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Abstract: In this paper, the microstructures and rolling contact fatigue behaviors of laser cladding Inconel 625 coatings with or without post-heat treatments were analyzed. The results revealed that the fatigue resistance of the laser cladding coating after any post-heat treatment was worse than that of the as-deposited coating. First, through the finite element analysis, the distribution of stress along the thickness direction of the coating was obtained, and it was concluded that the bonding interface between the coating and the matrix had little effect on the fatigue properties of the coating. Then X-ray diffraction (XRD), scanning electron microscopy (SEM) and energy dispersive spectrometry (EDS) were used to analyze the microstructure and failure morphology. The results revealed that the subsurface failure morphology of the coatings showed a consistent correlation with rolling fatigue property after different heat treatments. The TCP phase and carbides have been shown in the laser cladding coating. The coating after stress relieved annealing exhibited chain-shaped granular carbides on the grain boundaries which could accelerate crack propagation. The aging heat treatment made small amounts of Laves phase dissolved in the coating, while the dispersed phase was precipitated which could result in the formation of pores. And the solution treatment made large amounts of Laves phase dissolved, while the rod-shape brittle phases were generated which was easy to fracture and contribute to crack initiation and spalling.
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1  Introduction

With the development of aerospace, chemical and other fields, the requirements for the service environment of mechanical parts are getting higher, resulting in higher surface property requirements for mechanical parts [1]. Due to rolling contact fatigue failure [2] and wear failure [3], many mechanical components such as wheels and cutting tools are vulnerable to premature failure. Laser cladding, as a widely used additive manufacturing (AM) technique [4], can deposit metal powder on the substrate and form a dense coating, thereby effectively improving the rolling contact fatigue resistance of the part surface [5].

The rolling contact fatigue failure modes of coatings are usually divided into four types: pitting, wear, crack and delamination. In recent years, domestic and foreign scholars have studied the theoretical mechanism of rolling contact fatigue behavior of the coatings. Xu et al. [2] studied the rolling contact fatigue behaviors and failure mechanisms of laser cladding WC/Ni composite coatings, and recorded the coating surface failure morphologies for different rolling cycles. Wang et al. [6–9] found that laser cladding iron-based and cobalt-based coatings significantly improved the wear resistance and fatigue spalling resistance of wheel and track rollers, and effectively prolonged the wear life of wheels and rails. It has been found that the surface status of the coating can have significant effects on the rolling contact fatigue behavior of the coating [10]. Appropriate surface roughness can fully improve the rolling contact fatigue life of the coating, while the polished surfaces have not significantly improved it [11]. The stronger bonding ability between the coating and the substrate, the more beneficial it can be to prolong the contact fatigue life of the coating [12]. The thickness of the coating affects the distribution of the shear stress in the coating [13,14], which can result in the variation of the fatigue failure modes. Too high or too low hardness will reduce the rolling contact fatigue life of the coating [15]. In addition, the failure mechanism of the coating is related to the microstructure of the coating and the orthogonal shear stress inside the coating [16]. The adjunction of suitable elements is beneficial to improving the rolling contact fatigue life of the coating [5,17,18]. Roy et al. [19] have studied the effects of deposition materials and heat treatment processes on the rolling contact fatigue damage behavior of laser cladding hypereutectoid steel rails, and reduced the hardness value of the coating to the target range.

In the laser repairing field, laser metal deposition Inconel 625 alloy has shown good wear resistance, high temperature resistance, and strong corrosion resistance [20], and is widely used in the aerospace and energy industries [21]. In general, non-equilibrium solidification during laser cladding will contribute to much residual stress and severe element segregation in the coating [22,23], and post-heat treatments of the coated parts are required to optimize the structure of the cladding layer to improve its mechanical properties. Considering that the heat treatment will result in the grain size change and phase transformation of the 1045 steel substrate and laser-deposited Inconel 625 [24,25], which will affect the mechanical properties, three universally applicable post-heat treatments schemes have been designed in this paper. This paper has studied the influence mechanism of different post-heat treatments on the rolling contact fatigue behaviors of laser cladding Inconel 625 coatings, and provides guidance for the engineering application of additive manufactured Inconel 625 materials under cyclic loading.

