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In order to enhance the wear resistance without changing the mechanical properties of the substrate, the aluminum-bronze alloy was siliconized by pack cementation in this paper. Its surface hardness was improved by a certain thickness of siliconized layer. The different processes and their influences on the siliconized layer and the substrate were investigated by changing the ratio of siliconizing powder. The microstructure and phase composition of the siliconized layer was detected and analyzed. Compared with the non-siliconized sample, the hardness of the siliconized layer of 30% Si content is increased by 93.54%, and the average friction coefficient is reduced to 40.38%. The maximum thickness of siliconized layer in the experiment is 200 μm when the silicon powder content is 30%. It can be concluded that surface siliconizing is effective to reduce the friction coefficient of aluminum-bronze and improve wear resistance.
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INTRODUCTION
Compared with simple aluminum-bronze, complex aluminum-bronze has better wear resistance. It is mostly used to make frictional parts in the mechanical transmission system, such as screw and nut (Wharton et al., 2005; Equey et al., 2011; Wu et al., 2015). When used as a friction pair with harder parts, complex aluminum-bronze is easy to wear out by producing a lot of wear debris (Zhou et al., 2015) which affects the service life of the parts.
The wear resistance of copper alloys can be improved through adding alloying elements (Buchely et al., 2005), suitable heat treatment processes and the surface coating technology (Yang et al., 2005). There is evidence to suggest that the friction and wear properties of copper alloys are mainly determined by the plastic deformation and cracks of the surface layer (Mohseni et al., 2015; Rigney and Glaeser, 1978; Hirth and Rigney, 1976). Compared with heat treatment technology, the surface coating technology can improve the surface hardness and wear resistance without changing the performance of the aluminum bronze alloy. Among surface coating technologies, electroplating technology has a large environmental pollution, and laser cladding technology is costly. Chemical heat treatment uses chemical reaction and physical adsorption to deposit the infiltrated elements on the surface of the substrate, and gradually diffuse to the substrate with the extension of heating and holding time, and finally form a certain thickness of infiltration layer. The infiltration layer obtained by the chemical heat treatment has continuous structure, which belongs to metallurgical bonding, high bonding strength, and not easy to exfoliate (Qiao and Zhou, 2012; Aragoudakisa et al., 2003; Koo and Yu, 2000). Therefore, the method of chemical heat treatment of pack cementation is used in this study to reduce the cost while effectively improving the surface properties. To achieve the chemical heat treatment for the metal surface, the atoms that need to be infiltrated are first deposited on the metal surface, and infiltrated into metal surface from penetrant through chemical reaction. When the surface atoms reach a certain concentration, they begin to infiltrate and diffuse into the metal substrate. The speed of chemical reaction and the diffusion rate of atoms in the metal substrate are mainly affected by the concentration of atoms and the heat treatment process. Parlikar et al. (Parlikar et al., 2013) obtained the Al3Ti layer by pack cementation aluminizing with nearly α-Ti29A alloy and explored its effect on alloy tensile properties. In a major advance in 1983, Frank et al. (Frank and Falconer, 1983) revealed that Si and Cu form ordered compounds Cu3Si and Solid solution alloy Cu0.95Si0.05 when Si atoms penetrate and diffuse into the copper alloy matrix. Wang et al. (Wang et al., 2009) achieved pack siliconizing on the surface of pure copper with nickel plating, and the siliconized layer improved the surface hardness and wear resistance of pure copper. The average micro hardness value of the surface reached HV760, and the friction coefficient was about 0.3.
In this paper, the Si content with different ratio were prepared for pack cementation. Si atoms are adsorbed on the surface of the aluminum bronze substrate and diffuse to form a silicon infiltration layer, which aims to improve the wear resistance of aluminum bronze’s layer, reduce the amount of wear, and extend the life of the aluminum bronze friction pair. This article deals with the quality evaluation of some layers prepared in different Si content in terms of layer thickness, number of holes, hardness. Besides, the microstructure of siliconized aluminum bronze is analyzed. The wear resistance of the siliconized layer was investigated with hardness and friction coefficient.
EXPERIMENT
Pack Siliconizing
The aluminum bronze (QAl10-5-5) samples were taken from a nut in a mechanical servo press. Its chemical composition is shown in Table 1. The size of aluminum bronze sample is shown in Figure 1A. The samples were taken as the lower friction pair for the friction and wear test after pack siliconizing. Before siliconizing, the samples are mechanically polished and then removes surface stains in absolute ethanol using ultrasonic.
TABLE 1 | The chemical composition of QAl10-5-5 aluminum bronze (wt.%).
[image: Table 1][image: Figure 1]FIGURE 1 | (A) The size of aluminum bronze sample and (B) The process of pack siliconizing.
