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Abstract

:

This study investigates direct powder forging (DPF) as a new approach for near-net-shape processing of titanium alloys using a coarse particle size distribution (PSD) between 90 and 250 μm. This route was utilised to takes advantage of DPF’s enclosed nature to make near-net-shape components with conventional forging equipment, making it attractive and viable even for reactive powder such as titanium. In this study, the uncompacted Ti-6Al-4V ELI powder was sealed under vacuum in a stainless-steel canister and hot forged in air to produce a fully dense titanium femoral stem. After the final forging stage, the excess material in the flash region was cut, which efficiently released the canister, revealing the forged part with minimal surface contamination. The as-forged microstructure comprises coarse β grains with a martensitic structure. The subsequent annealing was able to generate a fine and homogenous lamellar microstructure with mechanical properties that respects the surgical implant standard, showing that DPF offers significant potential for forged titanium parts. Therefore, the DPF process provides a suitable alternative to produce titanium components using basic equipment, making it more available to the industry.
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1. Introduction


Titanium alloys play an important role in the aerospace [1], automotive [2] and biomedical industries [3,4]. Yet, titanium’s requirement for a controlled atmosphere during its production and processing make titanium mill products very expensive [5]. The search for viable alternatives to replace mill products and to reduce machining of the billet has been a topic of great interest.



Powder metallurgy (PM) has the potential to do both. PM has been used for the consolidation of fully dense parts using titanium powder robust PM techniques such as vacuum sintering [6] and hot isostatic pressing (HIP) [7,8]. However, both processes are lengthy and energy intensive, which contributes to the high cost of the final product [9]. More novel approaches have been reported to generate fully dense samples with comparable properties to wrought alloys [10]. For example, induction sintering [6], spark plasma sintering (SPS) [11], extrusion [12,13], FAST-forge (Field-assisted sintering technology) [14] and direct powder forging (DPF) [15,16,17]. In the case of SPS [18] and FAST-forge [19], both have been shown to achieve near-net shape (NNS) parts with complex geometries. DPF has been proposed for processing nickel-based superalloys, but only simple cylindrical shapes have been achieved [20,21]. Furthermore, all experiments conducted on the DPF of titanium-based alloys were designed for simple rectangular bars to investigate microstructural and mechanical behavior [15].



DPF and FAST-forge are new PM forging techniques that have the potential to consolidate powder into NNS components by close-die forging, which makes them attractive to the industries. Moreover, they both provide limited pick-up of impurities (C, O, N) and have the ability to utilize various feedstock, such as coarse spherical and angular powders. FAST-forge has already been reported to produce simple geometries at the laboratory scale (Ti-6Al-4V) [14] and the industrial scale (β-Ti alloy) [22]. Additionally, closed-die forging of NNS components was achieved starting from a FAST-forged preform of dissimilar titanium alloy [23]. Meanwhile, DPF has only been used to generate mill-like rods, which have proven comparable to commercially available [15,24]. However, DPF has the significant advantage of only needing standard forging equipment compared with FAST-forge, which requires SPS to produce the preform. Indeed, with DPF, only conventional presses and heating sources, such as the one used for the steel industry, are needed to process canister encapsulated titanium powder to achieve the desired form. Moreover, the loose powder thermomechanical processing of DPF avoids the conventional compaction and sintering steps in standard PM. Thus, DPF pushes further the key strategy to reduce the processing steps to produce more cost-effective titanium parts [9].



The aim of the present work was to demonstrate, at a laboratory scale, that DPF is a viable technology to produce NNS components by producing a Ti-6Al-4V ELI femoral stem implant with closed-die forging that respects the ASTM F136-13 (2021) standards [25]. In addition, the study wants to demonstrate that DPF can utilize coarse powders with a large particle size distribution (PSD). Thus, reducing the environmental footprint by utilizing off-cuts powders that are usually discarded.




