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Abstract

:

Casting infiltration technology was used to fabricate a high-chromium coating on the surface of parent ZG45 steel with different Ni content. SEM, EDS analysis, CALPHAD-type calculations, Rockwell hardness test and impact wear test were utilized to investigate the influence of Ni on the microstructure, hardness and impact wear resistance performance. The as-cast microstructure of the casting infiltration coatings with Ni content less than 2.82 wt.% was a pearlite matrix with reticular eutectic M7C3 carbide, while the matrix of the coatings with 5.53 wt.% Ni showed austenite. The content of Ni had little effect on both the solidification behavior and the amount of eutectic M7C3. After heat treatment, the transformation of the matrix to martensite occurred, and the Rockwell hardness significantly increased. The proportion of the retained austenite in the casting infiltration coatings increased from 6.4 vol.% to 27.5 vol.% with increasing Ni content, resulting in a decrease in the hardness. Due to a better balance of the hardness and toughness, the casting infiltration coating with 1.53 wt.% Ni showed the best impact wear resistance performance.
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1. Introduction


Abrasion wear is one of the determinants controlling the service life of many key engineering parts [1,2,3]. The abrasion wear mainly occurs on the working surfaces of the parts, leading to progressive material loss and final failure. Due to the extremely high maintenance and frequent replacement costs, failures should be kept to a minimum [4,5].



The improvement of wear resistance is an ongoing process that can be realized by surface-strengthening technology. Different methods were utilized to fabricate wear resistance coatings. These include laser cladding [6], thermal spraying [7], ion implantation [8], plasma arc welding [9], etc. However, the thickness of the obtained coating is usually less than 2 mm, which is inadequate for severe wear. As a one-step manufacturing technology, the casting infiltration method is widely used to prepare surface composite material [10,11]. A wear-resistant casting infiltration coating (CIC) with a thickness greater than 5 mm is simultaneously formed at the casting surface. Compared with 3D printing techniques [12,13,14,15], this method is usually utilized for parts with simpler construction, and the cost is much lower.



The casting infiltration technology and the obtained CICs have been extensively investigated [16,17,18,19]. High-chromium CICs with the formation of high-hardness Cr7C3 carbides are most favored. Different heat treatments are usually performed to further improve the wear resistance performance as the result of the transformation of the matrix to martensite and the precipitation of secondary carbides [20,21]. Great efforts at casting infiltration were conducted to improve wear resistance by introducing additional hard phases, such as carbides (VC, Nb, WC, TiC, etc) [11,22], oxides (Al2O3, ZrO2, etc.) [23] and borides (Feb, Fe2B, etc.) [16,24]. Wang et al. [25] fabricated a high-vanadium alloy coating on carbon steel. Due to the existence of primary VC and fine VC, the impact and abrasive wear resistance, compared with those of Cr20, increased by 26% and 60%, respectively. A white cast iron surface coating enriched with FeB was prepared on gray cast iron by Fischer et al. [16] through the casting infiltration method. The microhardness reached 505 HV. Zirconia-toughened alumina particles reinforced CIC prepared on high chromium cast iron was investigated by Qiu et al. [26], and the relative impact wear resistance under impact energy of 1.5 J was 2.35 times that of the matrix.



Due to the complexity of the tribological systems commonly encountered in services, a combination of resistance to abrasion wear and impact is usually required [27]. Most of the related investigations of the CICs focused on the introduction of high-hardness phases. The brittle characteristics of the CIC and the bonding between the CIC and the matrix limited the application in working conditions under certain impact energies. The impact wear resistance of a material is greatly influenced by the metallic matrix structure [28]. The presence of retained austenite greatly affects the impact wear resistance. Only a slight weight loss can be achieved with greater improvement in toughness [29].



Nickel is commonly added in high-chromium cast alloys to improve hardenability. As an austenite stable element, Ni also lowers the Ms temperature of the austenite, and more retained austenite can be obtained after heat treatment [30]. Detailed investigations related to the influence of Ni on the impact wear resistance of the CICs are limited. In the present work, high-Cr wear-resistant CICs with different Ni contents were designed and fabricated on ZG45, aimed at obtaining an optimal Ni content for improving the impact wear resistance. The purposes of this work were: (i) to research the microstructure of as-cast and heat-treated CICs; (ii) to analyze the formation of the interface between the parent metal and the CICs; and (iii) to reveal the effect of Ni on the impact wear resistance performance of the CICs.




