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Abstract

:

This work aims to develop a novel method for on-line monitoring of coating quality during the Extreme High-speed Laser Cladding (EHLA) process. JG-11 coating was prepared by EHLA, and microstructure, microhardness, corrosion performance, and scratch resistance were investigated. To analyze the influences of fluctuations in processing parameters on coating quality, a single-factor experiment scheme was designed and an on-line monitoring system based on laser triangulation was built. Furthermore, a new forming method for the surface profile of EHLA coating was proposed, and a new comprehensive evaluation index of surface morphology was accordingly designed. Benefitting from the extremely high cooling rate, EHLA JG-11 coating had fine grains, high hardness, and better corrosion resistance and scratch resistance than those of Electroplating Hard Chromium (EHC). The results revealed that the surface morphologies presented different characteristics due to the fluctuations of process parameters, such as high surface flatness, deep pits, small peaks, poor directionality, etc. The comprehensive evaluation index composed of Sa, Ssk, and Str could effectively characterize the surface morphology of EHLA coating, which proved that the monitoring system and evaluation method could realize on-line monitoring of the process parameters during the EHLA process.
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1. Introduction


EHLA technology is a new type of surface treatment technology with high efficiency and low cost, which possesses the advantages of low heat input and high surface forming precision and has been widely used in equipment manufacturing industries such as coal mining machinery, automobile industry, and construction machinery [1,2]. As we all know, the digitization and intelligence of the manufacturing process can improve manufacturing efficiency and reduce manufacturing costs [3,4]. In addition, head enterprises in various industries are paying more and more attention to improving the level of intelligence in the manufacturing process to enhance their market competitiveness. Thus, the intelligentization of the melting process will become the development trend of EHLA technology, which has attracted more and more scholars’ attentions.



On-line monitoring of coating quality is a key factor to realize intelligent processing [5]. There are many factors affecting the quality of laser cladding, including the fluctuations of process parameters, the state of the substrate surface, the stability of the laser processing system, the consistency of powders, etc. [6]. However, it is difficult to achieve on-line monitoring of all influencing factors, resulting in the failure to accurately monitor the coating quality. At present, scholars have carried out much research on the on-line monitoring technology of coating quality in the laser cladding process [7,8,9].



Emission spectroscopy is an effective tool for component analysis, and the information of elements in spectral signals can provide a better understanding of physical mechanisms and monitoring processes. Wang et al. [10] achieved on-line monitoring of coating chemical composition during laser cladding by real-time acquisition of the emission spectrum. The relationship model between the elements’ weight ratio and the intensity ratio of spectral lines was built, which indicated that the elements’ weight ratio in the coating was directly affected by the variation of input energy density during processing. Schmidt et al. [11] used a spectrometer to measure the light emission during laser cladding and identify the element lines in the spectrum. The results revealed that the measurement of line or spectral intensity can be used for on-line monitoring of the laser cladding dynamic process. However, the information presented by this kind of method is not intuitive, and the accuracy of test results depends on the effectiveness of data processing and analysis algorithms.



Acoustic sensors have the advantages of non-contact, non-destructive, and flexibility [12], and are very suitable for the monitoring of the laser cladding process. Rieder et al. [13] carried out ultrasonic measurements using a four-channel ultrasonic transmitting and receiving system. The surface dynamics of the laser cladding process can be observed by evaluating the backwall signals. Furthermore, ultrasonic signals can also be used to determine the type of defect and the size of porosity. Shevchik et al. [14] investigated the feasibility of using acoustic emission and machine learning for real-time quality monitoring of laser additive manufacturing processes. The results demonstrated the feasibility of using acoustic emissions with sublayer spatial resolution for in situ quality monitoring. However, such methods are vulnerable to external interference, such as environmental noise and electrical signal of the cladding system. Krauss et al. [15] used an infrared camera to track the solidification process and quality of the cladding layer in selective laser cladding, which could detect variations in coating thickness and residual defects. Nonetheless, this method is mostly used in the research of laser cladding technology, and it cannot accurately evaluate the coating forming quality in the batch manufacturing process.



Visual sensing technology is widely employed in on-line monitoring of the manufacturing process and also widely used in the analysis of the dynamics of the molten pool and the surface morphology of the cladding layer. Asselin et al. [16] designed a trinocular CCD detector for measuring the geometric structure of the cladding layer and developed an algorithm, including a fuzzy adaptive threshold strategy, a perspective image projection method, and an analysis projection image strategy, to achieve real-time extraction of the height, width, and solidification rate of the cladding layer. Zhang et al. [17] proposed an intelligent classification method for quality-level identification of laser cladding processing. The process images were captured using a high-speed camera, and the features of different objects such as melt pools, plumes, and splashes were extracted. Subsequently, the features were used as input for support vector machines and convolutional neural networks. Zhao et al. [18] adopted high-speed synchrotron hard X-ray imaging and diffraction techniques to monitor the laser processing process in real time and found that melt pool dynamics, powder jetting, rapid solidification, and phase transitions can be detected with spatial and temporal resolution. Kanko et al. [19] prepared a 316 L stainless steel coating with a series of process parameters (40–320 W laser power; 50–600 mm/s scan speed; 50–500 µm layer thicknesses) and proposed an on-line monitoring technology for the forming process based on low coherence interference imaging technology. The results showed that the method could capture the geometric contour of the molten pool, and the strong fluctuation of the molten pool affected the trajectory quality. In summary, the above methods can realize the prediction of the forming quality of the cladding layer by monitoring the molten pool geometry. However, owing to the fact that the solidification process of a molten pool is affected by many external factors [20,21], the geometric characteristics of a molten pool cannot directly reflect the forming quality of a cladding layer after solidification.



