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Abstract

:

TiC/316L stainless steel (316Lss) metal matrix composite parts have been formed using selective laser melting (SLM). In this study, we have investigated the influence of the TiC mass fraction on the microstructure evolution, microhardness, friction properties, wear properties, and corrosion resistance of the TiC/316Lss composites. The results show that the microhardness increased by the addition of the TiC mass fraction. In terms of friction and wear properties, the corrosion resistance initially increased, and then decreased. Compared with the pure 316Lss (298.3 HV0.2), the microhardness of the TiC/316Lss composites, which were formed with 2 wt% TiC, was raised to 335.2 HV0.2, which was a 12.4% increase, while the average friction coefficient was 0.123. The reason for this is that the addition of TiC can effectively refine the cell size, and as the TiC content increases, the refinement effect is more obvious. During the melting process, TiC particles act as nucleation centres, hindering the growth of crystal cells, promoting the formation of the austenite phase, and forming fine equiaxed structures, which increases the strength. However, excessive TiC particles aggravate the spheroidisation during the process of SLM, leading to increased defects, as well as a decrease in density and corrosion resistance.
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1. Introduction


The technology of selective laser melting (SLM) is the latest development of additive manufacturing. This technology can realize the rapid forming of complex structural parts, greatly reduce the processing procedures, shorten the processing cycle, and reduce the development costs and risks. At present, it has been widely used in biomedical parts, radiator parts, ultra-light structural parts, and micro-devices, as well as other fields [1,2,3,4,5]. In recent years, the strength and hardness of ordinary pure 316L stainless steel (316Lss) have been unable to meet some of the requirements of national defence and the nuclear power industries, such as those for parts that bear a heavy load and have high wear resistance. Metal matrix composites have many advantages, such as thermal conductivity, electrical conductivity, wear resistance, a small coefficient of thermal expansion, good damping, non-moisture absorption, non-ageing, and being pollution-free. They are widely used in aviation, nuclear power, national defence, and other fields [6]. At present, a large number of related studies have shown that the mechanical properties of 316Lss can be improved by adding ceramic particles [7,8,9]. The most commonly used reinforcing phases include SiC, TiC, TiB2, TiCN, and so on. Among them, TiC is the most commonly used reinforcing phase in Al–Mg alloys and Fe-based alloys. In addition, the ceramic reinforcing phase TiC particles have high hardness, a high melting temperature, thermodynamic stability, and good wettability with 316L stainless steel without undergoing phase transformation. 316Lss alloys are widely used in industry due to their good ductility and corrosion resistance. However, their limited strength and wear resistance at high temperatures hinders their wide applicability [7]. This problem may be ameliorated by the addition of hard TiC ceramic particles to the 316Lss alloy matrix. Due to its low density, high hardness, and good thermal stability, the wear resistance and corrosion resistance of the composite material can be significantly improved by the TiC [8].



Traditional processes such as casting or sintering are also used to make TiC–316L composites [10], but it is difficult to solve the uneven dispersion of reinforcing particles [11]. Compared with the traditional moulding method [12], SLM can produce materials with finer cells, while cell refinement can improve the strength and hardness of materials without loss of plasticity [13,14,15,16]. Therefore, many domestic and foreign scholars have conducted a great deal of research on SLM-formed 316Lss. Kong et al. investigated the microstructure and corrosion behaviour of 316Lss that were fabricated using SLM [17]. Suryawanshi et al. measured the tensile, fracture, and fatigue crack growth properties of 316Lss produced using the SLM technique and compared them with those of conventionally manufactured (CM) austenitic stainless steels [18]. Lou et al. studied the stress corrosion crack propagation behaviour of laser-assisted 316Lss in high-temperature water [19]. Moreover, Tucho et al. studied the effect of porosity level and technological parameters on the microstructure and hardness of 316Lss parts formed using SLM [20].



In addition, the performance of SLM-formed 316Lss was improved after adding a ceramic reinforced phase. Stašić et al. reported the effect of adding NiB on the microstructure of SLM-formed 316Lss parts. It was confirmed that the addition of NiB could better improve the surface quality and mechanical properties of 316L stainless steel parts [21]. Yadollahi et al. demonstrated that the microstructure and friction and wear properties of titanium and tin coatings are improved with the increase of plasma nitriding temperature and laser power [22]. Almangour et al. reported the effect of the addition of TiB2 on the microstructure and mechanical properties of SLM-formed nanocomposites; TiB2/316L nanocomposites have a higher microhardness and yield strength, lower friction coefficient, and lower wear rate than SLM-processed 316Lss samples [23]. Song et al. clarified that adding SiC to an Fe matrix results in a significant increase in local melt instability, viscosity, and tensile strength [24]. Almangour et al. reported that the mechanical and tribological properties of 316Lss nanocomposites are gradually improved with the increase of TiC and TiB2 volume fractions [9]. According to previous studies, the addition of the reinforcing phase can improve the mechanical properties. However, there are few studies on the formation of TiC-reinforced 316Lss composites formed by SLM.



