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Abstract

:

The structure changes, microstructure evolution, and mechanical properties during Powder Metallurgy (PM) through High Vacuum Sintering of a Ti-TiH2 matrix reinforced with Titanium Diboride (TiB2) particles were investigated. Composites were fabricated at 850, 1100, and 1300 °C. The strategy for the fabrication process was to use the PM route employing titanium hydride (TiH2) to reduce the consumption of Commercially Pure Titanium (CP-Ti). The structure of the composites was analyzed using X-Ray Diffraction (XRD), while Optical Microscopy (OM), and Field-Emission Scanning Electron Microscopy (FE-SEM) analysis were used to study the microstructure. Vickers microhardness and nanoindentation were performed to evaluate the elastoplastic and mechanical properties. According to the results, the unreinforced Ti-TiH2 sample presented higher sinter-ability, attaining relative density values of 93% with the higher sintering temperature. Composite samples showed TiB and TiB2 phases without the presence of any TiH2 residual phase. The highest mechanical properties were measured for reinforced samples with 30 vol.% of TiB2, sintered at 1300 °C, showing values of 509.29 HV and 4.94 GPa for microindentation Vickers and nanoindentation essays, respectively, which resulted in 8.5% higher than the values for the unreinforced sample. In addition, their H/Er and H3/Er2 ratios are higher than those of CP-Ti suggesting a better wear resistance of the Ti-TiH2 matrix-reinforced samples, combined with its mechanical properties makes it more suitable than CP-Ti for its potential in biomedical applications.
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1. Introduction


In recent years, sintered titanium-based alloys have been widely used for aerospace and biomedical applications because of their appropriate properties such as low density, high strength, resilience, high toughness, low Young modulus, excellent corrosion resistance, and biocompatibility [1,2,3,4,5]. Therefore, researchers have developed alternative PM methodologies with the purpose to fabricate titanium alloys with a significant cost-affordable reduction, as compared to existing technologies, by decreasing the consumption of CP titanium without degradation of their properties [6,7,8,9,10,11].



The obtaining of low-cost raw Ti materials by using TiH2 as a Ti source is considered a viable way to fabricate several types of devices, promoting its usage in several applications. This processing is benefited by the use of hydrogen, which enhances the processability of Ti, including cold and hot working, machining, superplastic forming, and microstructure control for the improvement of the mechanical properties [7,8,12,13,14]. The use of amounts higher than 3 wt.% of TiH2 instead of conventional Ti powder significantly improves sintering, providing almost full density to the final component, and better homogeneity of fabricated alloys [7,12,14,15].



On the other hand, an efficient method to improve the mechanical properties of titanium alloys is the addition of hard ceramic particles as reinforcement, such as titanium nitrides [16,17], carbides [17,18], and borides [17,18,19]. These reinforcing particles have been used due to their higher mechanical properties. Such reinforcements can be also produced by the in situ reaction, using solid or gaseous precursors, resulting in the formation of hard precipitates [16,17,18,19]. Focusing on TiB2-reinforced titanium-based alloys, it was found that composite materials have been manufactured from solid precursors using mixtures of Ti-B, Ti-BC, Ti-CrB, (Ti)x(TiB)1-x or Ti-B4C powders. These composites are usually fabricated through different PM processing techniques, which include Spark Plasma Sintering (SPS) [20], Pseudo Hot Isostatic Pressing (PHIP) [21], Reactive Hot Pressing (RHP) [22,23], Hot Isostatic Pressing (HIP) [24], and Self Propagating High-Temperature Synthesis (SHS) [21]; those powder-based routes provide good microstructural control and a minimal amount of wasted raw materials. The volume fraction of TiB2 generates changes in the elastic properties, residual stresses, stiffness, and chemical stability of titanium-based sintered alloys [22,25,26]. Hence, to reinforce effectively a Ti matrix, it was recommended to produce TiB whiskers in proportions in the range of 0.1–10 volume fraction, because it requires a lower amount of B for the formation and offers ease of manufacturing [24,27]. Morsi and Patel [19] reported that TiB whiskers formation can be favored using boron sources such as TiB2, B, CrB, MoB, or other compounds that contain Ti phase stabilizers; through the stable chemical reaction between both the Ti matrix and the boron source. Moreover, it has been demonstrated that the formation of TiB whiskers is achieved by having a boron concentration of less than 18 wt.%, when there is an excess of Ti and having enough time to allow diffusion phenomena [8,18,28,29].