In this experiment, the penetrant is composed of three parts: the main penetrant, accelerator and filler. The main penetrant is Si powder with a purity of 99.99%. Its particle size is 40–200 mesh. NaF and NH4Cl were used as accelerator to react with Si powder producing SiCl2 and SiF2 and the resulting compound replaces Cu with active Si atoms to penetrate into copper alloy substrate and form intermetallic compounds [16]. The role of SiC as a filler is to prevent powder sintering from affecting the reaction of active Si atoms.
The process of siliconizing test is shown in Figure 1B. Fill the prepared and mixed penetrant powder into a container with preloading samples and compact it. Ensure that the thickness of the powder on the top of the sample is more than 30 mm. Then seal the container with refractory mud, and keep the container without any gas leaking. Finally, put the container into a rapid heating box-type electric furnace for heat treatment. The heating rate was 3°C/s and the holding time was 12 h. Cool down the container within the furnace. The parameters of the test are shown in Table 2. The content of Si and SiC are mainly changed in the experiment. When the content of Si powder increases, the content of filler SiC decreases accordingly. The content of osmotic agent NH4Cl and NaF each contains 3%.
TABLE 2 | Process parameters of test.
[image: Table 2]Test for Wear Resistance and Hardness
In the friction test, the lower friction pair was siliconized aluminum bronze plates and non-siliconized aluminum bronze plates. The upper friction pair was used 38GrMoAl high-grade nitride steel pin, which has high wear resistance, high fatigue strength and high strength, with a diameter of 6.3 mm and a length of 22 mm. The actual contact pressure between the actual force transmitting screw and nut in the mechanical servo press was 15 MPa∼20 MPa, so the load applied to the pin should be in the range of 467.6N∼623.4N. Friction and wear test parameters were shown in Table 3. Before the test, the lower friction pair was soaked in lubricating oil for 1 min to cover the surface of the sample with an oil film, and no lubricating oil was added during the test. Different lower friction pairs were tested three times and the average value was taken.
TABLE 3 | The parameters of friction and wear test.
[image: Table 3]The Vickers hardness was measured using an applied load of 500 g for 15 s. At least three tests were carried out at different positions of the specimen, and the average value of hardness was obtained.
RESULTS AND DISCUSSION
Microstructure of Siliconized Aluminum Bronze under Various Si Content
Four penetrants with different ratios of Si content of 10%, 30%, 50% and 70% were applied to carry out the siliconizing. The microstructures of siliconized layer by different Si content were presented in Figure 2. The siliconized layer is discontinuous and contains many voids and holes when the Si content is 10% (Figure 2A). The maximum depth of the holes is 70 μm and the total thickness of the siliconized layer is about 100 μm. In Figure 2B, the diffusion layer and the solid solution layer can be distinguished. The layer is continuous and relatively smooth, but there are still holes in the siliconized layer. The maximum depth of the holes is 50 μm and the thickness of the diffusion layer and the solid solution layer is about 200 μm. As shown in Figures 2C,D, the phase in the diffusion layer have uneven distribution. When the Si content is 50% and 70%, the siliconized layer is about 140 μm, 130 μm, respectively. Significantly reduction of holes is observed in Figures 2C,D compared with Figure 2A.
[image: Figure 2]FIGURE 2 | Microstructure of the siliconized layer under the condition of different Si powder ratio. (A) 10%; (B) 30%; (C) 50%; (D) 70%.
The SEM images of the siliconized layer under different penetrants are shown in Figure 3. The upper layer is the siliconized layer and the lower layer is the copper alloy substrate. When the Si content is 30%, 50%, 70%, the block structure appears in the siliconized layer. No clear block structure is found in the siliconized layer of 10% Si content of 10% (Figure 3A). There are two kinds of large blocks with different colors in Figure 3B. In the siliconized layers of 50% and 70% Si content (Figures 3C,D), the blocks are smaller than Figure 3B and distributed more scattered. It can be seen from Figure 3E that the Si content is the highest in the diffusion layer of the infiltration layer.
[image: Figure 3]FIGURE 3 | Surfaces of the siliconized layer under the condition of different Si powder ratio. (A) 10%; (B) 30%; (C) 50%; (D) 70%; (E) EDS mapping of 30% Si content.
The Wear Resistance of the Siliconized Aluminum Bronze Layer
The Hardness of Siliconized Aluminum Bronze Layer
A Vickers hardness was used to measure the macroscopic hardness of the siliconized aluminum bronze and the non-siliconized aluminum bronze sample. The surface hardness is shown in Figure 4A by comparing the siliconized sample of 30% Si content and the non-siliconized aluminum bronze sample. The average Vickers hardness of the non-siliconized sample is 271HV1 and the siliconized sample is 525HV1. Compared with the non-siliconized sample, the hardness of the siliconized layer with the Si content of 30% is increased by 93.54%.