2. Materials and Methods


2.1. Materials


A sand mold casting process was used to prepare high-chromium CICs with various Ni contents on medium carbon steel ZG45. The raw materials utilized were high-carbon ferrochrome powders (75 wt.% Cr, 10 wt.% C), pure nickel powders (99.95 wt.% purity) and pure chromium powders (99.95 wt.% purity) with a powder size of 60 mesh. The normal alloy compositions of the casting infiltration agents with different Ni contents are listed in Table 1. Alcohol and adhesive polyvinyl butyral resin with a mass proportion of 20:1 was mixed with the alloy powders in a ball mill for 4 h. Figure 1 gives the schematic diagram of the sand mold used for the casting infiltration. The powder slurry was coated onto the mold with 5 mm thickness and then ignited to form a preform. ZG45 was melted in a medium-frequency furnace and then poured at 1680 °C. The molten steel melted the powder preform, resulting in the formation of the CIC at the surface of ZG45 casting. The casting samples with different Ni contents in the CICs were subjected to a destabilization-subcritical heat treatment in a resistance furnace. They were austenitized at 1000 °C for 2 h, air cooled, tempered at 250 °C for 2 h and then air cooled again.




2.2. Thermodynamic Calculations


The CALPHAD (CALculation of PHase Diagram) method has been extensively applied for understanding the microstructure evolution of various materials [31]. Thermodynamic calculations based on this method were conducted using Thermo-Calc software (2022b) and a thermodynamic database established in our previous work [32]. The modified Scheil–Gulliver simulations were performed to understand the solidification behaviors of the CICs [33]. A vertical section along the compositions from Fe-0.45C (wt.%) to Fe-20Cr-2C (wt.%) was calculated to realize the interfacial microstructure.




2.3. Microstructure Observation


An X-ray fluorescence spectrometer (EDX-1050, Shanshiyiqi, Shenzhen, China) was used to determine the actual chemical compositions of the CICs. The cross sections of the as-cast and heat-treated samples were ground and polished, followed by natal etching. The microstructures were observed using an optical microscope and scanning electron microscope (SEM, JSM-IT 800SHL, Jeol, Akishima-shi, Tokyo, Japan). The amounts of the M7C3 phase in the as-cast CICs and residual austenite in the heat-treated CICs were determined using ImageJ software and the values averaged from five different images. Energy-dispersive X-ray spectroscopy (EDX, Ultim Max 40, Oxford instruments, Oxford, England) was used to analyze the elemental concentrations.




2.4. Hardness Measurement and Impact Wear Test


The Rockwell hardness tests on the CICs before and after heat treatment were performed on a HRD-150 Rockwell hardness tester (Huayin, Laizhou, China). Five values were averaged for the determination for each sample.



The impact wear tester MLD-10 (Chengxin, Zhangjiakou, China). shown in Figure 2 was utilized to investigate the impact wear performance of the surface composite materials with quartz sand as the abrasive. Impact energy of 2 J was applied. The impact frequency of the samples with the dimensions of 10 mm × 10 mm × 25 mm was 200 times per minute. The flow rate was set to 800 g/min for the quartz sand with a hardness of approximately 1100 HV. Each sample was tested for 50 min. An analytical balance (TG328B, Haida, Xiamen, China) was used to measure the mass loss. Three sets of parallel experiments were performed, and the mass loss was averaged from the test values. The worn cross sections and the worn surface morphologies were observed with SEM.





3. Results and Discussion


3.1. Microstructure of the As-Cast Samples


The powders in the casting agent were melted due to the infiltration of molten steel into the powder preforms, and the chemical compositions of the CICs were thus changed compared with those of the casting infiltration agents [34]. Table 1 lists the actual chemical compositions of the CICs. CICs with various Ni contents were formed, and the contents of Cr and C in CICs were about 20 wt.% and 2 wt.%, respectively.



The solidification behaviors of the CICs were simulated using Thermo-Calc software with the modified Scheil–Gulliver model. Calculated solidification paths are shown in Figure 3, which gives the mole fractions of all solid phases with decreases in temperature. During simulation, carbon was assumed to be redistributed rapidly, and its back diffusion was taken into account. According to the calculated results, all the CICs show similar solidification paths: Liquid → Liquid + γFe → Liquid + γFe + M7C3 → γFe + M7C3. Primary γFe first precipitates when the temperature drops to about 1343 to 1358 °C. γFe and M7C3 then precipitate simultaneously at about 1279 to 1286 °C, and eutectic fcc+M7C3 is generated. Volume fractions of M7C3 were obtained from the calculated molar fractions of all solid phases and the related molar volumes, as shown in Table 2. The content of Ni in the CICs has little effect on both the solidification behavior and the amount of M7C3.



