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Abstract

:

The Mg-(4-x)Nd-xGd-0.3Sr-0.2Zn-0.4Zr (x = 0, 1, 2, and 3 wt%, Gd/Nd = 0, 1/3, 1, and 3) alloys were hot extruded and then aged (T5). The friction and wear properties of the as-extruded and as-aged alloys were studied using a ball-on-disk wear testing machine and a scanning electron microscope to reveal the impacts of the Gd/Nd ratio and aging treatment. The results show that the friction coefficient of the as-extruded alloys increases first and then decreases with increasing Gd/Nd ratio. After aging, the friction coefficient of the alloys decreases slightly. The Gd/Nd ratio has no significant effect on the wear rate of the as-extruded alloys, and the wear rate decreases first and then increases with the increase in the Gd/Nd ratio for the as-aged alloys. The T5 alloy with a Gd/Nd ratio of 1/3 has the best wear resistance. The wear mechanisms of alloys mainly include abrasive wear, oxidation wear, and delamination wear.
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1. Introduction


In recent years, magnesium (Mg) alloys have attracted wide attention due to their desirable advantages, such as low density, high specific strength, high specific stiffness, and good casting performance [1,2,3,4,5]. As a substitute material for traditional structural metal materials, Mg alloys have been applied in many fields, such as the automobile industry and aerospace industry, for better system performance and energy efficiency, showing good industrial application prospects [6,7,8]. In automobile and aerospace fields, the friction and wear properties of engine systems or equipment power components, such as bearings and gears, are important indicators because wear can easily cause degradation or failure of product properties, thus increasing safety risks and economic losses [9,10,11]. However, the problem of poor wear resistance of Mg alloys still exists at present, which limits their further application in related fields.



The composition and processing technology will obviously affect the microstructure of Mg alloys and then affect the tribological properties. Generally, the common methods to improve the friction and wear properties of Mg alloys are alloying and plastic deformation [12,13,14,15]. As a metal “nutrient”, rare earth (RE) elements alloying can improve the mechanical properties of Mg alloys. The RE elements commonly added in Mg alloys include Gd, Nd, Y, La, Ce, Yb, etc. [16,17]. The effects of RE elements on the friction and wear properties of Mg alloys have not been fully studied, and most reports show that the addition of RE elements is beneficial to wear resistance due to the refined structure and the formation of a stable second phase [18,19,20]. In addition, heat treatment has an important effect on the tribological properties of Mg alloys [21,22,23]. It was found that the wear resistance of the AZ91-1.0%Pr alloy under the T6 condition was much better compared with that under the as-cast and T4-treated conditions, which was mainly due to large amounts of fine precipitates in the grains and grain boundaries [21]. The wear resistance of the alloy T6-treated AZ91/3.0WC increased by about 63% due to the presence of Mg17Al12 precipitates [22]. However, T6 treatment on as-cast Mg-10Gd-3Y-0.4Zr increased the wear rate because the eutectic compound, which could resist wear, almost disappeared after the T6 treatment [23]. Nevertheless, few studies on post-extrusion aging (T5) are available on the friction and wear properties of Mg alloys.



In our previous work, Microstructure, tensile properties, and corrosion behavior of the as-cast, T6-treated, and as-extruded Mg-(4-x)Nd-xGd-0.3Sr-0.2Zn-0.4Zr alloys have been studied, and the alloys exhibit good tensile and anticorrosion properties [24,25]. In this present work, the effects of the Gd/Nd composition ratio and T5 treatment on the friction and wear properties of the as-extruded Mg-(4-x)Nd-xGd-0.3Sr-0.2Zn-0.4Zr alloys were investigated, its structural evolution and wear mechanism were also discussed in detail.