In this study, TiC/316Lss composites were formed by SLM. The influence of the TiC mass fraction on the microstructure evolution, microhardness, friction properties, wear properties, and corrosion resistance of the TiC/316Lss composites are discussed, and the mechanism of the TiC-reinforced material performance was also investigated.




2. Experimental Procedures


2.1. Powder Preparation


In this study, experiments were carried out in an argon atmosphere with 316Lss spherical powder with the size of 45 μm. As shown in Figure 1a, the average particle size of TiC powder is between 2 μm and 5 μm (Figure 1b), as raw material. Three different TiC/316L composites containing 0 wt%, 2 wt% and 4 wt% TiC particles were prepared by milling TiC and 316Lss powders in a Pulverisette 4 ball mill (Fritsch GmbH, Germany). The grinding process was carried out in an Ar protective atmosphere. The ball was stainless steel. After milling for eight hours, the TiC particles corresponding to the enhanced concentration of 2 wt% and 4 wt% TiC were evenly attached to the 316Lss, which made the TiC/316Lss composite powders have excellent fluidity (Figure 1c,d); the chemical composition of the experimental 316Lss powder is shown in Table 1.




2.2. SLM Process


All of the samples were made using an SLM system (Renishaw AM 250, Renishaw, London, UK), which was equipped with a YLR-400 fibre laser that was conducted under Ar gas protection. The focused beam diameter was 70 μm. Samples were produced with a scanning speed (v) of 1200 mm/s, a laser power (P) of 200 W, a hatch spacing of 60 μm (h) (the distance between two adjacent scan vectors), and a layer thickness of 30 μm (t). Figure 2 shows a schematic diagram of the printing process. An alternate-hatching scanning pattern was applied, and the scanning direction rotation was 90° between each layer, as shown in Figure 3. Cube specimens with a size of 10 × 10 × 10 mm were manufactured. This parameter set was determined to obtain high-quality TiC/316Lss products.




2.3. Microstructural Observation


The sample was observed using microscopy. The following metallographic preparations are required for all samples before structural examination: grinding on SiC grinding papers up to a fine 2400-grit size, and polishing using silicon carbide papers (#100–#2500) and one-µm diamond suspension. To reveal the microstructure, samples were etched using Marble’s reagent for 10 seconds. The microstructures of the samples formed by the SLM were analysed using a scanning electron microscope (SEM) (Zeiss Ultra 55, Carl Zeiss Microscopy, Jena, Germany) equipped with an energy-dispersive X-ray spectral (EDS) analyser. Phase analysis using X-ray diffraction (XRD; X’Pert, PANalytical B.V., Almelo, The Netherlands) was conducted, and the scattering angle range of 2θ was 35°–100° under 5°/min continuous scanning mode. In addition, transmission electron microscopy (TEM) observations were performed using field-emission-gun (FEG) Tecnai G2 20 microscope (FEI, Hillsboro, OR, USA).




2.4. Mechanical and Wear Behaviours


The microhardness of the samples with different TiC contents was tested by TMHVS-1000 (China). Samples were kept under load for 15 s under pressure of 4.09N. A total of 15 indentations were made per cube, and the measured hardness was determined on one sample for a condition. Dry wear tests were performed on the samples formed by SLM using a tribometer at room temperature at a load of 200 g, a friction time of 30 min, a friction length of five mm, and a friction frequency of 100 mm/min. Each sample was measured three times, and then the average value was selected as the experimental data.



Finally, corrosion experiments were conducted, and the exposed surface area was 0.5 cm × 0.1 cm. The reference electrode that was used was a standard saturated calomel electrode, the auxiliary electrode was a platinum electrode, and the working electrode was the sample. The corrosion solution was 3.5 wt% NaCl, and the corrosion resistance of TiC/316L composites was quantitatively analysed from the Tafel curve.





