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The present research is based on development and performance evaluation of ultra-high molecular weight polyethylene composites with Titania particles in various amounts and of two sizes, including nano-size. It also included functionalization of nanoparticles (NPs) with a siloxane group to enhance adhesion with the matrix, which would help to reduce wear. Thus, the work had several objectives such as to investigate the effect of size (nano vs. micro) and determine the amount that delivers the best performance from among a series of composites with different Titania particle amounts [0–8% in the case of microcomposites (MCs) and 0–4% in the case of nanocomposites (NCs)]. It was also of interest to examine the effect of siloxane-functionalization of NPs [since they performed significantly better than microparticles (MPs)] on the performance of NCs. It was observed that for adhesive and erosive wear modes, both types of particles (MPs and NPs) proved detrimental in spite of the enhanced hardness of the composites, essentially because of the irregular shape of particles, which altered the wear mechanisms adversely. Nanoparticles proved less detrimental, while F-NPs (functionalized NPs) proved marginally detrimental. In abrasive wear mode, both proved beneficial, NPs being more effective than MPs, and F-NPs proved the best. The studies revealed how the shape of particles influences the performance of composites in various wear modes.
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INTRODUCTION

Ultra-high molecular weight polyethylene (UHMWPE) and its composites are being widely used for applications like producing bottles for runners, chain guides, and lining for coal chutes and also as bearing material in agricultural and mining equipment due to their excellent wear resistance coupled with their low coefficient of friction (μ), along with ease of availability and cost viability. Moreover, UHMWPE is extensively used in a composite form as a bearing material for implants (joint replacements for the hip, knee, and ankle) (Wang et al., 2007; Ge et al., 2009; Holland et al., 2018; Gao et al., 2019; Ortiz-Hernández et al., 2019). It shows excellent wear resistance (WR) in almost all wear modes (Lee, 1985) along with ultra-low μ, high specific strength and modulus, toughness, very good dampening capability, excellent resistance to chemicals, etc. Efforts are being made to maximize its WR, especially by selecting biocompatible fillers like titania, zirconia, etc., and their use as nanoparticles (NPs). The final performance of nanocomposites (NCs) depends on the type of matrix and NPs, their amount, size, shape, filler-matrix adhesion, etc. A lot has been reported on the exploration of various types and amounts of hard NPs (non-bio-compatible) to enhance the WR of UHMWPE (Chang et al., 2013; Xu and Tangpong, 2013; Chukov et al., 2014; Sharma et al., 2015, 2016; Kumar et al., 2017).

Xu and Tangpong (2013) presented the current trends of research in the tribology of polyethylene-based NCs along with the type of nano-fillers used and the processing approaches. It was stated that agglomeration takes place in a higher concentration of NPs, resulting in deterioration of wear performance.

Few papers have reported on the surface treatment/functionalization of fillers/fibers to improve the performance with UHMWPE. Chukov et al. (2014) studied the effect of nitric acid treatment of carbon fibers leading to enhanced adhesion with the matrix and hence improved mechanical properties. Tribo-properties, however, were not studied. Chang et al. (2011) reported improvement in mechanical and antibacterial properties of UHMWPE due to reinforcement with silane-treated zinc oxide particles (<1 μm) compared to untreated ones. However, no tribo-studies were reported. Kandeva et al. (2018) reported the effect of multi-walled carbon nano-tubes (CNTs) untreated and modified with electro-less nickel plating. Tribo-studies were done in a thumb disk tribo-setup in abrasive wear mode. Modified CNTs showed higher WR as compared to the unmodified ones.