As we all know, the deposition speed of EHLA is very high, about 20–200 m/min [1,22], and it is usually used to prepare a thin coating on the component surface (≤0.8 mm). In addition, when the process parameters, substrate state, or environmental conditions are abnormal, defects such as pores and cracks may occur inside the cladding layer. Furthermore, small coating thickness is conducive to the rapid movement of internal or shallow surface defects to the coating surface, which eventually form surface defects [23,24]. Based on the above facts, the variations of coating surface morphologies can effectively reflect the fluctuations of process parameters during the EHLA process. Therefore, the on-line monitoring of coating quality and parameter stability in the EHLA process can be realized by evaluating the variation of surface morphologies in real time. However, the data acquisition accuracy of a CCD camera or a CMOS camera is low at high mobile speed. Moreover, the data loss is easily caused by the interference of the manufacturing environment, which cannot meet the requirements of on-line monitoring of surface morphology during the EHLA process.



Laser triangulation technology uses the collimated laser beam emitted by the laser source to project onto the surface of the measured target and then produce a diffused reflection laser beam. Subsequently, the beam passes through the receiving lens and focuses on the photoelectric sensor (such as a CCD, CMOS, etc.) for imaging. As the measured target moves, the light spot imaged on the photoelectric sensor also moves correspondingly. Thus, the position of the measured target can be calculated according to the spot position on the photoelectric sensor [25]. Compared with other displacement sensors, the laser triangulation sensor has the characteristics of non-contact, high accuracy, strong anti-electromagnetic interference [26], and strong adaptability to the industrial production environment.



In this study, a JG-11 martensitic stainless-steel coating was prepared on the surface of 45# steel by EHLA. Subsequently, using a single-factor experiment method, the influences of fluctuations of key process parameters on the forming quality of EHLA JG-11 coatings were studied. Meanwhile, based on the principle of laser triangulation, an on-line monitoring system for the surface morphology of EHLA coating was established and a novel, real-time evaluation method based on 3D roughness parameters was proposed. Furthermore, the accuracy and feasibility of the evaluation system and method for on-line monitoring of surface morphology were discussed. The novelty of the study is that a new surface profile forming method for EHLA coating is proposed, and, accordingly, a set of real-time evaluation methods to realize on-line monitoring of coating quality during the EHLA process is designed. The research results are helpful to realize intelligent processing in the EHLA process, resulting in improving the processing efficiency, and, when the defects are detected, the on-line monitoring system will send an alarm and stop the processing process in time to minimize the losses.




2. Experiment Design


2.1. Experiment Equipment and Materials


The experiments were carried out by an EHLA system (EHLA-Compact, ACUNITY, TianJin, China), as presented in Figure 1, which integrated a laser device, a vertical turntable, a horizontal turntable, a laser deposition head, and a powder feeder. A semiconductor laser device (LDM-6000, Laserline GmbH, Mülheim-Kärlich, Germany) with a wavelength of 900–1080 nm was employed in the experiments, with a maximum output laser power of 6 kW. The system was equipped with vertical and horizontal turntables, which could realize the coating preparations on the plane and cylindrical surfaces of samples. The diameter of the laser spot was φ2 mm, and a high-speed coaxial annular powder feeding nozzle (HINO50-W, Fraunhofer ILT, Aachen, Germany), with the maximum diameter of the powder converging spot being φ1.5 mm, was employed. For powder feeding, a double-cylinder synchronous powder feeder (Infi-Pro-C, ACUNITY, Tianjin, China) with argon as the carrier gas was used, which was suitable for conveying powders with a particle size of 20–100 μm.



The flat samples with a size of φ 100 × 30 × 20 mm3 (outer diameter × inner diameter × thickness) and the shaft samples with a size of φ 50 × 300 mm2 (outer diameter × length) were selected as substrates, and the material of both types of samples was 45# steel. Before EHLA, the dirt such as rust or residual cutting fluid on the surface to be clad was removed by an automatic sand belt polishing machine and cleaned with absolute ethanol. A martensitic stainless-steel powder, named JG-11, with a particle size of 25–53 μm was used, whose microscopic morphology is shown in Figure 2. Before cladding, the powder was dried in a dryer at a temperature of 120 °C for 60 min. The main chemical compositions of the substrate and powder are shown in Table 1.




2.2. Experiment Design


As listed in Table 2, with hardness, corrosion resistance, and scratch resistance as evaluation indicators, the key EHLA process parameters of JG-11 coating were optimized based on the above-mentioned EHLA system. In addition, to conduct a performance comparison analysis, an EHC coating with a thickness of 0.05 mm was prepared on the surface of a 45# steel flat sample.



Due to the external interference factors, the actual output values of process parameters fluctuate in the batch processing of EHLA. In order to simulate the fluctuations of process parameters, an experiment scheme, shown in Table 3, was designed by using a single-factor test method based on the optimal process parameters listed in Table 2. The four key process parameters of laser power, deposition speed, powder feeding speed, and overlapping rate were selected as influencing factors, and each factor includes eight different levels. Based on the experiment scheme, the coatings were prepared on the surface of shaft samples using a horizontal turntable. As displayed in Figure 1, the cladding process started from the clamping side of the samples, and four coating segments with a length L of 60 mm were spaced regularly, about 5–10 mm apart.




2.3. Test Methods


2.3.1. Microstructure and Hardness Test


The JG-11 cladding layer was prepared on the surface of a flat sample using the EHLA process parameters listed in Table 2. After the cladding process, the coating sample was cut to a size of 10 × 10 × 5 mm3 using the wire cutting method. Subsequently, standard metallography measures were employed to fabricate samples for microstructure analysis. After being corroded with aqua regia solution (HCl: HNO3 = 3:1, v/v), an optical microscope (DMI5000M, Leica, München, Germany) was used to characterize the cross-section surfaces. Additionally, the microhardness of the longitudinal section of the coating sample was measured by using a micro-Vickers hardness tester (model 5104, Buehler Co., Ltd., Sacramento, CA, USA). Measuring points were taken every 0.1 mm along the direction parallel to the bonding interface between coating and substrate. The load was 100 gf, and the dwell time was 15 s.




