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Abstract

:

An electromagnetic field-assisted (EMF-assisted) laser cladding technique was used to prepare Norem02 iron-based cemented carbide coatings on 304 stainless steels. The coatings then were characterized in terms of their microstructure, microhardness, residual stress, and wear resistance. The results indicated that EMF did not change the phase composition of the Norem02 iron-based cemented carbide coating, but significantly affected its microstructure and properties. EMF accelerated the formation of more uniform and refined microstructure. With an increasing current intensity of EMF to 40 A, the dendritic and columnar crystal structure of the coating gradually transformed into uniform and fine equiaxed grains. However, when the EMF current intensity was increased to 80 A, a small number of small dendrites and columnar crystals began to appear at the top and bottom of the coating. Accordingly, the microhardness first increased, then decreased, and achieved a max of 376.9 HV0.2 at EMF current intensity of 40 A. EMF also improved the wear resistance of the coatings, reduced the cracking sensitivity, and reduced residual stress on the surface by 45.2%.
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1. Introduction


Nuclear valves are essential parts of nuclear equipment, and their sealing surface quality directly impacts their service life. Nuclear valves often have a layer of material with improved performance melted onto their sealing surfaces in order to extend their service life [1]. Because of their highly wear- and corrosion-resistant properties, cobalt-based alloys were often used to reinforce the sealing surfaces of nuclear valves [2]. However, cobalt is a rare and expensive metal, and 60Co can easily be activated from 59Co in its wear and corrosion debris under radiation environments. 60Co will result in a longer half-life for radioactive nuclides, an increase in maintenance time for nuclear power plants, and a decrease in the safety of maintenance personnel [3]. Cobalt-based alloy alternatives are therefore urgently needed. It is expected that iron-based alloys will replace cobalt-based alloys, not only because of the low material price, but also the excellent wear and corrosion resistance [4,5]. At present, some studies have shown that some iron-based materials have similar properties to cobalt-based materials and could replace cobalt-based materials for engineering applications [6,7,8].



The surfacing quality and production efficiency of nuclear valve sealing surfaces are not only determined by the surfacing materials, but also by advanced surfacing processes and high-efficiency automatic surfacing equipment. A high-speed laser cladding (LC) technique has many advantages, including high efficiency, energy concentration, and small heat-affected zones, which make it an excellent surface modification tool [9]. Due to a high temperature gradient and high solidification rate [10], the resulting coatings solidification structure is prone to form directional and coarse columnar dendrites [11]. Consequently, coatings are reduced in mechanical properties, as well as more likely to develop cracks, pores, and other defects, which adversely affect the coating’s quality. In this regard, it is of significant importance to refine the solidification microstructure of iron-based alloy coatings. Previous studies focused on improving the solidification structure of laser-cladded coatings through materials design, process parameter optimization, and other techniques [12,13]. It was, however, still difficult to completely eliminate structural defects simply by changing the existing process. It is therefore necessary to consider external fields to regulate the solidification structure, thereby improving coating quality. An electromagnetic field (EMF) has the advantages of combining techniques, good controllability, and environmental friendliness, and has been used in casting, welding, and laser processing [14,15]. Using EMF-assisted laser cladding, Huang et al. [16] demonstrated that stirring could be induced on the melt pool, which might trigger the initiation of columnar dendrites, the formation of refined dendrites and equiaxed grains, as well as a more uniform distribution of temperatures. This could result in a reduction in the number of defects in the coating and a significant improvement in the wear resistance of the coating. According to previous studies, EMF assistance improved coating performance in reducing residual stress, inhibiting pores and cracks, reducing surface roughness [17], and improving corrosion and wear resistance [18,19,20,21]. Zhou et al. [22] found that the EMF-assisted laser cladding mainly contributed to electromagnetic stirring and Joule thermal effect, and an appropriate magnetic field intensity contributed to stirring the molten pool and refining the grains. The grain size of the coating tended to grow when the joule heat effect exceeded the stirring effect, resulting in a reduction in the microhardness and wear resistance of the coating as well.