2. Materials and Methods


2.1. Materials


The DPF process of femoral stem implants was done using a pre-alloyed Tekna Advanced Materials plasma atomized Ti-6Al-4V (Grade 23) spherical powder. The particles chemical composition, average size and morphology of the base powder are presented in Table 1 and Figure 1. These large spherical particles are offcuts from their standard production; their market mostly being the additive manufacturing sector.



Sanitary grade 316L stainless steel (CFF Stainless Steels Inc., Montreal, QC, Canada) has been shown to have excellent formability at high temperature, which is an important criterion for the near-net-shape process using DPF [26]. Therefore, the latter was selected to fabricate the enclosed canisters. The dimensions of the starting canister were 38.1 mm for the outer diameter, 88.9 mm for the total length. The tube wall thickness was 1.3 mm.




2.2. Forming Process


The investigated NNS process, which aimed to produce femoral stem implants using DPF, consisted of three major steps. The sequence starts by preparing the enclosed canister and it is followed by the primary forging of the bar. Thus, the powder was poured into the stainless-steel canister and sealed under a vacuum of 0.4 Pa. The sealed stainless-steel container was than heated up to 1000 °C for 3 h to ensure initial bonding between particles. The following forging and rolling step were done in air at 1100 °C to produce a rectangular bar. A total of 50% deformation was performed to achieve the desired dimension. At this stage, the forged rectangular bar has a cross section of 20 mm × 20 mm and a length of 150 mm. Following the primary forging stage, the preform is made by tapering one end and bending the bar to match the curvature of the femoral stem. Finally, the final precision forging is performed in a single closed-die step. Boron nitride coating was applied onto the die surface to reduce friction and avoid adherence. In this study, a conventional single-action hydraulic press with a maximum forging pressure of 1226 kN and a forming velocity of 20 mm/s was utilized (CMQ, Trois-Rivières, QC, Canada). After the final precision forging step, the excess material in the flash region was cut-out at room temperature to avoid oxidation of the part, which efficiently released the stainless-steel canister. Indeed, as it was presented in a previous study about the DPF of titanium alloys [15,24], intermetallics are formed at the canister-alloy interface. These brittle compounds fracture during the DPF thermomechanical steps, limiting the bonding between the stainless-steel and the titanium alloy. After canister removal, the forged titanium part was annealed in vacuum at 800 °C for 2 h and then furnace cooled. Figure 2 presents a schematic representation of the NNS process employed in this study to process titanium powder into femoral stem implant by DPF. As for Figure 3 and Figure 4, they, respectively present the outcome at each stage of the process and the forged femoral stem with the cut-out canister shell. The latter demonstrates the easy canister removal of the titanium DPF process. It can also be seen that the DPF femoral stem exhibits slight surface oxidation, which was caused by the rupture of the canister during the final forging step. Minor adjustments to the forging sequence and die design can resolve this issue. Nevertheless, as it will be shown later, this slight contamination did not affect the mechanical properties of the NNS parts.



Density of the DPF component was measured with the Archimedes principle following the ASTM B962-17 standard [27]. Chemical composition was measured with a Thermo Scientific (ARL 3460 Metals Analyzer, Thermo Fisher Scientific Inc, Mississauga, ON, Canada) on the annealed specimens in accordance with the ASTM E2371-21a [28]. The microstructure was observed on the component cross-sections at three different locations (Body, Neck and Tapered stem). Samples were polished to a 0.05 µm surface finish and etched with a solution of 2%-vol. HF and 5%-vol. H2O2 mixed in distilled water. Observations were made with a Keyence VHX-7000 series digital microscope (Keyence Canada inc., Mississauga, ON, Canada) and a Hitachi SU3500 scanning electron microscope (SEM, Hitachi High-Technologies Corporation, Tokyo, Japan). Rockwell C hardness was measured on the as-forged and heat-treated samples cross-section at the same locations with a Clark Instrument CR series Rockwell type hardness tester (Sun-Tec Corporation, Novi, MI, USA). Crystal structures and texture intensities were determined by X-Ray diffraction with a Bruker D8 X-Ray powder diffractometer equipped with a CuKα source (Bruker Elemental GmbH, Kalkar, Germany). Lastly, the tensile properties were evaluated with a strain rate of 0.015 mm/mm/min using an MTS Exceed E43 machine (MTS System, Eden Prairie, MN, USA). Thread ends rounded tensile samples were prepared following the ASTM E8/E8M-21 standard [29]. Figure 5 shows the sampling locations for the hardness, micrographs and tensile specimens.





