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Abstract

:

Pin-on-disk tests were performed to evaluate the wear behaviour of a 2024 aluminium alloy metal matrix composite (MMC) reinforced with 52 vol.% of TiC particles (Al-2024/TiC) in a fabricated and thermal-treated (T6) condition. The MMC was produced via pressureless infiltration of partially sintered TiC preforms with an average particle size of 1.1 μm at 1200 °C for 2 h under flowing argon. Microstructural and mechanical characterisation were carried out on both the monolithic alloy (MM) and the MMC with and without heat treatment. The effect of T6 heat treatment on the tribological behaviour of MMC has been investigated under dry sliding wear conditions under normal loads of 2, 5 and 10 N against ceramic α-Al2O3 and SAE 52100 steel spherical counterparts. Results indicate a substantial improvement in the microhardness (289–343 HV), hardness (25–34 HRC), and wear resistance of the MMC after T6 heat treatment (1 × 10−3 to 5 × 10−5 mm3/Nm). For a better understanding of the wear mechanisms, surfaces of the worn tracks were studied. Oxidation and abrasion were found as the dominant wear mechanisms in both MM and MMC samples. Even though MM exhibited a lower coefficient of friction (COF) (0.50–0.80), composites showed superior wear resistance by 5-fold higher than the base alloy.
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1. Introduction


Nowadays, technological developments in automotive and aerospace applications demand lighter materials with superior performance to realise more efficient engineering operations. In this context, Al-based MMCs have gained much attention due to their high strength/density ratio and satisfactory levels of corrosion and wear resistance, including lighter weight, the ability to tailor lay-ups for optimum strength and stiffness, and improved fatigue life [1,2,3,4,5]. In addition, the use of heat-treatable Al alloys as matrices enables enhancement of the mechanical properties of the MMCs as a result of the hardening of the alloy due to the precipitation strengthening mechanism [6,7,8,9,10,11,12]. Particularly, Al-2024 has been the most widely used alloy in the 2XXX series in aerospace and automotive applications due to its properties (high specific strength, fracture toughness, fatigue resistance, and thermal shock resistance), especially in the heat treatment condition. The alloy 2024-T3 sheet is commonly used for fuselage skins, where it is Al clad for corrosion protection [1,2,3].



Al-metal matrix composites (MMCs) reinforced with ceramic particles and processed by conventional routes offer enhancement of properties. The feasibility of using MMCs in the above areas can be explored by assessing its tribological behaviour in wear conditions to judge their suitability as potential materials to arrest the wear of two surfaces. Usually, many ceramics particles have been added to Al matrices as reinforcement such as Al2O3, TiO2, SiC, AlN, TiC, TiB2 and B4C [13,14]. There has been a growing interest in the development of technologies for Al composites reinforced with TiC particles due to its high and superior mechanical and physical properties such as high hardness, elastic modulus, low density, relatively high temperature stability and good wettability with Al [15,16].



The tribological behaviour of MMCs has been studied by many authors [1,14,17,18,19,20,21,22,23]. Data related to the wear behaviour of Al-based MMCs indicated an improvement in this property with respect to the monolithic alloy because of the incorporation of hard ceramic particles. The factors that have a strong influence on wear behaviour are the type, size and volume fraction of particles as well as the interfacial particle/matrix bonding [24,25,26]. Veeravalli and Tyagi et al. [17,27] performed tribological characterisation of in situ Al-TiC composites under dry sliding wear conditions. Their results showed that the presence of the TiC particles increased the resistance of the composites even for low volume fraction of particles. Other investigations have been carried out looking at the effect of operating conditions on the tribological properties of Al and Al-based MMCs. For example, Mohammad et al. [28] evaluated the effect of the sliding speed and normal load in an aluminium disk against stainless steel counterparts. The results showed that the value of the coefficient of friction and the wear rate increased with increasing sliding speed and normal load. Sharma et al. [19] studied the wear behaviour of sillimanite (Al2SiO5)-reinforced MMCs with pin-on-disc tests under different normal loading conditions. The results showed that the wear rate increased at high loads and the wear coefficient decreased when the sliding distance increased. Surappa et al. [20] reported that the wear rate and friction coefficient vary with both applied normal load and sliding speed. Jerome et al. [21] found that the wear rate increases as a function of the applied load and decreases with the content of TiC. Gopalakrishnan [22] evaluated the wear properties of Al 6061–TiC alloy before and after introducing TiC particles. Their results showed that the wear rate increased with normal load and sliding speed for all the conditions. Further, the wear rate of the Al 6061-TiC composites was slower than that of the Al-6061 matrix. Similarly, Kumar et al. [14] evaluated the weight loss and the coefficient of friction of TiC-reinforced Al-4.5%Cu in situ MMCs and found a significant improvement in the mechanical properties and wear resistance as compared to the matrix. Modi [23] reported that the load and speed on the sliding friction coefficient of Al-Cu reinforced with 10 vol.% Al2O3 particles are the factors that have a significant effect on the tribological response. Finally, Zhang et al. and Kaushink [18,29] reported for A6061 and A6018 matrices reinforced with ceramic particles that a heat-treated T6 condition exhibited better wear properties as compared to the monolithic alloys.