In this investigation, the microstructure and mechanical properties of a Ti-TiH2 matrix reinforced with TiB2 ceramic particles were studied. Composites were sintered by the PM process, using high vacuum conditions. The effects of the addition of the TiB2 particles on the formation of the microstructure of the Ti-TiH2 matrix were studied by FE-SEM, EDS, and XRD. Additionally, the effect of the volume fraction of reinforcing particles on the mechanical and elastic properties was evaluated to provide greater resolution on the combined properties of the compounds and assess their potential for orthopedic applications.




2. Materials and Methods


Spherical CP-Ti Grade 1 powder with particle size < 45 µm (Raymor AP&C), irregular TiH2 grade VM with particle size < 8 µm (Chemetall, Frankfurt, Germany), and irregular TiB2 particles with size < 10 µm (Sigma-Aldrich, Burlington, MA, USA) powders were used in this study. The raw materials used for this research were analyzed by using a scanning electron microscope MIRA 3 LMU TESCAN (Warrendale, PA, USA), and an X-ray Diffractometer Empyream PANalytical (Malvern, UK). Ti and TiH2 powders for the matrix were mixed in a 1:1 ratio. Then, amounts of 0, 3, 10, and, 30 vol.% of TiB2 particles were added as reinforcement. Mixtures were poured into a sealed polyethylene container. This action was carried out in a purged gloves chamber to prevent the oxidation of powders. Subsequently, the powders were mixed in a turbula at 75 rpm for 5 h to obtain homogeneous mixtures. Cylindrical green samples of 12 mm diameter and 10 mm height were obtained by compacting the powders using a graphite die with a constant pressure of 442 MPa. Green compacts were consolidated by using sintering in high vacuum condition (10−6 mbar), into a BREW furnace. During the sintering cycle, the dehydrogenation of TiH2 was performed at 550 °C for 1 h. A heating rate of 5 °C·min−1 was employed during processing. The dehydrogenation process was repeated at 700 °C, for 1 h, in order to ensure the complete dehydrogenation of powders. Finally, the samples were sintered at three different temperatures: 850, 1100, and 1300 °C with a dwell time of 2 h. The cooling of the samples was carried out inside the furnace. After sintering, samples were ultrasonically cleaned in acetone and deionized water, each for 15 min at room temperature, and then dried and stored under a clean desiccator chamber. Table 1 shows the designation for samples used within this study, concerning the TiB2 particle content and sintering temperature.



The relative density of sintered samples was estimated from their weight and dimensions (volume), determining the measured density and relating it to the theoretical density, which was calculated by the rule of mixtures using Equation (1).


   ρ C  =  ρ m   f m  +  ρ r   f r   



(1)




where    ρ C   ,    ρ m    and,    ρ r    are the weight densities of the composite, the matrix particles, and the reinforcement particles, respectively, while    f m    and    f r    are the volume fractions of the matrix and the reinforcement particles, respectively.



Sintered samples were cross-sectioned for metallographic preparation by roughing with SiC sandpaper with grain size from 180 to 2000 grit and polishing with 3 and 1 microns alumina solution. Final polishing was performed with 0.05 and 0.02 microns of non-crystallizing colloidal silica suspension. Polished samples were chemically etched with Kroll’s reagent, composed of 100 mL distilled H2O, 6 mL HNO3, and 3 mL HF, by immersion for 120 s. The microstructure of the surface and topography of the sintered samples were observed using a Nikon ECLIPSE MA optical microscope and a MIRA 3MLU TESCAN Field-Emission scanning electron microscope. The structure analysis of materials was characterized by XRD employing a PANalytical Empyream Difactometer using CuKα radiation of λ = 0.154 nm and a scan rate of 0.026°·s−1 in a 2Ɵ range of 20–90°. The presence of secondary elements was examined by using an elemental analyzer X-ray Energy Dispersion Spectrometry (EDS) instrument XFlash 6ǀ30 Detector Bruker (Billerica, MA, USA). Reticular parameters were calculated following Cohen’s method [30], and crystallite sizes were determined by modifying Scherrer’s equation [31].



