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Abstract:



This paper investigated the influences of Pr addition and heat treatment (T6) on the dry sliding wear behavior of AZ91 alloy. The wear rates and friction coefficients were measured by using a pin-on-disc tribometer under loads of 30, 60 and 90 N at dry sliding speeds of 100 rpm, over a sliding time of 15 min. The worn surfaces were examined using a scanning electron microscope and was analyzed with an energy dispersive spectrometer. The experimental results revealed that AZ91-1.0%Pr magnesium alloy exhibited lower wear rate and friction coefficient than the other investigated alloys. As the applied load increased, the wear rate and friction coefficient increased. Compared with the as-cast AZ91-1.0%Pr magnesium alloy, the hardness and wear resistance of the alloy after solution treatment were reduced, and through the subsequent aging, the hardness and wear resistance of the alloy were improved and the hardness was 101.1 HB (compared to as-cast AZ91 magnesium alloy, it increased by 45%). The AZ91-1.0%Pr with T6 magnesium alloy exhibited best wear resistance. Abrasion was dominant at load of 30 N, delamination was dominant at load of 60 N and plastic deformation was dominant at load of 90 N. Oxidation was observed at all loads.
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1. Introduction


AZ91 magnesium alloy is excellent and the most widely used of die-casting magnesium alloys, due to its high strength-to-weight ratio, suitable corrosion resistance and mechanical properties for room temperature application [1,2,3]. AZ91 Magnesium alloy is an excellent cast magnesium alloy with high specific strength and strong corrosion resistance. It is mainly used in the manufacturing of electrical products. However, the wear resistance of the alloy is poor and a relatively poor wear is a serious hindrance against wider application of AZ91 magnesium alloys. Increasing the wear resistance of this alloy has become one of the important research hotspot.



Changing the microstructure or generating new reinforcements and improving the hardness of the friction surface were the main means for improving the friction properties of AZ91 Mg alloy. The method to improves surface hardness only develops the local anti-wear property of the material, and once the protective layer is damaged, performance is reduced. Auezhan Amanov [4] studied the ultrasonic nanocrystalline surface modification (UNSM) process on the tribological properties of AZ91 Mg alloy. The results showed that the UNSM process can increase the surface hardness and improve the tribological properties of the alloy. E. Correa [5] deposited the electroless Ni-B coatings on AZ91 alloy to improve the alloy’s wear resistance. The results show that the wear resistances of the coatings were almost two orders of magnitude greater than that of the uncoated substrates. W. Pakieła [6] investigated the microstructure and mechanical properties of surface layer produced during laser surface treatment. The result showed that laser surface treatment can improve the hardness of the alloy.



Increasing the whole body of the material’s anti-friction capability is relatively more reliable. One of the common ways to do so is to change the microstructure of the alloy [7]. Modifying the morphology of the microstructure or generating new reinforcing phases can improve the wear resistance of the alloy. The addition of rare earth elements [1,8,9] to the AZ91 alloy matrix or heat treatment [10] are commonly used means. A. Zafari [4] investigated the effect of 1–3 wt.% of lanthanum-base rare earth elements addition on the wear behavior of AZ91 alloy at wear temperatures of 25–250 °C under a normal load of 20 N. The results showed that lanthanum-base rare earth element additions were not improving the wear rate of the alloys at the wear temperature of 25 °C. The alloy containing 3 wt.% exhibited the highest wear resistance when wear temperatures increased to 150–200 °C. X.J. Wang [11] studied the aging behavior of as-cast SiCp/AZ91 Mg matrix composites. The results show that the aging treatment and SiCp particles were effective in improving the mechanical properties of AZ91 magnesium alloy.



