[image: image1]The overlap rate influences the microstructure and properties of laser-cladded Fe-Ni-Ti composite coatings

		ORIGINAL RESEARCH
published: 04 April 2024
doi: 10.3389/fmats.2024.1342926


[image: image2]
The overlap rate influences the microstructure and properties of laser-cladded Fe-Ni-Ti composite coatings
Zhen Wang1,2*, Changbao Qi3 and Fengqin Zhang1,2
1Urban Rail Research Institute, Shandong Polytechnic, Jinan, China
2Guo Rui Skills Master Studio, Shandong Polytechnic, Jinan, China
3College of Locomotive and Rolling Stock Engineering, Dalian Jiaotong University, Dalian, China
Edited by:
Essam Moustafa, King Abdulaziz University, Saudi Arabia
Reviewed by:
Guangming Cheng, Princeton University, United States
Lakshmi Narayan Ramasubramanian, Indian Institute of Technology Delhi, India
* Correspondence: Zhen Wang, 1715@sdp.edu.cn
Received: 22 November 2023
Accepted: 18 March 2024
Published: 04 April 2024
Citation: Wang Z, Qi C and Zhang F (2024) The overlap rate influences the microstructure and properties of laser-cladded Fe-Ni-Ti composite coatings. Front. Mater. 11:1342926. doi: 10.3389/fmats.2024.1342926

The overlap rate has a significant impact on the quality and performance of laser cladding coatings. In order to prepare high wear-resistant laser cladding coatings. Single and multi-pass Fe-Ni-Ti composite coatings were prepared on the surface of 45 steel using a semiconductor laser. The microstructure and phase composition of the fusion layers were analyzed using metallographic microscopy, XRD diffraction, scanning electron microscopy, and energy dispersive spectrometry. Friction coefficients and microhardness of fusion layers with different overlap ratios were tested using a multifunctional surface performance tester and a microhardness tester. The wear performance of coatings with different overlap ratios was tested using a wear testing machine.The results indicate that when 6% Ti was simultaneously added to the Invar alloy matrix during the laser fusion of Fe-Ni-Ti alloy coatings, the phase composition of the fusion layer mainly consists of γ-[Fe, Ni] austenite, Fe3Ni2, α-Fe, and other metallic compounds. Simultaneously, in-situ formation of TiC reinforcement is dispersed in the matrix of γ-[Fe, Ni] solid solution. When the overlap ratio is 46%, the fusion layer exhibits a uniform, dense structure with fewer defects and higher coating hardness, resulting in improved wear resistance. At this point, the microhardness of the fusion layer is 450 HV, 1.5 times that of the substrate material and 2.2 times that of the base material. The friction coefficient on the coating surface is 0.412, with a percentage weight loss of 0.17%. The wear theory of the cladding layer is mainly adhesive wear, which also includes abrasive wear.
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1 INTRODUCTION
Laser cladding technology possesses the characteristics of rapid heating and rapid cooling, leading to increased undercooling during metal crystallization, refinement of grain structure in the cladding layer, and improved overall performance, resulting in its widespread application. However, cladding materials exhibit diversity and often have significantly different coefficients of thermal expansion from the substrate. This generates stress during the cladding process, and when the stress reaches its limit, it can lead to the formation of cracks in the cladding layer, ultimately reducing its service life (Zhou et al., 2008; Zhao et al., 2012; Fu et al., 2016; Zhu et al., 2021). Invar alloy is a nickel-based high-iron alloy with a unique Fe-Ni ratio that results in the formation of a [Fe, Ni] austenite structure in which Ni dissolves in γ-Fe. This unique composition leads to a low coefficient of thermal expansion, significantly reducing the occurrence of cracks and defects in the cladding layer (Shiga, 1996; Vinogradov et al., 2003; Zhan et al., 2019). However, single Invar alloy cladding layers exhibit lower strength, hardness, and wear resistance, limiting the scope of their application in laser cladding. Previous research by the authors has shown that the addition of Ti elements to Invar alloy results in the in-situ formation of TiC reinforcement in the cladding layer, dispersed within the matrix of γ-[Fe, Ni] solid solution. This has a significant strengthening effect on the wear resistance of the cladding layer, allowing the production of coatings with high wear resistance and fewer defects (Xv et al., 2023).