2  Materials and Methods

2.1 Materials

AISI 1045 steel with size 150 × 150 × 25 mm was selected as substrates. The Inconel 625 powders with an average particle diameter ranging from 50 to 108 μm were dried for 6 h at 60°C before cladding. The composition of Inconel 625 was shown in Tab. 1. Laser processing was carried out with the YSL-4000 fiber laser. The powder was pre-placed on the surface of the substrate, and then the surface was scanned by laser, while the schematic has been shown in Fig. 1. As the laser heat source moving, the cladding powder and the thin layer of the substrate surface melt at the same time and solidify quickly, while the surface coating forms with the strong metallurgical combination with the substrate. The process parameters were: laser power 2800 W, scanning speed 5 mm/s, overlap 5 mm, powder coating thickness 0.5 mm, and laser spot diameter 5 mm.

[image: images]

Figure 1: (a) Laser cladding process; (b) The macro morphology of the cladding layer

Table 1: The chemical composition content of Inconel 625 powder (wt%)
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2.2 Heat Treatment Scheme

The specimens after cladding were cut by the wire electrical discharge machining to size 5 × 5 × 3 mm for the metallographic analysis of surface and subsurface, size 20 × 20 × 20 mm for the phase analysis and size 50 × 50 × 25 mm for the rolling contact test. The laser cladding Inconel 625 coatings were heat treated by stress relieved annealing, direct ageing and solution treatments as schematized in Tab. 2. Furthermore, all the heat-treated specimens were air cooling.

Table 2: Heat treatment scheme

[image: images]

2.3 Microstructure Characterization

XRD patterns (D/MAX-RB) were obtained using Cu Kα radiation over a 2θ range from 20° to 100°, with scanning speed of 1°/min. Metallographic specimens were polished and etched with the solution of 60 mL HCl and 20 mL HNO3, while the observation surfaces included coating surfaces and coating cross sections. JEM-7500F field emission scanning electron microscope (FSEM) with X-maxN80 energy dispersive spectrometer (EDS) detector was used to observe the microstructures of the coatings and perform energy spectrum analysis.

2.4 Rolling Contact Test

Firstly, the coating surface with four different heat treatments was polished, and HV-1000 micro-vickers hardness tester was used for hardness test, with a load of 0.1 kg for 10 s. 10 points were randomly selected on the whole polishing surface for measurement, and the average value was taken as the hardness of the specimen.

To keep the coating thickness and surface roughness consistent, the coatings of the block specimens were machined to the thickness of 400 μm before the rolling contact test. The rolling contact test was carried out with the device which is modified by the WWW-1 friction and wear testing machine as schematically shown in Fig. 2. During the test, the bearing ball roller driven by an electric motor was rotated in contact with the specimen (disc). With the total load of 2500 N, the speed of 1200 r/min, and the number of cycles of 1.2 × 107, the rolling contact test was carried out for 1000 minutes without lubrication. The failure mode with the highest frequency of each specimen was taken as the failure mode.

[image: images]

Figure 2: Schematic of roller-on-disc wear tester and the arrangement of the specimens

After the rolling contact test, the white light interference 3D topography instrument, which was the integrated module of American Rtec Instruments MFT-5000 modular friction and abrasion tester, was used to measure the wear tracks on the failure surface of the coatings. 8 points with wide wear tracks was measured for each specimen, and the point with the deepest wear track was chosen.

3  Finite Element Simulation

According to the Hertz contact theory, the finite element (FE) software ABAQUS was used to simulate and analyze the internal stress distribution of the coating. The spherical-surface contact model is an axisymmetric model, which is simplified and meshed, as shown in Fig. 3. The diameter of the ball in the model was set as 9.5 mm. To simplify the interface, the matrix and the coating were previously connected by grid joint. The penalty function was selected as the contact algorithm between the ball and the coating. The thickness of the coating is 400 μm, and the elastic modulus of the rolling ball (GCr15), the coating and the substrate are 219 GPa, 205 Gpa, and 206 Gpa, respectively, while the poisson’s ratios of them are 0.3, 0.308, and 0.3.