β-Mg17Al12 phase has a direct effect on the friction properties of AZ91 alloys, especially at high friction temperature. The β-Mg17Al12 phase melting point is between 437 and 458 °C. When the worn surface temperature increased, the β-Mg17Al12 may melt and the wear resistance decreases. Addition of rare earth can reduce the number of softer and lower melting β-Mg17Al12 phase, and change the morphology of β-Mg17Al12 phase. It can generate new rare earth reinforced phases, and improve the wear resistance of the matrix alloy. CUI Xiao-peng [12] studied the microstructure and mechanical properties of die-cast AZ91D magnesium alloy by Pr additions. The mass fraction of Pr at around 0.8% is considered to be suitable to obtain the optimal mechanical properties. However, there are relatively few studies on the effect of Pr on the wear properties of AZ91 alloys. With respect to heat treatment, Yan H. [10] analyzed that T6 heat treatment can dissolve Mg17Al12 completely and then renew its precipitation. Li N. [13] believed that that T6 heat treatment benefited for the improvement of the wear properties of the alloy. Based on the above reasons, this paper studied the effect of Pr addition and T6 heat treatment on the microstructure and wear properties of AZ91 alloy under different loads.




2. Experimental


2.1. Materials Preparation


Commercial AZ91 magnesium alloy was chosen as the matrix material. The content of Pr in composites was controlled by the added amount of the Mg-20 wt.% Pr master alloy. And this master alloy was composed of pure Mg-80 wt.% and Pr-20 wt.%. The Pr additions were 0.5, 1.0, and 1.5 wt.%. In order to prevent oxidation of magnesium alloys, SF6 and CO2 gas mixtures were used for protection during melting. The smelting temperature was first set to 700 °C, and the matrix alloy was kept in heating for 10 min after melting. Then, the temperature of the furnace was heated to 850 °C, and Mg-20 wt.% Pr master alloys wrapped with aluminum foil were added. After mixing, the melting alloy was cooled down to 740 °C, and casted into the metal mold with the ingot size ofΦ20 mm × 200 mm. The alloy was subjected to solution treatment at 380 °C for 15 h and then cooled with furnace. Those samples that had been solution-treated were aged at 175 °C for up to 22 h, and also cooled with furnace.




2.2. Wear Testing


The dry sliding wear test was carried out using a MMD-1 (Jinan Yihua Tribology Testing Technology Co., Ltd., Jinan, China) pin-on-disc apparatus at room temperature. The wear tests were carried out in a laboratory atmosphere with a relative humidity ranging from 40% to 60%. The wear rates and friction coefficients results were the average value of the three tests. Pin samples were machined into rods of Φ4.5 mm × 11 mm. The disc material was ASTM1045 steel of 45 HRC. Before each test, the pin and disc surfaces were ground with 600, 1200, 1500, and 2000-grit SiC abrasive paper successively, polished, and then cleaned with ethanol. The surface of the samples was polished to a roughness less than 0.1 μm before wear testing.



A constant sliding speed of 100 rpm (0.188 m/s) and sliding time of 15 min were selected for the tests, while three different applied loads (30, 60 and 90 N) were used employing stationary weights. This experiment used the wear rate as a measure of the material's wear resistance. Samples’ densities were determined using the Archimedes’ principle. All weight loss data were converted to volume loss using the measured densities. Wear rates were estimated by dividing the volume wear loss by the sliding distance. Friction coefficients were the mean values of the kinetic friction coefficients in steady period of wear (after sliding for 3 min).




2.3. Characterization


A Nikon Eclipse MA200 (Nikon Metrology, Inc., Brighton, UK) optical microscope (OM) was used to observe and analyze the microstructure evolution of the samples. Metallographic specimens were taken from the central position of each ingot. The samples that were used for the OM examination were mounted and then polished and etched in an ethanol solution composed of 4 vol. % nitric acid. The micro-hardness was measured using a HVS-1000A Vickers hardness instrument (Laizhou Huayin Testing Instrument Co., Ltd., Laizhou, China). The set load was 300 g and 10 s duration. The worn surfaces were inspected by a VEGA3 TESCAN (TESCAN CHINA, Ltd., Shanghai, China) scanning electron microscope (SEM) equipped with an energy dispersive spectrometer (EDS).