2.3.2. Electrochemical Corrosion Test


The electrochemical corrosion test was conducted in an electrochemical system (CS350, Coster, Wuhan, China) with a common three-electrode cell in 3.5 wt% NaCl aqueous solution at ambient temperature (25 °C). The working electrodes were experimental EHLA shaft samples and EHC shaft samples with an exposed area of 48 cm2. A saturated calomel electrode and a platinum sheet electrode were used as reference and counter electrodes, respectively. All specimens were immersed in the solution until the open circuit corrosion potential reached a balance. The potentiodynamic polarization curves were tested in the range of −0.8 to 0.8 V under a fixed scan rate of 10 mV/s. ZVIEW software (ZVIEW 3.1) was used to analyze the experimental data.




2.3.3. Scratch Test


The EHLA JG-11 coating sample and EHC sample were cut to 10 × 10 × 10 mm3 by wire cutting and successively polished with 400#, 800#, 1200#, and 2000# sandpaper. Subsequently, the scratch tests were carried out by using a scratch tester (RST3, Anton Paar GmbH, Graz, Austria) equipped with an indentation head with a maximum load of 200 N, a load resolution of 0.1 mN, and a depth resolution of 0.05 nm. A diamond indenter with a cone angle of 120 degrees and a tip radius of 0.2 mm was used. The other test parameters were as follows: the scratch speed was 3 mm/min, the loading speed was 100 N/min, the scratch length was 5 mm, and the positive pressure was 180 N. Each coating sample was tested three times, and the end of each residual scratch groove was observed with a scanning electron microscope (TESCAN MIRA, TESCAN, Brno-Kohoutovice, Czech Republic) to obtain the maximum values of width, depth, and volume of scratch grooves. Finally, the average of the above test values was taken as the scratch resistance of each coating.




2.3.4. On-Line Monitoring System


As shown in Figure 3, the self-developed on-line monitoring system for surface morphology of EHLA coating mainly included a measurement sensor (LJ-X8060, Kearns, Osaka, Japan), a controller (LJ-X8000A, Kearns, Osaka, Japan), a power supplier (CA-U4, Kearns, Osaka, Japan), and a self-developed analysis software for parameter evaluation. Using a special clamping device, the sensor was fixed on the laser deposition head, which enabled the positions in the X, Y, and Z directions to be adjusted arbitrarily. Furthermore, the relative positions of sensor, deposition head, and component to be clad during the test are displayed in Figure 4. The component rotated clockwise under the drive of a turntable, and the deposition head and the sensor were respectively placed on the top and right side of the component, which was beneficial to shorten the time interval between the solidification and the detection of EHLA coating. The working process of the system is as follows: (1) Clamp the sensor on the deposition head and connect the functional modules of the system. (2) Adjust the position of the sensor according to the size of the measured object, turn on the system power, and start the test analysis software. (3) Start the EHLA system, then the sensor collects the spatial coordinate values of each point on the coating surface in real time, and the analysis software automatically reads the detection data and analyzes the characteristic parameters of the surface morphology. Meanwhile, the threshold values of each characteristic parameter are also set in the analysis software. (4) In the measurement process, the on-line monitoring system can compare the real-time detection results of each characteristic parameter with the threshold values, and then it judges whether there is a defect. Once the system determines that a defect has occurred, it will send an alarm and stop the cladding process.



The on-line monitoring system employed in this study was based on the principle of direct laser triangulation, as presented in Figure 5. First of all, the laser was diffused by a cylindrical objective lens into a line laser and projected on the EHLA coating surface. It should be noted that the line laser was parallel to the normal direction of the surface of the measured region. Subsequently, the line laser was diffusely reflected on the coating surface and imaged on a high-precision CMOS image sensor to form a 2D line profile [27,28]. It can be observed from the geometric relationship in the figure that ΔAOB and ΔA′OB′ are similar, and the following relationship can be obtained from the triangle similarity theorem.


      B O  ¯      A B  ¯    =     B ′ O  ¯      A ′ B ′  ¯     



(1)







Furthermore, the following relationship can be calculated based on the trigonometric function relationship.


    A B  ¯  = z ∗ s i n α  



(2)






    A ′ B ′  ¯  = h ∗ s i n β  



(3)






    B O  ¯  = L − z ∗ c o s α  



(4)






    B ′ O  ¯  = l + h ∗ c o s β  



(5)







Subsequently, substituting Relationships (2)–(5) into Relationship (1), the following relationship can be obtained.


    L − z ∗ c o s α   z ∗ s i n α   =   l + h ∗ c o s β   h ∗ s i n β    



(6)







Through further calculation, the relationship between the height z and the displacement h of the imaging spot can be obtained.


  z =   L ∗ h ∗ s i n β   l ∗ s i n α + h ∗ s i n   α + β      



(7)







In Expression (7), the optical structure parameters L, l, α, and β are constants in actual applications, and the imaging spot displacement h can be calculated by the measurement system. Therefore, the height z of all points on the coating surface can be calculated.



The maximum sampling frequency f of the system can reach 16 kHz. The measurement ranges of the system in the X and Z directions are inversely proportional to the sampling frequency. For example, when the sampling frequency f is 1 kHz, the measurement ranges in the X direction and Z direction are 16 mm and 14.6 mm, respectively. In addition, each 2D high-resolution profile in the X direction contains 3200 data points, that is, the distance between 2 adjacent points of the profile in the X direction is 0.5 μm. Therefore, the X coordinate value of the Nth point can be obtained.


   X N  = 0.5 ∗   N − 1    



(8)







The analysis software of the on-line monitoring system can fit a series of 2D line profiles into 3D surface profiles. The calculation formula of the distance Y′ between two adjacent 2D line profiles in the Y direction is as follows.


   Y ′  =  V 1  ∗   1 / f      



(9)




where V1 is the moving speed of any point on the coating in the EHLA process. Assuming that the Y coordinate value of the point on the first 2D line profile is 0, it can be deduced that the Y coordinate value of the points of the Mth 2D line profiles is as follows.


  Y =  Y ′  ∗   M − 1   =  V 1  ∗   1 / f   ∗   M − 1    



(10)







Therefore, the analysis software can calculate the X, Y, and Z coordinate values of any point on the coating surface and further analyze the characteristic parameters of the surface morphology.