In this study, an investigation has been made to characterise the microstructure and tribological behaviour of an Al-2024/52%TiC MMC in the as-fabricated and heat-treated conditions. The wear rate was evaluated with respect to different loads by using ceramic and steel balls in the unreinforced Al-2024 alloy and Al-2024 MMC reinforced with 52 vol.% of TiC particles with and without T6 heat treatment using pin-on-disc tests. Considerable attention was paid to determine the wear mechanism and the understanding of observed reinforcing effect.




2. Materials and Methods


2.1. Materials and Processing


The metal matrix used in this study was a commercial 2024 aluminium alloy (Thomson Aluminium Casting Co., Cleveland, OH, USA), with the chemical composition shown in Table 1. Titanium carbide particles (Atlantic Equipment Engineers Co., Ltd., Upper Saddle River, NJ, USA) with an average size of 1.1 µm were used as the reinforcing phase. Porous green preforms of TiC (6.5 × 1 × 1 cm3) were obtained by compacting 12 g of TiC powder into a steel die applying 15 MPa. The TiC green preforms were sintered at 1350 °C over 1.5 h in an inert atmosphere of Ar. Figure 1 shows micrographs of raw and partially sintered TiC preform at 1350 °C. Notice the formation of an interconnected network was perceived in the preform after sintering. No changes in the TiC morphology were detected but more densification and pore shrinkage were observed. The density and porosity of the sintered preforms were evaluated according to ASTM C373-88 [30]. Finally, MMCs was manufactured by a pressureless infiltration technique in a horizontal tube furnace at 1200 °C by placing the sintered TiC preform and the Al-2024 alloy in a graphite crucible for 2 h under flowing Ar.




2.2. Heat Treatment


In order to determine the effect of microstructural transformations on the tribological behaviour of the MMC, samples were subjected to a T6 heat treatment. The solution heat treatment of the samples was carried out at 530 °C over 150 min in Ar followed by water quenching. For artificial aging, the samples were heated to 190 °C and held at that temperature for 12 h in Ar. These conditions were selected according to the best mechanical properties obtained in previous work [10,31].




2.3. Microstructural Characterisation


Prior to the microstructural characterisation, samples of the MMC were ground with SiC emery paper up to 2000 grit and polished to a mirror-like surface with diamond pastes (6, 3 and 1 μm). In order to evaluate any microstructural change due to the T6 heat treatment on the Al-2024/52%TiC composites, samples were observed as-infiltrated and in the T6 heat treatment condition in a JEOL JSM-6400 scanning electron microscope (SEM) equipped with energy dispersive X-ray spectroscopy (EDX). X-ray diffraction analyses were also conducted for both conditions using CuKα radiation with λ = 1.54060 Å, 40 keV and current emission of 20 mA in 2θ range from 20° to 90°, with a step size of 2° and a dwell time of 1 s in a Siemens D5000 diffractometer.




2.4. Mechanical Properties


Vickers microhardness measurements were carried out in a Zwick/Roell ZH equipment by applying a load of 100 gf over 10 s. The test was conducted at room temperature and the indents were made, at least, in five different places on each sample to obtain a mean value of hardness according to ASTM E384 [32].



Tensile test specimens were precision machined to conform to standard specified in ASTM: E-8-81. Uniaxial tensile tests were performed at room temperature using an Instron testing machine (model 810) at a constant strain rate of 5 × 10−5 m/s−1. Tensile properties: yield strength (YS), ultimate tensile strength (UTS), and elongation (EL) were obtained. (The details of the Tensile test were discussed in [10]). The elastic modulus was measured with Grindosonic MK5 (Lemmens) equipment, in which three bars of the composite were prepared to obtain a representative average, measurements in each of the four faces were performed.




2.5. Sliding Wear Testing


The tribological behaviour of the MMC samples of dimensions 1 × 1 cm2 was evaluated in an Anton Paar pin-on-disk apparatus with a pin-on-ball coupling attachment according to the ASTM G99-95 standard [33] as shown in Figure 2. The test conditions included a constant disk rotation of 0.03 m/s. Balls of hardened 52100 steel and α-Al2O3 of 3 mm in diameter were chosen as the counterface material by previous experience of the authors in wear studies of Al composites reinforced with carbide compounds [34]. The hardness of 52100 steel and the ceramic Al2O3 is 850 and 2000 HV, respectively. Considering that the maximum hardness of the MMC was ≈350 HV, the wear volume of both 52100 steel and ceramic Al2O3 counterface material during the sliding process could be negligible. It was more convenient for us to investigate the tribological properties of the MMC composite materials without considering the wear of counterfaces. Wear tests were performed with loads of 2, 5 and 10 N. The wear experiment was repeated three times with each loading condition. All the wear tests were run for 113 m under dry sliding at room temperature and a relative humidity of 45 ± 2%.