3. Results and Discussion


3.1. Microstructure Evolution


Figure 1 showed optical microstructures of Mg-xPr alloys with different Pr contents. Each phase was determined by comparing the results of the literature [8] and EDS analysis (Figure 2 and Table 1). The as-cast microstructure of AZ91 alloy consisted of α-Mg and β-Mg17Al12. The β-Mg17Al12 phase is networked or massively distributed along grain boundaries as Figure 1a shown. As can be seen from Figure 1b, when 0.5% Pr was added, the amount of networkedβ-Mg17Al12 phase in the alloy was significantly reduced, and it was mostly in the form of a block. The black needle-like phase in was Al11Pr3 and the black granular polygonal phase is Al6Mn6Pr. It could be observed from Figure 1c that the size of the bulk β-Mg17Al12 phase was further reduced, and part of the β-Mg17Al12 phase was nearly spherical. The number of Al11Pr3 and Al6Mn6Pr phases has increased. Figure 1d showed that β-Mg17Al12 phase size increased compared to Figure 1c and had a tendency to become network-like. The amount of Al11Pr3 and Al6Mn6Pr phases continued to increase. Therefore, Pr was added at 1.0%, the microstructure obtained was optimal.


Figure 1. Optical microstructure of the AZ91-xPr alloys: (a) x = 0%, (b) x = 0.5%, (c) x = 1.0% and (d) x = 1.5%.
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Figure 2. SEM images of AZ91-1.0%Pr die-casting alloys.
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Table 1. EDS analysis results of points in Figure 2.





	
Point

	
Weight/%




	
Mg

	
Al

	
Mn

	
Pr






	
1

	
70.67

	
-

	
0.32

	
6.27




	
2

	
8.86

	
34.56

	
24.79

	
18.47




	
3

	
22.31

	
29.16

	
20.13

	
15.37




	
4

	
74.45

	
9.22

	
-

	
7.89




	
5

	
54.53

	
27.12

	
-

	
10.54




	
6

	
62.89

	
30.01

	
-

	
0.21










The three roles of rare earth Pr were:

	(1)

	
Changing the microstructure of the β-Mg17Al12 phase;




	(2)

	
Refining the grain size;




	(3)

	
Forming Al11Pr3 and Al6Mn6Pr phases, thereby reducing the β-Mg17Al12 phase amount.









By addition of the Pr elements, a lower amount of aluminum could become available for the formation of β phase and, subsequently, leading to a change in the morphology of this phase. It can be seen from Figure 3 that the dispersion of the rare earth Pr in the AZ91 magnesium alloy was relatively homogeneous.


Figure 3. X-ray elemental map of Mg, Al, Zn and Pr of the surface of AZ91-1.0%Pr alloy.
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After solution treatment of the AZ91-1.0%Pr alloy, the original β-Mg17Al12 phase dissolved into the α-phase matrix and forms a solid solution, as shown in Figure 4. The Al element distribution tended to be uniform. Fine β precipitates can be seen in the grains. While the needle-like and polygonal granular rare earth phases have a high melting point, their morphology had not changed. After aging treatment as Figure 5 shown, the β phase precipitated out in grains and grain boundary again. The precipitates distributed uniformly in both matrix and grain boundaries after aging [14]. The β precipitations in the grain boundary was in the form of alternating layers, and nearly spherical in the grains.


Figure 4. Optical micrographs of AZ91-1.0%Pr alloy after solution treated.
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Figure 5. Optical micrographs of AZ91-1.0%Pr alloy after T6 heat treatment.
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3.2. Hardness


The hardness results were shown in Figure 6. From the results, it can be seen that with the increase of Pr content, the hardness increased first and then decreased. When the Pr content was 1.0%, the hardness value was the highest and its value was 76.2 HB. The AZ91-1.0%Pr alloy was treated by T6 heat treatment. After solution treatment, the hardness of the alloy decreased and its value was 68 HB. After aging treatment, the hardness of the alloy reached the highest and its value was 101.1 HB. Hardness has a certain effect on the wear properties of the alloy. According to the Archard’s law [15], the higher hardness can improve the wear resistance of the alloy. However, there are many factors that affect wear properties of the alloy. H.C. Meng [16] analyzed the friction models proposed in numerous literatures. He believed that it was not possible to use a single model to accurately predict the wear properties of materials, and there were many factors affecting the wear properties: there were approximately 100 variables or parameters. Therefore, the wear properties cannot be judged from the hardness values alone.