The effect of the addition of the TiB2 particles on the elastoplastic properties and microhardness of the composites was measured using nanoindentation techniques and microhardness Vickers tests. Nanoindentations were performed using a NANOVEA CB500 nanoindenter (Irvine, CA, USA) on the polished cross-section surface of the samples with a constant applied load of 50 mN (   P  m a x    ). A total of 25 indentations using a 5 × 5 matrix patron were achieved. The recorded load-depth curves were analyzed according to the Oliver-Pharr procedure [32] in order to assess the evolution of the hardness. The hardness values were then obtained by considering the projected area of the Berkovich print and the contact indentation depth (   h c   ) using Equation (2).


  H =  P  m a x   / 24.5  h c 2   



(2)







The reduced Elastic modulus (   E r   ) was estimated. The average value of 25 indentations was used for the estimation of  H  and    E r    for the samples. Vickers microhardness tests were carried out on the cross-section of the samples using a constant load of 98 mN with a dwell time of 15 s using a microhardness tester Future-Tech FM-800. A total of 10 microindentations per sample were used to obtain the average values of the hardness of materials.




3. Results and Discussions


Figure 1 shows SEM micrographs and XRD patterns for the as receive raw powders. Figure 1a shows powders with a spherical morphology corresponding to CP-Ti Grade 1, Figure 1b exhibits an irregular TiH2 powder and Figure 1c shows asymmetrical TiB2 reinforcement particles. XRD patterns of the as-received powders are shown in Figure 1d. CP-Ti powders consisted of the α-Ti phase with a hexagonal structure of the P63/mmc space group while TiB2 powders presented a hexagonal structure of the P6/mmm space group. For the TiH2 powders, peaks of the TiH1.924 crystalline phase were identified with a cubic structure of the Fm-3m space group. The XRD spectrums were indexed according to the crystallographic data reports of the ICDD/JCPDS reference, PDF # 44-1294, 35-0741, and 25-0982 for Ti, TiB2, and TiH1.924 phases, respectively.



Figure 2 shows optical images of the microstructure of the sintered U samples. As can be noticed in this figure, the microstructure of samples consisted of the primary α-Ti phase without the presence of residual TiH2 phases, indicating that the dehydrogenation was effectively attained with the isothermal steps at 550 and 700 °C. It has been reported that the dehydrogenation process of TiH2 is achieved between 600 to 700 °C [7,14]. The microstructure resulting from the U-a sample is characterized by still visible Ti particles and large clusters of sintered dehydrated Ti (from TiH2 raw particles) on the boundary regions of Ti particles. Unsintered Ti particles at 850 °C have a relationship with the size of the initial Ti raw powder: <45 µm approximately. Irregular and large pores can be observed, Figure 2a. These microstructural observations confirm that using a higher sintered temperature than the   α → β   transus (880 °C), samples present an equiaxed microstructure of α-Ti grains with an average grain size of 35 µm, Figure 2b. The grain shape and size are related to the slow cooling rate used after the sintering process. Moreover, it has been reported that the usage of TiH2 enables the equiaxed microstructure formation of the primary α-Ti phase; Chen et al. [14] reported that in a high vacuum environment, the dehydrogenation of a single TiH2 particle produces a phase transformation from TiH2 to a primary α-Ti phase. They found that TiH2 phase-out H gradually transformed into the primary α-Ti phase by removing the residual hydrogen. Moreover, for this investigation, better densification of the samples is observed by a clear decrease in porosity as an effect of the use of higher sintering temperature, obtaining irregular pores at the grain boundaries. In addition, it is noticed that small size of porosities along the grain boundaries, and it was considered that such pores were performed before starting sintering by phase transformation (from TiH2 to Ti) during the dehydrogenation process; leading to an increase in grain size from 40.87 ± 16.36 µm, diameter, to 57.98 ± 7.63 µm, width, for the Ub and Uc sample, respectively. In the sintering structure at over 1300 °C (Figure 2c), the previously formed coarse pores were completely eliminated showing a Ti-like structure, but with a lamellar microstructure.