[image: images]

Figure 3: The spherical-surface contact model

The curve of the internal stress of the coating along the thickness direction was obtained as shown in Fig. 4. Both the normal stress and the shear stress are abruptly changed at the interface. It can be found that the depth corresponding to the maximum shear stress is 92 μm. The depth of the maximum shear stress is far from the interface between the substrate and the coating, which indicates that the influence of the interface can be ignored, therefore, the rolling contact fatigue failure will not occur from the interface [26].

[image: images]

Figure 4: The (a) shear stress and (b) normal stress of the coating along the thickness direction

4  Results and Analysis

4.1 Rolling Contact Fatigue Property of Coatings

The contact fatigue failure modes of coatings with different heat treatment were shown in Fig. 5 and Tab. 3. The results showed that the rolling contact fatigue resistance of the Inconel 625 coating after the post-heat treatment was worse than that of the as-deposited coating, and the failure modes of coating under different heat treatment processes was also different. As shown in Fig. 5a, the failure mode of M1 was the typical pitting failure, and the pitting distribution was dense with irregular shapes. In Fig. 5b, M2 exhibited pitting with increased sizes compared to those in M1, and cracks with width of 5 μm and length of 100 μm. In Fig. 5c, the failure mode of M3 was mainly spalling. Under the effect of cyclic stress, spalling layers with width of about 5 μm and long length were formed. The depth of the spalling pitting was much smaller than the depth of the maximum shear stress. There were cracks at the boundary of the spalling layer, as the number of cycles increased, these cracks continued to expand. There were also pitting in the exfoliation layer, which could continue to develop and result in deeper spalling layers. In Fig. 5d, M4 has shown spalling failure. There were shallow spalling and deep spalling, while deep spalling was the further development of shallow spalling due to the increasing number of cycles. The failure modes of M1, M2, M3 and M4 were all different. Among them, the failure degree of M1 was the least, while the failure degree of M4 was the most serious.

[image: images]

Figure 5: Coating surface contact fatigue failure modes of (a) M1, (b) M2, (c) M3 and (d) M4

Table 3: Failure modes of all specimen coatings with different heat treatment

[image: images]

It can be found from Fig. 6 that different heat treatments had significant effects on the hardness of the coating. The hardness values of M1, M2, M3, and M4 were 447 HV, 470 HV, 540 HV, and 417 HV, respectively. The results showed that stress relieved annealing and aging treatment increased the hardness of the coating, while solution treatment reduced the hardness of the coating. Fig. 7 showed the 2D profile of wear tracks. The relative difference between the maximum value and the minimum value of the vertical axis of the curve in Fig. 7 was taken as the depth of the wear tracks, which have been concluded in Tab. 4.

[image: images]

Figure 6: Hardness of coatings with different heat treatment
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Figure 7: The wear tracks of coatings after different heat treatments

Table 4: Width and depth of failure wear track of different heat treatment coatings

[image: images]

Under the cycle number of 1.2 × 107, the wear track depth of M1 was 8 μm. After heat treatment, the width and depth of the failure wear tracks increased. Compared with M1, the wear track depth of M2 increased by 25%, the wear tracks depth of M3 increased by 15%, and M4 increased by 39% compared with M3. M4 showed obvious plastic deformation beside the wear tracks, and the width of the wear tracks was significantly wider than the other three specimens, which the reason was that the temperature of the heat treatment of M4 was in the medium temperature low plastic range of nickel-based alloy. M4 showed low yield strength, and the metal flow in the contact part gradually accumulated into the large plastic deformation under the effect of the steel ball in the contact fatigue test. In Fig. 7, the plastic deformation on the left side of the M4 wear track was larger than that on the right, because the inner side in rolling contact test was the left side which was more likely to accumulate into the large plastic deformation. Rolling contact fatigue was the fatigue failure in elastic deformation, M4 underwent plastic deformation under the same contact stress, which indicated that bearing capacity and contact fatigue performance of M4 was poor.