3. Design of Evaluation Method for Surface Morphology of EHLA Coating


3.1. Design of Equivalent Forming Method of Surface Profile


As we all know, during the EHLA process, the coating on the component surface is formed by overlapping many single cladding layers. By adjusting the laser power, deposition speed, or powder feeding speed, single cladding layers with different widths and heights can be obtained [29]. Meanwhile, the overlapping rate between two adjacent cladding layers directly affects the surface morphology of the EHLA coating. However, when the self-built on-line monitoring system is used to detect an EHLA coating, the sensor emits a line laser to the coating surface to measure a 2D line profile of a certain XOZ section. Meanwhile, relative movement occurs between the sensor and the surface of measured component in the Y direction. As a result, a series of 2D line profiles is collected, and the analysis software subsequently fits all the 2D line profiles along the Y direction to forms a 3D surface profile of the EHLA coating.



Based on the above two surface profile forming processes, a novel equivalent forming method for the surface profile of EHLA coating is proposed in this study, that is, the 3D surface profile of EHLA coating is formed by an initial 2D line profile in the XOZ section moving along a series of paths in the Y direction. As shown in Figure 6, the projection range of a 3D surface profile of a certain section of EHLA coating on the XOY section is 16 × 5 mm2. Assuming the 2D line profile in the XOZ section at Y = 0 mm is the initial line profile, its function can be expressed as follows.


  Z =  f 0   x   



(11)







Furthermore, the initial 2D line profile is fitted by N points on the EHLA coating surface, and the coordinates of the ith point on the curve are (xi, 0, f0(xi)), i = 1, 2, 3, …, N. Each point in the initial 2D line profile can move along its own path curve in the Y direction. In other words, there are N path curves, and the function of the jth path curve can be described as Relationship (12).


  Z =  f j   y  ,   j = 1 , 2 , 3 … N  



(12)







When the surfaces of flat samples and shaft samples are clad, the path curves are approximated as straight lines and circular arcs, respectively. All the path curves form a path collection. In conclusion, according to the equivalent forming method for the surface profile, each point in the initial 2D line profile moves along its own path and, finally, forms the 3D surface profile of EHLA coating.




3.2. Design of Evaluation Method for Surface Morphology


As we all know, in the process of EHLA, both the component to be cladded and the deposition head move at a constant speed. Therefore, the macro-morphology of the surface of EHLA coating formed with stable process parameters exhibited strong directivity (Figure 7a). However, when the process parameters fluctuated, the shape of the molten pool and the solidification process were inconsistent, leading to the formation of an irregular cladding layer, which ultimately results in poor directivity of the macro-morphology, as given in Figure 7b. In addition, based on the equivalent forming method for surface profile proposed in this study, it could be found that surface morphology characteristics mainly depended on the characteristics of the initial 2D line profile and path curves. As seen from Figure 6, frequently alternating peaks and valleys were distributed in the initial 2D line profile, whose overall characteristics were comprehensively determined by the height difference between peaks and valleys along the Z direction, and the distribution characteristics of peaks and valleys along the X direction.



Based on the above analysis, an evaluation method for surface morphology with 3D roughness parameters Sa, Ssk, and Str as evaluation indexes was proposed. According to ISO 25178-2:2012, the definition and calculation formula of the three parameters are as follows.



Sa, which expands the line roughness parameter Ra three dimensionally, represents the arithmetic mean of the absolute coordinate Z(x, y) in a defined area. The calculation formula is shown in Equation (13).


   S a  =  1 A    ∬  0 A    Z   x , y     d x d y  



(13)




where A is the area of the evaluation region and Z(x, y) is the function of the surface profile curve. The value of Sa is proportional to the height difference of each point on the coating surface relative to the reference surface.



Ssk, which expands the line roughness parameter Rsk three dimensionally, is used to evaluate deviations in the height distribution. The calculation formula is exhibited in Equation (14).


   S  s k   =  1   S q    3       1 A    ∬  0 A   z 3    x , y   d x d y    



(14)




where Sq represents the root mean square for Z(x, y) within the evaluation area A. Ssk < 0 means that the height distribution is skewed above the reference plane. The surface morphology represented by Ssk < 0 is shown in Figure 8a, where it is distributed with many pitting defects. Ssk = 0 represents that the height distribution of peaks and pits is symmetrical around the reference plane. As seen in Figure 8b, the coating surface is relatively flat and without obvious defects. Ssk > 0 means that height distribution is skewed below the reference plane. Figure 8c displays the coating surface morphology fabricated under normal process conditions, on which the overlapping area of the two adjacent coatings presents a convex feature, and the variation range of Ssk is about 0.2–0.5. In addition, Figure 8d shows the surface morphology of the coating after bonding semi-melted powders in the local area, which further aggravates the bulge height, with Ssk ≥ 0.5.



Str is a measure of uniformity of the surface texture. The value is obtained by dividing the horizontal distance in the direction in which the auto-correlation function decays to the value s (0.2 by default) the fastest by the horizontal distance in the direction of the slowest decay of the auto-correlation function to the value s. Str can be used to indicate the isotropy or anisotropy of the surface morphology. The calculation formula is as follows.


   S  t r   =    R  m i n      R  m a x      



(15)




where    R  m i n   =      τ x    2  +  τ y    2          τ x  ,  τ y  ∈ R   m i n    ,    R  m a x   =      τ x    2  +  τ y    2          τ x  ,  τ y  ∈ R   m a x    , and   R =      τ x  ,  τ y    : A C F    τ x  ,  τ y    ≤ 0.2    . The measured value of Str is generally between 0 and 1. Figure 9a gives the surface morphology when Str is approximately 0, which is anisotropic and has strong directivity as a whole. However, when Str is approximately 1, the surface morphology is exhibited in Figure 9b, which shows, overall, isotropy and poor directivity.