A lot of patents are available on the applications of UHMWPE in composite form for the biomedical area (Senatov et al., 2014; Coker, 2019; Gopanna et al., 2019; Salari et al., 2019; Saravanan and Devaraju, 2019; Duan et al., 2020)1,2. Several researchers have recommended their composites for such applications. Duan et al. (2020) studied the thermal stability and mechanical properties of irradiation-cross-linked graphene oxide/UHMWPE composites with vitamin E. The crystallinity, thermal stability, hardness and scratch resistance, and oxidation resistance of the composites improved as compared to UHMWPE, but at the cost of a slight deterioration in mechanical properties. The fatigue strength, compressive and tensile properties, and wear resistance of the modified composites were not investigated. These composites were claimed to have bright application prospects in the field of artificial joint replacement owing to some further investigations. Senatov et al. (2020) prepared a novel biomimetic highly porous UHMWPE/Hydroxyapatite (HA) (40 wt.%) scaffold for reconstructive surgery with a porosity of 85 vol.%. This biocompatible highly porous UHMWPE/HA scaffold, used separately or in combination with proteins for the reconstruction of non-load bearing parts of bones, was reported to solve the problems associated with differences between implant architecture and trabecular bone, low osteointegration, and bio-inertness. Saravanan and Devaraju (2019) tribo-investigated an γ-irradiated composite of UHMWPE (80 wt.%), alumina (3 wt.%), HA (5 wt.%), and Chitosan (12 wt.%) and reported a 1.3 times increase in tribo-performance due to irradiation. The composites were targeted at biomedical applications. Salari et al. (2019) studied the effect of nano-zirconia (2, 6, and 10 wt.%) in HP (10 wt.%)-reinforced UHMWPE composites and reported significantly improved mechanical properties and wear resistance in comparison with HAp alone and furthermore eliminated the concern of wear debris and adverse biological responses caused by osteolysis. Zirconia also demonstrated exceptional biological responses in the presence of MG-63 osteoblast cell cultures, showing no cytotoxicity and high alkaline phosphatase activity along with fully spread osteo-cells. Hence, the authors claimed it as a promising material for overcoming the shortcomings of the conventionally used UHMWPE as an implant liner. Gopanna et al. (2019), in their overview of polyethylene and polypropylene composites for biomedical applications, suggested that UHMWPE composites reinforced with NPs, nanotubes, and nanofibers should be used in orthopedic bearing applications. Chemically cross-linked UHMWPE filled with particles of Al, Cu Fe, and reinforced with quartz particles of micron size have been developed for orthopedic applications.

Titanium dioxide (TiO2)/Titania is a hard filler with excellent resistance to UV and chemicals and is also known for bio-compatibility (Hashimoto et al., 2003; Gutwein and Webster, 2004; Lei et al., 2010; Sabetrasekh et al., 2011; You et al., 2014; Celebi Efe et al., 2019). Supplementary Appendix A gives details on various available papers on UHMWPE-TiO2 composites with special reference to NPs and their functionalization (Hu et al., 2016; Celebi Efe et al., 2017; Yu et al., 2017). It seems that only two papers dealt with NPs, and these did not look into tribo-effects (Ortiz-Hernández et al., 2019; Duan et al., 2020). Some papers (Duan et al., 2020; see footnote 1) reported on the functionalization of microparticles (MPs) but not in detail by reporting tribology. Thus, it was concluded that in-depth studies of UHMWPE-Titania composites (MCs and NCs) are required with the following aims, since they are not met in the literature.


•Assess the potential of NPs vs. MPs to improve the tribo-performance in various wear modes.

•Determine the influence of increasing amounts of NPs (realistic amount) and MPs as a means to find the optimum amount for the best WR value.

•Determine the effect of functionalization of NPs with siloxane treatment on tribo-performance in various wear modes.



With these aims in view, three series of UHMWPE-Titania composites – the first with MPs (0–8%), the second with NPs (0–4%), and the third with functionalized NPs (0–4%) – were developed and characterized for tribo-performance in three wear modes, viz., adhesive, abrasive, and erosive, and the findings are presented in subsequent sections.



MATERIALS AND METHODS


Materials and Characterization of Particles

Ultra-high molecular weight polyethylene was procured in a particulate form (≈40 μm) from Bhilwara Polymers Ltd., Rajasthan; details of its properties are given in Table 1.


TABLE 1. Properties of UHMWPE as per the supplier’s data.

[image: Table 1]Titania (TiO2) nano (10–25 nm)- and MPs (30–40 μm) were procured from Nano Shell LLC United States. The size was verified with SEM (scanning electron micrograph; Zeiss EVO MA 10) and TEM (transmission electron micrograph; JEOL JEM-1400 Plus), as shown in Figures 1a,b, respectively. It seems that MPs were of highly irregular shape and NPs were of 40–50 nm size and also of irregular shape. Figure 1-II shows the SEM and EDAX micrographs of selected specimens (V8M, V2M,V2N, and F2N) cut to expose the inside transverse section. This was done to determine whether particles are uniformly distributed in the bulk of the composites. Dot maps of Ti represent the distribution of TiO2 particles irrespective of size. For F2N, additional dot mapping was done for Si element to ensure the presence of siloxane treatment on the particles.
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FIGURE 1. Micrographs of TiO2 particles; (1a) SEM of microparticles and (1b) TEM of nanoparticles; 1-II – SEM and EDAX micrographs of representative composites showing uniform distribution of filler particles; 1-III – X-ray diffraction pattern for nano-TiO2 particles.