In order to further study the effect of electromagnetic field on the microstructure and properties of iron-based alloy coatings, this study used EMF-assisted laser cladding technology to prepare Norem02 iron-based cemented carbide coatings on 304 stainless steels. Norem02 is an iron-based welding consumable used in nuclear power plant systems, and is widely used in domestic and foreign nuclear power plants such as Flamanville (EPR) nuclear power plant in France, units 1 and 2 of the Taishan Nuclear Power Plant, etc. So, research findings can provide reference for further optimizing the external energy field-assisted laser cladding industry and future nuclear power plant surfacing engineering.




2. Materials and Methods


2.1. Materials Preparation


The 304 austenitic stainless steels were used as the substrate material (10 mm ×150 mm ×200 mm). The surface was cleaned with anhydrous ethanol before the laser cladding in order to remove surface oil stains and oxides. A Norem02 iron-based alloy spherical powder with particle sizes ranging from 15 µm to 175 µm was used as the laser cladding material, as shown in Figure 1. Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES, Agilent, Beijing, China) testing was conducted on Norem02 iron-based alloy powder, and the results are shown in Table 1. The powder was dried and kept warm in a vacuum drying oven at 120 °C for four hours before the laser cladding.




2.2. Preparation of Norem02 Iron-Based Cemented Carbide Coating


All experimental samples were prepared utilizing a high-speed laser cladding system (ZKZM-4000, ZKZM, Xi’an, China). A computer numerical control (CNC) machine tool controlled the movement of the cladding head, and Norem02 iron-based powder was fed into the molten pool via a powder feeder synchronized with the movement of the cladding head. The cladding process was carried out in an argon atmosphere. The laser process parameters were fixed to analyze the differences in microstructure of the Norem02 iron-based cemented carbide coating before and after the application of EMF, and the influence of current intensity on the microstructure evolution of the coating. A specific process was employed at a laser power of 1600 W, a scanning rate of 0.6 m/min, a spot diameter of 2 mm, a powder feeding rate of 5.1 g/min, and an overlap rate of 50%. Molten pools were protected by argon gas protection (purity 99.99%) with a flow rate of 12.5 L/min. Figure 2 illustrates a specially designed laser cladding auxiliary magnetic field generation device, which changes the intensities of the current of 0 A, 40 A, and 80 A to obtain the desired magnetic field size. The specific process parameters are shown in Table 2.




2.3. Characterizations


After laser cladding, the forming part was cut into 10 mm × 10 mm × 10 mm with an electric spark wire cutting machine. The specimen was first ground and polished, and then corroded in saturated oxalic acid solution (constant voltage 5 V) for 10 s to 20 s to observe the microstructure. The microstructure changes were observed using an optical microscope (OM) (Olympus Corporation BX53M, Tokyo, Japan) and a scanning electron microscope (SEM) (with energy dispersive spectroscopy (EDS) (Zeiss Merlin Compact, Oberkochen, Germany). In order to determine the phase composition of the coatings, X-ray diffraction (XRD, Rigaku Smart Lab, Tokyo, Japan. 20°/min step angle; 2θ = 20° to 100° scanning range) was used.



A Qpix hardness tester was used for microhardness testing, one test point was taken every 200 µm from the coating surface to the substrate, and every point was tested three times. The load was 200 g, and the loading time was 15 s. An X-ray diffraction method was used to detect residual stresses on the surface of the coating using a residual stress detector (iXRD, supplied by Proto Manufacturing, Lasalle, ON, Canada). It must be noted that normal sample handling results in the release of stress, which results in inaccurate residual stress values. Therefore, residual stress was tested before mechanical cutting was performed.