To evaluate the wear mechanism, samples were observed in the SEM and in a Nanovea PS50 optical profilometer. The specific wear rate was obtained applying Archard’s equation [35].


  K =  V  C × S      



(1)




where K is the specific wear rate coefficient (mm3/N-m), V is the wear volume (mm3), C is the normal load (N) and S is the sliding distance (m).





3. Results


3.1. Microstructure of the Composites


Figure 3a–c show the characteristic microstructure of the as-infiltrated samples of MMC as observed in the SEM in the backscattered mode. A plane view of the 3D network formed by the angular TiC particles, light grey phase, during partial sintering is seen along with the matrix, dark phase, filling the interstices between particles of the initially porous TiC preform. Area fraction measurements indicated that the Al-based composites are reinforced with an approximate content of 52 vol.% of TiC phase. This estimation is quite consistent with porosity measurements of the TiC preform by the Archimedean principle and through image analysis, which matched the TiC volume fraction to the TiC preform before infiltration. Very low levels of residual porosity were observed in the as-infiltrated composite; and according to density measurements, these values were between 2 and 3%. No discontinuities such as aluminium veins were observed and most of the matrix/particles interfaces were free of bulk reaction products, indicating a good interfacial adhesion between the constituents of the composite. SEM observation also reveals a constant pattern of TiC particles in the MM with a non-apparent interfacial reaction. The EDS results confirmed that the most predominant phases in the matrix were Al3Ti and TiC particle phases distributed in the matrix (Al 2024) in samples of as-infiltrated and heat treatment (T6) conditions.



The larger amount of phase precipitated of Al3Ti in the metallic matrix of the as-infiltrated samples Figure 3a–c compared to the smaller amount of second-phase precipitates in samples after heat treatment (T6) (Figure 3d-f) was evident. This is because during the heat treatment, the precipitate in the metallic matrix was dissolved and homogeneously distributed after solution treatment and artificially aged [10]. These results were previously reported by other authors [9,17,35].



The microstructure of the MMC after the T6 heat treatment is shown in Figure 3d,e). In addition to the observed features of the as-infiltrated MMC, some TiC particles seem to be embedded in a phase different to the Al-2024 matrix. To ascertain the identification of this phase, EDX analysis was performed, and the spectra and quantification of this phase are shown in Figure 3f). This phase was found to be a TiAl3Si0.23 intermetallic randomly precipitated throughout the MMC. In Al/TiC composites, the precipitation of TiAl3 is quite common [36]; however, when the aluminium matrix is alloyed with Si, this element partially replaces Al atoms, resulting in a complex Ti-Al-Si sub-stoichiometric compound with the same crystalline structure to TiAl3 [37]. The reaction between TiAl3 and Si can be expressed according to [38] as:


TiAl3 + 3xSi→TiAl3Si3x



(2)




where x: stochiometric amount of Si.



From EDX results, the value of x is deduced as 0.077. Then, Equation (2) turned into


TiAl3 + 0.23Si→TiAl3Si0.23



(3)







The presence of precipitates TiAl3 and TiAl3Six correlate with the observation of [10,11,36,37,38] but no evidence of precipitates CuAl2 and Al4C3 were observed as was reported previously [15].



Figure 4 shows the XRD patterns of the as-infiltrated and heat-treated Al-2024/TiC composites. The corresponding diffraction peaks for TiC and Al were identified, with a slight shift in the reflections of Al due to solid solution effects. In the XRD patterns of both samples, there is a peak with low intensity. Analysis of the spectrums revealed a close match of the second main reflection of the standard for the TiAl3 phase. It is assumed that this peak corresponds too to the Ti-Al-Si complex intermetallic seen in the SEM. Partial replacement of the Al atoms with Si decreases the lattice parameter of the TiAl3 phase and shifts the X-ray reflections to higher 2Ө angles [36,37]. The microstructural characterisation of the Al-2024/TiC composites indicates that during and under the infiltration and heat treatment conditions no bulk reactions were induced between the TiC particles and the Al-2014 matrix. The Ti-Al-Si intermetallics are most likely formed by dissolution of free Ti, contained in the TiC powder, into the Al melt during infiltration and, upon cooling and freezing, solubility decreases in Ti in Al gives rise to these intermetallics precipitation [10,31,39]. Nevertheless, after T6 heat treatment, an additional phase was found, corresponding to the reflection peak of TiAl3, as effect of the interfacial reaction between MM and TiC, typical phase reported in the system Al-Ti-C [10,15,31] as well as the detrimental Al4C3 [40] but this last phase was not detected in the X-ray diffraction study.