The XRD-X-ray diffraction spectrum (Phillips XPERT-PRO) of NPs was collected to verify the size, and the data are shown in Figure 1-III.

The crystallite size of NPs was determined using the Debye–Scherrer method using the following equation (Holzwarth and Gibson, 2011).

[image: image]

where λ is the characteristic wavelength, B is the full width at half maximum, and θ is the midpoint of the peak. The XRD shows coherent diffraction regions that imply the size of the crystallites for the respective diffraction peak. A particle may be made up of several different crystallites or just one crystallite. Sometimes, it also corresponds to the size of the grain s of an analyte sample, or the thickness of a polycrystalline thin film or bulk material. Supplementary Appendix A collects the data from XRD.

Overall, it was confirmed that the approximate crystallite size of the particles was in the range of 23–27 nm as observed from the first three peaks.



Experimental Work


Surface Modification of Nanoparticles

For siloxane treatment of NPs, Amino propyl tri-ethoxy silane (APTES) was used (procured from Alpha Aesar). The basic aim of the surface modification of TiO2 NPs was to impart siloxane functional groups to the surface of particles, which would bridge with matrix, resulting in enhanced filler-matrix adhesion in the composites. It was anticipated that this might lead to improved tribological properties (less wear). Surface modification of TiO2 with APTES was done as per a reported process as shown in Figure 2 (Chukov et al., 2014) using reflux reaction and mechanical stirring, with xylene as a medium and at 50°C in a silicon oil bath for varying durations, as shown by Table 2.


[image: image]

FIGURE 2. Schematic of treatment of TiO2 NPs with APTES.



TABLE 2. Treatment of NPs of TiO2 (1.5 g) with APTES (1.5 ml) in xylene as a medium (50 ml) at 50°C for various durations and the chemical changes confirmed from FTIR studies.

[image: Table 2]The particles were washed using xylene, followed by ethanol two times, and finally with acetone. They were then filtered using a REMI PR-24 centrifuge followed by drying under vacuum. Fourier Transform Infrared (FTIR) Spectroscopy was done in attenuated transmission reflectance (ATR) mode in a Nicolet IS 50 for confirmation of the presence of siloxane treatment on the particles as well as for optimization of the time duration of the treatment. The analysis was performed for an iteration of 32 scans for accuracy of results (Table 2).



Development of UHMWPE Composites

Uniform dispersion of micro- and nano-TiO2 particles is extremely important. De-agglomeration of NPs was performed using a Crome Tech Probe Sonicator (UP-800 ultrasonic processor). An accurately weighed amount of NPs was added to double-distilled water in installments, followed by sonication for two minutes (pulse time 2 s, and pulse off for 5 s, at 800 W) after each installment, the total time of sonication being 30 min. A weighed amount of UHMWPE was then added to this suspension in installments followed by sonication to achieve homogeneous dispersion of NPs and UHMWPE in double-distilled water. A similar procedure was employed in the case of microcomposites (MCs) to maintain uniformity.

Nano- and microcomposites of UHMWPE with TiO2 were developed by using a compression molding technique under temperature (180°C) and pressure (12–15 bar). The mold was fast cooled using water cooling. The compositions of the composites developed are shown in Table 3.


TABLE 3. Composition and coding of composites.

[image: Table 3]


Characterization of Composites


Density

The density of the composites was measured to characterize them, since density is the first basic property. It also helped to gain an overall view of the void content in the composites and also to calculate the specific wear rate.

(a) Density was measured by the standard Archimedes principle following ASTM D792 using a Mettler Toledo weighing balance as per Eq (2). Acetone was used as the liquid, having a density of 0.79 g/cm3 at 20°C.

[image: image]

where ρ is the density of the composite, ρliquid is the density of the liquid used, and Wair and Wliquid are the weights of the composite in air and liquid.

The rule of mixtures was used to calculate the theoretical density of the composites using the following equation:

[image: image]

where ρm and ρf are the theoretical density of the matrix (UHMWPE; 0.93 g/cc) and the filler (Ti; 3.9 g/cc), respectively. Wm and Wf are the respective weight fractions.

(b) Void content.

The void content of the composites was calculated from the following equation:

[image: image]

where ρth and ρc are the calculated and theoretical densities of the composite as obtained using Eqs 2 and 3.