Friction and wear tests were conducted on a Rtec friction and wear testing machine. Before the test, the surface of the cladding layer was polished to a mirror finish. Friction and wear tests were conducted at room temperature without lubrication. A ZrO2 ceramic ball was used as the grinding material, the load was 25 N, the frequency was 5 Hz, the friction distance was 4 mm, and the wear time was 20 min. After the friction and wear tests, the samples were soaked in alcohol, underwent ultrasonic cleaning for 10 min, and the microstructure of the coating surface was analyzed by OM. The wear volume was calculated using a laser confocal scanning microscope (LSCM, KEYENCE, Shanghai, China) The wear surface and cross-section were observed by scanning electron microscope (SEM) (Zeiss Merlin Compact, Oberkochen, Germany). The element composition was analyzed by energy dispersive spectrometer (EDS) (Zeiss Merlin Compact, Oberkochen, Germany).





3. Results and Discussion


3.1. Microstructure


Figure 3 shows that laser cladding the Norem02 coating displays different microstructures under various magnetic field intensities. Without the assistance of EMF, as shown in Figure 3(a1–a3), the top of the coating is composed of coarse equiaxed grain and bits of dendrites. A large number of fishbone-like columnar dendrites are produced in the middle. The bottom structure is composed of columnar crystals growing perpendicular to the interface. It exhibits typical characteristics of laser cladding solidification structures. Different regions of the laser cladding coating have a different microstructure depending on their temperature gradient to solidification rate ratio (G/R) [23]. When the EMF current is 40 A, as shown in Figure 3(b1–b3), the coarse equiaxed grain and dendrites at the top of the coating are gradually refined to fine equiaxed grain. A larger number of grain refinement areas appears in the central columnar dendrite. The columnar crystals at the bottom of the coating are significantly refined to a large number of cellular crystals perpendicular to the interface. When the EMF current is 80 A, as shown in Figure 3(c1–c3), a small number of small dendrites begin to appear at the top of the cladding layer. The small columnar crystals begin to sprout at the bottom, accompanied by a trend in grain growth.



When the current of the EMF is 40 A, the grain refinement and uniform microstructure of the cladding layer are achieved, because the external EMF changes the distribution of the temperature field in the cladding layer. This occurs by affecting the mass transfer, heat transfer, and flow of the molten pool, which enhances material exchange within the molten pool to a certain extent and promotes the uniform cooling and solidification of the cladding layer. According to the theory of grain nucleation [23,24] and the Hartmann effect of a magnetic-controlled melting pool [25], increasing the intensity of magnetic field leads to an increase in liquid phase convection near the surface of the molten pool. The erosion effect of liquid metal on the crystallization and the mechanical damage degree of cylindrical dendrite cells is enhanced, which leads to the increase in equiaxed crystal and the grain refinement. When the EMF current is 80 A, as shown in Figure 3(c1–c3), the coating begins to show a trend of grain growth due to the increase in the induced current in the laser molten pool induced by the increase in magnetic field intensity, resulting in a Joule heat effect during the solidification process and decreasing the subcooling of the liquid Norem02 iron-based cemented carbide in the laser molten pool. The reduced subcooling within the laser melt pool will provide favorable conditions for the growth in broken or shattered crystal blocks, resulting in a grain growth trend in the cladding layer [26].



Figure 4 shows that the IPF map and average grain size of the top, middle, and bottom of coatings with different EMF current intensities. It is found that, with the assistance of EMF, the microstructure at the top and middle of the coatings becomes more uniform and refined, and the size of the elongated columnar crystals at the bottom is also significantly reduced. However, when the EMF current is 80 A, the grains in each area of the coating show a slight growth compared with the coating with an EMF current intensity of 40 A, which is consistent with the results in Figure 3. The average grain sizes of the top, middle, and bottom of coatings with different EMF current intensities are shown in Figure 4d–f, respectively. The results indicate that the grain size of each area shows a trend of first decreasing and then increasing with the increase in EMF current intensity. It is obvious EMF can homogenize and refine the microstructure grains of the coating.