3.2. Mechanical Properties


Table 2 shows the microhardness (HV0.1) and hardness HRC values of the monolithic MM and the MMC-Al-2024/TiC in the MMC and after T6 heat treatment. An increment of 220% on the HV and 140% on HRC was observed in the MMC-Al-2024/TiC with respect to the MM (127 HV), whereas after T6 heat treatment the maximum value rich an additional increase of 27%. The additional increasing on the HV and HRC values of the samples is attributable to the precipitation promoted by the T6 heat treatment in both MM and the interfacial reaction between constituents. These observations indicate that the increase in hardness values cannot be attributed to the influence of the TiC particles acting as barriers on the plastic deformation of the MM only. In the MM the effect of the T6 heat treatment involve the precipitation of fines particles that block the dislocation movements and promote the Ginner–Preston (GP) zones [10,11,26,41,42,43], whereas in the interfacial reaction, the precipitation of the TiAl3-Si-phase increases the mechanical properties in terms of hardness [11,40,44,45]. The hardness efficiencies of the tested samples are in the range 289–343 HV and 25–34 HRC. It is important to mention that important variations in the values of hardness measured along the bar were not observed, which is an indication that the composites are homogeneous and thus have homogeneous distribution of particle reinforcement.



The characteristics of the tensile behaviour of the composites are shown in Table 2 also. It can clearly be seen that, except for the ductility, heat treatment T6 improves the mechanical properties. The rise in the tensile strength values of T6 samples was found to be more than 60 mPa compared to the as-produced materials. The results show that there is a significant improvement in the level of strength due to the presence of fine precipitates volume of the phase of Al3Ti, which induced the dislocation formation in the structure [46,47]. The strengthening of the solution heat-treated, at 530 °C, Al-2024/TiC particulate composite may be linked to the improved bonding achieved at the interface between the ceramic particulates (TiC) and the matrix, supported by metallic and covalent cohesive forces [10,48]. In the same way, the elastic modulus of the composites increased with the presence of TiC particles in the MM. Thus, the as-fabricated materials showed an increase in the modulus from 195 to 197 gPa, respectively. The elastic modulus for these composites is similar to the elastic modulus reported by similar systems elsewhere [25,32,49]. In conclusion, the addition of hard ceramic particles of TiC improves the mechanical properties of the base material (MM) Al-2024 by increasing the tensile strength with a corresponding decrease in elasticity. In addition, the reaction between the MM end the TiC-reinforcing particles promotes the precipitation of the TiAl3Si0.23 phase after T6 heat treatment as was observed in XRD patterns in Figure 3 in good correlation with Albiter et al. [12]. In this context, the increase in hardening after heat treatment is attributable to the GPZ, GPBZ and the Al3Ti phase, as neither the Al2Cu nor the Al2CuMg phase was found in this work. These observations are reflected in Archard’s coefficient, where the lower values correspond to the heat-treated MMC-Al-2024/TiC.




3.3. Tribological Properties


3.3.1. Analysis of Friction Coefficient COF (µ)


The friction force behaviour between the tribological pairs are shown in Figure 5. According to the results of dynamic friction coefficients (see Figure 5b,d) of MM, MMC and MMC-T6 at 5 N, the running in is relatively short and the friction coefficients of all materials reach a steady-state value within 40 m of sliding distance. The friction coefficient (µ) decreases lineally as charge increases in all samples. Nonetheless, the lower µ was obtained in the MM sample in contact with both the 52100 steel ball and α-Al2O3, as shown in Figure 5a and Figure 5b, respectively, with a higher increment in the µ in the tribological pairs when α-Al2O3 is in contact with the samples. The mean friction coefficients for all materials are based on the calculation of the steady-state friction coefficient during the sliding time. Figure 5a,c show the mean friction coefficients in the dry sliding condition for MM, MMC, and MMC-T6 under three loadings, which decrease with the increase in loading from 2 to 10 N, and the best tribological behaviour occurs at 10 N. This may be attributed to the fact that the better compaction and larger coverage of friction layers are formed at a higher applied load because of increased frictional heat, playing an important effect on the anti-wear properties [49,50]. On the other hand, the tribological pairs of the MMC-Al-2024/TiC exhibit higher values of µ than MM, attributable to the surface modifications of the samples due to TiC particles and the precipitation of hardening phases after T6 heat treatment. Outstanding compared to the similar tendency observed on the tribological tests, such as the representative behaviour during sliding, the plot in Figure 5 shows the evolution of the µ in the tribological pairs with a load of 5 and 10 N. In these plots, lower friction forces for the monolithic MM in contact with both 52100 steel and α-Al2O3 balls, Figure 5a and Figure 5b respectively, is seen and three regions are easily discernible: (i) the start of sliding with a fast reduction in the µ values associated with the surface adjustment during the adhesion phenomena [51], (ii) the progressive increase in the µ between and 20 and 30 m due to the adhesion and the posterior detachment of material debris, and (iii) the stabilisation zone, where µ varies around 5% only in the tribological pairs MM-52100 steel, a small variation in comparison to the 25% reported in literature [52]. This behaviour corresponds to the typical plastic deformation of the roughness in ductile metals [17,19,27,28].