In this study, the self-built online monitoring system was used to collect the surface morphology of EHLA coating in real time. The evaluation software automatically read the detection data of the sensor in the last 1 s at a fixed time interval of 5 s. Five groups of detection data were read respectively to calculate the values of Sa, Ssk, and Str of the surface morphology of EHLA coating prepared with each group of process parameters. Then, the average value of the above test data is taken as the final evaluation result of the surface morphology of EHLA coating.





4. Results and Discussion


4.1. Performance Test Results


4.1.1. Microstructure


Figure 10 illustrates the metallographic structure of EHLA JG-11 coating prepared by using the process parameters listed in Table 2. Due to the low heat input, high deposition speed, and fast cooling speed of EHLA coating, the microstructure was fine and uniform overall [30]. As displayed in Figure 10a, the thickness H was about 0.5 mm and the distance L between the centers of two adjacent cladding layers was about 450 μm. The positions I, II, and III represented the coating–substrate interface bonding area, the overlapping area inside the coating, and the near-surface layer. The metallographic structures of the above regions were respectively shown in Figure 10b–d. To begin with, the microstructure of the coating–substrate interface grew in the form of a plane crystal, and the microstructure near the interface was coarse dendritic. Since the heat dissipation direction of the coating was perpendicular to the interface in the cooling process, the growth direction of the microstructure tended to be perpendicular to the bottom or matrix interface [31]. Secondly, due to the accumulation of heat in the middle of the coating, the heat dissipation gradually slowed down. As a result, the grains formed a dendritic structure with an obvious consistent growth direction along the heat dissipation direction, which exhibited a characteristic of continuous epitaxial growth [30]. In addition, the upper part of the molten pool at the coating surface was directly in contact with the atmospheric environment, where the heat dissipation was faster and the cooling rate was higher. Therefore, the microstructure of the coating surface was fine and uniform dendrites, and the dendrite growth direction was consistent [32].




4.1.2. Microhardness


The microhardness of eight different positions of EHLA coating was measured along the direction of the interface between the coating and substrate. As demonstrated in Figure 11, the average microhardness of EHLA JG-11 coating was 653 ± 56 HV, and the hardness distribution of the coating at different positions was uniform, which indicated that microstructure and element distribution of EHLA JG-11 coating were consistent. By contrast, the average microhardness of EHC was 782 ± 43 HV, which fluctuated slightly and was higher than that of EHLA JG-11 coating. However, the microhardness values of the two coatings were significantly greater than that of the substrate material (262 ± 16 HV).




4.1.3. Corrosion Resistance


Figure 12 shows the potentiodynamic polarization curves of EHLA JG-11 coating and EHC. When the applied potential exceeded the corrosion potential, the corrosion reaction on the surfaces of the two coatings was accelerated and the corrosion current density was increased. As the potential continued to rise, the surface of JG-11 coating entered a passive state. At that moment, the passive film on the coating surface played a protective role and prevented the activation and dissolution of the coating, which led to the stabilization of the current density [30,33]. Nevertheless, due to the formation of a corrosion medium infiltration channel through the micro-cracks in EHC, the corrosion medium could directly react with the substrate, which resulted in the continuous increase of corrosion current density with the increase of corrosion potential [34]. Table 4 displays the self-corrosion current (Icorr) and self-corrosion potential (Ecorr) of the two coatings calculated by the Tafel extrapolation method. It could be found that the self-corrosion current of EHLA JG-11 coating was one order of magnitude lower than that of EHC, and the self-corrosion potential was also significantly increased, which further proved that the corrosion performance of EHLA JG-11 coating was significantly better than that of EHC.




4.1.4. Scratch Tests


Table 5 lists the scratch test results in the form of the depth, width, and volume of residual scratch grooves. It can be observed that the maximum values of the depth, width, and volume of the residual scratch grooves on the surface of EHLA JG-11 coating were significantly smaller than those of EHC. In conclusion, the scratch resistance of EHLA JG-11 coating was better than that of EHC, which was contrary to microhardness test results. Furthermore, the micro-morphologies of the scratch grooves were both observed. As seen from Figure 13a, the surface of the groove formed on EHLA JG-11 coating was smoother after the scratch test, and no defects such as cracks and pits were found. The material on both sides of the groove showed obvious plastic deformation and bulged to form ridges. Nevertheless, there were many micro-cracks on the surface of the EHC scratch groove, and the layer peeled off in some regions (Figure 13b). Both sides of the groove also formed bulges, indicating that plastic deformation had also occurred. According to Greenwood and Williamson’s theory [35], the plastic flow of materials is proportional to the ratio of elastic modulus (E) to hardness (H). Considering the E values found in the literature [36], EHC exhibits the lowest value of E/H, and the substrate shows the highest. Therefore, E/H values from small to large are EHC, EHLA JG-11 coating, and substrate. In the scratch test, EHLA JG-11 coating had a small E/H, exhibiting a high resistance to plastic deformation and a strong scratch resistance. Similarly, EHC also possessed a minimum E/H and showed an excellent resistance to scratches, which was also proved by the test results according to ASTM G65 [37]. However, due to the small thickness of EHC, the positive pressure in the scratch test was mainly borne by the substrate. In addition, owing to the maximum E/H of the substrate, the large plastic deformation of the substrate occurred and finally formed a scratch groove with a large depth, width, and volume. Meanwhile, the bonding strength between EHC and the substrate was poor, and the coating had high hardness and brittleness, which eventually resulted in the cracking or peeling off of EHC.





4.2. Analysis of the Influence of Process Parameters on Surface Morphology


4.2.1. Influence of Laser Power


As we all know, during the EHLA process, a part of the laser energy is absorbed by the powder and the rest is radiated to the substrate surface and then absorbed or reflected by the substrate [38,39]. Figure 14 shows the macro-morphologies of EHLA coatings prepared with different laser powers. When the laser power was 3000 W, the low energy density resulted in the attachment of semi-molten powders on partial regions of the substrate surface. With the increase of laser power to 3500 W, the volume of materials deposited on the substrate surface increased, but the cladding layer was still incomplete. However, the integrity of EHLA coating had been significantly improved, and the forming quality had been continuously improved by increasing the laser power. The reason may be that the increase of laser power can raise the temperature of the molten pool and reduce the cooling rate of the molten pool, resulting in the formation of a large temperature gradient in the molten pool. Subsequently, the large temperature gradient was conducive to form a strong Marangoni flow [40], which ultimately formed a flat and smooth cladding layer.