Vickers Micro-Hardness

TiO2, being a ceramic material, has an entirely different set of properties, especially hardness, as compared to the softer polymeric phase. It was necessary to examine the extent of its implications for the hardness properties of UHMWPE since hardness is generally well-correlated with abrasive wear performance. The Vickers hardness of the composites was measured as per ASTM E92-82. The composites were polished against 1000 grade SiC abrasive paper. A square-based pyramidal diamond indenter with included face angles of 136° was penetrated into the material with a force of 20 N. The Vickers hardness number (HV) is related to the applied force and surface area of the resultant permanent impression according to the following equation:

[image: image]

where F is the force applied and d is the mean diagonal diameter of the impression.



Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy

Microscopic worn surface analysis, generally performed with SEM, furnishes a lot of information about the surface topography, damage, and deterioration level of matrix and filler-matrix adhesion, dominating wear mechanisms, etc. An SEM (Zeiss, EVO-MA 10) was used to study the worn surfaces of the composites. The samples were gold-coated to make them conducting using a Cressington Sputter Coater 108.



Wettability Analysis

The wettability of matrix and its composites differ based on the type and amount of filler and also filler-matrix bonding. Generally, this property is evaluated by water drop (the sessile drop method), and reduction in the contact angle is an indication of a higher ceramic content and higher filler-matrix adhesion. The contact angle on the surface of selected composites (V, V2N, and F2N) was measured using a KRUSS GmbH DSA 25S. The surfaces were cleaned by sonication in acetone prior to the experiment. A 2-μl drop of deionized water was placed on the surface. The contact angles at different positions were averaged out.



Roughness Measurement

The surface roughness of composites is a tool with which to quantify the texture/topography of the worn surfaces and is correlated with the extent of wear-damage. The surface roughness of the wear track was measured using a Micro-Xam 100 stylus-type profiler manufactured by KLA-Tencor. The roughness data are the average of three points across various areas on the wear track.



Tribological Characterization

Tribological studies were performed to evaluate the performance of the developed composites in various wear modes, viz., adhesive (sliding against a smooth counterface), abrasive (sliding against a rougher and harder counterface), and erosive (impingement of harder abrasive particles at different angles) wear modes.


Adhesive wear

The adhesive wear performance of the composites was evaluated on a UMT-3MT Tribometer supplied by CETR/Bruker, United States. During initial studies on a pin (polymeric) on metallic disk configuration, hardly any loss in weight of the pin was observed, even after running the test for 4 h, because of the exceptionally high wear resistance of UHMWPE. Hence, a ball (AISI 52100 steel – Ra – ≈50 nm) on disk (polymer) configuration was selected to increase the pressure and also the dissipativity of frictional heat, since point contact has these advantages. A 10-mm ball rotated on a polymeric disk in a wear track, as shown in Figure 3A. The tests were conducted under 200 N (P 73 MPa), keeping other parameters such as v (0.15 m/s), rpm (100), sliding distance (4220 m), and duration (4 h) constant.


[image: image]

FIGURE 3. Configurations in (A) adhesive wear, (B) abrasive wear, and (C) erosive wear.


The specific wear of the disk (K0) (m3/Nm) was calculated as follows.

[image: image]

where ΔW – weight loss in kg; ρ – density in kg/cm3, L – load in N; D – sliding distance completed in 4 h in meters.

The maximum Hertzian Pressure (P) was calculated as

[image: image]

where F is the applied load (N) and a is the radius of the contact area (mm), calculated as

[image: image]

where r is the radius of the steel ball and E∗ is the calculated modulus at contact.



Abrasive wear

Abrasive wear studies were conducted in the UMT-3MT Tribometer supplied by CETR/Brucker, United States in a pin on disk (POD) configuration (Figure 3B). Silicon carbide (SiC) abrasive paper of 1000 grade was used to achieve a uniform contact, while for testing purposes, 120 grade (118 μm grit size) was used for a single pass rotary motion. A 10-mm × 10-mm × 4-mm polymer pin was abraded at a constant speed of 0.025 m/s. The sliding distance of 1 m was achieved by changing four papers and was kept constant. In each experiment, all parameters except load were kept constant. Load was selected as a variable parameter and was varied between 25, 50, 75, and 100 N. After completion of the experiment, the pin was cleaned ultrasonically in acetone, dried, and weighed. The specific wear rate was calculated from the recorded weight loss using Eq. 6.