3. Results and Discussion


Figure 4; Figure 5 show the XRD data of the composite powders and the composites formed by SLM with different content of TiC particles, respectively. The XRD data of composite powders in Figure 4 show that the intensity of TiC diffraction peaks increases with the increasing of the content of TiC. The XRD data of the composite sample shown in Figure 5 also show that with the increasing content of TiC, only the diffraction peaks of austenite gamma-Fe and TiC appear, but no other phase exists. Comparing these two results, it can be found that the strong diffraction peak of the composite material is obviously higher than that of the composite powder, and with the increase of TiC content, the cell is obviously refined [8,9,25]. The reason for this phenomenon is that the SLM process is a process of rapid melting and solidification, and the cell is too late to grow. In addition, compared with the diffraction peaks of Figure 5a–c, it can be found that the peaks of the samples that have added TiC increases obviously; with the increase of TiC content, the cell size of the samples becomes finer.



Figure 6 shows the microstructures and morphologies of SLM-formed TiC/316Lss metal matrix composites after adding different proportions of TiC. It can be seen from the figure that the forming parts with three different proportions of TiC achieved a good forming effect, the boundary of the molten pool was obvious, the scale structure was formed, and the metallurgical bonding was good. Figure 6a, shows the microstructure of pure 316Lss without adding the TiC particles. The microstructure in the molten pool was subcellular dendrite with different sizes. There was a clear transition zone between the two, which preferentially grows towards the centre of the molten pool (Figure 6a). In the overlap area of adjacent scan lines, the average cell size was one μm, and there was an obvious steering cell. Figure 6c,d shows the microstructure morphology of the parts formed by adding 2 wt% TiC, and the TiC particles are uniformly distributed. The microstructure in the molten pool was mainly composed of a cell-like substructure with epitaxy growth characteristics. The average size of cell-like dendrites at the boundary of the molten pool was 0.75 μm. Equiaxed dendrites tended to grow towards the centre of the molten pool, and there was no obvious transition zone. Only a few columnar crystals appeared due to the remelting effect of the next layer on the upper layer, and the orientation of the crystals was different, illustrating the characteristics of epitaxy growth. Figure 6e,f shows the microstructures and morphologies of the parts formed by adding 4 wt% TiC; the cell size decreased obviously, and the average size was 0.43 μm. The reason for this is that with the increasing of the TiC, the cell size decreases obviously; then, the cell boundary increases due to the refinement of cell size, and more cell boundaries hinder the movement and propagation of dislocations, thus increasing the strength. In addition, with the increasing of the TiC, the possibility of aggregation of fine TiC particles at cell boundaries is greater. The aggregation of fine hard particles often leads to the formation of voids and the deterioration of interface bonding. The relative density was measured using the Archimedes method, and the results show that the relative density of samples with different TiC contents (0%, 2%, and 4%) was 95.8%, 93.2%, and 92.4%, respectively. Second, the thermal expansion coefficient of TiC (7.74 × 10−6/K) is quite different from that of 316Lss (17.3 × 10−6/K) [8,18]. The addition of TiC particles increased the dislocation density, hindered the volume change of the 316L matrix during melting and solidification, and further improved the properties of the metal matrix composites. There are two reasons for the cell refinement caused by TiC. First, TiC particles act as a nucleation centre in the molten pool, the formation of the austenite phase is promoted, and a fine equiaxed structure is formed. The second reason is that the thermal conductivity is quite different, and that of the TiC (300 W/m/K) is much higher than that of the 316Lss (15 W/m/K), and the TiC promotes the growth of the alloy. Due to the heat dissipation and heat transfer in the molten pool during the SLM process, the cooling and solidification rates are increased, thus leading to the formation of fine equiaxed cells. This is similar to the work of Almangour [8]. The powder particles are irradiated using a laser to form a micromelting pool. The morphology of a single micromelting pool is the basic unit for obtaining three-dimensional parts. The main factors affecting the morphology of the micromelting pool are the viscosity, wettability, and liquid–solid phase fluidity of the high temperature metal melt. The melting point of TiC is 3140 °C, because it has good thermal stability at high temperatures; the large-size TiC particles do not decompose during the formation of the micropool but remain in the stainless steel melt, which significantly increases the viscosity of the liquid metal in the pool. After adding TiC particles, the melt fluidity in the pool can be given as follows [26]:


   μ a  = μ    (  1 −   1 −  ϕ a     ϕ b     )    − 2    



(1)




where μa is the dynamic viscosity coefficient, μ is the absolute viscosity coefficient, φa is the liquid volume fraction, and φb is the critical volume fraction. Due to the existence of TiC particles, the absolute viscosity increases significantly, which happened in the SLM process. Indeed, TiC particles block the flow of melting liquid, resulting in a decrease of its rheological property. There would be more spheroidization with the increase of the content of TiC.