Figure 6. Effect of Pr content on the hardness of alloys.
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3.3. Wear Rates


The variation of wear rate by wear testing under normal loads of 30, 60 and 90 N was illustrated in Figure 7. As could be seen from Figure 7, under the same wear conditions, the matrix alloy wear rates were the largest. Adding rare earth element Pr improved the wear resistance of the matrix. With the addition of Pr, the microstructure was refined, the strength of the substrate was enhanced, and the wear properties of the alloy were improved. In the smelting process, rare earth Pr elements reduced casting defects and improved casting quality. Meanwhile, it also purified the grain boundary and increased the grain boundary strength, so it was beneficial to improve the wear resistance of the alloy. The minimum wear rate value appeared at Pr content of 1% and load of 30 N; the maximum ware rate value appeared at Pr content of 0% and load of 90 N. When at the same Pr content, the wear rates increased as the applied load was increased. The wear rate increased slightly when the load increased from 60 N to 90 N. Increasing the load caused the temperature of the grinding surface to rise and the oxide layer increased [17]. An increase in the oxide layer led to a decrease in adhesion, resulting in an increase in the wear rate. However, the oxide layer reduced the contact area of the grinding surface. So, the wear rates increased. In addition, when the load increased, plastic deformation occurred on the worn surface, so that the oxide layer is not easy to adhere on the worn surface [1]. When the load was further increased, the wear rate increased slightly.


Figure 7. Wear rates of the tested alloy under different load force.
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The addition of Pr changed the formation and distribution of β-Mg17Al12 phase. When the grinding surface temperature rose, the β-Mg17Al12 phase lost its strength. Plastic deformation occurred on the grinding surface, and plastic deformation caused the oxide layer cannot adhere to the wear surface. So, under the same wear conditions, the wear rate is the highest when the Pr content was 0%, and the wear rate was the lowest when the Pr content was 1%.



The β phase is the main strengthening phase in AZ91 magnesium alloy. Increase in β phase creates more surfaces for easy deformation and sliding due to the low thermal stability and softening of β phase [8]. The discontinuous and net-shape β phase which distributed along the grain boundary was changed into fine and homogeneous mass shape with the Pr addition, as Figure 1c shown. The existence of thermally stable Al11Pr3 intermetallic compound with high melting point could also help to resist the applied stresses in the contact zones. The higher strength and stability of Al11Pr3 intermetallic compound could make the matrix more stable and improve the wear resistance of the alloy.



The wear rate of the AZ91-1.0%Pr specimens after solid solution and aging treatment compared with the as-cast specimens was shown in Figure 8. Compared with the as-cast, the wear rate of the sample after solution treatment obviously increased, while the wear rate of the sample after T6 decreased. The hardness of the alloy after solution treatment decreased and the wear resistance property decreased. After T6 heat treatment, the hardness of the alloy was increased, and the re-precipitated β phase reduced the stress concentration and enhanced the bonding at particle-to-matrix interface [10].


Figure 8. The wear rates of AZ91-1.0Pr as-cast and after heat treatment.
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3.4. Friction Coefficient


When the Pr content was the same, the friction coefficient increased as the load increased. The load was to affect the wear property by changing the size of the actual contact area and the degree of plastic deformation on the worn surface. When the load increased, a certain plastic deformation occurred on the worn surface of the original undulations, which increased the actual contact area of the friction pair, resulting in an increase in the friction coefficient. On the other hand, due to the plastic deformation, the oxide debris cannot be adhered to the worn surface, and the oxide wear debris helps to reduce the friction coefficient. Therefore, the load increased, and the friction coefficient increased due to the detachment of the oxide wear debris.



Under the same friction conditions, when the Pr content was 1%, the friction coefficient was the smallest, and when the Pr content was 0%, the friction coefficient was the biggest (as Figure 9 shown). The rare earth Pr element increased the grain boundary strength and increased the hardness of the alloy, so it was beneficial to improve the wear resistance of the alloy. After adding Pr, the solid solution strengthening effect of the generated Al11Pr3 and Al6Mn6Pr phases in the magnesium alloy improved the hardness and yield strength of the AZ91 magnesium alloy. The friction coefficient was related with the microstructure or mechanical properties of the material [18]. And with the increase of Pr content, the hardness increased, and the hardness reached the maximum when Pr content was 1.0%. This improved the wear resistance of the alloy and reduces the friction coefficient. The friction coefficient was the lowest when the hardness was the highest at the Pr content of 1.0%.