Erosive wear

The erosive wear tests on the UHMWPE composites were carried out on a TR-471-400 air jet erosion tester (Ducom Instruments Ltd., Bangalore). Ultra-high molecular weight polyethylene, being a ductile material, shows high erosion at lower angles (Hutchings, 1992), and hence 15° and 30° were the two angles chosen for the studies. Alumina particles 60 μm in size were selected as the erodent, and the discharge rate was kept at 4 g/min and the velocity at 58 m/s using a 3-mm diameter Tungsten Carbide nozzle (Figure 3C). The tests were performed at 25°C, and the total mass of erodent was 240 g. Amount of wear was quantified by erosion (E), which was calculated by Eq. 9 (Chahar and Pun, 2018).

[image: image]



RESULTS AND DISCUSSION


Characterization Studies


FTIR Studies

The FTIR spectra for TiO2 particles (treated and untreated) are shown in Figure 4.


[image: image]

FIGURE 4. FTIR analysis of siloxane-treated particles for varying treatment durations.


The broad band observed in the region 600–400 cm–1 corresponded to the –Ti–O–Ti– stretching vibration peak (Ukaji et al., 2007; Mallakpour and Nikkhoo, 2013). In-plane O–H bending vibration corresponds to peaks at 1399 and 1630 cm–1 on the surface of TiO2. The band at 1088 cm–1 attributed to the bending vibration of Ti–OH is shifted to a lower wavenumber (at 993 cm–1) due to the creation of Ti–O–Si in the spectrum of APTES-TiO2. The formation of the Ti–O–Si group was confirmed from the FTIR spectrum. Such linkage enables better interaction with the polymeric matrix as compared to the non-functionalized particles. It is expected that the enhanced filler-matrix adhesion would lead to less debonding of particles when stressed during sliding and hence less wear.



Density

The densities of the composites are given in Table 3. The density of the composite increased with an increase in TiO2% since it is heavier (4.23 g/cc) than UHMWPE (0.93 g/cc). When comparing the densities of V2M (0.952 g/cc), V2N (0.967 g/cc), and F2N (0.969 g/cc), which contained 2 wt.% Titania particles, it was observed that density was highest where functionalized NPs were used and lowest where untreated MPs were used.



Vickers Hardness

It can be observed from Table 3 that:


•TiO2, being a harder filler, increased the micro-hardness of the softer polymeric matrix.

•The hardness of composites increased significantly with increasing content of TiO2 for MCs and NCs with functionalized particles (F-NCs), indicating good homogeneity of the filler dispersed in the composites. Improvement was highest for F-NCs, ≈60%.

•If the hardnesses of MCs, NCs, and F-NCs with the same amount of particles is compared, they showed the trend V2M (6.967) < V2N (8.14) < F2N (8.20).





Void Contents

The void contents of the composites showed the following trends.


•F-NCs Showed no void contents, indicating ideal composites.

•With increasing contents of MPs and NPs, void contents increased, though not proportionally.

•Void content was highest for MCs followed by NCs, and it was lowest for F-NCs, as follows: V2M (3.3%) > V2N (1.32%) > F2N (0%)





Wettability Analysis of the Surfaces of Composites

Titania particles, being ceramic, have higher surface energy (72 dynes/cm) than the polymers, UHMWPE (30 dynes/cm) in this case (Travis Curtis, 2013; www.tstar.com, 2020). Hence, it was expected that the inclusion of NPs of Titania in UHMWPE would increase the surface energy of a composite. Their functionalization should do this to a still greater extent. Hence, surface energy or hydrophilicity was evaluated indirectly by wettability studies using a water drop. The UHMWPE showed an angle of around 91°, while those for V2N and F2N were 85° and 82°, respectively, indicating increased hydrophilicity.



Tribo-Properties of Composites


Adhesive Wear

Adhesive wear tests were conducted initially for 100 N, which resulted in non-measurable wear. Results on adhesive wear at 200 N (73 MPa) are shown in Figure 5. At 300 N, the composites failed at varying sliding durations, mostly due to melting of polymer.


[image: image]

FIGURE 5. Specific wear rate (K0) (a1,b1,c1) and μ (a2,b2,c2) of composite disks against a ball (P – 73 MPa, speed – 0.014 m/s, sliding duration – 4 h). (A) Comparison of MC, NC, and F-NC (all with 2% particles) with UHMWPE; (B) Influence of increasing amount of NPs, and (C) benefits of functionalization of NPs.