Figure 5 shows that the comparison of the XRD patterns of laser cladding Norem02 coatings under different EMF intensities, EBSD phase diagram and SEM micrograph of the coating with an EMF current intensity of 40 A. EBSD phase diagram and SEM micrograph (Figure 5a,b) indicate that coatings are mainly composed of austinite, ferrite, and carbide (Cr23C6). The carbide (Cr23C6) mainly has a network morphology in austenite crystal, and a small amount of ferrite exists in carbide, forming a mixed zone of ferrite and carbide. Due to the low content of ferrite, only the characteristic peaks of austenite and carbide (Cr23C6) are detected by XRD. The result of XRD indicates that the EMF application during the laser cladding process has little effect on the phase composition of the coating during the solidification process of the laser melt pool. On the other hand, the diffraction peak intensities of the cladding coatings assisted by external EMF increase at approximately 43° and 97° when EMF is applied, which indicates that the EMF increases the content of solid solution [27].




3.2. Microhardness and Residual Stress


Figure 6 shows that the hardness distribution profile across from the coating to the heat-affected zone (HAZ) and then to the substrate. It is found that a higher hardness is obtained in the coatings compared to that of the substrate, and the hardness gradually decreases from the coating to substrate. Wherein, the average microhardness of the coating without magnetic field assistance is 346.0 HV0.2, and the microhardness slightly decreases from the coating surface to interface, which results from a high cooling rate, high temperature gradient, and rapid solidification of the laser cladding to form a planar crystal region, a columnar dendrite region, and an equiaxial crystal region within the Norem02 iron-based cemented carbide coating [28]. When an EMF current intensity of 40 A, the average microhardness increases to 376.9 HV0.2. However, when the EMF current intensity increases to 80 A, the average microhardness of the coating decreases to 360.5 HV0.2. Obviously, when the EMF current intensity increases, the microhardness of the coating first increases, then decreases. This is due to the formation of a more uniform microstructure induced by the increased flow and unified temperature field of the molten pool under the stir of the electromagnetic force. However, when the EMF intensity reaches 80 A, the coating hardness decreases, because the Joule heat action is greater than the EMF stirring action, which makes the grain coarse at the surface [22].



Figure 7 illustrates the residual stresses on the surface of the coatings under various EMF current intensities. It is found that the residual stress on the coating surfaces is tensile stress. Without EMF assistance, the residual stress on the coating surface is 496 MPa. When an EMF of 40 A is applied, residual stress on the coating surface decreases to 277 MPa, which decreases about 44.2%. With an increasing EMF current intensity to 80 A, residual stress on the coating surface slightly decreases to 272 MPa. It is found that the residual stress occurs due to rapid heating and cooling during laser cladding, and thermal effects are the main cause of residual stress [29]. Under the mechanical stirring effect of EMFs on molten pools, EMF can promote the mass transfer process within the molten pools and reduce the temperature gradient, which ensures that the distribution of solute elements and heat within the molten pool is uniform, thus reducing residual stresses.




3.3. Wear Performance


Figure 8 shows the coefficient of friction (COF) wear–time relationship of the 304 substrate and the coatings with different EMF intensities. The friction and wear process can be divided into two stages: the running-in wear period and the stable wear period. Compared with that of the substrate, the COF of the coatings has been significantly reduced and changes indistinctively over time, as shown in Figure 8a. On the other hand, when EMF is applied, the COF of Norem02 iron-based cemented carbide coatings slightly decreases. Wherein, the COF of the coating is the lowest, at 0.43, when the EMF current reaches 40 A, as shown in Figure 8b.