In terms of the MMC-Al-2024/TiC in the MMC before and after T6 heat treatment, the behaviour on the µ evolution is similar, but differs from the MM due to the surface heterogeneities. In the first stage, the values of µ are lower and increase gradually. Then, between 20 and 40 m, the value of µ reaches a momentary stationary stage due to the increase in the contact area, the effect of wear hardening, the accumulation of the debris between the tribological pairs and the change in the wear mechanism from two to three contact bodies [43]. The densification on the surface and the presence of oxides after 40 m promote stabilisation of the µ values [53,54], but the presence of some fluctuations is attributed to fractures on the surface. Likewise, the softening of the surfaces in contact promotes the diminution on the µ due to the plastic deformation [51,55]. Finally, in the last stage, a constant oscillation of the µ values up to the end of the sliding due to a softening attributed to the plow effect is observed [23,56]. From plot on Figure 5b, the tribological ceramic–ceramic pair is more stable as a result of the dynamic balance regime between the detached material and the material trapped in the system during the test that promote the formation of a protective tribo-layer [41,42].



The fluctuations observed on the μ in Figure 5 are principally due to the evolution of μ as surface wear and the dependence on the sliding of the tribological pairs in contact. Thus, as roughness and phase distribution on the surface increase, the μ increases due to the enlargement on the actual contact area, where adhesion during sliding is higher with small loads as is reported in other composites [7,9,14,15,16]. On the other hand, it is reported that as load increases, a higher temperature can be reach in situ on the tribological pairs [57]. In terms of the MMC-Al-2024/TiC in the MMC before and after T6 heat treatment, the behaviour on the µ evolution is similar, but differ from the MM due to the surface heterogeneities. In the first stage, the values of µ are lower and increase gradually, then between 20 and 30 m, the value of µ reaches a momentary stationary stage due to the increase in the contact area, the effect of wear hardening, the accumulation of the debris between the tribological pairs and the change in the wear mechanism from two to three contact bodies [53,54]. The densification and the presence of oxides on the surface after 40 m promote stabilisation of the μ values [55,58,59]. SEM analysis indicates that the wear mechanisms on samples are different due to the presence of hard phases. In this context, the MM presents the higher plastic deformation and an increase in the material flow with a coarser surface, where the TiC particles and intermetallic composites limit the matrix flow. At the same time, the heat products of friction during dry sliding induce the formation of aluminium and titanium oxide layers. These layers were fractured as a consequence of the thermal fatigue induced during wear; however, crack propagation was retarded because of the dispersion of TiC particles and the reactive interface between the TiC and MM, especially in the heat-treated samples.




3.3.2. The Wear Rate and the Wear Coefficient, K


The wear coefficient, K, of the MM and the MMC-Al-2024/TiC after 113 m with loads of 2, 5 and 10 N in contact 52100 steel is shown in Figure 6. The K values, obtained with Archard’s law increase as load increases. Nevertheless, the resistance to wear is higher in the MMC after T6 heat treatment due to the presence of the hard TiAl3Si precipitates and the presence of the TiC particles, which increase the resistance to wear. It is well known that the distribution of constituents of a composite determine the mechanical, thermal and electrical properties. In the case of the effect of heat treatment on the MMC-Al-2024/TiC, there is an increase in hardness that is directly proportional to the wear resistance, as was observed on Figure 6, and its relationship with the K coefficient, because of the synergetic effect between the TiC particles and the fine precipitates obtained with the artificial aging of the MM Al 2024 Al alloy. This age hardening mechanism is based on the well-accepted sequence of precipitation αsss → GPZI → GPZII → θ′ → θ and αsss → GPBZ → S′ → S, where hardening of 2024 Al alloy is attributed to the GPZ, corresponding to the Guiner–Preston zones, Cu-solute-rich coherent clusters, θ′ corresponds to the semi-coherent metastable Al2Cu phase, GPBZ corresponds to the Guiner–Preston–Bagariastkij zones with Cu/Mg coherent clusters and S′ corresponds to the semi-coherent Al2CuMg phase [56]. Thus, the among main factors influencing wear resistance is the formation of hard intermetallic phases that increase composite hardness. In this context, Kaczmar [60] evaluated the wear resistance of MMC Al-2024/δ-alumina fibres with and without T6 treatment. The results reveal that MMC-T6 composites showed a reduction in the wear rate by 3-fold than the metallic matrix at normal loads of 0.8 and 1.2 mPa. The MMC-T6 alloy registers greater wear resistance. This behaviour is attributed to rupture of fibres. Similarly, Kim et al. [61] studied wear resistance in composites AISI 1020/TiC. The results showed that the MMC TiC/AISI 1020 exhibited good wear resistance compared with the monolithic metallic matrix, due to uniformly distributed TiC particles in the metallic matrix and hardness increased due to the heat treatment. In contrast, Chelliah et al. [62] studied the effect of T4 heat treatments on composites Mg/TiC. Reported that MMC-T4 showed a higher wear than the composites without heat treatment. The β-phase decreases in heat-treated samples; therefore, composites are more susceptible to oxidation than as cast metal, causing greater wear. The authors found that the COF in MMC-T4 decreases by 4-fold related to the as cast metal, which explains this as a function of the oxide layer formed in composites with heat treatment.