2. Materials and Methods


2.1. Alloy Preparation


Mg-(4-x)Nd-xGd-0.3Sr-0.2Zn-0.4Zr (x = 0, 1, 2 and 3 wt%, denoted as Alloy 0, 1, 2, and 3) alloys with different Gd/Nd ratios (Gd/Nd = 0, 1/3, 1, and 3) were prepared using a gravity casting process. The raw materials used in the experiment are pure Mg, pure Zn, and Mg-30%Nd, Mg-30%Gd, Mg-25%Sr, and Mg-30%Zr master alloys. Melting was carried out in a resistance crucible furnace protected with mixed gas (CO2 + SF6). When the raw materials were completely melted, they were stirred for 5 min and then kept for 15–20 min to cool to 720 °C. The molten liquid was then cast into a preheated die and cooled in water. The four alloys were heated to 540 °C and held for 12 h, then quenched with water to obtain homogeneous microstructures. After removing the surface oxide layer using a lathe, the solution-treated ingots were hot extruded at 330 °C with an extrusion ratio of 9 and extrusion speed of 2 mm/s. The specimens under the as-extruded condition were denoted as E. Part of the as-extruded rods were aged at 200 °C for 12 h, which was denoted as T5.




2.2. Testing Methods


The specimens under as-extruded and as-aged states were roughly ground with W50 sandpaper first and then finely ground with W 20 and W10 sandpaper, respectively. Finally, the specimens were polished using a polishing machine and etched using a picric acid solution. An optical microscope (OM, GX51, Olympus, Tokyo, Japan), a scanning electron microscope (SEM, JSM-6360LV, JEOL, Tokyo, Japan), and an energy dispersive spectrometer (EDS, GENESIS 2000XM60, West Orange, NJ, USA) were used to observe the microstructure and element distribution of alloys under both as-extruded and as-aged conditions. Microhardness of the alloys was carried out on a Vickers hardness tester (FM-700, Shanghai, China) under a load of 500 gf and a dwell time of 10 s.



Before wear experiments, specimens were ground and polished to make their surfaces free from obvious scratches. A MFT-3000 ball-disc wear machine (RETC, Fremont, CA, USA) was used in this experiment. The schematic diagram of the friction and wear experiment is shown in Figure 1. During the whole experiment, the sliding speed was 25 mm/s, the sliding time was 60 min, and the applied load was 100 N. After the experiment, the abrasive debris on the surfaces of the samples was glued with conductive adhesive, and the samples were placed in a beaker filled with alcohol, cleaned with ultrasonic for 3 min, and then blow-dried. SEM equipped with EDS was used to observe the wear morphologies and debris of the samples, and the distribution of elements of wear products and debris was analyzed.





3. Results


3.1. Microstructure and Microhardness


Figure 2 shows the microstructure perpendicular to the extrusion direction of the alloys with different Gd/Nd ratios. The microstructures of both as-extruded and as-aged alloys are mostly composed of bright, fine equiaxed α-Mg recrystallized grains, grey secondary phase grains at matrix grain boundaries, and tiny precipitates. Some large grains can be observed in E-alloy 0, which are free from dynamic recrystallization [25]. With the increase in Gd/Nd ratio, the microstructure of the as-extruded alloys becomes more uniform with less long elongated grains and secondary phase, and the grain size shows an invisible difference, which is in the range of 3~6 μm. Compared with the as-extruded alloys, the grain size in T5-alloy 0 reduces due to static recrystallization, and the grain sizes of the T5-alloy 2 and T5-alloy 3 become coarser than those of the as-extruded alloys.



Figure 3 shows the SEM images of E-alloy 0 and E-alloy 3 with their corresponding element distribution maps. According to the binary phase diagrams of Mg-Gd and Mg-Nd, the ultimate solid solubility of Gd and Nd in Mg are 23.49 wt% and 3.6 wt%, respectively [26]. It is clear that much Nd is aggregated in the eutectic phase of the E-alloy 0, which was confirmed as Mg41Nd5 [27]. As for the E-alloy 3, most of the alloying elements dissolve into the matrix and distribute more homogeneously.



Figure 4 presents the SEM micrographs of E-alloy 1 and T5-alloy 1, and the EDS results of the marked regions are listed in Table 1. It is much clearer to observe the secondary phase grains and tiny precipitates at high magnification. The secondary phase grain in E-alloy 1 (region 1) is composed of Mg, Nd, Gd, and Zn, but after T5 treatment, the content of Nd, Gd, and Zn decreases, and 1.64% Sr is present, which is shown in the secondary phase grain in T5-alloy 1 (region 4). As for the E-alloy 1, region 2 shows that tiny precipitates are composed of Mg, Nd, Gd, Sr, Zn, and Zr, and the contents of Nd, Gd, and Zn are lower than the values of those in the secondary phase grain. Region 3 shows that α-Mg is composed of Mg, Gd, Zn, and Zr.