Figure 9 illustrates the wear morphologies and wear scar volumes of the substrate and coatings with different EMF current intensities. Both the wear depth and wear volume of the coatings are significantly lower than those of substrate and coating without EMF assistance, which indicates that EMF makes the coatings more anti-wear performance. Without EMF assistance, the wear depth of the coating is about 60 µm and the wear volume is 13.1 × 107 µm3. When the EMF current of 40 A is applied, the wear depth of the coating decreases to about 43 µm and the wear volume decreases to 9.58 × 107 µm3. However, when the EMF current increases to 80 A, both the wear depth and wear volume of the coating slightly increase to about 50 µm and 10.45 × 107 µm3, respectively. According to the results, the wear resistance of the coating can be significantly enhanced by applying the appropriate EMF current intensity during the laser cladding process.



Figure 10 shows the overall SEM morphologies of wear scar in the substrate and coatings with different EMF current intensities and the magnification images of the worn surface. From Figure 10(a1–d1) it is clear that the degree of depression of the substrate is deepest, and the coating without EMF assistance is deeper than that of coatings with EMF assistance. As illustrated in Figure 10(a2,a3), for the 304 substrate, the delamination damage and small cracks on the worn surface indicated that the main wear mechanism is fatigue wear existing in the form of delamination. As illustrated in Figure 10(b2,b3), the coating without EMF assistance exhibits delamination and plastic deformation. Additionally, a large number of cracks perpendicular to the wear direction are found in the wear surface, indicating adhesive wear takes place. Additionally, several furrows with different depths are shown in the wear surface, which indicates that abrasive wear also occurs on the coating without EMF assistance. For the coating with an EMF current of 40 A, as shown in Figure 10(c2,c3), the wear surface appears relatively smooth, with slight furrows, and with a small amount of worn debris, and there are no visible cracks in the wear surface, which indicates that wear mechanism of the coating is mainly abrasive wear, accompanied by slight adhesive wear. In the case, the wear resistance is substantially improved. This is attributed to the mechanical stirring effect of the electromagnetic force generated by the EMF on the molten pool, which can improve the nucleation rate, uniform the temperature field of the molten pool, make the structure more uniform and refined, and contribute to fine crystal strengthening, improving wear resistance and toughness of the coating as well as preventing crack formation and expansion [30]. When the EMF current increases to 80 A, as shown in Figure 10(d2,d3), a large number of furrows and a small amount of wear debris are found in its wear surface, but there are no cracks, indicating that abrasion is the primary wear mechanism in this condition. It is obvious that the furrows in the worn surface of coating with an EMF current of 80 A are deeper than those in coating with an EMF current of 40 A, and the size of the worn debris is also larger. The reason is the coarsening of the grains at the top of coating as well as the decrease in the hardness of the coating when the EMF current increases to 80 A.



Figure 11 illustrates cross-sectional the SEM morphologies of coatings with different EMF current intensities and magnification images of them. As shown in Figure 11(a1,a2), a thick worn debris with a thickness of about 5 µm and plastic deformation are visible underneath the wear scar in the coating without EMF assistance. The grains in the deformed layer are elongated along the direction of fretting. Several microcracks are also visible in the worn debris, as shown in Figure 11(a2). Compared with those in Figure 11(a1,a2), both the worn debris and the deformation layer thickness in Figure 11(b1,b2) of coating B are small. According to Figure 11(b2), the deformation layer of coating B is small, and there are no cracks, which indicates that its deformation resistance and wear resistance are significantly improved. However, it can be observed in Figure 11(c1,c2) that the wear debris and deformed layer of coating C become thick again, and its thickness reaches approximately 10 µm, which indicates its deformation resistance and wear resistance is lower than that of coating B and the grains in the deformed layer are elongated into thin strips.



Figure 12 illustrates the cross-sectional distribution of elements of the wear scar of coatings with different EMF current intensities. It is found that there is a high oxygen concentration in the wear debris of the coating without EMF assistance. Comparatively, there only is a small amount of oxygen concentration in the wear cross-section of the coatings with EMF assistance, indicating that they are less oxidized to form oxides.