Fig. 8 showed the cross-section morphology of different heat-treated laser cladding coatings after the rolling contact tests. Figs. 8a, 8c, 8e, and 8g have exhibited the subsurface positions of M1, M2, M3, and M4, respectively. There were obvious influence zones in the four groups of coating sections, the width of which was about 10 μm, and the depth from the surface layer was about 80 μm, 76 μm, 83 μm, and 82 μm, respectively. Figs. 8b, 8d, 8f, and 8h referred to partial enlarged views of the red marked parts in the influence zones, and obvious cracks can be observed in the influence zones. According to the research of Miyashita [27], the maximum contact stress of contact fatigue occurs on the surface, and fatigue cracks are often located on the subsurface. According to the finite element analysis in Fig. 4a, it can be found that the depth of maximum shear stress was 92 μm. Both the location of the fatigue cracks initiation and the influence zones which has been shown in Fig. 8 correspond to the location of the maximum shear stress (subsurface). Therefore, the influence zones in Figs. 8a, 8c, 8e, and 8g was the subsurface. The initiation of cracks on the subsurface may be due to the damage accumulated to the maximum effective shear stress reaching the cracking strength. There were fewer cracks in M1, and the length of which were all less than 0.5 μm. M2, M3 and M4 had more cracks which were densely distributed. The damage accumulation resulted in the initiation of fatigue cracks during the rolling contact test. Under the same number of cycles, the crack density and crack sizes of M1 were small, indicating that M1 showed strong ability to resist fatigue crack initiation and better contact fatigue property than other specimens.

[image: images]

Figure 8: Morphology of cross section of coatings after the rolling contact test. (a), (c), (e), (g): The position of subsurface of M1, M2, M3, M4; (b), (d), (f), (h): Fatigue cracks of subsurface of M1, M2, M3, M4

The hardness of M2 and M3 coating was slightly higher than M1, which was generally beneficial for contact fatigue property [28]. However, the yield strength of M2 and M3 was lower than that of M1. Under the combined effect of strength and hardness, the failure degree of M2 and M3 appeared slightly more serious. In addition, M3 showed the much higher hardness than M1, which may result in the direct wear between the coating and contact parts, and cause the surface to peel off [15], therefore, the failure degree was more serious than M1. M4 showed the lowest hardness and the lowest yield strength which resulted in plastic deformation and significantly reduced its rolling contact fatigue property. Because of the effect of heat treatment on the strength and hardness of the laser cladding coating, under the same failure criterion, the status of the subsurface reaching the failure level differed, which was the main reason for the different surface failure morphology and cracks distribution.

4.2 Microstructure Characterization

The XRD analysis in Fig. 9 of the laser cladding Inconel 625 coatings with different post-heat treatments have revealed only the presence of single γ-Ni phase. No other phases were found in the XRD pattern, because many precipitated phases (such as γ” and δ phase) had much smaller size and lower content, which was hard to detect [20]. With the diffraction peak of (111) as shown in Fig. 9b, the lattice constant was calculated according to the Bragg formula [image: images] and the lattice constant calculation formula [image: images]. λ is the wavelength of the X ray; θ is the angle of the diffraction peak; a is the lattice constant; h, k, l are the crystal planes of the diffraction peak.
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Figure 9: (a) XRD patterns of different heat-treated coatings; (b) (111) plane diffraction peak

As shown in Tab. 5, it can be found that the heat treatments have resulted in the decrease of lattice constant, indicating that different heat treatment processes resulted in solid solution elements (Nb, Mo) to precipitate from the matrix and generated new precipitated phases. The decrease of the lattice constant has led to the reduction of the yield strength of the γ-Ni matrix, which contributed to the different rolling contact failure modes.