The macro-morphologies of samples indicated that the fluctuations of laser powers had a significant influence on surface morphology of EHLA coating. Figure 15 shows the variation of Sa, Ssk, and Str of EHLA coating under different laser powers. The excessively low laser power resulted in the attachment of semi-melted powders, leading to the formation of convex characteristics (Figure 14a), with Ssk up to 1.2. However, Sa and Str were both small due to the small bulge height and no obvious directionality. With the increase of laser power, the surface morphology was characterized by pits (Figure 14b–e), and the pit depth gradually decreased, resulting in a gradual decrease of Sa and a gradual increase of Ssk. Meanwhile, the surface morphology was isotropic, but the directionality gradually increased. As a result, the measured value of Str gradually decreased. With the further increase of laser power, the surface morphology became flatter (Figure 14f–h). The main influencing factors of the surface morphologies were the bonded semi-melted powders and the bulges in the overlapping areas. Moreover, the increase of laser power led to more semi-melted powders bonding on the coating surface [41], which resulted in the growth of Sa and Ssk. Nevertheless, the direction of surface morphology was strong, thus Str decreased obviously. Based on the above analysis, it can be concluded that Sa, Ssk, and Str can effectively reflect the variations of the surface morphology caused by the fluctuations of laser power.




4.2.2. Influence of Deposition Speed


It has been proven that laser energy density increases with the decrease of deposition speed [42]. Figure 16 presents the macro-morphologies of EHLA coatings at different deposition speeds. It can be observed that when the deposition speed was ≤11 m/min, the surface morphology did not change significantly with the increase of deposition speed. However, when the speed was ≥13 m/min, with the further increase of deposition speed, the forming instability of the cladding layer became more serious, and the number of pits on the surface gradually increased. Finally, the EHLA coating surface was randomly distributed with many pits at a deposition speed of 25 m/min. According to the Plateau–Rayleigh instability principle, under the combined effects of axial disturbance harmonics and surface tension of the liquid column, the continuous liquid column tends to become unstable and even break into a series of liquid beads [43,44]. Furthermore, the Plateau–Rayleigh instability principle gives the necessary and sufficient conditions for the liquid column to remain stable under the disturbance harmonic interference as follows [43].


  ξ =   π ∗ D   / λ   > 1  



(16)




where ξ is the stability coefficient of the liquid column, D is the diameter of the liquid column, and λ is the wavelength of the disturbance harmonic. During the EHLA process, an increase in the deposition speed would lead to an increase in the length of the molten pool and a decrease in the width [45]. In other words, the diameter of the molten pool would become smaller. Finally, according to Formula (16), the stability coefficient ξ gradually decreased, and the unstable tendency of the molten pool increased, which resulted in the formation of abnormal surface morphology.



Figure 17 shows the variation of Sa, Ssk, and Str of EHLA JG-11 coatings with different deposition speeds. It could be identified that when the deposition speed was ≤11 m/min, Sa, Ssk, and Str of EHLA coatings had not changed obviously at the four different deposition speeds, which were consistent with the macro-morphologies. With the increase of deposition speed, Sa, Ssk, and Str changed significantly. Overall, Sa and Str gradually increased, while Ssk gradually decreased, which, respectively, represented that the height difference of each point on the coating surface became larger, the overall directionality of the surface morphology was gradually weakened, and the coating surface was characterized by pits. In conclusion, the variation trends of Sa, Ssk, and Str were consistent with the actual macro-morphology of EHLA coatings under different deposition speeds.




4.2.3. Influence of Powder Feeding Speed


The powder feeding speed will affect the absorption of laser energy by the substrate, the melting degree of powder particles before deposition on the substrate, then, finally influence the shape and stability of the molten pool during processing [38,46]. As shown in Figure 18, with the increase of powder feeding speed from 20 g/min to 40 g/min, the surface macro-morphologies did not change significantly (Figure 18a–e). However, as the powder feeding speed continued to increase to 45 g/min, 50 g/min, and 55 g/min, pits gradually formed on the coating surface, and the height difference became larger and larger (Figure 18f–h). It is well known that when the powder feeding speed is low, the powders only absorb a small amount of laser energy, while a large amount of laser energy directly irradiates on the substrate surface, which increases the width of the molten pool and reduces the coating thickness. According to the Plateau–Rayleigh principle, the stability of the molten pool under this condition is high, which is beneficial to form a cladding layer with regular surface morphology. However, with the increase of powder feeding speed, more and more laser energy is absorbed by powder particles, while the laser energy irradiated on the substrate surface gradually decreases, which eventually leads to a reduction of the width of the molten pool [46,47]. Moreover, the increase of powder feeding speed leads to a larger length of the molten pool [48], which has a negative impact on the stability of the molten pool, resulting in the reduction of forming quality of EHLA coating after solidification.



Figure 19 presents the variation of Sa, Ssk, and Str at different powder feeding speeds. When the powder feeding speed was ≤40 g/min, the three parameters did not change significantly with the increase of powder feeding speed. However, the three parameters changed significantly as the feeding speed continued to increase. Furthermore, the measurement results of Sa, Ssk, and Str indicated that the surface morphologies of the coating were characterized by pits, and the size of pits was larger and larger, which was consistent with the macro-morphological characteristics of EHLA coatings.




