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Abstract

:

Titanium has been one of the traditional metals used in the medical industry since 1940. This work modeled and simulated a hip-joint replacement implant using Creo 5.0 and DEFORM 3D (v11.0), respectively. Four titanium-based billets were modeled; out of four billets, three billets were coated with a specified thickness, and one was uncoated. Among the three coated billets, one billet was coated with a 500-micron and two billets coated with a 1000-micron thickness. At the end of the simulation, the coating materials formed patches on the surface of the forged parts. The coating material Ti-6Al-4V (high O2) produced excellent mechanical properties in contrast to the CP-Ti material, which displayed low mechanical properties and did not match the core property. Hence, it was suggested to provide a bulk coating of Ti-6Al-4V (high O2) on the billet to improve the physio-mechanical properties and biocompatibility. Four points were selected on the surface of the forged parts at different locations for identifying the property variations concerning forging time. Results found that coating thickness required more on the side surface of the billet material than on the upper and lower surfaces to enhance its properties.
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1. Introduction


The biomedical industry has been growing quickly for the last 33 years and has become essential to the medical industry [1]. Titanium-based material was introduced to the medical industry in the year 1940. Researchers implanted titanium, cobalt-chromium, and stainless-steel alloy in rat femurs and found no adverse effects. [2]. They continued research on titanium-based materials during the 1950s and ensured no adverse reactions [3,4]. Commercially pure titanium has been used successfully for bone plate and hip joint implants. Titanium alloy and Ti-6AL-4V were mainly used instead of different parts of knee and hip replacement joints. Specifically, this titanium-based material is used for structural load-carrying implants; it interacts with both bone and soft tissues. The tightness of the oxide layer formed next to the surface is measured by titanium-based metal biocompatibility. Well-defined bone has been displayed with resolution between 30 and 40 Å [3]. The conditions around the titanium-based metal implants were similar to ceramic implants. However, over a long period, metal becomes brittle and may lag off sufficient function [4]. The fibrous tissue layer forms between implants and surrounds; the thickness of the layer depends on the implant materials. In general, load-carrying implants are less biocompatible, but titanium and titanium-based alloys admit bio-compatibility due to their unique properties. Combining oxygen with a titanium alloy such as Ti-6Al-4V provides a very suitable material for medical applications; it is specified as extra low interstitial (ELI) [5]. Due to the manufacturing standards of medical implants, 0.13% of oxygen content is present in Titanium ELI material instead of the 0.2% standardized oxygen content [6].



The conventional method of manufacturing commercially pure titanium and titanium-based alloys is the forging process, which is the key manufacturing process for medical implants. According to the American Society of Testing and Materials (ASTM), standard implants are manufactured. The titanium-based materials are classified into five grades, the first four grades are pure titanium material, and the fifth grade is alloyed titanium. Among the five grades of titanium materials, Grade 2 and Grade 5 are applicable for medical fields; Grade 2 and 5 are applicable for dental and bone replacement implants, respectively. The Grade 5 material (Ti-6Al-4V) has higher tensile strength than other materials due to the presence of α + β alloy [7]. However, a few material drawbacks have also been reported, limited to medical applications. The commercially pure titanium and Ti-6Al-4V materials have lower wear-prevention properties and a higher Young’s modulus than bone [8]. A few alloy materials, namely, niobium, tantalum, and zirconium are added to titanium to develop vanadium’s cytotoxicity [9]. A low modulus of materials for implants is preferable because it prevents stress shielding [10]. Researchers reported that the heat treatment process obtained an enhanced hardness of β alloy materials [11]. The regulations for carrying out research work on forging titanium-based alloy materials reported in the literature [12] cite that the range of temperature to be maintained during the process is 900 to 1000 °C. The multibody forging process was investigated recently by investigators [13]; it consists of a stainless steel and aluminum alloy. The finite element method is used to analyze multibody components. Two different materials are combined and forged to a 6 mm distance to obtain enhanced bonding between materials. In this method, contact between the two materials is maintained by the penalty method [14].



Two or more materials are bonded together to form a single partitioned billet for the forging process. It provides the following advantages (1) enhancement of mechanical strength, (2) biocompatibility, and (3) microstructural properties. It is necessary to know about the manufacturing of such multi-partition billet material, with consideration of the requirements such as mechanical strength, biocompatibility, and microstructural properties. The different properties of the billet can also be attained through coatings and a suitable heat treatment process. The multi-partitioned billet can also be manufactured using rapid prototyping methods: direct layer deposition [15,16] and selective laser melting [17,18,19]. It can also be achieved by powder technology; a few drawbacks of powder technology are defects such as unprocessed powder presence during manufacturing causing a series of health problems.



This work focuses on the simulation of the physio-thermal analysis of hip replacement joints during the forging process. Furthermore, it compares single billets with multi-partition billets in terms of temperature distribution, stress, strain, deformation, and damage. The investigation was carried out through the finite element analysis method, The billet materials consist of four types, namely, Ti-6Al-4V ELI (Core), Ti-6Al-4V (high O2), Ti-13V-11Cr-3Al and CP-Ti. Three software programs were used for the forging analysis, namely, Creo 5.0, DEFORM 3D (v11.0), and JMatPro. Future manufacturing will benefit from billet materials that meet the biocompatibility, mechanical strength, and microstructural criteria.