Representative SEM images of R samples sintered at 850 and 1300 °C are shown in Figure 3. These images were obtained using a backscattered electron (BSE) filter in order to differentiate the presence of TiB2-reinforced particles, α-Ti phase, or even any residual TiH2 after the sintering process. As can be seen in Figure 3, the R3-a sample shows a similar microstructure to the U-a sample with a small amount of remaining TiB2 reinforcing particles and a considerable porosity. Moreover, sample R10-a displays a slight concentration of dehydrogenated Ti structures sintered in the grain boundary of the un-sintered Ti particles, and an incomplete chemical reaction of aglomerated remaining TiB2 particles with Ti and dehydrogenated Ti is observed forming TiB coronas surrounding the TiB2 particles, as observed in Figure 3b. Falodun et al. [33] attributed this behavior to the experimental conditions chosen such as temperature, boron concentration, and sintering time; when an interrupted chemical reaction between TiB2 and Ti particles occurred, some semi-reacted TiB2 particles are surrounded by TiB coronas phase, remaining in the microstructure as shown in Figure 3b. Furthermore, the high-volume fraction of TiB2 particles used in the R30-c sample is observed as a uniform distribution of un-reacted TiB2 particles, surrounding the un-sintered Ti particles, connected like a network (Figure 3c). The same microstructure was found by Izui H et al. [34], for composites of 10 and 20 vol.% of TiB2 particles sintered by the SPS sintering process under vacuum conditions at 900 °C. They identified TiB clusters distributed uniformly in the Ti-TiBw phases, similar to the present work.



On the other hand, the formation of TiB whiskers structures was observed for R3-c and R10-c samples as a result of the reaction between the matrix and TiB2 reinforcement particles (Figure 3d and Figure 3e, respectively). As can be seen, TiB whiskers are observed with a uniform distribution in the α-Ti microstructure. According to the phase diagram Ti-B [28,29], the formation of the TiB phase can be achieved through the following reaction:


  T i + T i  B 2    → 2 T i B  



(3)







The Reaction (3) occurs during the diffusion of B atoms into the titanium lattice through the vacancy mechanism, which is enhanced by the contribution of the vacancies produced by H release. Hence, TiB whiskers can be formed as long as the boron concentration in the reaction zone, around TiB2 particles, is less than 18 wt.% of boron, since there exists an excess of Ti and short sintering times will be used, delaying the diffusion process [19]. The whisker’s lengths remain constant although widths increase slightly, for the R3-c sample. In this context, the primary whiskers formed in the R3-c sample had an average length of 34 µm and a width of 5 µm (aspect ratio~7), whereas the thin whiskers are 9.5 µm average length and a width of 1.5 µm (aspect ratio~6). Figure 3e shows the microstructure for the R10-c sample. In this figure, needle-shaped TiB whiskers can be observed uniformly distributed in the matrix of the sample. Whiskers have an average length and width of 15 and 1.5 µm (aspect ratio~10), respectively, with thinner whiskers regions than the R3-c sample. In addition, larger remaining TiB2 particles with an average diameter of approximately 13 µm are uniformly distributed in the α-Ti microstructure can be detected in Figure 3e. Moreover, Figure 3f shows the effect of the high volume fraction of the reinforcement particles in the α-Ti microstructure for the R30-c sample; as sintering temperature and the boron concentration rises (more than 18 wt.%) the whiskers can not be formed and only aglomerated of remained TiB2 particles were found, similar with Figure 3c.



Furthermore, a noticeable change is observed in the densification of the R compounds, Figure 3; the R3-c sample presents the lowest porosity than the R samples, because of the small amount of TiB2 particles, sintering temperature, the diffusion of B atoms in TiB by a vacancy mechanism and the release of hydrogen (Figure 3 and Figure 4). A higher porosity level is observed when the concentration of reinforcing particles is increased to 30 vol.% (R-30 samples) as compared to the U samples, hence the density of the R samples drops 7, 17 and 26% average for 850, 1100, and 1300 °C, respectively (Figure 4).