During the SLM process of the TiC/316Lss composite, the wettability of the 316Lss powder can be increased by the TiC particles [27]. The wettability between TiC and 316Lss also affects the microstructures of the composites formed by SLM. The liquid phase contact angle θeq can be approximated by [23]:


  cos θ =   (  γ  sg   −  γ  sl   )    γ  lg      



(2)




where γsl, γsg, and γlg are the surface tensions at the solid–liquid, solid–gas, and liquid–gas interfaces, respectively, meaning that the interface bonding strength is high. TiC particles can affect cell growth orientation, promote the formation of small angle cell boundaries, and refine the structure. The increase of cell boundaries hinders dislocation movement, and at the same time, TiC cells can be bound to cell boundaries. However, excessive TiC particles will agglomerate in the local area. An EDS analysis of these particles and the diffusion area in the material after adding different content of TiC shows that they mainly contained Ti and Fe elements, as shown in Figure 7. When 2 wt% TiC was added, the content of Ti in Spot 1 reached 88.52%, while that in Spot 2 at the boundary was 62.4%, which was significantly higher than that in Spot 3 (1.33%) and Spot 4 (1.62%). The content of Ti in Spot 5 was 8.34%, which was between the two. Similarly, as shown in Figure 8, when 4 wt% TiC was added, the content of Ti in Spot 1 reached 70.86%, and in Spot 3 it reached 72.66%, while in Spot 2 the content of Ti was 47.22%, which is significantly higher than that in Spot 4 (1.62%). According to the content of the Ti element, the TiC particles, stainless steel matrix, and diffusion zone can be distinguished.



Figure 9 shows the TEM micrographs and EDS element mapping of 2 wt% TiC/316Lss formed by SLM, and the microstructure corresponding to different element types is further clarified. The results show that the main elements in the bulk materials were distributed evenly. Under the same magnification, the Fe, Ti, and C energy spectra clearly show the 316Lss phase and TiC phase. By combining the SEM microstructure and the EDS map, it was confirmed that TiC/316Lss composites were formed by SLM, and the elements were evenly distributed, which greatly enhanced the mechanical properties of the composites.



Figure 10 shows the variation in the microhardness of the TiC/316Lss metal matrix composites with different TiC ratios. This hardness value was also observed during other investigations of the SLM of 316Lss [8,23]. The hardness of SLMed 316Lss is comparable to that of forging parts [22]. The results show that with the increase of the content of TiC, the microhardness of the metal matrix composites increased significantly. Compared with pure 316Lss HV0.2 (298.3), the average microhardness of the parts formed by adding 2 wt% TiC increased by 12.4%, to 335.2 HV0.2, and to 321.5 HV0.2 after adding 4 wt% TiC. Our relevant results are consistent with those of previous studies [23]. The average microhardness of the parts formed by adding 4 wt% TiC increased by 7.78%. The hardness of the composites with 2% and 4% TiC was higher than that without TiC. This is because the distribution of TiC in the composites is uniform after adding 2% TiC. The distribution of TiC particles is not uniform after adding 4% TiC, as shown in Figure 8, and as the density of the composites decreases, the relative density of the different TiC contents (2%, 4%) sample was 93.2% and 92.4% respectively. In addition, TiC particles can refine cells to form fine cell strengthening. At the same time, TiC particles are dispersed to strengthen metal matrix composites. The addition of TiC particles makes the cell size decrease obviously. The refinement of cell size results in the increase of cell boundaries, and more cell boundaries hinder the movement and propagation of dislocations, thus increasing the strength, and subsequently improving the hardness of the metal matrix composites. In addition, the addition of a TiC phase with a higher hardness value tends to increase the hardness of the composites similarly [9,23]. The strengthening mechanism of the metal matrix composites formed by SLM mainly included TiC particle strengthening and Ti element solution strengthening. Meanwhile, the mechanical properties of formed parts are also affected by density and structural defects. Since the heating and cooling speed of the SLM process is very fast, the microstructure of the reinforced structure is obviously refined, and the hardness value is maximized. There are two key factors for cell refinement by adding TiC particles. Firstly, the TiC in the molten pool plays the role of the nucleation centre in the solidifying process, promoting the formation of the equiaxed austenite cells through hindering [28]. Another point is that the TiC has a much higher thermal conductivity (70 W/MK) than the 316Lss matrix (15 W M‒1 K‒1), which promotes the thermal transmission during the fast melting–solidification process. This process significantly increases the cooling and solidification rates, and further decreases the thermal residual stress.