Due to the limited area of a single coating fusion, multiple fusion passes are necessary for the production application of fused coatings. During the process of multiple fusions, there is an overlap between adjacent fused layers, and the ratio of this overlap width to the width of a single fusion pass is referred to as the overlap rate. The optimal overlap rate varies depending on the fusion material used. For instance, Jun Cao and colleagues investigated the impact of the overlap rate on the crystallization of Inconel 718 high-temperature alloy and observed that a higher overlap rate results in finer recrystallization (Cao et al., 2013). The author observed that variations in the overlap rate significantly impact both the quality and performance of Fe-Ni-Ti composite coatings. However, there is a scarcity of research on this aspect. Therefore, investigating the appropriate overlap ratio is of great importance in the preparation of highly wear-resistant Fe-Ni-Ti coatings.
Based on this, this study leverages the Invar effect of Invar alloy to perform laser cladding of Fe-Ni-Ti composite coatings on the surface of 45 steel, conducting both single-pass and multi-pass overlay fusion experiments. The research investigates the microstructure of Fe-Ni-Ti composite coatings and the impact of different overlap ratios on the structure and performance of Fe-Ni-Ti coatings. Consequently, it aims to determine the optimal overlap ratio and reveal the mechanism by which the overlap ratio affects the Fe-Ni-Ti overlay fusion coating.
2 MATERIALS AND METHODS FOR THE EXPERIMENT
The base material used in this experiment is quenched and tempered 45 steel, with a dimension of 50 mm × 50 mm × 15 mm. Prior to the experiment, the base material underwent abrasive brushing pretreatment to reduce reflectivity and maximize energy absorption. The specific composition of the base material is shown in Table 1; the fusion powder has a mass fraction of 57.8% Fe, 36% Ni, 6% Ti, and 0.2% C, with a powder particle size ranging from 74 to 104 µm (-140 to +200 mesh).
TABLE 1 | The main ingredients of 45 steel (wt%).
[image: Table 1]Titanium (Ti) is a reactive element and is prone to react at high temperatures during ball milling. Therefore, the ball milling experiments were conducted under ethanol protection. The addition of ethanol during the ball milling process could absorb a significant amount of heat, lowering the ball milling temperature and stabilizing the Ti in the cladding material. The prepared powder was subjected to ethanol-protected ball milling in an XQM-2L vertical planetary ball mill using agate grinding balls with diameters of 6, 10, and 20 mm, where large balls accounted for 20% of the total weight, medium-sized balls for 50%, and small balls for 30%. The ball milling duration was 10 h, with a ball-to-material ratio of 3:1, and a ball milling speed of 250 r/min. The laser used in the experiment was an LDM2500-60 semiconductor laser, and a synchronous powder feeding method was employed for cladding. During the cladding experiments, coaxial argon (Ar) gas protection was applied with an Ar gas flow rate of 15 L/min. The laser cladding parameters were optimized in prior experiments and included a laser power of 1400 W, a beam diameter of 3.2 mm, a scanning speed of 270 mm/min, and a powder feeding rate of 25 g/min. Both single-pass cladding and multi-pass overlay experiments were conducted, with the multi-pass overlay experiments utilizing overlap ratios of 42%, 44%, 46%, 48%, and 50%.During multi-pass overlay, the numerical control system of the laser processing machine is utilized to control the repetition degree of the laser spot, thereby achieving control over different overlap rates.