Table 5: Lattice constants of coatings with different heat treatment

[image: images]

Fig. 10 revealed that the solidification structures of the four heat-treated specimens were composed of equiaxial dendrites and dendrites. Fig. 11 showed the element content at different points in Fig. 10. The main phase and precipitated phase need to be distinguished, while the pores can be observed around the precipitated phase of each specimen. There were obvious corrosion pits around the precipitated phase. EDS revealed that its Cr content was high, and the precipitate phase consumed large amounts of Cr around it, which has made the corrosion resistance of the surrounding area decrease. It was speculated to be M23C6 carbides, which could fall off to generate pits after etching.

[image: images]

Figure 10: Microstructure of different heat-treated coatings. (a) M1;(b) M2; (c) M3; (d) M4

[image: images]
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Figure 11: The element content of each point in Fig. 10 according to EDS analysis

In Fig. 10a, point A referred to γ-Ni matrix, and the content of Mo, Nb, and Cr in the net-shape precipitated phase at point B has significantly increased compared to the γ-Ni matrix. These net-shape precipitated phases were Topologically Close-Packed Phases (TCP) [29]. The formation of σ phase, μ phase, and P phase in the TCP all required the segregation of Nb, Mo, and Cr from the matrix. For the analysis of the irregular phase energy spectrum at point C, the percentage of the elements was approximately in accordance with A2B (A referred to Fe, Cr and Ni, B referred to Ni, Mo), which was speculated to be Laves phase [30]. Fig. 10b has shown the massive intergranular phase where chain-like carbides were present. The EDS analysis at point E revealed that the content of Cr and Mo in the bulk intergranular phase was lower than those in the net-shape intergranular phase. The formation of carbides M23C6, M6C, and M7C3 required the segregation of Mo and Cr, which indicated that the particulates were carbides. In Fig. 10c, the Laves phase has partially dissolved. The content of Nb at point F reduced, which indicated that γ” phase, the fine dispersion-enhancing phase, precipitated during the heat treatment, for the phase formation required the segregation of the Nb element; The content of Mo at point G in the intergranular region reduced. It was speculated that the other bulk phases were γ’ phases, because Mo was the solid solution element of the phase. In Fig. 10d, the dispersed phase of large particles was precipitated in M4, the intergranular net-shape phase transformed into the bulk phase, and the short-rod-shape phase existed between the crystals. 900°C was higher than the dissolution temperature of the main strengthening phase in the alloy, and most of Laves phase were dissolved. A large amount of Nb and Mo were dissolved into the matrix, forming the saturated or supersaturated solid solution. Subsequent segregation generated the dispersed strengthening phase, γ” phase (at point J). According to the EDS analysis, it was speculated that the short-rod-like precipitated phase at point I was the δ phase [31], which had the same stoichiometric composition as the γ” phase and was the metastable phase. In addition, the grain size of M1 was about 5 μm. And after heat treatment, the grain size in M2 increases, M3 had very long crystal arms, while there was no obvious grain boundary in M4. Because different heat treatments have resulted in different types, quantity and distribution of precipitated phase of the coating, and the change of microstructure affects the fatigue strength of the coating, the failure modes of different heat treatment coatings is obviously different.