Hanumanth et al. [29] reported that adding the ceramic particle reinforced phase caused an increasing of the cooling rate and the solidification rate for the composites. TiC particles were sparsely distributed at the cell boundaries, which increased the hardness value. Similar results have been reported by Almangour et al. [23] for improving the hardness of the SLM composites by cell refinement and cell boundary strengthening after adding the TiC. In addition, studies have shown that microhardness is closely related to wear resistance, and the wear resistance significantly increased along with the increase of microhardness. Several researches have studied the relationship of microhardness and wear resistance, and found that the microhardness is linearly correlated with wear resistance [30,31,32,33].



The surface morphology of the samples after friction and wear are shown in Figure 11; the microstructural characteristics of wear are highlighted. The load of 30N, sliding speed of 100 mm/min, and sliding friction for 30 minutes were used in the test, and the relationship between friction coefficient and time was obtained, as shown in Figure 12. Attar et al. obtained similar results [23,32,33]. When adding 2 wt% TiC particles (Figure 11c), the metal matrix composites manufactured by the SLM had the smallest friction coefficient of 0.123. The wear surface of the SLM part forms parallel grooves that exhibit abrasive wear. When adding 4 wt% TiC particles (Figure 11e), the friction coefficient of metal matrix composites manufactured by SLM increased to 0.401. From the outline of the wear surface, it can be seen that the grooves produced by wear were obvious, and accompanied by the phenomenon of debris accumulation. Compared with those without TiC particles (Figure 11a), the friction and wear properties were improved, but the change was stable, which indicated that the friction and wear properties were stable. When 2 wt% TiC particles were added (Figure 11d), the inner furrow was clear, straight, and parallel to the direction of friction pair movement; the wear mechanism was abrasive wear. When 4 wt% TiC particles were added (Figure 11e), the debris adhered to the edge of the wear marks, and the furrows became deeper in the wear marks of the metal matrix composites. The larger wear debris further exerted a force on the composite material, and the greater the shear strain, the more serious the delamination of the mechanical mixing layer (MML) or the subsurface layer. This is because the porosity of the forming materials increased and the density decreased with the increasing of the addition amount.



Figure 13 displays the potentiodynamic polarisation curves of the SLM-produced 316Lss alloy and the TiC/316Lss composites with different TiC reinforcement volume contents in 3.5% NaCl solution. It is evident that the polarisation curves of the three types of samples had very good reproducibility. It can also be seen that with the increasing of the content of TiC, the corrosion rate of TiC/316Lss alloy formed by SLM first decreased, and then increased. By analysing the Tafel polarisation curve, it can be found that the passivation current and dimension passivation current of the sample with 2 wt% TiC addition were smaller than those without TiC addition, and the addition of 4 wt% TiC was larger than that with 2 wt% TiC addition. According to the dynamic potential curve, it is concluded that the addition of 4 wt% TiC/316Lss alloy samples produced by SLM shows that the corrosion resistance of the alloy in a wide range of potential was worse than that of adding 2 wt% TiC/316Lss alloy, which is better than that of the sample that was not added. The more passivation current, the easier the passivation of the alloy; that is to say, the more easily the passivation film is formed, the more resistant the alloy is to corrosion (corrosion potential is a thermodynamic factor); the smaller the passivation current, the better the protectiveness of passivation film, indicating that the alloy is more resistant to corrosion [31]. Figure 12 shows the corrosion rate of SLM-formed TiC/316Lss alloy after adding different TiC contents. The corrosion rate of the alloy was very low as a whole, and after adding 4 wt% TiC, it was slightly higher than that which had 2 wt% TiC added. The main reason for the above phenomenon is that after adding TiC, a passive oxide layer is formed, and the TiC is uniformly distributed. In the SLM process, the denser structure and less segregation make the distribution of Cr and Ni more uniform. Among these elements, Ni helps improve the thermodynamic stability of the alloy, and greatly improves the corrosion resistance of the reducing medium in the forming material. As an element with high passivation ability, Cr can improve the passivation ability of SLM moulding products, so as to improve the corrosion resistance. The increased corrosion resistance of the material is due to the formation of a passive oxide layer due to the presence of Cr in the material. With the increasing of the content of TiC, the distribution of TiC was not uniform, and with the spheroidisation effect, the density and corrosion resistance of the samples formed by the SLM decreased. According to the dynamic potential curve, it is concluded that the addition of 4 wt% TiC/316LSS alloy samples produced by the SLM shows that the corrosion resistance of the alloy in a wide range of potentials was worse than that of adding 2 wt% TiC/316LSS alloy, which was better than that of the sample that did not have any added TiC.