The cladding samples were cut into 30 mm sections along the cladding direction using a wire cutting machine, and the cladding layer surfaces were cleaned. The macroscopic appearance of the cladding layer was observed under an optical microscope (OM), and the dimensions of various regions of the cladding layer were measured using ImageJ software. Additionally, samples were cut to prepare metallographic specimens of the Fe-Ni-Ti cladding layer, and metallographic images were captured. The microstructure of the Fe-Ni-Ti cladding layer was examined using a Tescan VEGAII lMH scanning electron microscope (SEM), and energy dispersive spectroscopy (EDS) analysis was performed using the built-in EDS of the SEM. X-ray diffraction (XRD) analysis was conducted to determine the phase composition of the cladding layer. The hardness of the cladding layer was measured using an HV-1000IS microhardness tester with a load of 200 g and a loading time of 10 s. Hardness testing was carried out by indenting the cladding layer in 20 different points in the cladding area, and the average value was calculated. The Fe-Ni-Ti cladding layer was cut into standard specimens using a wire cutting machine, and the friction coefficient of the cladding layer was tested using an MFT-4000 multifunctional material surface performance tester with a load of 50 N and a test duration of 20 min. The friction coefficient fluctuation curve was studied. Wear tests were conducted on the cladding layer, involving an initial grinding period of 5 min followed by ultrasonic cleaning and weighing. Subsequently, the wear test was performed for 20 min, followed by cleaning and weighing to determine the percentage weight loss due to wear. The worn surface of the cladding layer was observed using a scanning electron microscope. The specific experimental procedure is illustrated in Figure 1.
[image: Figure 1]FIGURE 1 | Experimental Procedure (The experimental procedure primarily involves first preparing the fusion powder, followed by the fabrication of Fe-Ni-Ti coatings with different overlap rates. Subsequently, the microstructure of the fused coatings is examined, and finally, various properties of Fe-Ni-Ti coatings with different overlap rates are tested.).
3 EXPERIMENTAL CONCLUSION AND DISCUSSION
3.1 Microstructural analysis of the Fe-Ni-Ti composite coating
Figures 2A,B depicts the macroscopic cross-sectional image of a single-pass fused Fe-Ni-Ti composite coating. In the figure, it is evident that the cladding layer exhibits three characteristic regions from the surface to the substrate, including the cladding zone (CL), the bond zone (BZ), and the heat-affected zone (HAZ) (Gong et al., 2023). There is a distinct boundary between the BZ and HAZ regions, which represents the metallurgical joining point between the substrate and the cladding layer. From the HAZ to the matrix, a gradual transition can be observed as energy is transmitted downward, leading to the dilution of some cladding material into the HAZ region. The HAZ region has been measured to be approximately 0.4–0.6 mm using ImageJ software. Figure 2C presents the microstructure of the central part (Area D) of the cladding layer at 4,000 times magnification under a scanning electron microscope. The fusion zone is primarily composed of equiaxed crystals with few fine dendrites, and most grain diameters range between 10 μm and 12 μm. This is primarily attributed to the significant undercooling during the cladding process, leading to a substantial increase in nucleation rate, resulting in fine grains. Furthermore, the figure reveals fewer defects such as cracks and pores in the single-pass cladding layer (Manoj et al., 2023).
[image: Figure 2]FIGURE 2 | Fe-Ni-Ti single-pass laser cladding coating: (A) Upper part of the cladding layer; (B) Bottom of the cladding layer (C) Microstructure at 4,000x in the fusion zone (The laser cladding coating can be subdivided into distinct regions, with grain sizes ranging from 10 to 12 μm in laser cladding region D).
High-magnification scanning electron microscopy was employed to observe the microstructure of the cladding layer, as shown in Figure 3A. As shown in the figure, the microstructure of the cladding coating is very uniform, and in the grain boundaries (Region E), TiC particles obstruct grain dislocations, resulting in grain refinement. Combined with the X-ray diffraction (XRD) analysis in Figure 3B, it can be concluded that the phase in the cladding layer consists of [Fe, Ni] austenite with Ni dissolved in γ-Fe, existing in the form of a solid solution Fe0.64Ni0.36. This is a characteristic microstructure of Invar, indicating that the cladding layer maintains the Invar effect during the cladding process. Additionally, the microstructure contains small amounts of α-Fe, Fe3Ni2, and in-situ-generated TiC reinforcement phase (Wegener et al., 2021). Furthermore, Figure 3C reveals prominent precipitates in the grain boundaries. Complementing this observation, energy dispersive spectroscopy (EDS) surface scanning analysis of C and Ti elements in the Fe-Ni-Ti cladding layer microstructure indicates the distribution of TiC reinforcement phase within the γ-[Fe, Ni] solid solution, with a more concentrated presence at the grain boundaries, demonstrating enrichment (Penelle and Baudin, 2010).