Figure 9. Friction coefficients of the tested alloys under different applied loads.
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After solution treatment of AZ91-1.0%Pr alloy, the hardness of the alloy decreased and the plasticity increased. The alloy was more likely to undergo plastic deformation that increased the frictional contact area and increased the friction coefficient. Compared with the friction coefficient of the as-cast, at 30 N, the friction coefficient after the solution treatment of the alloy increases was not obvious, while at 60 N and 90 N, the plastic deformation is more serious, so the friction coefficient increased more obviously, as shown in Figure 10. After T6 heat treatment, β-phase was re-precipitated, which increased the hardness and yield Strength of the alloy [10]. That improved the ability of the alloy to resist deformation. Therefore, after T6 treatment, the friction coefficient decreased.


Figure 10. The friction coefficients of AZ91-1.0%Pr as-cast and after heat treatment.
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3.5. Wear Mechanisms


Figure 11a showed the worn surface of AZ91-0%Pr alloy under the load of 30 N. The grinding surface was undulated and the wear debris accumulated on the worn surface. The main wear mechanisms were abrasion [19] and oxidation at this condition. The worn surface of AZ91-0%Pr alloy under a load of 60 N was shown as Figure 11b. There were some ploughs with different depth along the wear direction and grooves on the worn surface. Therefore, the main wear mechanisms of this condition were abrasive [20] and delamination. The worn surface of AZ91-0%Pr alloy under a load of 90 N was shown as Figure 11c. In addition to the grooves, a bright band appeared on the worn surface. It indicated that the wear surface undergone plastic deformation. So, the main wear mechanisms were delamination and plastic deformation [10]. The wear resistance of the AZ91-0%Pr alloy decreased as the load increased. The voids can be observed in Figure 11a–c), which was the main feature of the wear of the delamination [21]. Delamination occurred under all tested wear conditions at the Pr content was 0%.


Figure 11. SEM images of worn surface for AZ91-0%Pr alloy under different applied loads (a) 30 N, (b) 60 N and (c) 90 N.
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Figure 12a showed the worn surface of AZ91-0.5%Pr alloy under a load of 30 N. There were more abrasive particles on the worn surface. Meanwhile, plough appeared and tear can be observed in the local plough region. At this condition, the main wear mechanisms were abrasion and delamination. Figure 12b showed the worn surface of AZ91-0.5%Pr alloy under a load of 60 N. A large number of scratches were distributed on the wear surface, and a large area of shedding was observed so that a large amount of particles and flakes were formed on the surface. The wear debris, as can be seen from Figure 13, the main components of wear debris on the worn surface were oxygen, magnesium and iron (from the friction disc). The main wear mechanisms at this condition were delamination and oxidation [22]. Figure 12c showed the worn surface of AZ91-0.5%Pr alloy under a load of 90 N. It can be seen that there were widened grooves, localized plastic deformation and larger broken area on the worn surface. The main wear mechanisms were plastic deformation and delamination.


Figure 12. SEM images of worn surface for AZ91-0.5%Pr alloy under different applied loads (a) 30 N, (b) 60 N and (c) 90 N.
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Figure 13. EDS analysis of wear debris (a) Location of points, (b) point 1, (c) point 2 and (d) point 3.
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Figure 14a shows the worn surface of AZ91D-1.0%Pr alloy under a load of 30 N. Many ploughs with different depths were observed on the worn surface. A large number of oxidized and detached abrasive grains were distributed in the ploughs. The separation of the detached abrasive particles further generated abrasive wear on the surface. Abrasion and oxidation were dominant at this condition, corresponding to mild wear. When the load increased to 60 N, a worn surface was seen (Figure 14b). The wear debris formed on the worn surface due to the detachment of the oxide film, which cut the surface along the direction of wear through the plough, resulted in grooves. A lot of adhesives were flattened on the surface and a small number of cracks were observed. Abrasion and oxidation were dominant at the load of 60 N. When the load increased to 90 N, plastic deformation was observed on the worn surface (as shown in Figure 14c). Due to plastic deformation, oxides could not adhere to the wear surface. There was still a large amount of oxide wear debris in the area with no plastic deformation on the worn surface. Plastic deformation and oxidation were dominant at a load of 90 N.