Optical images of the microstructures of the as-cast CICs with different Ni content are presented in Figure 4. All the CICs appear in a typical dendritic structure, consisting of pearlite or austenite matrix and eutectic M7C3 (M=Fe, Cr) carbides. The addition of Ni inhibits the transformation from austenite matrix to pearlite. Figure 5 shows a magnified SEM image of CIC-3 and the corresponding EDS analysis of the eutectic carbides. Eutectic M7C3 carbide and the pearlite matrix can be further confirmed. During the cooling process, primary austenite in the CICs transformed to pearlite with lower Ni content. The proportion of the M7C3 carbides in the CIC was counted using ImageJ software for each sample. The obtained area fractions are listed in Table 2, which can be approximated as the volume fractions of the carbides. The good agreement between the calculated volume fractions and the experimental ones indicates the reliability of the CALPHAD approach.



The macrograph and corresponding SEM images of metallographic as-cast sample CIC-3 at the interface are shown in Figure 6. The calculated vertical section along the compositions from Fe–0.45C (wt.%) to Fe–20Cr–2C (wt.%) with the variation of C content is also presented. Figure 6a shows the macrograph of the metallographic specimen CIC-3 after etching. The thickness of the CIC was about 7 mm. As can be seen from Figure 6b, a transition layer with a thickness of about 110 μm was generated between ZG45 and the CIC. No obvious pores, microcracks or other casting defects can be observed at the interface, indicating a good interfacial bond. Figure 6c presents a magnified SEM micrograph of the transition layer, indicating a pearlite microstructure. The red dashed lines in Figure 6d represent ZG45 and the CIC. No other phases formed in the transition layer according to the calculated vertical section. The microstructure of the transition layer at high temperatures is composed of γFe, which can be transformed to pearlite. The calculated result agrees well with the experimental result shown in Figure 6c.



The distributions of Fe, Cr, C and Ni at the interface of CIC-3 were investigated with EDS analysis. Figure 7 gives the SEM micrographs of the interface, along with the corresponding EDS line scanning and mapping scanning results. According to the line scanning results shown in Figure 7b, the transition layer can be divided into two parts. In the part close to the CIC (layer I), the microstructure appears the same as the pearlite matrix in the CIC, and there are no eutectic carbides. In the part adjacent to ZG45 (layer II), the concentrations of Cr, C and Ni obviously decrease from the CIC to ZG45, while Fe shows the opposite trend. Diffusion mainly occurs in the transition layer. As can be seen in Figure 7b–f, the Cr and C contents of the eutectic structure are greater than those of the matrix for the CIC. There are no variations in the microstructure or elemental concentrations between the surface and the inner part of the CICs. The compositions of the CIC reach uniformity before the solidification, and the solidification of the CICs and the parent ZG45 are individuals, during which diffusion occurred, resulting in the transition layer.




3.2. Microstructure of the Heat-Treated Samples


The critical and subcritical heat treatment described in Section 2.1 was performed to improve the hardness and the wear resistance performance of the CICs. Figure 8 shows the SEM micrographs of the heat-treated samples with various Ni contents in the CICs. As can be seen from Figure 8a,c,e,g, the transition layers still exist between the CICs and the parent material. The thickness of the transition layers is basically unchanged in the heat-treated samples compared with those in the as-cast samples. Figure 8b,d,f,h present the magnified micrographs of the corresponding regions marked in Figure 8a,c,e,g, which give the microstructure of the interface between transition layer I and transition layer II. Different from transition layer I, the microstructure of the interface is mainly composed of martensite and retained austenite but is free of secondary carbide (SC). This is beneficial for the bonding between the CICs and the parent material. The amount of the retained austenite at the interface also increases with the content of Ni in the CICs.



Figure 9 presents the enlarged SEM micrographs of the matrix of the CICs, consisting of martensite, retained austenite and SC. The amount of the retained austenite obviously increases with increasing the Ni content in the CICs, since Ni stabilizes the austenite. The proportions of the retained austenite in the heat-treated CICs were measured with ImageJ software and are given in Figure 10, varying from 6.4 vol.% to 27.5 vol.%. A graphically treated image corresponding to Figure 9b used in ImageJ software and marking the retained austenite for CIC-2 is presented in Figure 10b.