Figure 13 shows the Raman mapping analyses for the oxides in cross-section of the wear scar of the coating without EMF assistance. It can be seen that only one type of oxide Fe3O4 was detected, with one major peak at the wavenumber of 677.0 cm−1 and two minor peaks at the wavenumber of 322.9 cm−1 and 547.2 cm−1.





4. Conclusions


Laser cladding technology assisted by EMF was used to prepare Norem02 iron-based cemented carbide coatings on 304 stainless steels. An investigation was conducted into the relationship between EMF and coating microstructure and properties. Conclusions can be drawn as follows:




	(1)

	
EMF did not change the phase composition of the Norem02 iron-based cemented carbide coating, but obviously changed the microstructure of coatings. When the EMF current intensity was increased to 40 A, the dendritic and columnar crystal structure of the coating gradually transformed into fine equiaxed grains, and the microstructure became more uniform and refined. However, when the EMF current intensity was increased to 80 A, a small number of small dendrites and columnar crystals began to appear at the top and bottom of the coating;




	(2)

	
The auxiliary effect of the EMF improved the microhardness of the coatings and reduced the residual stress. The microhardness of the coatings first increased, then decreased; the EMF current intensity increased and achieved the maximum at current intensity of 40 A. The residual stress on the surface of the coating decreased with the EMF current intensity increased. When the magnetic field current intensity reached 40 A, the residual stress decreased from 496 MPa to 277 MPa, which decreased by 44.2%;




	(3)

	
EMF improved wear resistance of the coatings, decreased cracking sensitivity, and changed the main wear mechanism from adhesive wear to abrasive wear. With the increase in EMF intensity, the loss amount and wear coefficient of the coating decreased first, then increased. When the EMF current reached 40 A, the wear resistance of the coating was the best, and the wear volume was 9.58 × 107 µm3.
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Figure 1. (a) Scanning electron microscope image and (b) particle size distribution of Norem02 iron-based powder. 






Figure 1. (a) Scanning electron microscope image and (b) particle size distribution of Norem02 iron-based powder.



[image: Materials 16 06774 g001]







[image: Materials 16 06774 g002] 





Figure 2. (a) The high-speed laser cladding complete system and (b) schematic diagram of EMF-assisted laser cladding scheme. 
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Figure 3. The cross-sectional SEM morphologies in the top, middle, and bottom of the coatings with different EMF current intensities: (a1–a3) I = 0 A; (b1–b3) I = 40 A; (c1–c3) I = 80 A. 
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Figure 4. The cross sectional IPF maps and average grain size (d–f) in the top, middle, and bottom of coatings with different EMF current intensities: (a1–a3) I = 0 A; (b1–b3) I = 40 A; (c1–c3) I = 80 A. 
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Figure 5. (a) XRD patterns of coatings with different EMF current intensities; (b) EBSD phase diagram, and (c) SEM micrographs of the coating with an EMF current intensity of 40 A. 
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Figure 6. Cross sectional microhardness curves of Norem02 iron-based cemented carbide coatings with different EMF current intensities. 
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Figure 7. Residual stresses on surfaces of coatings with different EMF current intensities. 
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Figure 8. (a) The COF wear–time relationship and (b) average COF of the 304 substrate and the coatings with different EMF intensities. 
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Figure 9. Wear 3D morphologies (a1–d1), wear depths (a2–d2) and wear volumes (e) of substrate and coatings with different EMF current intensities. 
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Figure 10. (a1–a3) Overall scar SEM wear morphologies and the magnification ones of the corresponding areas in the 304 substrate and the coatings with different EMF current intensities: (b1–b3) I = 0 A; (c1–c3) I = 40 A; (d1–d3) I = 80 A. 
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Figure 11. The cross-sectional SEM morphologies of wear scar of the coatings with different EMF current intensities: (a1,a2) I = 0 A; (b1,b2) I = 40 A; (c1,c2) I = 80 A. 
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Figure 12. The cross-sectional element analyses of wear scar in the coatings with different EMF current intensities: (a1,a2) I = 0 A; (b1,b2) I = 40 A; (c1,c2) I = 80 A. 
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Figure 13. Raman mapping analyses for the oxides in cross-section wear scar of coating without EMF assistance. 
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Table 1. Chemical composition of Norem02 iron-based alloy powder.
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	Sample
	Ni
	Fe
	Co
	Cr
	C
	B
	Si
	Mn
	Mo
	N