In general, the wear rate of the tribological pairs of MM and MMC-Al-2024/TiC in contact with α-Al2O3 shows that the K coefficient tends to reduce in the MMC-Al-2024/TiC in comparison with the MM alloy (from 1.3 × 10−4 to 6.4 × 10−5 mm3/N-m), a similar behaviour as was described in the tribological pairs of MM and MMC-Al-2024/TiC in contact with 52100 steel. Nevertheless, in these tribological pairs, the increment in the wear resistance is attributed to the tribochemical reactions that promote the homogeneous formation and dispersion of reaction products in the metallic surface, which can reduce and soften the contact area during the sliding.



Sahin [63] studied the wear behaviour of Al-2014/SiC composites produced by the molten metal mixing method using pin-on-disc tests with Al2O3 and SiC paper emery as counterparts. The results reveal that composites exhibit higher wear resistance than the matrix when normal load and test distance increase in both cases. Although the wear increases in all cases, when Al2O3 is used as the counterpart, the wear rate decreased due to hardening by mechanical work due to longer distances combined with high normal loads and sliding speeds. Moore et al. [60] commented that the material’s hardness determined the wear rate.




3.3.3. SEM Micrograph of Contact Surface


Figure 7 shows the micrographs of the worn surface of the MM 2024 Al alloy sample obtained in the SEM after a wear test with a load of 10 N. The worn surface width obeys a directly proportional relationship between the substrate and the hardness of the counterpart. It is evident that the wear mechanism corresponds to abrasion. According to the EDX result, the dark region is the result of oxidation—in fact, the EDX analysis shows the tribochemical reaction with the formation of an Al- and O-rich layer (Figure 7c,f). Most of the worn surface was covered by these oxidative products. Additionally, Figure 7 shows that the worn surface of the MM against the steel ball presents narrow grooves, while the material against the alumina ball exhibits large wear grooves. Therefore, the predominant wear mechanism was determined as oxidative, delamination and abrasion wear.



In Figure 8, the worn surface obtained in the SEM of the MMC-Al-2024/TiC after the wear test with a load of 5 and 10 N is shown. The combination of two mechanisms is noted during the wear processes: abrasion and some microcuts are seen in the white lines. Additionally, the presence of white zones is related to the aluminium oxide as a product of the tribochemical reactions that can act as lubricants in the tribological system. Nonetheless, plastic deformation and detachment of the particles are observed, which can increase the abrasive contact in the tribological system at the end of the test [64,65].



The analysis of the worn surface In the maximum applied load of 10 N indicates that these loads are not enough to promote the fracture of the reinforcing particles. The EDX shows that there is a loss of material from the counterpart of 52100 steel, attributed to the higher hardness of the particles of TiC present on the MM composite Al-2024/TiC and some agglomeration of compact debris along the worn surface. Even so, the presence of the debris and the formation of oxide layers do not eliminate but reduce the wear of the samples. Withdrawal of the irregularities on the surface promotes an increase in debris that tends to oxidise and is plastically deformed by the counterpart. This debris is in constant comminution and consolidation and eventually forms a protective layer in the surface reducing the contact area and as consequence, the wear rate is reduced [66].



The plastic deformation of the Al2024 matrix is evident, especially at 10 N. Qualitative analyses by EDX were carried out in the areas demarcated (yellow marks) in the images. For both applied loads, the presence of oxygen is observed (Table 3), which suggests the formation of metal oxide films on the worn surfaces as a function of the antifriction, as a consequence of the increase in surface temperature. The increase in load to 10 N led to the presence of furrows (Figure 7b), which suggests greater abrasion; in that event, important amounts of material were displaced plastically towards the edge of the tracks. From the EDX analysis shown in Table 3, high contents of iron were detected, which suggests mass transfer of the 52100 steel ball to the surface of the composite as a result of the abrasion of the wear counterpart.