The microhardness of the alloys with different Gd/Nd ratios under as-extruded and as-aged conditions is presented in Figure 5. For the alloys 0, 1, and 2, the microhardness values changed very little and can be neglected as increases in the Gd/Nd ratio. But when the Gd/Nd ratio is 3, its microhardness value is 57.5 HV, which decreased by about 10% compared with that of the Alloy 0. After the T5 aging treatment, the microhardness of alloys with several Gd/Nd ratios shows an 8.4~13.6% improvement, and among these, the microhardness of the Alloy 1 sample increased from 62.5 HV to 69.0 HV. With the increases in the Gd/Nd ratio, the microhardness of T5 aging samples displayed a similar trend as the as-extruded samples.




3.2. Friction and Wear Properties


Figure 6 shows the representative friction coefficient curves and average values of the alloys under as-extruded and as-aged conditions. Generally, the friction coefficient fluctuates greatly at the beginning stage of dry sliding (0~400 s), which is in the run-in stage. Then, the friction coefficients have slight fluctuations when prolonging the experimental time, which may have resulted from the metal oxide layer formed between the grinding ball and the sample surface, as well as the continuously generated wear debris at the interface [28]. The representative friction coefficient curves of the alloys with different Gd/Nd ratios under both conditions present the same tendency. The friction coefficient value of the alloys is between 0.335 and 0.351, showing only a slight difference. Since the friction coefficient difference is less than 5%, the effect of the Gd/Nd ratio on the friction coefficient of the alloys under both conditions is negligible, especially for the as-aged alloys. Nevertheless, compared with the as-extruded alloys, the as-aged alloys present a slightly lower friction coefficient which is probably due to the higher microhardness.



Figure 7 shows the mass wear rates of the alloys at as-extruded and as-aged states after 60 min dry sliding. It can be seen that the mass wear rate difference of the as-extruded alloys with different Gd/Nd ratios is very slight (<3.5%). After the T5 treatment, with the increase in Gd/Nd ratio, the mass wear rate of alloys first decreases and then increases, among them the mass wear rate of the T5-alloy 1 is the lowest. It is worth noting that the mass wear rate of T5-alloy 0 is higher than that of the E-alloy 0, but the result for alloy 1 is contrary, indicating the complex effect of the T5 treatment on the wear rate of the alloys. The maximum mass wear rate is T5-alloy 0, and the minimum of it is T5-alloy 1.



The wear surfaces of the alloys were observed using SEM, as shown in Figure 8. The compositions of some regions marked in Figure 8 are listed in Table 2. It can be seen from Figure 8 that there are many smooth furrows parallel to the sliding direction on the wear surfaces, showing typical abrasive wear [29,30]. Some hard particles embedded into the furrows can be visible in Figure 8a,d,f, which are responsible for the abrasive wear. Specially, the fine particle circled in Figure 8d is probably the secondary phase because it is composed of more alloying elements than the matrix, as shown in Table 2, which is involved in the abrasive wear. Moreover, some peeling pits are also observed in the wear morphologies (red circle areas), indicating the existence of delamination wear [31], which results in the abrasive debris shown in Figure 9, and the abrasive debris is composed of Mg, Nd, Gd, Sr, Zn, and O. In addition, rough areas can also be found from the wear morphologies. As shown in Figure 8c, The EDS analysis of the region 1 area in Table 2 reveals the existence of oxygen element, which means oxidation wear. Therefore, for the E-alloys and T5-alloys, the wear mechanism includes abrasive wear, oxidation wear, and delamination wear. It is worth mentioning that the more abrasive the particles, the deeper the furrows, and fewer peeling marks are shown on the T5-Alloy 1 surface, indicating that its main wear mechanisms are abrasive wear and oxidation wear.



