prepared on the inner surfaces of N80 steel pipes by hollow-cathode 

plasma-enhanced chemical vapor deposition technology. The multilayer (Si-DLC)40 

film exhibited a dense and uniform structure and the best mechanical performance, 

with a hardness of 14.3 GPa, an elastic modulus of 115.7 GPa, and an adhesive force 

Lc2 of 14.2 N. 

(2) The tribological properties of the multilayer (Si-DLC)40 film on the inner surfaces of 

N80 steel pipes surpassed those of uncoated N80 steel in atmospheric conditions. 

While the friction coefficient of uncoated N80 steel pipes ranged from 0.7 to 0.75, the 

multilayer (Si-DLC)40 film demonstrated a significantly lower coefficient, approxi-

mately between 0.2 and 0.3. Moreover, the wear rate of the multilayer (Si-DLC)40 film 

was three orders of magnitude lower than that of the N80 steel pipe. This was mainly 

a�ributed to the high mechanical and transfer film on the mating ball. 

(3) The multilayer (Si-DLC)40 film possessed more interfaces due to the increase in the 

film thickness, effectively prolonging the penetration distance of the corrosive me-

dium in the 3.5 wt% NaCl solution and the 3.5 wt% NaCl solution saturated with 

CO2. Therefore, the multilayer (Si-DLC)40 film exhibited the best corrosion resistance 

and protective effect compared with the multilayer (Si-DLC)10 and (Si-DLC)20 films. 

In particular, the corrosion current density of the multilayer (Si-DLC)40 film in the 3.5 

wt% NaCl solution saturated with CO2, approximately 7.67 µA/cm2, was roughly half 

that of the N80 steel pipe, which recorded a corrosion current of about 18.6 µA/cm2. 

Additionally, the impedance value of the multilayer (Si-DLC)40 film (6790 Ω·cm2) was 

approximately twice that of the uncoated N80 steel pipe (3120 Ω·cm2). 
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