[image: Figure 3]FIGURE 3 | Microstructure of surface cladding layer: (A) Microstructure of Fe-Ni-Ti coating under 8000X magnification; (B) X-ray diffraction (XRD) analysis of the Fe-Ni-Ti coating; (C) Energy dispersive spectroscopy (EDS) surface scanning of the Fe-Ni-Ti coating. (The in-situ formation of TiC reinforcement in the fused coating was collectively confirmed through high-magnification electron microscopy, energy dispersive spectroscopy (EDS), and X-ray diffraction (XRD).).
3.2 Influence of overlapping rate on the microstructure of Fe-Ni-Ti composite cladding layer
Figure 4 depicts the microstructure of the cladding layers under different overlapping rates. It can be observed from the figure that the cladding layers produced through overlapping exhibit more defects, such as pores and cracks, in comparison to the single-pass cladding layer (Figure 2). In Figure 4A, as the overlapping rate gradually increases, the cladding layers of the Fe-Ni-Ti composite exhibit a trend of initially decreasing and then increasing in terms of defects, with the fewest defects observed when the overlapping rate is 46%, resulting in a uniform and dense microstructure. Analysis: When the overlapping rate is low (42%), during the melting and growth process of the first cladding layer, the second overlapping cladding layer rapidly deposits in the edge area of the first cladding layer. This alteration in the heat source transfer direction, coupled with significant temperature gradient changes, leads to disordered grain growth in the overlapping region, ultimately resulting in the formation of numerous defects, including pores and cracks (Li and Ma, 1997; Chen et al., 2019). As the overlapping rate continues to increase, the centers of laser energy of the second cladding layer gradually approach the first layer, leading to a progressively consistent direction of energy and heat source transfer (Cao et al., 2013). Consequently, the growth direction of the microstructure becomes more uniform, and defects in the cladding layer decrease. However, when the overlapping rate is excessively high (50%), a significant dilution of the cladding layer occurs, with a substantial amount of base material being diluted into the cladding layer. This dilution disrupts the original Invar effect of the cladding layer, causing an increase in internal stress and the reappearance of numerous defects within the cladding layer.
[image: Figure 4]FIGURE 4 | Microstructure of cladding layer at different overlapping rates: (A) 42%; (B) 44%; (C) 46%; (D) 48%; (E) 50% (By comparing the metallographic structure of coatings with different overlap rates, it was observed that the coating with a 46% overlap rate has the fewest structural defects.).
3.3 The influence of overlapping rate on the hardness of Fe-Ni-Ti composite cladding layer
Due to the tendency for defects to appear in the microstructure of the overlay zone in multi-pass fused coatings, the average microhardness is tested in the overlay area. This process results in a trend graph illustrating the microhardness variation with different overlap rates. As shown in Figure 5, the maximum microhardness of the Fe-Ni-Ti composite cladding layer reached 450 HV, which is 1.5 times the hardness of the Fe-36Ni Invar cladding layer and 2.2 times that of the base material, 45 steel. The results indicate a significant increase in microhardness for the Fe-Ni-Ti composite cladding layer compared to the Fe-36Ni Invar cladding layer. This enhancement is attributed to the Orowan strengthening and grain refinement as the primary strengthening mechanisms in the cladding layer (Xu et al., 2019). The in-situ formation of TiC in the cladding layer introduces relatively large strengthening phase particles, which are dispersed throughout the cladding layer’s microstructure. During stress, these particles are less susceptible to dislocation cutting, and the atomic arrangement of TiC differs from that of the base material. The incongruity in atomic alignment hinders dislocation motion, conferring the cladding layer with Orowan strengthening effects. Similar results were obtained by Xiaonan Mao and others in their research on TiC particle-reinforced titanium-based composite materials (Huang et al., 2019). Orowan strengthening is achieved by strengthening the properties of materials through dispersed particles and dislocations (Ma et al., 2014).
[image: Figure 5]FIGURE 5 | Microhardness of cladding layer at different overlapping rates (The microhardness of the coating with a 46% overlap rate is determined to be the highest based on the trend in hardness variation.).