	Norem02
	3.7–4.4
	Bal.
	≤0.05
	23.0–26.0
	1.10–1.13
	≤0.02
	3.1–3.5
	4.0–5.0
	1.8–2.2
	0.14–0.18



	ICP-OES
	4.07
	60.36
	0
	25.4
	
	0.0097
	3.3
	5.13
	1.84
	










 





Table 2. Multiple variations in current intensity during the EMF-assisted laser cladding process.
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	Sample
	Laser Cladding

Power (W)
	Laser Cladding

Speed (m/min)
	Powder Feeding

Speed (g/min)
	Overlap Ratio
	Current Intensity (A)





	A
	1600
	0.6
	5.1
	50%
	0



	B
	1600
	0.6
	5.1
	50%
	40



	C
	1600
	0.6
	5.1
	50%
	80
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
° =) o
S S S
53 & Q

BJJA/SSO1)S [ENpISaY

=)
S

0

80

40
Current Intensity/A





media/file4.png
-
i
-

(b)

Laser head N

\ /

Shielding gas

Powders

Sample

Laser

Wire

Electromagnetic
field body

Numerically-controlled rotary table

—

Electromagnetic
power supply






media/file27.png





media/file18.png
(al)

2434.39

—109.48
pm

5932.42

(b1)

2433.74

7090.63

(c1)

2433.74

31.92

(d1)

2435.19

7088.47

Depth/um
& ks
< >

|
=)
<

-80F

100

" '] e L o L " L "
500 1000 1500 2000 2500

= F

Position/pm

Depth/pm

(b2)

0 500

1000 1500 2000 2500

Position/pm

Depth/pm
z

Depth/pum

© 1000 1500 2000 2500

Position/pm

500

(d2)

500 1000 1500 2000 2500

Position/pm

(€) 55|

22.74

N
<=

[—
wn

[a—
=

Wear Volume/1 07;,tm3
i

9.58

10.45
I

Sbustrate

0A

40A 80A





media/file21.jpg
Deformed tayer
Deformed tayer

Deformed fayer

A





media/file26.png
Intensity

e Fe30y

e

300

600 900 1200 1500

Raman shift (cm_l)






media/file3.jpg





media/file22.png
@ ﬁ‘~-————-l---—’i

200pm

" Deformed layer |

LR

(b1)

Deformed layer

200pm

4pm

(€2)

}

200pm

o

Deformed layer

4pm






media/file19.jpg
S st s

Ditintion -

g 2m] w208






media/file7.jpg





media/file10.png
A 1 t e 80A
o’ N M\

¢ Austinite PDF#52-0512
e Cr;,Cs PDF#35-0783

40A

0A

20 (°)





media/file14.png
272
T
1

277
T
1

F s

\©
X H
<

80

40
Current Intensity/A

600

L L . 1
— ) >
— = <
= e (@

BJIA/SS2)S [eNPISY

L
S
=
w,

|
S
=)
e





media/file11.jpg
Substrate

400

=
g
H
2
E]
k=]
k]
g
o
e @ @2 s e 2 8 ¢
® ° I Q4 2 £ ° I Q
L I I I BRI S I I R

T0 A H/SSOUPIRYOIII

1000 1500

0
Distance from the interface zone/pm

50

-500 0

1000





media/file6.png
‘7‘.\#‘
NGRIAS )

e

uordox doy oy, |wordax dpppruw 3y I} wordaax woyyoq dy






media/file15.jpg
oL Jo WA

w

e :