Figure 14. SEM images of worn surface for AZ91-1.0%Pr alloy under different applied loads (a) 30 N, (b) 60 N and (c) 90 N.
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Figure 15a–c were the worn surfaces of AZ91-1.5%Pr alloy under the loads of 30 N, 60 N and 90 N, respectively. Under the same conditions, the main wear mechanism was the same as that of AZ91-1.0%Pr alloy. But worn surface became worse.


Figure 15. SEM images of worn surface for AZ91-1.5%Pr alloy under different applied loads (a) 30 N, (b) 60 N and (c) 90 N.
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As the load increased, the worn surface of the contact areas became worse. Under the same wear conditions, when the Pr content was 1%, the depths of the ploughs and grooves were minimal. That indicated that the alloy has high interfacial bonding strength and the best wear resistance.



Figure 16 shows the worn surface of the AZ91D-1.0%Pr alloy after the solution treatment. There were scratches and plastic deformation parallel to the wear direction at loads of 30 N, 60 N, and 90 N. Compared with Figure 14, under the same wear conditions, the alloy had more severe plastic deformation and more grooves after solution treatment. This indicated that the alloy became soft and wear resistance reduced.


Figure 16. the worn surface of AZ91-1.0%Pr alloys with solution heat treatment under different loads (a) 30 N, (b) 60 N, (c) 90 N.
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Figure 17 showed the worn surface of the AZ91-1.0%Pr alloy after T6 treatment. Compared with Figure 14, under the same wear conditions, there were fewer scratches and the wear resistance improved. Abrasion and oxidation were dominant at load of 30 N, corresponding to mild wear [22]. Simultaneously, delamination and plastic deformation were mainly at high loads of 60 N and 90 N, which related to severe wear.


Figure 17. the worn surface of AZ91-1.0%Pr alloys with T6 heat treatment under different loads (a) 30 N; (b) 60 N; (c) 90 N.
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4. Conclusions


This paper investigated the influence of Pr addition and heat treatment (T6) on the dry sliding wear behavior of AZ91 alloy by pin-on-disc tribometer. The conclusions of this investigation wereas follows:

	(1)

	
Rare earth Pr refines the microstructure of AZ91 alloy and generates new reinforcing phase. When the Pr content is 1%, the refinement effect is best, and its hardness reaches a peak value of 76.2 HB. After the T6 heat treatment of AZ91-1.0%Pr alloy, the β phase precipitated out in grains and grain boundary again. The β precipitations in the grain boundary was in the form of alternating layers, and nearly spherical in the grains. Meanwhile, the hardness of the alloy is further increased to 101.1 HB, which is a 45% increase in hardness compared to the AZ91 as-cast alloy.




	(2)

	
As the load increases, the wear rate and friction coefficient all increased. The AZ91-1.0%Pr alloy with T6 exhibited both the lowest wear rates and friction coefficients of all the alloys. The AZ91-1.0%Pr alloy treated with T6 treatment showed better wear resistance, which was mainly due to large amounts of fine Mg17Al12 distributed in the grains and grain boundary. After T6 heat treatment, the wear rate was reduced by approximately 50% compared to the as-cast alloy at 60 and 90 N loads.




	(3)

	
As the load increases, the worn surface becomes worse. Abrasive was dominant at load of 30 N, delamination was dominant at load of 60 N and plastic deformation was dominant at load of 90 N. Oxidation was observed at all loads. Abrasion and oxidation were corresponding to mild wear, delamination and plastic deformation were related to severe wear.









The result showed that the addition of Pr or T6 heat treatment is an effective method to improve the wear resistance of AZ91 alloy. This provides valuable information for the preparation of wear-resistant components for electric vehicles. Meanwhile, it also provides a way for reducing the frictional resistance of magnesium alloys during the extrusion, rolling, forging and other processes.
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