3. Results and Discussion


3.1. Physical Properties


The average titanium femoral stem density is presented in Table 2. Full densification was obtained with the DPF process. A previous study demonstrated that the primary forging of the bar ingot yielded fully dense parts, which was needed in the forging of the femoral stem [15]. Therefore, the final forming step only created the desired shape, leading to fully dense PM titanium femoral stem elaborated from coarse powder.




3.2. Chemical Composition


Table 3 presents the OES chemical composition of the annealed NNS stem. The results show no significant variation from the starting composition. The Ti-6Al-4VDPF iron content was not increased due to the presence of the canister. Overall, the composition respects the ASTM F136-13 (2021) standard specification for Ti-6Al-4V ELI used for Surgical Implants [25]. Moreover, the authors have presented in previous work that surface chemical variation occurs at the titanium alloy surface resulting from the diffusion at the canister-alloy interface [15]. Mainly iron (Fe), chromium (Cr) and nickel (Ni) were measured within 100 μm of the Ti-6Al-4V alloy. In this work, further processing steps required for the NNS of the femoral stem have engendered higher surface contamination (Figure 6). Still, the diffusion is limited to 200 μm of the surface which can be further removed using chemical roughening surface methods, giving better biocompatibility [30].




3.3. Phase Identification


The XRD patterns of the as-DPF and heat-treated DPF femoral stem are presented in Figure 6. The primary phase for both samples is a titanium α-phase, preferred orientation was noted on the (0 0 2) alpha-peaks. The texture can be attributed to the final single step unidirectional close-die forging. Although the sample was annealed at 800 °C the preferred orientation remains. Regarding the β-phase, no clear β peak was identified in the as-DPF sample, it is important to point out a slight broadening of the (1 0 1) alpha-peak which could be evidence of some remaining β-phase that did not transform into martensite during the rapid cooling from the forging [31], see detailed view in Figure 7’s upper right corner. Although we cannot affirm the existence nor absence of the β-phase by XRD analysis, a further microstructural examination was needed to correlate the XRD evidence. The latter is described in detail in the next section. Additionally, the β-phase formed after the annealing corresponds to the typical martensitic decomposition into a stable α + β microstructure [32].




3.4. Microstructures of the As-Forged Femoral Stem


The femoral stem has distinct sections of various thicknesses and geometry, leading to a difference in material deformation and cooling rates throughout the close-die forging step. Therefore, microstructure analysis was carried out at different locations, corresponding to the neck, body and tapered stem (Figure 5). As it can be observed in Figure 8, coarse grains with an equiaxed morphology are present at the surface of all three regions. Large grains are expected since the entire DPF process leading to the final forging stage was performed at high temperatures with low deformation rates. Each region exhibits a distinct grain evolution between the surface and the core. At the center, the micrographs show elongated grain perpendicular to the forging axis for the body and tapered stem regions. This microstructural aspect indicated that a preferential deformation orientation, typical of upsetting forging, had governed the deformation mechanism in those regions. On the other hand, the neck region exhibited an entire equiaxed grain microstructure and almost no sign of elongation at the core. This microstructure suggests that β grains recrystallization and growth were favored by the local deformations that are conditioned by the round morphology of the neck region.