3.3.4. The Wear Mechanisms of the Al-2024 Alloy and the Al-2024/TiC Composite


Although three mechanical and chemical surface degradation mechanisms (abrasion, delamination and tribological reaction) were found during the sliding test of the 2024 aluminum and Al-MM composites, with and without the application of the heat treatment with steel 52100 and alumina balls, the predominant mechanism was adhesion, which gives rise to the abrasion of transfer layers. Figure 9a,b shows the aluminum surfaces both sliding against steel and alumina counterfaces, respectively, at a sliding distance of 113 m, a speed rate of 0.03 m/ s and a normal load of 10 N. The morphology of the wear tracks shows the presence of compact waste material in the wear tracks, eventually forming a transfer layer that is formed as a consequence of the agglomeration and compaction of waste material. However, the adhesion of these layers subsequently generates the release of both materials by the abrasive action of the hardened transfer particles, gives rise to the shear, fracture and delamination of the compacted layer, which creates surface abrasion grooves. According to the images, the manner of detachment of the debris confirms the plastic contact experienced by the tribological pair, so different grooves and flanges running parallel to each other in the direction of sliding are visible. This confirms that the changes in the running period in curves of the friction coefficient were caused by lapping the friction couple, and thus the sudden changes in the wear mechanism. On the other hand, the grooves are wider and deeper in samples of metal matrix compared to those of the composites tested under similar conditions, as can be seen in the the SEM micrographs of the MMC and MMC-T6 composites in both tribological pairs tested under the same conditions (Figure 9c–f). This shows that the worn surfaces appear to have progressively more oxidation as the distance increases, which is indicated by the dark regions, especially in the MMC. This is due to the increased temperature by the high friction forces.



A lot of grooves are found among the darker oxidised regions. These were probably caused by the localised melting of matrix material that stretched across the face during sliding which were noted in the sliding direction [25]. The presence of furrows from abrasion due to the slippage of oxide particles in the compound is also observed. From the analysis of the EDX result shown in Figure 8a, the presence of Fe oxides from the 52100 steel and aluminum oxide (Figure 8b) from the alumina counterpart is observed, which generates the formation of protective layers of thicker transfer, which inhibits the contact in the tribological pair, achieving less wear in the composites. This indicates the possibility of the longer lifetime of MMC and MMC-T6 material under high abrasion.



At the end of the test, several kinds of wear mechanisms were found. Table 4 shows the quantification of the wear mechanisms present on samples. In the MM (Al-2024), at low load (2 N), abrasion was dominant and a small amount of the oxide is observed; but, under high loads (10 N), and fatigue is being reached due to the high loads and the increment in temperature in situ during the sliding test [50]. In the case of the composites MMC, oxidative and abrasion mechanisms were dominant; after heat treatment T6, the higher hardness of the composites improves their load-bearing capacity leading to better resistance to adhesive wear [51]. However, at 10 N, fatigue is reached, followed by a reduction in the abrasion.




3.3.5. Optical Profilometry Analysis


The representative morphology of the worn surface of the samples with a load of 10 N of both counterparts—the α-Al2O3 ball and steel 52100—was analysed in the optical profilometer and is shown in Figure 10a–f. The cross-section profile of each specimen was measured three times. The wear volumes were calculated based on the obtained wear area of the cross-section profiles of each sample.



The comparison of the width and depth of the worn surfaces indicates that MM, Figure 10 a,d, presents greater damage than the MMC-Al-2024/TiC, Figure 10b,e, and after heat treatment, Figure 10c,f. Observations indicate that damage is reduced by 50% in the MMC-Al-2024/TiC and by 70% after heat treatment. These observations correlate well with those found for Mg/SiC composites reported by Manoj Kumar et al. [66], who relate the increase in wear resistance to the increase in hardness added by reinforcing particles and the diffusion of reactive products from the monolithic matrix.



Profiles of MMC-Al-2024/TiC samples exhibit a noisy line in the periphery due to the higher roughness by the presence of the TiC particles in the MM. Under the application of load, there is plastic deformation of the aluminium matrix, which, in addition to the abrasion, leads to the presence of pile up of plastic strain matter around the wear scar, including hard particles or fragments that are driven by the plastic flow. However, with different depths, the composites in both counterparts show similar wear profiles. There are signs of fragmentation and detachment of particles from the ceramic counterpart, which increase the abrasive effect in the tribological pairs as observed in Figure 8 and Figure 9. As observed in Figure 10 c,f, the depth of the wear scars in the optimal T6 condition of MMC decreased, indicating a better wear resistance at maximum normal loads applied in this experiment. Additionally, the irregularities of the surface in the contact area indicate the occurrence of adhesion, forming the oxidative and brittle layer that modifies the contact of the tribological pair due to an eventual fracture as a result of thermal fatigue induced during wear.






4. Conclusions


The present investigation has led to the following conclusions.



	
Al-2024/TiC metal matrix composite was manufactured using the presureless melt infiltration route.



	
The presence of Al3Ti and Al3TiSi0.23 was detected by XRD analysis. However, during heat treatment, this phase was partially redispersed into the metallic matrix.



	
Through heat treatment, the composites present better mechanical properties whereas ductility decreases. The tensile properties are seen to vary significantly with ageing treatment. The highest strengths were obtained for the solution heat-treated Al-2024/TiC composites, where the tensile strength increased from 360 to 400 MPa after heat treatment.



	
The as-fabricated composites have an elastic modulus and hardness of 195 GPa and 289 Hv, 25 HRC, respectively. After solution heat treatment and aging at 530 °C over 12 h, the composites reached values of 197 GPa and 343 Hv, 34HRC for the elastic modulus and hardness, respectively.