Figure 5A1 shows the effect of inclusion of MPs, NPs, and F-NPs (all 2%) on adhesive wear of UHMWPE. V0 (virgin UHMWPE) showed the lowest wear rate (5 × 10–15m3/Nm). Inclusion of Titania particles (irrespective of size and functionalization) led to an increase in friction (Figure 5A2) and wear rate in spite of an increase in the hardness of all of the composites. This was mainly because of the irregular shape of both types of Titania paticles (MPs and NPs). Inclusion of particles of solid lubricants such as PTFE and graphite facilitates beneficial film transfer on the counterface, leading to a reduction in metal asperity-contacts and hence reducing friction and wear. Titania particles do not have a layered lattice structure, and hence, beneficial film formation was not expected. An increase in hardness does not ensure an increase in performance in adhesive wear. If the hard particles are spherical, they may act as load-bearing elements and convert area contact to more of a point contact, thereby reducing the probability of metallic asperities penetrating in the polymer composite. This may lead to performance improvement. In the present case, however, irregularly shaped particles with sharp edges posed the severe problem of third-body abrasion. These particles, especially MPs, were debonded easily during initial sliding because of their weaker bonding with the matrix. Once they appear in the debris, they start abrading both the parent surfaces, and adhesive wear is changed to three-body abrasive wear, showing higher friction and wear. MPs were so dominant in third-body abrasion that during interaction with the steel ball surface, μ was quite high, which led to an excessive increase in frictional torque and hence heat. The polymer disk, having low thermal conductivity (TC), could not dissipate this heat so efficiently, leading to the removal of softened matrix and debonded MPs, easily accounting for the very high wear of this MC (2700% higher than UHMWPE).

In the case of NPs and F-NPs, wear rates increased by 141 and 44% for V2N and F2N, respectively. The influence of NPs in composites on performance depends on their type (abrasive or solid lubricant), amount, size, shape, etc. Harder particles, if spherical or cylindrical, can act as ball/roller bearings, reducing friction and wear in adhesive wear mode, although not much is reported on the influence of the shape of NPs on the adhesive wear of composites (Jia et al., 2006; Shi et al., 2007). In the current case, harder particles were of irregular shape and hence deteriorated the tribo-performance of UHMWPE. For NPs, the digging out process was not so dominant since they had more interaction with the matrix because of their nano size. Hence, debris contained a smaller number of NPs, and third-body abrasion was not so prominent and detrimental. In the case of functionalized NPs, the process of digging out of particles was still more reduced because of stronger filler-matrix adhesion, and the extent of deterioration to the performance also decreased.

As seen in Figure 5B1, an effect whereby an increasing amount of NPs leads to increased friction and wear can be seen, although it is not strictly linear. Figures 5C1,5C2 show how treatment of particles improved the performance of NCs.



Failed Surfaces and SEM Studies

Table 4 shows the average roughness (Ra) of the wear tracks of composites worn at 200 N. With increasing contents of particles, disk surface roughness increased in almost all composites, which is indirect evidence of third-body abrasion of the disk because of more particles being released in the debris. Interestingly, if Ra values are compared row-wise, they were highest for MPs followed by NPs and lowest for F-NPs, in general, indicating that the severity of third-body abrasion was at a maximum in the case of MPs and at a minimum for F-NPs.


TABLE 4. Average roughness of worn composite disks.

[image: Table 4]Figures 6A,D show photographs of failed ball and disk surfaces of MC when slid under 300 N. The failure was characterized by excessive wear of the disk and adherence of the softened wear debris to the ball surfaces. It also shows localized melting of the wear track at a particular location (Figure 6C). An UHMWPE disk (Figure 6D) with excessive wear can also be seen.
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FIGURE 6. Failed ball (A) against disks of a microcomposite (B,C) at 300 N and (D) disk of UHMWPE at 300 N.




SEM of Worn Surfaces of Disks

Although the experiments could run for 4 h, the surfaces show some marks of melting (Figure 7A) in the case of MC since frictional heat was very high. The shearing forces on the high-temperature surfaces elongated/fibrillated the UHMWPE. In the case of NC (Figure 7B), such marks are negligible (marked), and surface is very rough. In the case of F-NC (Figure 7C), fibrillation marks are not evident since the melting phenomenon was milder due to lower frictional heat. However, the entire surface of composite disc shows evidence of softening and then solidifying after the test.


[image: image]

FIGURE 7. Worn surfaces of composites disks (A) V2M, (B) V2N, and (C) F2N tested at 200 N, 0.15 m/s.




Abrasive Wear

Incorporation of particles proved beneficial for UHMWPE in the case of abrasion resistance, as seen in Figure 8 for MCs, NCs, and F-NCs (K0 as a function of contents of Titania particles) and Figure 9 in comparisons of MCs vs. NCs and NCs vs. F-NCs (K0 as a function of load). It was observed that:


[image: image]

FIGURE 8. Effect of contents of Titania particles on the abrasive wear of UHMWPE as a function of load for (A) microcomposites (MCs), (B) nanocomposites (NCs), and (C) functionalized nanocomposites (F-NCs).