To verify the composition of the U and R samples, a semiquantitative analysis from selected areas of the U- and R-c samples have been performed and presented in Figure 5. EDS results confirmed the whole Ti concentration (for the U-c sample) and the B concentration (for the R-c samples), as seen on the obtained microstructures in Figure 2 and Figure 3. For the U-c sample, only Ti concentration can be achieved with a lamellar-shaped microstructure, confirming the dehydrogenation process and the presence of the primary α-Ti phase as described in the XRD section. Moreover, it is observed that by increasing the amount of B, the size of precipitates also increased; as reported by C. Arévalo et al. [35]. Thus, reinforced samples showed a major concentration of Ti as the main constituent of the matrix with the presence of B-enriched zones (remaining and large TiB2 particles). The preferential formation of needle-shaped TiB whiskers was identified for the R3-c sample (Figure 5b) with larger TiB2 particles. As seen in Figure 5b,c, some unreacted TiB2 particles are present in the final microstructure of samples. Moreover, several factors such as the increment of the TiB2 concentration, the diffusion phenomena, and the sintering temperature avoid the formation of TiB whiskers in R30 samples thus, only disseminated and large particles of TiB and TiB2 remained in the microstructure (as seen on Figure 3 and Figure 5). Several PM processes of Ti-TiB2 composites reported the same behavior, when increasing the B concentration, the reaction products between them (Ti and TiB2) produce TiB phase formation [19]. This may be due to the excess titanium present in the system, as previously mentioned.



XRD diffraction patterns of samples are shown in Figure 6a to Figure 6c, starting with Ti, as received powders (Ti AR) pattern (blue pattern) was added to compare the evolution of the α-Ti phase. U samples exhibit the presence of α-Ti phase peaks for the three sintering temperatures used in this investigation, similar to the Ti AR powder. α-Ti phase peaks were identified by PDF # 44-1294, ICDD/JCPDS reference. The absence of TiH2 peaks in patterns of the sintered samples indicates that the hydrogen was effectively removed during the dehydrogenation process and only α-Ti peaks for the sintered U samples were found. Furthermore, for the R samples, the higher intensity of α-Ti peaks indicates that the matrix material is the main component of the samples. Peaks clearly indicate that the reinforcement particles and sintering temperature used induce the precipitation of the TiB intermetallic compound from the saturated α-Ti solid solution, indicating that the temperature reaction was following the reaction in Equation (1). Moreover, the TiB and TiB2 phases are observed in patterns of R samples and indexed according to the crystallographic data reports of the ICDD/JCPDS reference (PDF # 05-0700 and 35-0741 for TiB and TiB2 phases, respectively); the presence of those phases is in agreement with the Ti-B phase diagram [28,29]. The intensity of TiB and TiB2 peaks increases with the amount of TiB2 reinforcement particles and the sintering temperature. This fact demonstrates the shrinkage of the Ti lattice with the reinforcement addition.



Figure 6d shows the evolution of the α-Ti solid solution lattice parameter size after the sintering process, estimated by Cohen’s method [30]. The “c” lattice parameter slightly increases when the sintering temperature increases. The U and R3 samples exhibit less deformation in comparison with the Ti AR powder (16 and 10%, respectively), by contrast, R10 and R30 samples display more deformation as compared with the “c” lattice parameter of the Ti AR powder (8 and 18%, respectively). The “a” lattice parameter for the set of the experimental conditions has a lower deformation in comparison with the Ti AR “a” parameter (under 2.9768 Å), with a small drop of the R10 and R30 samples at 1100 °C (around 2.960 Å, for the U and R samples as well). Those results can be expected since it is well established that incorporating B in substitutional positions in the HCP structure of Ti shrinks the unit cell [35,36], even demonstrating that the saturated α-Ti-TiH2 solid solution losses H due to the dehydrogenated reaction and the formation of the TiB phase due to the reaction in the Equation (1) during the PM sintering process. The lattice parameters of the α-Ti solid solution after the PM process are greater than those of pure Ti (a = 2.951 and c = 4.684 Å) [37]. It is known that Boron atoms incorporated into the Ti structure result in more “c” lattice parameter expansion (over “a” parameter) due to anisotropic strain in the crystal lattice produced by the incorporation of B atoms in the interstices of the Ti structure.