4.2.4. Influence of Overlapping Ratio


During the EHLA process, the liquid melt produced by powder melting is subjected to surface tension and gravity. Moreover, surface tension tends to shrink the liquid melt into a sphere to obtain a minimum surface area and hinder the liquid spreading. Gravity reduces the height of the gravity center of the liquid melt and tends to spread the melt [49]. Finally, the combined effects of the two forces make the surface morphology of single-pass coating show the characteristics of a high center and a low edge. As a result, when the overlapping ratio was low, the next cladding layer could not fill the concave area of the edge of the previous cladding layer, and finally formed a groove in the overlapping area (Figure 20a–d). With the increase of overlapping ratio, the distance between two adjacent cladding layers decreased gradually, and the next cladding layer could fill the concave area on the edge of previous cladding layer, which significantly improved the flatness of the cladding layer (Figure 20e–g). However, when the overlapping ratio was increased to 90%, the flatness of the coating surface was seriously reduced, and deep pits were distributed in some regions (Figure 20h). The reason was that heat input per unit area increased sharply as a result of the large overlapping ratio, which led to powder overburning, violent movement of liquid metal in the molten pool, serious oxidation of the cladding layer, and even peeling, then finally resulted in a sharp decline in the forming quality of the cladding layer [21,41]. In addition, it could also be observed that the end of the cladding layer was blue, which further proved that the temperature of the molten pool rose sharply.



Sa, Ssk, and Str of EHLA coatings under different overlapping ratios were tested, and the variation curves are shown in Figure 21. When the overlapping rate was ≤65%, Sa fluctuated around 15 μm, and Ssk was <0, which represented that the coating surface was characterized by pits. However, Str was close to 0, indicating that the cladding layer had strong directionality. As the overlapping ratio continued to increase, Sa firstly decreased and then increased, Ssk firstly increased and then decreased, and Str slightly increased. The reason was that the increase of overlapping ratio was conducive to improving the surface flatness of the cladding layer. Nevertheless, too high overlapping ratios led to excessive heat input, resulting in a sharp decline in the stability of the molten pool and serious concave features formed on the coating surface, which was consistent with the sharp increase of Sa and Str, and the sharp decline of Ssk. To sum up, the morphologic characteristics of cladding layers reflected by the above parameters were consistent with the actual coating surface morphologies.



In conclusion, the comprehensive evaluation index composed of Sa, Ssk, and Str can effectively reflect the variation of surface morphology under different process parameters during the EHLA process. In other words, the monitoring system and evaluation method developed in this study can reflect the stability of coating quality in real time and indirectly reflect the fluctuations of process parameters. Results of the study provide a new solution for the realization of automation and intelligence of the EHLA process. In future research, the mapping relationship between the variation of Sa, Ssk, Str and each process parameter can be established by using big data analysis technology so as to realize accurate judgment and intelligent online regulation of the influencing factors during the EHLA process.






5. Conclusions


In this research, with laser power, deposition speed, powder feeding speed, and overlapping ratio as influencing factors, a single-factor experiment scheme was designed to study the influences of the fluctuations of process parameters on the forming quality of EHLA coatings. In addition, an on-line monitoring system and a comprehensive evaluation index for surface morphology of EHLA coating were designed to realize on-line monitoring of coating forming quality during the EHLA process. The specific research conclusions were as follows.



	
The microstructure of EHLA JG-11 coating is fine and uniform, and the microhardness is 653 ± 56 HV on average, which is lower than that of EHC. Due to high density and easy formation of passive film on the surface, JG-11 coating exhibits better electrochemical corrosion resistance than EHC. Moreover, the E/H value of JG-11 coating is small, showing an excellent resistance to scratch wear.



	
The fluctuations of process parameters such as laser power, deposition speed, powder feeding speed, overlapping ratio, etc., adversely affect the stability of the molten pool, resulting in the formation of different surface morphologies on the EHLA JG-11 coatings, which are mainly shown as high surface flatness, deep pits, small peaks, poor directionality, etc.



	
The on-line monitoring system of coating surface morphology based on laser triangulation has the advantages of high resolution and high sampling frequency. In addition, research results indicate that the comprehensive evaluation index composed of Sa, Ssk, and Str can accurately reflect the morphological characteristics of coating surface in real time. In other words, the on-line monitoring system and evaluation method designed in this study can realize the on-line monitoring of the forming quality of EHLA coating under the condition of high-speed moving.
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Nomenclature




	EHLA
	extreme high-speed laser cladding



	EHC
	electroplating hard chromium



	CCD
	charge coupled device



	CMOS
	complementary metal oxide semiconductor



	Z
	height of the point on a coating surface



	h
	displacement of a laser spot



	α
	angle between the optical axis of imaging lens and laser beam



	β
	angle between the optical axis of imaging lens and photosensitive surface



	L
	object distance



	l
	image distance



	O
	optical center of imaging lens



	A
	position of the laser spot on a component surface



	A′
	position of the imaging spot in a CMOS camera



	Icorr
	self-corrosion current



	Ecorr
	self-corrosion potential



	Sa
	arithmetical mean height of the scale-limited surface



	Ssk
	skewness of the scale-limited surface



	Str
	texture aspect ratio
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Figure 1. EHLA system. 
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Figure 2. Microscopic morphology of JG-11 powder. 
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Figure 3. On-line monitoring system of forming quality of EHLA coating. 
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Figure 4. Schematic diagram of the relative positions of the sensor, deposition head, and component. 
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Figure 5. Schematic diagram of the principle of laser triangulation. 
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Figure 6. Equivalent forming method of surface profile of EHLA coating. 
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Figure 7. Macro-morphology of EHLA coating. (a) Macro-morphology under stable process parameters; (b) macro-morphology under fluctuating process parameters. 
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Figure 8. Surface morphology represented by different values of Ssk. (a) Ssk < 0; (b) Ssk = 0; (c) Ssk: 0.2–0.5; (d) Ssk ≥ 0.5. 
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Figure 9. Surface morphology with different values of Str. (a) Str is approximately 0; (b) Str is approximately 1.0. 
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Figure 10. Microstructure of EHLA JG-11 coating. (a) Overall micro-morphology of coating; (b) micro-morphology of coating/substrate interface (zone Ⅰ); (c) micro-morphology of overlapping area inside the coating (zone Ⅱ); (d) micro-morphology of near-surface layer of coating (zone Ⅲ). 
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Figure 11. Microhardness of the samples. 
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Figure 12. Potentiodynamic polarization curves of the coatings. 
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Figure 13. Micro-morphology of scratch grooves. (a) EHLA JG-11; (b) EHC. 
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Figure 14. Macro-morphologies of EHLA coatings under different laser powers. (a) 3000 W; (b) 3500 W; (c) 4000 W; (d) 4300 W; (e) 4600 W; (f) 4900 W; (g) 5200 W; (h) 5500 W. 
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Figure 15. Sa, Ssk, and Str as a function of laser power. 
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Figure 16. Macro-morphologies of EHLA coatings under different deposition speeds. (a) 5 m/min; (b) 8 m/min; (c) 10 m/min; (d) 11 m/min; (e) 13 m/min; (f) 15 m/min; (g) 20 m/min; (h) 25 m/min. 