3.3. Hardness and Impact Wear Resistance Performance


Figure 11 presents the Rockwell hardnesses of the as-cast and heat-treated CICs. The Rockwell hardness of the CICs increases from 44.0~47.5 HRC in the as-cast state to 57.9~61.5 HRC in the heat-treated state. As shown in Figure 10, secondary carbides in the matrix are generated after heat treatment, leading to increasing hardness. With increasing Ni content, the Rockwell hardnesses of the CICs in the as-case state and the heat treatment state both decrease, due to the formation of the austenite in the as-cast CICs and the increase in the retained austenite in the heat-treated CICs.



The mass loss after the impact wear test for each sample was also presented in Figure 10. With the increase in Ni content in the CICs, the wear mass loss decreases at first and then increases. A certain amount of Ni in the CICs, resulting in a certain amount of retained austenite, is beneficial for improving the impact wear resistance performance.



Figure 12 shows the worn cross section of the CICs after impact wear. The worn surfaces suffered a combination of abrasive wear and impact. As can be seen from the figures, the wear grooves of the CIC-2 are shallowest, which is consistent with the wear mass loss results. Due to the limited amount of retained austenite, the matrix of the CIC-1 is mainly composed of high hardness martensite and SC. The high hardness CIC-1 has good resistance to abrasive wear. However, during the impact wear test, brittle M7C3 carbides were easily broken under impact and thus produced serious fragmentation, as indicated in Figure 12a. Obvious microcracks and microvoids can be also found at the carbide/matrix interface and in the matrix adjacent to the carbides. These defects become the source of cracks that will spread rapidly under impact and wear. The interconnection of the main cracks at the worn surface gives rise to spalling, resulting in a relatively large wear mass loss. Figure 12b presents the worn surface of CIC-2, which shows the shallowest spalling pits. With the increment of retained austenite in the CIC, the matrix exhibits greater toughness against impacts. Early cracks can be greatly reduced and more resistance to the propagation of cracks can be provided, resulting in the improvement of the impact wear resistance performance. It should be noted that there is abrasive embedded in the matrix at the worn surface of CIC-2. As can be seen from Figure 12c,d, obvious plastic deformation streamlines occur at the worn surface, resulting from the much greater toughness of the matrix caused by the increase in retained austenite. An excess of retained austenite greatly lowers the hardness of the CICs and thus decreases the abrasion wear resistance. Abrasive was more easily embedded in the matrix, leading to more serious spalling during the impact wear test.



Figure 13 presents the worn surface morphologies for CIC-2 and CIC-4. Spalling pits and fatigue flakes are the main morphologies for CIC-2, resulting from a good combination of wear resistance and toughness. In addition to spalling pits and fatigue flakes, obvious microploughing can be found in the worn surface of CIC-4, indicating good toughness and poor wear resistance. More abrasives embedded in the worn surface can be also observed for CIC-4 compared with CIC-2. The impact wear resistance of the CIC was greatly influenced by the metallic matrix structure, that is, the amount of the retained austenite. The brittle matrix always generated fragmentation at the worn surface, while the toughness matrix contributes to wear and spalling. An adequate proportion of austenite in the CIC ensures an appropriate combination of hardness and toughness, resulting in the best impact wear resistance performance.





4. Conclusions


Four groups of CICs with different Ni contents were prepared using the casting infiltration technique on parent ZG45 to study the effect of Ni on the microstructure and impact wear resistance performance. The following conclusions can be summarized from the present work:




	(1)

	
The solidification behaviors of the CICs were simulated by the modified Scheil–Gulliver model, and all the diffusion paths predicated were the same: Liquid → Liquid + γFe → Liquid + γFe + M7C3. All the CICs consist of pearlite or austenite matrix and eutectic M7C3. The transformation of austenite to pearlite occurs in the CIC with Ni content less than 2.82 wt.% Ni in the cooling process.




	(2)

	
The content of Ni in the CICs has little effect on the amount of eutectic M7C3 according to both the CALPHAD-type calculations and the SEM micrographs.




	(3)

	
The thickness of the CICs can reach about 7 mm. A transition layer composed of pearlite was generated with a thickness of about 110 μm between the CIC and the parent material, which can be explained by the calculated vertical section along the composition from Fe-0.45C (wt.%) to Fe-20Cr-2C (wt.%). Diffusion occurs mainly in the transition layer, considering the obvious variations of elemental contents.