[image: image]

FIGURE 9. Comparative abrasive wear performance at various loads for (A) nanocomposites (NCs) and microcomposites (MCs) (% indicates the% improvement in wear resistance as compared to neat UHMWPE) and (B) NCs and functionalized nanocomposites (F-NCs) (% indicates the% improvement in wear resistance as compared to non-functionalized NCs).


[image: image]


•K0 was in the range of 3–7 × 10–10m3/Nm for the composites.

•With increase in load, K0 decreased, which is in line with Lhymn’s equation (Lhymn, 1987),



where K0 is the specific wear rate, Vs is the sliding speed, E is the elastic modulus, H is the hardness, ε is the critical wear strain, μ is the friction coefficient, Vc is the crack growth velocity, and FN is the normal load. At lower loads, variation was higher. It also shows that wear is inversely propotional to hardness.


•With increase in the amount of MCs (0–8 wt.%), K0 was lowest for 6% followed by a slight rise for 8% (Figure 8A). The highest reduction (29%) in K0 was for V6M at 25 N.

•For NCs, the optimum contents for the lowest K0 were in the range of 3%, barring 25 N, where it was 2% (Figure 8B), and the highest reduction in K0 was for 2% (22%) at 25N.

•For F-NCs, the optimum contents for the lowest K0 were in the range of 3%, barring 25 N, where it was 2% (Figure 8C), and the highest reduction in K0 was for 2% (33%) at 25N.

•In general, NCs exhibited superior performance to MCs (Figure 9A).



The reasons for wear resistance enhancement are explained in the section below on worn surface analysis.



Worn Surface Analysis by SEM

SEM micrographs of composite pins abraded by SiC paper at 75 N are shown in Figures 10A–D. The hardness of composites was in the order UHMWPE (6.621 MPa) < V2M (6.968 MPa) < V2N (8.14 MPa) < F2N (8.21 MPa), and wear rate also followed the same order. In abrasive wear, micro-cutting and microplowing are the two major wear mechanisms. Micro-cutting, which is indicated by ribbon-shaped elongated debris and further fibrillation (secondary micro-cutting) due to abrasion by successive grits, and microplowing are the most prominent mechanisms in abrasion for ductile polymers like UHMWPE and PTFE (Hutchings, 1992). Indeed, microplowing occurs in both ductile and brittle polymers. It has a direct correlation with hardness: harder polymers are more resistant to microplowing. In the case of composites with hard fillers like Titania, an additional mechanism of digging out of particles during microplowing also plays an important role. Ease of digging out depends on the size and shape of particles and their bonding with the polymer. Rounded particles can be easily dug out while being abraded by the SiC grits, while irregularly shaped particles resist to a greater extent. After being dug out, the particles appear in wear debris. These then start damaging the SiC grits and their abrasivity. The higher the hardness, the higher is the damaging power, and the higher is the protection to the polymer composite from the grits during further abrasion.


[image: image]

FIGURE 10. Worn surfaces of composite pins abraded by SiC paper at 75 N, 25 mm/s for (A) V0, (B) V2M, (C) V2N, and (D) F2N (secondary micro-cutting indicated by yellow ellipses).


As seen in Micrograph 10a, excessive micro-cutting and secondary micro-cutting were reponsible for the highest wear of UHMWPE. The depth of grooves due to microplowing is also highest, since UHMWPE has the lowest hardness. Moving from UHMWPE to V2M, hardness increased, and both microplowing and micro-cutting were abruptly reduced. Drastically decreased ductility of the composite can be seen from the edges of ribbons (marked). The depth of grooves is also reduced, indicating reduced extents of both phenomena, supporting the lower wear of this MC.

For NC (Figure 10C) and then F-NC (Figure 10D), increased ductility (due to their being NCs) can be observed along with secondary micro-cutting. The microplowing is drastically reduced, especially for F-NC, where it is reduced to the extent that the surface topography appears to be quite smooth. This supports the lowest wear occurring in this composite.

Supplementary Appendix A elaborates on the difference in adhesive and abrasive wear and the reasons behind it.