As it was mentioned, recrystallization was only observed in the core of the neck region. The utilization of a low strain rate during β-phase forging is likely to generate more dynamic recovery (DRV) than dynamic recrystallization (DRX) because, the high self-diffusivity of β-Ti and the decreasing store energy favor easier deformation but lower recrystallization [33,34,35,36,37]. During the final precision forging stage, high heat transfer from the dies allowed for a rapid cooling at the sample surface, which created a temperature gradient with the core. Therefore, the deformation mainly occurred at the center and has generated deformation banding in the body and tapered stem region. Additionally, the more refined microstructure at the tapered stem than in the body region indicates a more severe deformation for this location. The heterogeneous coarse grain’s structure is not ideal for titanium components, thus optimization of the process parameters, die design and the forming sequence can be further investigated in the future to uniformized and refine the structure.



As presented in Figure 9, the martensitic microstructure was observed in all areas of interest. No significant difference was found between the surface and the center in all regions of the as-forged femoral stem. The martensite formation indicated that the cooling rate in the final forging stage was high enough to reach TMs and prevented formation of diffusional controlled microstructures, such as the Widmanstätten α. The die chilling and the low velocity single-action hydraulic press were responsible for the fast-cooling. Therefore, the martensitic α’ phase, composed of orthogonal and parallel acicular plates, has nucleated at the prior β-grain boundaries and grows within the grain giving its distinguishing features, typical of the martensitic structure of titanium alloys [38,39].




3.5. Effect of Heat Treatment on Microstructure and Mechanical Properties


The microstructures of the heat-treated Ti-6Al-4VDPF femoral stem show that there was no significant modification to the grain size or their morphology. As shown in Figure 10, the prior β-grain remained elongated and similar to the as-forged condition for the body and tapered stem regions. As mentioned by Gil and Planell [40], a heat treatment below the β-transus temperature has small effect on grains growth and recrystallization. Therefore, no recrystallization was observed, and the grain size remained coarse after the heat treatment. Annealing in the α + β phase region was carried out to modify the martensite, thus the microstructure exhibits a significant change. The martensitic decomposition has occurred during the annealing, resulting in a stable mixture of α + β phase. Precipitation of the β phase and the depletion of the α’ phase has engendered a fine lamellar structure (Figure 11). Furthermore, after forging, the various sections of the femoral stem exhibit different hardness (Table 4). The grain size is likely to cause this variation in hardness, giving the tapered stem the highest value while the body exhibits the lowest hardness [38]. Nevertheless, annealing of the forged part homogenized the hardness in every region of the femoral stem.



The tensile properties of the DPF femoral stem in the forged and annealed condition are presented in Figure 12. Average mechanical properties reaching 926 MPa for yield strength, 994 MPa for ultimate tensile strength and 10.7% for elongation were obtained. Results have attractive potential for medical application greatly exciding the required strength of the ASTM F136-13 (2021) standard [25] (Y.S 795 MPa, UTS 860 MPa, El 10%). If required, higher ductility could have been obtained by increasing the annealing temperature. As it was mentioned, it is well known that large grains are not optimal for forged components that require good tensile properties. Nonetheless, the authors previously reported that noteworthy mechanical properties combining tensile strength with high ductility were obtained via the DPF method for a coarse grain lamellar microstructure [15]. It is, however, important to state that, depending on the application, optimizing the process parameters such as the forging temperature, strain rate and post-production heat treatment are valuable aspects that can significantly modify the microstructure, tailoring the mechanical properties for a given applications.





4. Conclusions


The study evaluated DPF as a new approach for near-net-shape titanium powder processing. It was demonstrated, at the laboratory scale, that a fully dense titanium femoral stem implant can be made using loose and enclosed titanium powder with a PSD between 90 and 250 µm. The proposed method shows that basic steel forging equipment can be used, which makes this process more accessible to the market. It also indicates that DPF can reduce the processing steps by avoiding the conventional press and sinter or HIP method, providing possibilities for a more effective and viable process.