	
The wear rate was higher for the metal matrix Al-2024 alloy when compared to the Al-2024/TiC-reinforced composites.



	
The oxidation of aluminium surfaces has a beneficial effect in reducing wear during sliding of aluminium, particularly by preventing metal–metal contact.



	
High-friction interfaces exhibit lower wear rates. This may be attributed to the higher hardness of the composite due to the incorporation of hard TiC particles, resulting in a lower actual contact area.



	
The wear rate increases linearly with increasing normal load following Archard’s law.



	
Results revealed that T6 heat treatment is a suitable option for the increase in the wear resistance of the Al-2024/TiC composites.



	
Abrasive wear was the dominant mechanism in MM samples, and oxidative wear was dominant in the MMC. Oxidative products present on worn tracks acted as lubricants, reducing the wear of MMCs.
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Figure 1. Morphology of the (a) raw TiC powder and (b) sintered TiC preform at 1350 °C. 
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Figure 2. Pin-on-disc sliding wear tester. 
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Figure 3. SEM micrographs of composites (a–c) as-infiltrated and (d–f) after heat treatment. EDX spectra and chemical composition of the precipitated phase observed in Figure 3f. 
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Figure 4. XRD patterns for as-infiltrated and heat-treated composites. 
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Figure 5. Mean friction coefficients of Al-MM, AlC, and AlC-T6 at three loading conditions and dynamic friction coefficients at 5 N: in the tribological pairs with (a,b) 52100 steel and (c,d) α-Al2O3, respectively. 
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Figure 6. Variation in the wear rate with respect to the normal load applied in the tribological pairs of MM and AlC in contact with 52100 steel and α-alumina pin. 






Figure 6. Variation in the wear rate with respect to the normal load applied in the tribological pairs of MM and AlC in contact with 52100 steel and α-alumina pin.



[image: Coatings 13 00077 g006]







[image: Coatings 13 00077 g007 550] 





Figure 7. Wear scars of the Al-2024 alloy with the: (a,b) steel and (d,e) ceramic ball counterparts and EDX analysis of yellow marks of Figure 7b (c) and Figure 7e (f). 
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Figure 8. Worn scars of MMC Al-2024/TiC at 5 and 10 N EDX analysis with (a–c) 52100 steel and (d–f) ceramic ball counterparts. 
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Figure 9. Morphologies of the worn surface at a load of 10 N, (a,b) aluminum surfaces, (c,d) MMC, and (e,f) MMC-T6 slid with steel and alumina balls as counterfaces, respectively. 
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Figure 10. Profile of the worn surfaces obtained in the optical profilometer after a tribological test at 5 and 10 N, respectively, in (a,d) MM, (b,e) MMC and (c,f) MMC-T6. 
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Table 1. Chemical composition of the Al-2024 alloy (wt.%).
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	Cu
	Mg
	Mn
	Fe
	Cr
	Si
	Zn
	Al





	4.23
	1.43
	0.55
	0.4
	0.04
	0.3
	0.14
	Bal.
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Table 2. Effect of T6 heat treatment on the tensile properties and hardness values of the MM and the MMC-Al-2024/TiC, before and after T6 heat treatment.
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	Samples
	HRC
	HV0.1
	Ultimate Tensile Strength

UTS

(mPa)
	Tensile Yield Strength

YS

(mPa)
	% Elongation

El

(%)
	Modulus of Elasticity (Young)

E

gPa





	Al 2024/TiC
	25 ± 5
	289 ± 5
	360 ± 5
	205 ± 6
	0.28
	195



	Al2024/TiC-T6
	34 ± 5
	343 ± 6
	400 ± 9
	260 ± 4
	0.20
	197
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Table 3. SEM-EDS compositional analysis of the yellow marks of Figure 8c,f.
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	wt%
	C
	O
	Al
	Ti
	Cr
	Fe





	1
	2.6959
	22.6707
	1.6278
	3.0262
	1.2073
	62.3458



	2
	2.926
	20.1641
	3.1075
	9.9275
	1.261
	57.849



	3
	2.9889
	13.0257
	22.5147
	54.5256
	0
	0



	4
	3.5594
	18.5395
	19.4974
	52.0713
	0
	0
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Table 4. Wear mechanisms present over worn tracks of samples.
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Material

	
Load

	
Wear Mechanism




	

	

	
Abrasion

	
Oxidation

	
Fatigue

	
Adhesion

	
Melting






	
Al-2024

	
2

	
60–80%

	
21–40%

	
0

	
0

	
0




	
5

	
40–60%

	
1–20%

	
1–20%

	
0

	
0




	
10

	
41–60%

	
15–20%

	
1–10%

	
0

	
0




	
Al-2024/TiC

	
2

	
21–40%

	
60–80%

	
5–10%

	
0

	
0




	
5

	
20–30%

	
60–80%

	
1–20%

	
0

	
0




	
10

	
1–20%

	
60–80%

	
1–20%

	
0

	
0
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