The average crystallite size was estimated from XRD patterns by means of the modified Scherrer equation. As seen in Figure 6e, the crystallite size for the U and R3 samples linearly increases when it increases the sintering temperature (from 26.85 and 25.2 to 32.65 and 31.4 nm for the U and R3 samples, respectively), remaining slightly constant at 1100 °C compare with the crystallite size of the Ti AR powder (28.83 nm). Then, as TiB2 concentration increases (R10 and R30 samples) crystallite sizes do at 850 °C, drop at 1100 °C because of the compression deformation caused by the “a” lattice parameter until 32 nm approximately, and finally increases when the sintering temperature rises at 1300 °C (38.4 and 39.85 nm for the R10 and R30 samples, respectively), up to the crystallite size of the Ti AR powder. Hence, this behavior indicates nearly random nucleation and growth of the TiB and TiB2 phases in the Ti matrix; as the sintering temperature increases (with high accumulated energy from the PM sintering process) quickly recrystallize from 850 to 1300 °C and then grows slightly linearly, due to precipitation of TiB growth through the vacancies diffusion effect [38]. The apparent crystallite size for the set of experimental conditions did not exceed 100 nm.



Figure 7 shows the microhardness Vickers measured as a function of TiB2 particle addition. Microhardness values for the U samples increased from 319 to 387 HV when the sintering temperature increased from 850 to 1300 °C, respectively. Microhardness values resulted as 28% higher as compared to the CP Ti microhardness values reported for Ti materials processed by PM [13,14,39] and 7% lower than values obtained at 1300 °C of sintered 100 % TiH2 starting powders by PM process [13]. The difference between the reported results and those obtained in this investigation is attributed to the predominant equiaxed microstructure, as well as the reduction in the final porosity of U samples, which was promoted by grain growth, increasing the density of composites. Furthermore, microhardness values for R samples resulted in higher than the microhardness values of U samples, which increased with the volume fraction of the TiB2 particles. The microhardness for the R10 and R30 samples increased until reaching relatively constant values around 500 HV. Microhardness values obtained in this investigation were 122 and 112% higher than those achieved for a Ti matrix reinforced with 2.5 and 5 vol.% of amorphous Boron sintered by inducive Hot Presing (iHP) process at 1100 and 1300 °C [35]. On the other hand, microhardness values obtained by the SPS process at 900 °C, with the usage of TiB2 reinforcement particles (10 vol.%) and hydride-dehydride powders (balance) [34], can be compared with those obtained between 850 and 1100 °C in the present work; the microhardness values obtained in this work are higher than those reported by Izui H et al. (400 HV) [34] improving hardness values around 20% for the R10 sample obtained here (481 HV approximately, interpolating between 850 and 1100 °C). The hardness difference can be attributed because boron from reinforcement particles dissolves into the matrix (as B takes the places of H released and interstitial defects as well, through the vacancy diffusion mechanism). Hence the deformation presented in the lattice parameters (as seen in Figure 6d) can be attributed to the sintering temperature and the addition of the TiB2 particle concentration; which had a major role in the microhardness rather than sample densification.



Characteristic indentation load-depth nanoindentation curves for the U-c and R-c samples, using a maximum indentation load of 50 mN are depicted in Figure 8. The elastoplastic properties of the U and R samples, such as nanohardness    ( H )    and reduced Elastic modulus   (  E r  )   were determined by analyzing the indentation load-depth data according to the Oliver and Pharr procedure [32]; results are summarized in Table 2. The nano hardness values of the U samples increased up to 22.53% using the higher sintering temperature (1300 °C), regarding the values of the sample sintered at 850 °C (similar behavior as compared with Figure 7). This improvement can be attributed to the formation of pure TiB single crystals in the titanium matrix [26]. Compared with the U samples, nano hardness values for the R-a and R-c samples were improved as an effect of the addition of the TiB2 particles. Increments of 13% and 6% were attained for the R3-a and the R30-c samples, respectively. Clearly, the content of the reinforcement particles and secondary phases contribute to the hardening effect.