+f 3

5 2

mll m

252222233

2 H

, H

H H

5 H

! :
H
o

Timels





nav.xhtml


  materials-16-06774


  
    		
      materials-16-06774
    


  




  





media/file16.png
~
n
-
S
)

&
9

Coefficient of Frictio

——— Substrate

a

0A 40A —— 80A (b) 0.3

L

0 200 400

600 800 1000 1200 e Substrate‘ 0A

Time/s

40A

80A






media/file2.png
(94) dwnjoA dApenWIN))

4
(=) (=3 —3 (—3 (—
—_— L b= < o = —)
v r v o
“ L L " 1 1 I o~
1 ! :
1 I
1 ! =
1 ! T*®
1 ! =
1 1
1 1
1 1 =
1 1 -\
1 ! =
1 1 o~
1
" 1 — m-
1 ] T =
p—
||||||||| R T s ot 5y
N
)
a4 &
S =
- —
[~
llllllllllllll St
> > ls ©
= & -
S =
g g
2 E lg
= O "
-+ o

)

(o4) uondeay JWN|o A

)
-’






media/file20.png
DaZ"

a3

I /N
(b1)

CIp3 [Cb2

Wear direction 500pm

B Wear direction

(c1)

Cle2
[ Je3

S500pm

Wear direction 500pm

(d1)

al]
d3

——

1

Wear direction

S500pm

/— 20pml

(b2)

' / o= ”: Crack

3 }\ s f‘.‘}: { :
Groo ve *
N

& r

Delammatlon 20].1111 i
s T

(c2)

@

A ~ ] L ':,,:‘,-\ }1\% ~
l‘m JL ]\)él‘a?iigi:hation *)"” :
Mt R B L A =S e [ v K

\ \ i " ‘ 5 e A 30 HENE r‘
Lok ety \ 9. [ X .
. ‘f\ ’: SRR ;
- QNI R AN
P IeY ARG b
RN 3
o 1

)

(b3) .
_ =

Déformationlﬁ

Crack . 20pm

(%))

20pm

Shallow groove

20pm






media/file23.jpg
Element

[

si

cr

Mn

Fe

Ni

Mo

Element

[

si

cr

Mn

Fe

Ni

Mo

Element

[

si

cr

Mn

Fe

Ni

Mo






media/file5.jpg





media/file24.png
(212)5000 —— O—— Ni——Fe—Cr Element wt%
4000 } O 15.97

000 Si 2.21

é Cr 18.11
" Mn 2.22

1000 Fe 54.73

. NS TSV - Ni 5.53

2 4 6 8 10 1 umM Mo 1.23
(b2)mo e . e Element wt%
N O 0.42

. 800F Si 1.47
S eoof Cr 20.21
400 ',f Mn 2.84

200 ﬁ A ey 5:3]! !5 Fe 68.03

0 . _ _ Ni 6.30

0 5 10 15 20 Mo 0.73

pm

(c2)™ T Element wt%
1000 | (0 0.81

L, soof Si 1.82
S 600 | P H ool 'H"‘ | ”m,“ A w Cr 22.54
400 Mn 3.20
Fe 64.50

" ~,'f"?.‘iﬂﬂ;‘f~‘f‘!ﬂw Ni 5.90

0 5 10 15 Mo 1.23






media/file1.jpg
Freaueney
— Cumulativf

SRS RPN S |
R

Grain size (um)





media/file25.jpg
Intensity

¢ Fe304

300 600 900 1200 1500

Raman shift (cm’l)






media/file12.png
o)
-
<
P
=
7]
=]
=
(7]

1000

Cladding layer

1 1 1 1 1 1
S L e e e <9
o S\ S R \©
o o I o C N o C N o BN o

0 A H/SSOUPIRYOIIIA]

220 F

1500

-500 0 500

-1000

Distance from the interface zone/um





media/file9.jpg





media/file0.png





media/file8.png
The middle region

IA
<

»