[image: Figure 4]FIGURE 4 | (A) A Vickers hardness of the siliconized aluminum bronze and the non-siliconized aluminum bronze sample (30% Si content). (B) The dry friction test of the non-siliconized sample. (C) The Lubrication friction of the siliconized aluminum bronze and the non-siliconized aluminum. (D) The lubrication friction coefficient of the siliconized sample in 90 min.
The Average Friction Coefficient of Siliconized Aluminum Bronze Layer
Lubricant failure may occur in the lubrication friction test. After the lubricating oil fails in the lubrication friction test, the friction gradually changes from the lubrication to the dry friction, and the friction coefficient changes drastically. The dry friction test is carried out on the non-siliconized sample firstly, and the dry friction coefficient is obtained, as shown in Figure 4B. The dry friction coefficient fluctuates in the range of 0.214∼0.427, the fluctuation range is 0.213, and the average friction coefficient is 0.310.
The lubrication friction coefficient of the samples in the siliconized layer of 30% Si content and non-siliconized aluminum bronze is depicted in Figure 4C. It can be seen that the lubrication friction coefficient of the non-siliconized sample began to rise sharply after 8.79 min. At 12 min, the lubrication friction coefficient is 0.343, which exceeds the average value of the dry friction coefficient. The lubrication friction coefficient of siliconized aluminum bronze did not show lubrication failure within the first 11 min. Although the lubrication friction coefficient curve is not flat enough, the friction coefficient fluctuates more smoothly than the non-siliconized sample.
To understand the influence of the siliconized layer on the lubrication friction coefficient, the lubrication friction coefficient of the siliconized sample is observed for a longer time. The result, as shown in Figures 4D, is that the friction coefficient fluctuates greatly in the first 10 min, and the fluctuation range is between 0.112∼0.149. After 10 min, the friction lubrication coefficient decreased to the stable region, and the average lubrication friction coefficient in the stable area is 0.063. The curve was shown a stable downward trend from 10 min to 90 min, and the fluctuation range is 0.020. The results have shown that the oil film on the surface of siliconized aluminized bronze remained undamaged within 90 min, and the two surfaces have not reached stage of the boundary lubrication. The samples after the 90 min friction test were shown in Figures 5A,B. It can be found that the wear marks on the surface of the non-siliconized sample were deep, and those on the surface of the siliconized sample were shallow. In Figure 5C, the wear rate of the non-siliconized sample is 0.085% under dry lubrication. Under lubricating conditions, the wear rate of the non-siliconized sample is 0.035% and the siliconized sample of 30% Si content is 0.012%. In Figure 5D, the wide of wear track is about 20 μm. There are a large number of small debris and a small part of large debris on the friction surface and the inside of the groove. The smallest particle diameter is less than 1 μm, and the large particle diameter is about 10 μm. And the wear debris is generally granular and cannot form a large adhesion layer like the wear debris of the non-siliconized sample.
[image: Figure 5]FIGURE 5 | The scratch on the surface of friction specimen: (A) non-siliconized sample; (B) siliconized sample aluminum bronze sample; (C) wear rate; (D) the SEM of the wear track.
CONCLUSION

When content of Si powder is small, the proportion of filler increases which cause the activity of Si atoms to penetrate into the aluminum bronze surface to decrease. Therefore, the infiltration layer is too thin in low Si powder content. On the other hand, Si powder is sintered due to too little filler which also reduce the generation of active Si atoms when the content of Si powder is high. The appropriate ratio of Si powder and filler is beneficial to obtain a thicker infiltrated layer. Therefore, when the siliconizing powder is composed by 30% Si + 3% NaF +3% NH4Cl + 64% SiC, the heating temperature is 850°C, and the holding time is 18 h, a certain thickness of high-quality siliconized layer will be obtained and the substrate will not be affected.
The average Vickers hardness of the non-siliconized sample is 271HV1 and the siliconized sample is 524.5HV1. It can be concluded that the siliconized layer increases 93.54% of the hardness of the aluminum bronze alloy surface.
The average friction coefficient of the siliconized sample is reduced to 40.38% of that of the non-siliconized sample. In the 90 min friction test, the lubricating oil film did not break and fail and the coefficient of friction was extremely stable. The result proves that the siliconized layer can reduce the friction coefficient and improve wear resistance.
The surface of aluminum bronze forms a large adhesion layer after plastic deformation during friction and shows the characteristics of viscous wear. When the surface of aluminum bronze is siliconized, the plastic deformation area of the micro-protrusions becomes smaller, and the macroscopic performance is that the hardness of the siliconized surface increases. Therefore, wear debris is reduced during the friction process and wear resistance is improved.
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