As can be seen in Table 2, the    E r    values of samples slightly decreased with the reinforcement particle addition, following the trend of the nano hardness. For example, the    E r    for the R-b samples decreases 0.9, 3.4 and, 4.8% in comparison with the U-b sample. In this case, the increase in sintering temperature and TiB2 concentrations affects the enhancement of the nano hardness than the reduced Elastic modulus of the compounds. In literature, the    E r    values for SML-fabricated CP-Ti and Ti-TiB composite are in the range of 102–134 GPa and 110–153 GPa, respectively, [22,40] that exhibit close to those values obtained in the present work.



On the other hand, the identification of TiB2 and TiB particles by means of XRD, SEM, and EDS analysis allowed us to essay these zones in order to evaluate their elastoplastic properties. The  H  and    E r    for the TiB and TiB2 phases evaluated in this work resulted similarly to the values reported in the literature [21,33,41]. Moreover, nanoindentation assays were performed to confirm the presence of TiB and TiB2 phases. Those values resulted similarly to values found in other studies [41,42], around 15 and 27 GPa for TiB and TiB2 phases, respectively.



In addition to nanohardness and reduced Elastic modulus, nanoindentation essays are also useful to assess the wear resistance of a material, which can be used to predict the service life of a component [40,43]. Classical theories of wear show that nano hardness is a key parameter in controlling the wear resistance of a material [43]. In literature, concerning nanoindentation essays, the wear of a material can be described by the   H /  E r    and the    H 3  /  E r    2    ratios [40,43]. The   H /  E r    ratio is related to the ability to resist elastic strain to failure; a combination of high nano hardness against reduced Elastic modulus often indicates good wear properties.    H 3  /  E r    2    is referred to as yield pressure; as higher as much is this parameter indicates more resistance to plastic deformation [40,43]. Consequently, these parameters can be used to gauge the anti-wear ability of materials, as the wear caused by the gradual removal of material is associated with plastic deformation. In this work, the  H  and    E r    to estimate the   H /  E r    and the    H 3  /  E r    2    ratios (as seen in Table 2) for the sintered U and R samples. The resultant values are around (0.0397 to 0.0431 and 0.00454 to 0.0087 GPa for the U samples, respectively) and (0.041 to 0.047 and 0.00675 to 0.0109 GPa for the R samples, respectively) indicating a higher wear resistance for the R samples than the U samples. Nevertheless, these two ratios are higher than the literature  H  and    E r    values of the CP-Ti biomaterial (0.0238 and 0.0014 GPa) [40], even though the  H  and    E r    values of Ti-Fe-Ta alloys obtained by the casting process (0.0375 to 0.0455 and 0.0045 to 0.0115 GPa, respectively) [43] and the Ti-B composite materials produced by selective laser melting of 5 wt.% of TiB2 powders (0.030 and 0.004 GPa, respectively) [40]; indicating that the U and R samples designed here exhibit better wear behavior.




4. Conclusions


The microstructure of the Ti-TiH2 matrix samples was characterized by equiaxed grains and gross lamellar structures. XRD and EDS analysis confirmed the presence of the α-Ti, TiB, and TiB2 phases without the presence of residual TiH2 phase in the compounds. The diffusion between Ti and the reinforcing particles (TiB2) allowed the formation of the intermetallic TiB phase in the R samples. The presence of whisker structures was observed for the R3-c and R10-c samples, which was promoted by the amount concentration of the TiB2 particles, the sintering temperature, and the excess of titanium. The grain boundary is made of a clean α-Ti structure and thus is accompanied by grain growth, which increases the sintered relative density for the U samples (to 95%) and decreases up to 65% when the sintering temperature and the amount of TiB2 particles increases.