Erosive Wear

Erosive wear is a complex wear mode, and in case of particulate composites, wear resistance is always deteriorated, mainly due to the ease with which particles are detached and thrown off. The literature reports that in spite of increasing hardness, wear performance always decreases (Suh, 1986). An enhancement of performance has only been reported for Aramid and Zylon fabric reinforced composites (Sharma et al., 2019). Figure 11 shows the erosion performance of composites eroded at two angles. In all cases, erosion of composites was higher at 15°, indicating super-ductile failure (Hutchings, 1992).


[image: image]

FIGURE 11. Erosion as a function of amount of particles for two angles; (A) microcomposites (MCs), (B) nanocomposites (NCs), and (C) functionalized nanocomposites (F-NCs); comparative erosion performance for (D) MCs and NCs, and (E) NCs and F-NCs.


It was observed that the virgin UHMWPE was the best performer. Inclusion of Titania particles deteriorated the performance significantly in spite of an increase in hardness. The extent of deterioration increased with increase in Titania particle content, being at a maximum for MPs and a minimum for F-NPs. Erosion definitely depends on the hardness of the analyte material. In the case of composite, which is a heterogeneous material, however, hardness does not help. It depends on the ease with which particles are dislodged from the matrix during bombardment. NPs definitely lead to more homogeneity of the composite and have many-times superior particle–matrix adhesion because of the increased surface activity of NPs. It is not so easy to dislodge NPs, and hence wear of NCs was significantly less severe than that of MCs. Interestingly NC with 1% Titania showed quite similar behavior to UHMWPE. For functionalized NCs, adhesion was still stronger, and hence erosion performance was the best among all of the particulate composites. Figures 11D,E demonstrates this comparative behavior more clearly.



CONCLUSION

In this study, composites of UHMWPE and Titania were developed with three objectives, viz, to investigate the size effect (nano vs. micro), the amount effect, and the particle-functionalization effect.

It was worth pointing out that the testing conditions in this work were not in tune with testing for biomedical applications, although UHMWPE composites are being researched for the same. There is scope to extend this work in that direction. This work is instead an indication of how abrasive wear resistance of UHMWPE can be increased by incorporating functionalized Titania NPs of irregular shape. The same theme may possibly work to enhance adhesive wear resistance if spherical NPs with functionalization could be used.

Based on the investigations on the three series of composites, the following conclusions are drawn.


•Functionalization of NPs led to increased adhesion with the matrix, as evident from the increased density (compactness) and lowering of contact angle (increased hydrophilicity).

•Inclusion of particles increased the hardness of composites. The higher the amount, the higher was the hardness. For composites with the same amount of particles (2%), functionalized nanocomposite (F-NC) showed the highest hardness, followed by NC, and then MC.

•Based on the abrasive wear studies, the optimum% of MPs for the highest improvement (20%) in wear resistance was 6%, while for nano-series, it was 3% for attaining a 28% improvement. Functionalized NPs proved most effective, and a 35% improvement in wear resistance was observed for 3 wt% of F-NPs. Increase in hardness was found to be the major reason for this, as it was responsible for reducing the severity of dominating wear mechanisms viz micro-cutting and microplowing significantly, as confirmed from the SEM studies.

•In the case of adhesive and erosive wear modes, however, the inclusion of particles led to a deterioration in performance, which depended on the size, amount, and functionalization of NPs. It was concluded that the increase in hardness did not help to increase the wear performance in these two wear modes. The irregular shape of MPs and NPs was the main controlling parameter. Including 2% MPs deteriorated the performance of UHMWPE excessively (2400%) in adhesive wear mode, while NPs reduced it by 140%. F-NCs were least detrimental (40% deterioration). Third-body abrasion appeared to be the dominating wear mechanism due to released particles from the composites accumulating as wear debris in adhesive wear mode. An increase in the roughness of worn surfaces supported this phenomenon.

•In the case of erosive wear, UHMWPE again proved best, followed by F-NCs and then NCs. MCs proved worst, and the higher the amount of particles, the more severe was the deterioration. It was concluded that the ease with which particles are dislodged from the composites during bombardment was the key factor controlling the erosion of composites. F-NCs proved best in this respect since particle–matrix bonding was the best. The composites showed failure in super-ductile mode by exhibiting the highest erosion at 15°.



The most important conclusions regarding the selection of particles to improve the hardness and wear resistance of UHMWPE are as follows.

The type, size, amount, shape, and filler–matrix adhesion are the most important aspects. Nano-sized particles worked best, and a content of around 3% proved optimum. Siloxane treatment proved very effective in improving all performance properties. However, the shape of particles controlled adhesive wear performance in an adverse way. For abrasive wear mode, it was appropriate.
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