	(4)

	
After the critical and subcritical heat treatment, the matrix of the CICs transformed to martensite, resulting in a significant increase in the Rockwell hardness. With the increase in Ni content, the proportion of the retained austenite in the CICs increased from 6.4 vol.% to 27.5 vol.%, while the hardness decreased from 61.5 HRC to 57.9 HRC.




	(5)

	
The sample CIC-2 has the least mass loss after the impact wear test, which is consistent with the shallowest spalling pits indicated in the worn cross section. The best impact wear resistance performance can be achieved by an adequate combination of hardness and toughness resulting from an optimal proportion of the austenite in the CIC.
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Figure 1. Schematic diagram of the sand mold used for casting infiltration. 
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Figure 2. Illustration diagram of the impact wear tester. 
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Figure 3. Calculated solidification paths of the CICs according to the modified Scheil–Gulliver simulation: (a) CIC-1; (b) CIC-2; (c) CIC-3; (d) CIC-4. 
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Figure 4. Optical images of the microstructure of the CICs: (a) CIC-1; (b) CIC-2; (c) CIC-3; (d) CIC-4. 
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Figure 5. Enlarged SEM image and the EDS analysis of the eutectic carbide for CIC-3. (a) SEM image; (b) EDS analysis of point A. 
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Figure 6. (a) Macrograph of as-cast CIC-3; (b) SEM micrograph of as-cast CIC-3 at the interface; (c) SEM micrograph of region A in (b); (d) calculated vertical section along the compositions from Fe–0.45C (wt.%) to Fe–20Cr–2C (wt.%). 






Figure 6. (a) Macrograph of as-cast CIC-3; (b) SEM micrograph of as-cast CIC-3 at the interface; (c) SEM micrograph of region A in (b); (d) calculated vertical section along the compositions from Fe–0.45C (wt.%) to Fe–20Cr–2C (wt.%).



[image: Coatings 12 01313 g006]







[image: Coatings 12 01313 g007 550] 





Figure 7. Interface of the sample CIC-3: (a) SEM image; (b) EDS line scanning result of the black line in (a); EDS mapping scanning results for (c) Fe, (d) Cr, (e) C and (f) Ni. 
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Figure 8. SEM images of the samples with different Ni content in CICs after heat treatment: (a,b) CIC-1; (c,d) CIC-2; (e,f) CIC-3; (g,h) CIC-4. 
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Figure 9. SEM images of the matrix of CICs after heat treatment: (a) CIC-1; (b) CIC-2; (c) CIC-3; (d) CIC-4. 
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Figure 10. (a) The amount of the retained austenite in the CICs after heat treatment, along with the wear mass loss after the impact wear test; (b) a graphically treated image used in ImageJ software marking the retained austenite for CIC-2. 
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Figure 11. Rockwell hardnesses of the as-cast and heat-treated CICs. 
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Figure 12. SEM images of the worn cross section after impact wear: (a) CIC-1; (b) CIC-2; (c) CIC-3; (d) CIC-4. 
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Figure 13. SEM images of the worn surface morphologies after impact wear: (a) CIC-2; (b) CIC-4. 
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Table 1. Alloy compositions designed for casting infiltration agents and determined in the obtained CICs (wt.%).
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Designation

	
Alloy Compositions of the Agent

	
Alloy Compositions of the CICs




	
C

	
Cr

	
Ni

	
Fe

	
C

	
Cr

	
Ni

	
Fe






	
CIC-1

	
6

	
70

	
0

	
Bal.

	
2.01

	
20.33

	
0

	
Bal.




	
CIC-2

	
6

	
70

	
5

	
Bal.

	
2.01

	
20.25

	
1.53

	
Bal.




	
CIC-3

	
6

	
70

	
10

	
Bal.

	
2.11

	
19.05

	
2.82

	
Bal.




	
CIC-4

	
6

	
70

	
15

	
Bal.

	
1.98

	
19.01

	
5.53

	
Bal.
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Table 2. Experimental and calculated volume fractions of M7C3.






Table 2. Experimental and calculated volume fractions of M7C3.





	
Type

	
Volume Fractions of M7C3 (vol.%)




	
CIC-1

	
CIC-2

	
CIC-3

	
CIC-4






	
Experimental values

	
19.95

	
18.62

	
17.13

	
17.68




	
Calculated values

	
17.80

	
18.02

	
18.35

	
17.91
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