4. Conclusions


This study has investigated the influence of the TiC mass fraction on the microstructure evolution, microhardness, friction properties, wear properties and corrosion resistance of the TiC/316Lss composites. The main research results can be summarised as follows:




	(1)

	
With the increasing of the content of TiC, the microhardness of the metal matrix composites increased significantly, and the friction and wear properties first increased, and then decreased. Among them, adding 2 wt% TiC had the best moulding performance, which was formed under the optimised process parameters. Compared with the pure 316Lss (298.3HV0.2), the average microhardness of the parts formed by adding 2 wt% TiC increased by 12.4%, to 335.2HV0.2, and the average friction coefficient of the parts formed by adding 2 wt% TiC was 0.123.




	(2)

	
With the increasing of the content of TiC, the corrosion rate of TiC/316L alloy formed by SLM first decreased, and then increased. The passivation current and dimension passivation current of the samples with 2 wt% TiC addition were smaller than those without TiC addition, and that with 4 wt% TiC added was larger than that with the addition of 2 wt% TiC. The higher the passivation current, the easier the passivation of the alloy, that is to say, the more easily the passivation film is formed; thus, the alloy is more corrosion-resistant. Moreover, the smaller the passivation current, the better the protectivity of the passivation film, indicating that the alloy is more corrosion-resistant.
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Figure 1. SEM images of (a) pure 316L, (b) pure TiC, (c) 316L with 2 wt% TiC, (d) 316L with 4 wt% TiC. 
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Figure 2. Schematic of the laminated layerwise additive manufacturing model. 
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Figure 3. Selective laser melting (SLM) process and 316L stainless steel (316Lss) fabricated by SLM. 
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Figure 4. X-ray diffraction (XRD) data of TiC-reinforced composite powders with mass fractions of (a) 0% TiC, (b) 2 wt% TiC, and (c) 4 wt% TiC. 
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Figure 5. XRD data of the TiC/316Lss composites formed by SLM reinforced with (a) 0 wt% TiC, (b) 2 wt% TiC, and (c) 4 wt% TiC. 
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Figure 6. SEM micrographs of the TiC/316Lss composites formed by SLM; (a,b) 0 wt% TiC, (c,d) 2 wt% TiC, (e,f) 4 wt% TiC. 
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Figure 7. High magnification SEM images of the side views of the 2 wt% TiC/316L composites formed by SLM (a); and energy-dispersive X-ray spectral (EDS) spot analysis of (b) Spot 1; (c) Spot 2; (d) Spot 3; (e) Spot 4; and (f) Spot 5. 
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Figure 8. High-magnification SEM images of the side views of the 4 wt% TiC/316L composites obtained by SLM (a,b); and EDS spots analysis of (c) Spot 1; (d) Spot 2; (e) Spot 3; and (f) Spot 4. 
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Figure 9. TEM micrographs and EDS element mapping of 2 wt% TiC/316Lss formed by SLM. 
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Figure 10. Microhardness of the TiC/316L composites obtained by SLM. 
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Figure 11. SEM images showing the typical worn morphologies of TiC/316Lcomposites with different volume contents; (a,b) 0 wt% TiC, (c,d) 2 wt% TiC, and (e,f) 4 wt% TiC. 
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Figure 12. Coefficients of friction of the samples formed by SLM: (a) Pure 316L sample and the samples of the TiC/316Lss composites with different TiC contents: (b) 2 wt% TiC, (c) 4 wt% TiC, and (d) average friction coefficient. 
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Figure 13. Potentiodynamic curves for the TiC/316L composites formed by SLM with different TiC contents of in 3.5% NaCl solution. 
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Table 1. The chemical composition of 316L stainless steel (wt%).
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	Element
	C
	Cr
	Ni
	Mn
	Mo
	Si
	P
	Cu
	N
	S
	Fe





	Wt%
	0.018
	17.68
	11.9
	1.36
	2.88
	0.54
	0.013
	0.04
	0.11
	0.004
	Bal.
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