4.3 Analysis of the Effect of Heat Treatments

According to the above results, heat treatment has significant effects on the failure degree of contact fatigue of the laser cladding Inconel 625 coating, but has no significant effects on the position of the subsurface. The subsurface is far from the bonding interface between the coating and the substrate, which indicates that the influence of the interface can be ignored. During the laser deposition process of M1, the molten pool cooled rapidly, and the segregation of Nb and Mo resulted in the formation of carbides and Laves phases, which resulted in the softening of the matrix and made the hardness of M1 without post-heat treatment poor. Due to the existence of the Laves phase, micro-cracks were more easily to initiate under the effect of alternating shear stress. Then cracks gradually propagated, and the hard phase and carbides peeled off, forming pitting. After stress relieved annealing, M2 showed chain-shape distributed granular carbides. The fatigue failure mode of M2 became a composite mode of pitting and cracking. The cause of pitting in M2 was the same as that of M1. The formation of cracks in M2 may be related to the granular carbides. Under the effect of alternating shear stress, micro-cracks initiated at the particulate carbides, and then porpagated and connected to form long cracks which was similar to arrangement of granular carbides. After the aging treatment, the dispersion-enhancing phase precipitated in M3, which had strengthening effects on the matrix, and large amounts of Laves phases were preserved. After solution treatment, the micro-hardness of M4 was lower than that of M1, and large amounts of rod-shape phases were also formed in M4. M3 and M4 showed spalling failures modes. There were many brittle phases on the grain boundaries of M3 and M4. Under the effect of cyclic shear stress, the brittle phase fractured, and the precipitated dispersed strengthening phase could be separated from the matrix to create voids. Once the voids were formed, it could begin to grow and aggregate, and then formed cracks, which could further propagate and connect, forming large-scale spalling and forming spalling pits. The failure modes of M3 was shallow spalling, and M4 has shown deep spalling. M4 showed more serious failure because it has shown lower yield strength. According to the maximum shear stress criterion, it can be known that the contact fatigue strength of M4 was lower. large amounts of rod-shape brittle phases and dispersive strengthening phases with larger sizes and numbers than M3 were precipitated on the grain boundaries of M4, which contributed to more fractures and more cracks initiation.

In addition to carbides and precipitated phases, the grain size also affects contact fatigue properties. The grain size determines the number of grain boundaries. The grain boundary is the transition zone between the two grains. The arrangement of atoms on the grain boundary is not specified. The dislocation slip cannot pass through the grain boundary, so the grain boundary can hinder the movement of the dislocation. development of. The yield strength and grain size of the polycrystalline alloy conform to the Hall-Petch relationship: [image: images] (where: σs is the yield strength; d is the average grain size; σ0 is the shear stress of lattice slip; ks is Hall-Petch constant, which is the resistance of the dislocation across the grain boundary). The smaller the grain size, the higher the yield strength; the coarser grains, fewer grains subjected to cyclic shear stress per unit volume, and uneven deformation which promotes the formation and propagation of cracks. The grain size of M1 is about 5 μm. After heat treatment, the grain size in M2 increases, M3 has a very long crystal arm, and there is no obvious grain boundary in M4. As the heat treatment temperature increases, the grain size gradually increases. At the same number of cycles, cracks in M4 are more likely to form and propagate, making failure the most serious.

5  Conclusions

In this paper, the rolling contact fatigue behaviors of Inconel 625 laser cladding coatings before and after heat treatments have been compared, while the contact stress of coating has also been analyzed by finite element simulation. The following conclusions are obtained:

1.    Through the finite element analysis, the depth of maximum shear stress of laser cladding Inconel 625 coating is 92 μm. The depth of maximum shear stress is far from the interface between the substrate and the coating, therefore, the influence of the interface on its rolling fatigue failure mode can be ignored.

2.    The formation of carbides, dispersed strengthening phases and brittle phases in the laser cladding coatings have been promoted by the heat treatments. During the contact fatigue test, the brittle phases broke, the dispersed phases contributed to the formation of pores, and the chain-shaped carbides has accelerated cracks growth and resulted in spalling, thereby reducing contact fatigue properties of Inconel 625 coatings. In addition, the increase of grain sizes after heat treatment has also contributed to the decrease in the yield strength, which made it easier to achieve rolling contact failure conditions. Heat treatments have impacts on the hardness and strength of the coating. Therefore, under the criterion of maximum shear stress, the status of the subsurface reaching the failure degree has differed due to different heat treatment methods. This is the main reason for the different surface failure morphology and cracks distribution.

3.    For the laser cladding Inconel 625 coating, under rolling contact fatigue conditions, a series of metallographic changes caused by heat treatments have negative effects, which outweighs the benefits of stress releasing and microstructure homogenization, so no post-heat treatment is required.
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Note: A: pitting ; B: pitting and cracks; C: shallow spalling; D: deep spalling.
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