Vickers microhardness values increased with both the sintering temperature and the amount of TiB2 reinforcing particles, attaining a microhardness value of ≈ 500 HV0.1. Through nanoindentation tests, the nano hardness of samples increased with the TiB2 particle amount and the sintering temperature, while the reduced Elastic modulus was slightly reduced. Higher   H /  E r    and    H 3  /  E r    2    ratios of the R samples exhibit better wear resistance than unreinforced samples and commercially used CP-Ti. This demonstrates that the compounds generated in this work show better behavior to be considered for biomedical applications and it is more suitable than CP-Ti.
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Figure 1. SEM micrographs of raw powders (a) CP-Ti Grade 1, (b) TiH2 grade VM, (c) TiB2 reinforcement particles, and (d) the XRD spectra as receive powders. 
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Figure 2. Optical micrographs for the microstructure of the unreinforced sintered samples at (a) U-a, (b) U-b and, (c) U-c. 
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Figure 3. Microstructures of the R samples with the different reinforcement conditions after sintering. (a) R3-a, (b) R10-a and, (c) R30-a, (d) R3-c, (e) R10-c and, (f) R30-c samples. 
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Figure 4. Densities for the set of experimental conditions, based on the Ti-TiH2 powders and TiB2 reinforcement particles. 
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Figure 5. EDS analysis results for (a) U-c, (b) R3-c, (c) R10-c, and (d) R30-c samples. 
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Figure 6. XRD patterns for the U and R samples after sintering at: (a) 850, (b) 1100 and, (c) 1300 °C; (d) lattice parameters, and (e) crystallite size of α-Ti for U and R samples as a function of the sintering temperature. 
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Figure 7. Microhardness Vickers versus sintering temperature for the set of experimental conditions. 
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Figure 8. Characteristic nanoindentation curves load vs. depth, for U- and R-c samples. 
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Table 1. Nominal content and designation samples, for the set of experimental sintering conditions.
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Sample

	
Designation

	
TiB2 Particles

(vol.%)

	
Sintering Temperature

(°C)






	
Unreinforced

	
U-a

	
0

	
850




	
U-b

	
1100




	
U-c

	
1300




	
Reinforced

	
R3-a

	
3

	
850




	
R3-b

	
1100




	
R3-c

	
1300




	
R10-a

	
10

	
850




	
R10-b

	
1100




	
R10-c

	
1300




	
R30-a

	
30

	
850




	
R30-b

	
1100




	
R30-c

	
1300
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Table 2. Nanoindentation values for the set of the experimental sintering process.
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	Sample
	Depth

hc

(nm)
	H

(GPa)
	Er

(GPa)
	H/Er

[×10−2]
	H3/Er2

[×10−3]

(GPa)





	U-a
	858.05 ± 65.85
	3.61 ± 0.53
	101.77± 9.54
	3.55 ± 0.04
	4.54 ± 0.23



	R3-a
	830.12 ± 75.40
	4.10 ± 0.41
	101.05 ± 4.87
	4.06 ± 0.08
	6.75 ± 0.28



	R10-a
	798.72 ± 73.98
	4.48 ± 0.43
	100.14 ± 7.23
	4.47 ± 0.04
	9.97 ± 0.32



	R30-a
	791.33 ± 14.51
	4.56 ± 0.51
	99.38 ± 2.62
	4.59 ± 0.01
	9.60 ± 0.35



	U-b
	757.00 ± 45.99
	4.48 ± 0.53
	106.48 ± 10.16
	4.21 ± 0.04
	7.93 ± 0.28



	R3-b
	730.05 ± 58.90
	4.86 ± 0.48
	105.57 ± 2.83
	4.60 ± 0.05
	10.30 ± 0.30



	R10-b
	726.37 ± 60.24
	4.68 ± 0.43
	102.92 ± 10.12
	4.55 ± 0.04
	9.68 ± 0.26



	R30-b
	721.13 ± 15.05
	4.74 ± 0.25
	101.27 ± 9.49
	4.68 ± 0.02
	10.38 ± 0.16



	U-c
	817.10 ± 83.95
	4.66 ± 0.43
	108.05 ± 5.39
	4.31 ± 0.04
	8.67 ± 0.24



	R3-c
	718.40 ± 55.93
	4.72 ± 0.47
	105.07 ± 0.66
	4.49 ± 0.05
	9.53 ± 0.28



	R10-c
	711.70 ± 16.90
	4.85 ± 0.23
	103.39 ± 10.23
	4.69 ± 0.02
	10.67 ± 0.15



	R30-c
	703.65 ± 65.51
	4.94 ± 0.49
	104.76 ± 10.12
	4.72 ± 0.04
	10.98 ± 0.32
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