As shown in Figure 5, when the overlap rate of laser cladding continuously changes, the microhardness of the overlap zone of Fe Ni Ti cladding coating also changes, with an overlap rate of 46%, which is the maximum microhardness of 450 HV. As the overlapping rate continues to increase, the hardness of the cladding layer in the overlapping area gradually decreases. When the overlapping rate reaches 50%, the microhardness of the cladding layer is 400 HV. Analysis: First, as the overlapping rate increases, the temperature in the overlapping area significantly rises, leads to an increase in undercooling and finer grain sizes, which leads to the effect of fine-grain strengthening and increased cladding layer hardness. In polycrystalline materials, the composition of grain boundaries has a pronounced hindrance effect on dislocation movement. Typically, the smaller the grain size, the larger the grain boundary area, and the more pronounced the strengthening effect on the material (Nes et al., 2005; Chokshi, 2020). The coating’s microstructure undergoes grain refinement, leading to an enhancement in the performance of the fused layer, in accordance with the strengthening principles of grain boundaries in polycrystalline materials. Second, as observed from the metallographic image in Figure 4, the initial stages of increasing the overlapping rate result in a reduction of defects in the overlapping area, which to some extent enhances the cladding layer’s hardness. However, when the overlapping rate becomes too high, the dilution rate of the cladding layer increases significantly, and some Ti elements are diluted into the base material. This reduces the in-situ formation of TiC strengthening phase particles in the cladding layer and prevents their uniform distribution in the γ-[Fe, Ni] solid solution matrix, weakening the dispersion strengthening. As a result, the cladding layer’s hardness decreases. Furthermore, the increase in the number of voids and cracks exacerbates the reduction in microhardness. The hardness of the multi-pass overlapping cladding layer is 11% lower than that of the single-pass cladding layer. This is primarily because, in multi-pass overlapping laser cladding, each subsequent cladding layer is affected by the heat from the previous layer. This causes the previous layers to undergo additional heating and cooling cycles, which affects the size and distribution of grains. Recrystallization or growth of grains can lead to a reduction in hardness.
3.4 The influence of overlapping rate on the friction coefficient of the Fe-Ni-Ti composite cladding layer
Figure 6 depicts the trend of friction coefficient changes in the 46% overlapping rate cladding layer during a 20-min period. In the figure, the black line represents changes in the friction coefficient, the yellow line represents variations in applied load, and the green line illustrates changes in friction force. As observed in Figure 6, as the applied load continuously increases, the frictional force acting on the cladding layer also rises. In the initial 4 min of increasing load, the friction coefficient curve exhibits significant fluctuations. This phenomenon can be attributed to impurity defects on the cladding layer’s surface and corresponds to the running-in phase of friction. However, after 4 min, even though the applied load continues to increase, the friction coefficient tends to stabilize. Upon data analysis, the average friction coefficient is calculated to be 0.412, which is significantly lower compared to the friction coefficient of the Fe-36Ni Invar alloy cladding layer. This improvement can be attributed to the uniform distribution of in-situ generated TiC intermetallic reinforcement phases on the γ-[Fe, Ni] solid solution, leading to a notable increase in the material’s wear resistance. This effect represents dispersion strengthening, significantly enhancing the cladding layer’s frictional performance (Feng et al., 2022; Wang et al., 2023).
[image: Figure 6]FIGURE 6 | Variation trend of surface friction coefficient of cladding layer (The friction coefficient stabilizes after 4 min).
Figure 7 shows the surface friction coefficient trend of different overlap rates in the overlay coating. In the figure, the change in the average friction coefficient in the stable stage with the overlap rate is depicted. As the overlap rate changes, the friction coefficient of the cladding layer initially decreases, and when it reaches a certain value, it gradually increases. When the overlap rate increases from 42% to 46%, the friction coefficient gradually decreases. This is because, on one hand, the coating hardness increases, and, on the other hand, the coating structure becomes more uniform and dense. When the overlap rate reaches 46%, the friction coefficient reaches its minimum value of 0.412. When the overlap rate increases from 46% to 50%, the friction coefficient gradually increases to 0.459. The reason for this increase is that the higher overlap rate leads to more defects in the coating structure, and it is also influenced by the decrease in coating hardness (Pereira et al., 2015; Lian et al., 2018). The friction coefficient of a multi-pass cladding layer is increased by 5% compared to that of a single-pass cladding layer. This is mainly because the multi-pass overlay process increases surface roughness, introducing more textures and unevenness, which, in turn, increase the friction coefficient of the cladding layer.