The collected wear debris of the alloys is shown in Figure 9, and the compositions of the debris marked in Figure 9 are also listed in Table 2. It can be seen as some large blocks of debris besides numerous tiny debris. They are generated through abrasive wear and/or delamination wear. The composition analysis listed in Table 2 shows that less oxygen is detected in the large block debris (area 3 and area 5), but more oxygen is detected in the tiny debris (area 4 and area 6), which indicates that the tiny debris undergoes more oxidation during dry sliding as a result of the oxidation wear mechanism.





4. Discussion


Studies have shown that both Gd and Nd can refine magnesium alloy grains by inhibiting grain boundary migration [24,25,26,27,29]. The solubility of Nd in Mg is much lower than that of Gd in Mg. The redundant Nd would form as the second phase and aggregate at the grain boundaries, which could restrain grain growth. In the present study, as the Gd/Nd ratio increases, the second phase and the aggregated effect at the grain boundaries decrease accordingly, resulting in a decline in microhardness. For the as-extruded alloys, more long elongated grains that did not undergo recrystallization were observed in E-alloy 0, whereas the other as-extruded alloys showed almost complete recrystallization and invisible grain growth. During the aging treatment, some second phases dissolved into the matrix, and more precipitates formed, which impeded grain growth and provided the precipitation-strengthening effect. In addition, most long elongated grains in alloy 0 disappeared due to static recrystallization, and the grains exhibited visible growth in alloys 2 and 3, which is attributed to the increment of the Gd/Nd ratio. Therefore, Nd exhibits more effective grain refining effects as compared with Gd.



It has been reported that when the addition is relatively low, the strengthening of Gd is not as effective as Nd for Mg alloys because of much higher solubility in Mg [24,25,32]. In this study, the total amount of rare earth elements in the four alloys is 4 wt%, and the microhardness of the alloys declines with the increase in Gd/Nd ratio. The precipitates during aging treatment are beneficial to the increase in microhardness.



During the wear experiment, the surface of the magnesium alloy contacts with air and thus forms an oxide film. Owing to the ploughing action of the microscopic bulge of the grinding ball, it would break and fall off, and then the newly exposed surface converted into a new oxide film constantly. The oxide fragments will adhere to the surface of the friction sample and are compacted to form a protective layer to reduce the contact between the friction pair and the alloy surface [33]. Thus, the formation of the oxide film is beneficial to reduce fluctuation of the friction coefficient in the process of friction and wear experiment so that the change of friction coefficient remains stable. Figure 10 is a simple schematic diagram of the wear mechanism of the alloy. The wear behaviors are related to the surface mechanical properties of samples and wear debris generated during sliding [34]. Magnesium alloys tend to react with oxygen. The wear mechanism of most of these alloys is abrasive wear and oxidation wear, similar to Figure 10a. In addition to the oxidation wear and abrasive wear of E-alloy 0 and T5-alloy 1, obvious delamination wear also occurred, as shown in Figure 10b. An oxidation film exists on the surface of alloys, and an oxidation reaction occurs in the friction process due to the action of friction heat, friction pairs, alloy particles, and the oxidation medium in the environment [21,35]. The friction between the friction ball and the hard particles or hard protrusions on the surface of alloys causes the loss of materials, that is, abrasive wear. Each abrasive particle can be considered as continuous debris cut off from the material surface, leaving a furrow on the surface [36], which is shown in Figure 10a. The reason for the delamination wear is that in the process of friction and wear of alloys, partial plastic deformation occurs on the surface when the friction test steel ball is welded to the surface of the magnesium alloy, and further sliding leads to the spalling of the worn surface and the formation of spalling pits [37], as shown in Figure 10b.




5. Conclusions


The following results were obtained through aging different Gd/Nd ratios extruded alloys of Mg-(4-x)Nd-xGd-0.3Sr-0.2Zn-0.4Zr (x = 0, 1, 2, 3, Gd/Nd = 0, 1/3, 1, 3) and dry sliding wear before and after aging:




	
With the variation of the Gd/Nd ratio in the alloy, the friction coefficient of the extruded alloy first increases and then decreases, but the friction coefficient of T5 alloys does not change significantly. The friction coefficient of the alloy after T5 treatment is slightly reduced.