The microstructural analysis shows that the as-forged Ti-6Al-4V alloy exhibits a fully martensitic and coarse grain microstructure. No distinctive microstructural features were observed relative to the conventional forging of Ti-6Al-4V alloy, which indicated a good forging behavior during DPF. The subsequent annealing engendered a fine and homogenous lamellar microstructure with mechanical properties respecting the ASTM F136-13 (2021) standard specification for biomedical Ti-6Al4V ELI parts. It is believed that further appropriate adjustment of the forging sequence and parameters, as well as the post-forging heat treatment, can even further improve the mechanical properties of the Ti-6Al-4VDPF parts by decreasing the β grain size.
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Figure 1. SEM micrograph presenting the size and shape of the base powder. 
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Figure 2. Schematic representation of the DPF NNS procedure used in this study to process titanium powder into femoral stem implant. 
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Figure 3. From left to right, photographs presenting the initial canister, the forged billet, the preform, the final precision forging, the cut-out sample and the sandblasted final component. 
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Figure 4. Photograph presenting the simple canister removal. The cut-out sample (left) and the canister shell (right). 
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Figure 5. Detail view of the tensile bar and sampling locations for hardness, micrographs and tensile specimens. 
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Figure 6. EDS linescan of the contamination at the Ti-6Al-4VDPF femoral stem surface. 
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Figure 7. XRD pattern of the DPF femoral stem in the as-forged and heat-treated conditions. 
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Figure 8. Digital micrograph showing the grains size and morphology of the prior β-grain of the as-DPF femoral stem at the three locations. 
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Figure 9. Digital micrograph of the martensite at the different locations of the DPF femoral stem. 
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Figure 10. Digital micrograph showing the grains size and morphology of the prior β grain after annealing heat-treatment. 
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Figure 11. (a) Typical SEM micrograph of the heat-treated titanium femoral stem produced via DPF showing the α + β lamella microstructure; (b) Higher magnification showing the fine lamella morphology. 
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Figure 12. (a) Average YS, UTS and elongation to fracture of the DPF and heat-treated Ti-6Al-4VDPF femoral stem; (b) Representative stress–strain curve. 
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Table 1. Chemical composition and average size of the base powder.
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Chemical Composition [%-wt.]

	
Size






	

	
Ti

	
Fe

	
Al

	
V

	
O

	
N

	
C

	
D50 (µm)




	
Ti-6Al-4V

	
Bal.

	
0.16

	
6.43

	
4.15

	
0.04

	
0.01

	
<0.01

	
150
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Table 2. Average density of the femoral stem produces via NNS DPF process.
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Density (g/cm3)

	
Relative Density (%)






	

	
Theoretical

	
Measured

	
99.9




	
Ti-6Al-4VDPF

	
4.430

	
4.425 ± 0.005
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Table 3. Average OES chemical analysis of the produced NNS stems.
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Chemical Composition [%-wt.]






	

	
Ti

	
Fe

	
Al

	
V

	
O

	
N

	
C




	
Ti-6Al-4VDPF

	
Bal.

	
0.16

	
6.43

	
4.15

	
0.04

	
0.01

	
<0.01




	
ASTM F136 STD

	
Bal.

	
0.25

	
5.5–6.5

	
3.5–4.5

	
0.13

	
0.05

	
0.08











[image: Table] 





Table 4. Average HRC hardness of the as-forged and heat-treated conditions for each region of interest of the Ti-6Al-4VDPF ELI hip component.






Table 4. Average HRC hardness of the as-forged and heat-treated conditions for each region of interest of the Ti-6Al-4VDPF ELI hip component.











	
	Neck
	Body
	Tapered Stem





	As-forged
	34.7 ± 0.4
	33.7 ± 0.2
	36.6 ± 0.5



	HT 800 °C
	34.6 ± 0.1
	34.6 ± 0.3
	34.8 ± 0.3
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