[image: Figure 7]FIGURE 7 | Friction coefficient of cladding layer at different overlapping rates (The friction coefficient of the coating with a 46% overlap rate is determined to be the lowest based on the trend in friction coefficient variation.).
3.5 The impact of overlap rate on the wear performance of Fe-Ni-Ti composite cladding layer
The significant influence of wear performance affects the application of fused coatings. The wear performance of fused coatings is studied by examining the percentage change in weight loss due to wear compared to the original weight of the coating. Figure 8 depicts the percentage change trends of fused coatings with different overlap rates. From the graph, it is evident that, as the overlap rate increases, the percentage of coating wear initially decreases and then rises. The lowest percentage of coating wear is observed at an overlap rate of 46%, with a percentage of 0.17%, which is 1.55 times lower than that of a single fusion pass. Analyzing the reasons, when the overlap rate is in the range of 42%–46%, the overlay coating exhibits more pores, cracks, and lower microhardness. During the friction tests, there is significant detachment and abrasion of larger abrasive grains at these defects, resulting in higher wear mass loss. At an overlap rate of 46%, the coating structure becomes denser, with fewer defects and higher hardness, leading to reduced wear mass loss. As the overlap rate continues to increase, the dilution rate of the coating becomes higher, the TiC reinforcement phase in the coating decreases, and defects become more prominent, leading to a decrease in coating wear performance (Guo et al., 2010; Huang et al., 2022). Multi-pass cladding layer exhibit higher residual stresses and more defects, resulting in greater wear mass loss compared to single-pass cladding layer.
[image: Figure 8]FIGURE 8 | Percentage weight loss of fused coatings with different overlap rates (The wear performance of the coating with a 46% overlap rate is determined to be superior based on the percentage weight loss.).
Figure 9 is the wear morphology image of a 46% overlap rate overlay coating. It can be observed in the figure that the predominant wear in the cladding layer is adhesive wear (Tian et al., 2018). After loading, the frictional contact between the friction pair and the overlay coating surface results in relative sliding (Zhang and Chen, 2006; Aghababaei et al., 2016). During this sliding process, the attractive forces between the material surfaces cause the overlay coating to undergo surface adhesion, leading to the formation of ruptures and wear at the contact interface. When TiC particles from the overlay coating detach from one surface and transfer to another, they can create small, hard wear particles on the new surface. These particles further exacerbate wear, continuing to adhere and detach from other surfaces (Mishina and Hase, 2013; Molinari et al., 2018).
[image: Figure 9]FIGURE 9 | Wear performance of cladding layer (The primary wear mechanism of the fused coating is adhesive wear.).
4 CONCLUSION
This study investigates multi-pass laser cladding of Fe-Ni-Ti cladding layer on 45 steel and examines the influence of the overlap rate on the microstructure and properties of Fe-Ni-Ti cladding layer. The following conclusions are drawn:
(1) Laser cladding of Fe-Ni-Ti cladding layer on 45 steel results in a microstructure consisting of [Fe, Ni] austenite phase formed by Ni dissolution in γ-Fe, Fe0.64Ni0.36 solid solution, and in-situ generated TiC reinforcement phase at the fusion zone grain boundaries. With a bonding rate of 46%, the coating exhibits fewer defects and a uniform, dense microstructure.
(2) The effect of the overlap rate on the average microhardness of the cladding layer exhibits an initial increase followed by a decrease. When the overlap rate is 46%, the microhardness of the cladding layer reaches its highest value at 450 HV, which is 2.2 times that of the substrate. The hardness of the multi-pass cladding layer is 11% lower than that of the single-pass cladding layer.
(3) When the overlap rate is 46%, the friction coefficient of the cladding layer is at its lowest, measuring 0.412. At this overlap rate, the wear performance of the cladding layer is optimal, with a percentage weight loss of 0.17%. The friction coefficient of a multi-pass cladding layer is increased by 5% compared to that of a single-pass cladding layer. The wear theory of the cladding layer is mainly adhesive wear, which also includes abrasive wear.
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