	
For the as-aged alloys, the wear rate of the alloy decreases first and then increases with the increase in the Gd/Nd ratio. The alloy with a Gd/Nd ratio of 1/3 after T5 aging treatment has the lowest wear rate and the best wear resistance.



	
The wear mechanisms of the E-alloys and T5-alloys are composed of abrasive wear, oxidation wear, and delamination wear. But the wear mechanisms of T5-Alloy 1 are mainly abrasive wear and oxidation wear, which may be related to its lowest wear rate.
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Figure 1. Schematic diagram of friction and wear experiment. 
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Figure 2. Optical micrographs of Mg-Nd-Gd-Sr-Zn-Zr alloys (a) E-alloy 0, (b) E-alloy 1, (c) E-alloy 2, (d) E-alloy 3, (e) T5-alloy 0, (f) T5-alloy 1, (g) T5-alloy 2, (h) T5-alloy 3. 
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Figure 3. SEM images and alloying elements distribution maps of the E-alloy 0 (a) and E-alloy 3 (b). 
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Figure 4. SEM images of alloy 1; (a) E-alloy 1, (b) T5-alloy 1. 
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Figure 5. Microhardness of the as-extruded and as-aged alloys. 
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Figure 6. Representative friction coefficient curves of (a) E alloys and (b) T5 alloys and (c) friction coefficient average values of the alloys. 






Figure 6. Representative friction coefficient curves of (a) E alloys and (b) T5 alloys and (c) friction coefficient average values of the alloys.



[image: Coatings 14 00007 g006]







[image: Coatings 14 00007 g007] 





Figure 7. Mass wear rates of the alloys after 60 min dry sliding. 
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Figure 8. SEM images of wear surfaces of the as-extruded (a–d) and as-aged (e–h) alloys. (a) E-Alloy 0; (b) E-Alloy 1; (c) E-Alloy 2; (d) E-Alloy 3; (e) T5-Alloy 0; (f) T5-Alloy 1; (g) T5-Alloy 2; (h) T5-Alloy 3. The arrows are parallel furrows and the red circles are the peeling marks. The EDS results of yellow circles are shown in Table 2. 
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Figure 9. SEM images of wear debris of the as-extruded (a–d) and as-aged (e–h) alloys. (a) E-Alloy 0; (b) E-Alloy 1; (c) E-Alloy 2; (d) E-Alloy 3; (e) T5-Alloy 0; (f) T5-Alloy 1; (g) T5-Alloy 2; (h) T5-Alloy 3. The EDS results of yellow circles are shown in Table 2. 
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Figure 10. Schematic diagram of the wear mechanism of the alloy. (a) abrasive wear; (b) delamination wear. 
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Table 1. Compositions of the marked regions in Figure 4.
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	Element Content/wt.%
	1
	2
	3
	4





	Mg
	67.35
	93.31
	93.05
	83.69



	Nd
	27.76
	1.95
	3.42
	11.99



	Gd
	2.76
	1.45
	1.73
	1.66



	Sr
	/
	1.03
	/
	1.64



	Zn
	1.65
	1.05
	0.87
	1.02



	Zr
	/
	1.2
	0.94
	/










 





Table 2. EDS results of the regions marked in Figure 9.
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Element Content/wt.%




	
Mg

	
Nd

	
Gd

	
Sr

	
Zn

	
O






	
1

	
Bal.

	
2.45

	
3.19

	
1.39

	
0.57

	
9.40




	
2

	
Bal.

	
2.14

	
2.68

	
0.97

	
0.38

	
16.56




	
3

	
Bal.

	
4.20

	
0.56

	
0.81

	
0.59

	
12.39




	
4

	
Bal.

	
4.33

	
2.37

	
1.35

	
1.46

	
9.80




	
5

	
Bal.

	
4.88

	
1.25

	
0.8

	
1.2

	
8.15




	
6

	
Bal.

	
3.48

	
1.55

	
0.71

	
0.98

	
13.95




	
7

	
Bal.

	
2.82

	
3.32

	
0.28

	
0.71

	
10.95




	
8

	
Bal.

	
2.26

	
4.3

	
1.14

	
0.97

	
11.17
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