Figure 16. Macro-morphologies of EHLA coatings under different deposition speeds. (a) 5 m/min; (b) 8 m/min; (c) 10 m/min; (d) 11 m/min; (e) 13 m/min; (f) 15 m/min; (g) 20 m/min; (h) 25 m/min.
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Figure 17. Variations of Sa, Ssk, and Str with deposition speeds. 
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Figure 18. Macro-morphologies of EHLA coatings under different powder feeding speeds. (a) 20 g/min; (b) 25 g/min; (c) 30 g/min; (d) 35 g/min; (e) 40 g/min; (f) 45 g/min; (g) 50 g/min; (h) 55 g/min. 






Figure 18. Macro-morphologies of EHLA coatings under different powder feeding speeds. (a) 20 g/min; (b) 25 g/min; (c) 30 g/min; (d) 35 g/min; (e) 40 g/min; (f) 45 g/min; (g) 50 g/min; (h) 55 g/min.
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Figure 19. Variations of Sa, Ssk, and Str with powder feeding speeds. 
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Figure 20. Macro-morphologies of EHLA coatings under different overlapping ratios. (a) 40%; (b) 50%; (c) 60%; (d) 65%; (e) 70%; (f) 75%; (g) 85%; (h) 90%. 






Figure 20. Macro-morphologies of EHLA coatings under different overlapping ratios. (a) 40%; (b) 50%; (c) 60%; (d) 65%; (e) 70%; (f) 75%; (g) 85%; (h) 90%.



[image: Coatings 13 00625 g020]







[image: Coatings 13 00625 g021 550] 





Figure 21. Variations of Sa, Ssk, and Str with different overlapping ratios. 






Figure 21. Variations of Sa, Ssk, and Str with different overlapping ratios.
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Table 1. Key chemical composition of 45# steel and JG-11 powder.






Table 1. Key chemical composition of 45# steel and JG-11 powder.





	
Material

	
Mass Fraction/%




	
C

	
Si

	
Mn

	
Cr

	
Ni

	
Mo

	
B

	
Fe






	
45# steel

	
0.46

	
0.27

	
0.65

	
0.23

	
0.3

	
—

	
—

	
Bal




	
JG-11

	
0.19

	
0.85

	
0.3

	
17.44

	
2.32

	
1.05

	
0.85

	
Bal
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Table 2. Key process parameters of EHLA JG-11 coating.






Table 2. Key process parameters of EHLA JG-11 coating.





	Laser Power

(W)
	Deposition Speed

(m/min)
	Powder Feeding Speed

(g/min)
	Overlapping Ratio

(%)
	Flow of Powder Carrier Gas

(L/min)
	Flow of Protect Gas

(L/min)





	4900
	11
	40
	70
	15
	12
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Table 3. Experiment scheme for simulating process parameter fluctuations.






Table 3. Experiment scheme for simulating process parameter fluctuations.





	No.
	Laser Power (W)
	Deposition Speed (m/min)
	Powder Feeding Speed (g/min)
	Overlapping Ratio (%)





	1
	3000
	11
	40
	70%



	2
	3500
	11
	40
	70%



	3
	4000
	11
	40
	70%



	4
	4300
	11
	40
	70%



	5
	4600
	11
	40
	70%



	6
	4900
	11
	40
	70%



	7
	5200
	11
	40
	70%



	8
	5500
	11
	40
	70%



	9
	4900
	5
	40
	70%



	10
	4900
	8
	40
	70%



	11
	4900
	10
	40
	70%



	12
	4900
	11
	40
	70%



	13
	4900
	13
	40
	70%



	14
	4900
	15
	40
	70%



	15
	4900
	20
	40
	70%



	16
	4900
	25
	40
	70%



	17
	4900
	11
	20
	70%



	18
	4900
	11
	25
	70%



	19
	4900
	11
	30
	70%



	20
	4900
	11
	35
	70%



	21
	4900
	11
	40
	70%



	22
	4900
	11
	45
	70%



	23
	4900
	11
	50
	70%



	24
	4900
	11
	55
	70%



	25
	4900
	11
	40
	40%



	26
	4900
	11
	40
	50%



	27
	4900
	11
	40
	60%



	28
	4900
	11
	40
	65%



	29
	4900
	11
	40
	70%



	30
	4900
	11
	40
	75%



	31
	4900
	11
	40
	85%



	32
	4900
	11
	40
	90%
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Table 4. Fitting results of the polarization curves.






Table 4. Fitting results of the polarization curves.





	Samples
	Icorr (μA/cm2)
	Ecorr (V)





	EHLA JG-11
	1.34
	−0.289



	EHC
	10.45
	−0.428
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Table 5. Test results of scratch grooves.






Table 5. Test results of scratch grooves.





	Samples
	Maximum Depth of Grooves (μm)
	Maximum Width of Grooves (μm)
	Maximum Volume of Grooves (mm3)





	EHLA JG-11
	27.33 ± 1.16
	237.41 ± 10.95
	0.09 ± 0.005



	EHC
	65.16 ± 2.06
	316.37 ± 13.45
	0.29 ± 0.013
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