2. Materials and Methods


Three-dimensional modeling was created using modeling software Creo (5.0.0.0, Boston, MA, USA) [20], and physio-thermal analysis of the forging process was carried out using commercial finite element analysis software Deform (v11.0, Columbus, OH, USA). Billet dimensions were 220 × 55 × 23 mm3, a boxlike structure and used commercial upper and lower dies for the forging operation of a hip joint replacement implant [20]. The coordinate system considered during the forging process was the x, y, and z axis, in which upper and lower dies were moved along the Z direction with a velocity of 2 mm/s. The upper and lower die were moved towards the negative and positive Z axes during the forging process. The total distance moved by the two dies was 23 mm. The finished hip joint replacement implant is shown in Figure 1a, obtained from the box-like billet. The initial billet, upper and lower dies are shown in Figure 1b. Emissivity and convective heat transfer between the surrounding air and billet material were 0.6 and 20 W m−2 K−1, respectively [5]. Coefficient heat transfer and friction coefficient between billet and die materials were 5000 W m−2 K−1 and 0.25, respectively [5]. The atmospheric and initial temperature of billet materials (Part 1, Part 2, and Part 3) were 20 and 970 °C, respectively [12]. The initial temperature of the Part 4 material is set as 150 °C. The upper and lower die material was a polycrystalline diamond with an atmospheric temperature of 20 °C. The upper and lower dies moved simultaneously towards each other at the speed of 2 mm s−1.



Different billet materials have been prepared and simulated. Three billets have shell material, and one billet is uncoated, as shown in Table 1. Partitioned billet materials are shown in Figure 2. Part 1 has assigned single material Ti-6Al-4V ELI throughout, which has maximum O2 content of 0.13 weight%. The JMatPro materials modeling software was used for predicting flow stress, Poisson’s ratio, specific heat, thermal conductivity, and Young’s modulus, varying with temperature. The input and output parameters of the forging in DEFORM 3D software are shown in Table 2.



Part 2 consisted of two materials on the core and shell. The shell material Ti-6Al-4V (high O2) was coated on the outer surface up to 0.5 mm, which had a higher oxygen pickup (0.5 weight%). The core part was material Ti-6Al-4V ELI. Part 3 had the same core material as model 2, but the shell material was replaced as Ti-13V-11Cr-3Al with a thickness of 1 mm. For Part 4, the material’s outer shell was replaced with CP-Ti with a thickness of 1 mm. The internal core material was the same as other billet materials. The stress–strain relationship and physio-thermal properties of the titanium alloys are shown in Figure 3 and Figure 4, respectively.



Sliding friction between dies and billet material was permitted with the 0.25 coefficient of friction; sliding between partition materials in the billet was not permitted. Titanium with higher oxygen pick-up material is very suitable for medical applications. In the bulk partition core and shell, materials were used in which the shell material had a higher oxygen pick-up property. The interface between the materials was introduced for the materials by either the Lagrange multiplier or penalty method [13,14]. Discretization of geometry and time steps allowed the physio-mechanical analysis of software to be computed accurately. For this work, minimum time steps were assumed as 0.05 s, and the number of elements varied from 1,50,000 to 2,40,000 due to the partition of materials.




3. Results


3.1. Mechanical Partition


The material partition at the end of the forging process of the hip joint implant is shown in Figure 5. It shows the surface texture of the billet material, blue and red indicate core and shell materials, respectively. Part 1 simulated up to 120-time steps with the material Ti-6AL-4V ELI as a single part. In Part 2, Ti-6Al-4V (High O2) material added a coating thickness up to 500 microns to the initial billet; at the end of the forging process, the core material is exposed outside and forms a new surface. However, it is not exposed shell material on the outer surface. If it is needed for biocompatibility reasons, and the 500 microns have not produced a satisfactory result, this suggests a higher thickness of shell material.



In Part 3, the core material used was the same. The shell material was replaced as Ti-13V-11Cr-3Al for the initial billet up to 1000 microns thick. The shell material was distributed on the outer surface as patches. CP-Ti material was used as shell material in Part 4, it is a softer material, and the flow stress behavior of this material differs from the core material (10 to 35% lower) [5,21,22,23]. The temperature range and strain rate of CP-Ti material were similar to the core material. At the higher temperature, it was easily separated from the core part with an even smaller applied load. At 850 °C, the CP-Ti material could withstand effective stress up to 54 MPa, as shown in Figure 4, which was 67% less than material Ti-6AL-4V ELI at the same temperature. The effective stress value gradually decreased when the temperature increased, as shown in Figure 4.




3.2. Properties Analysis of Finished Part at Different Points


Four points (P1, P2, P3, and P4) were selected for analysis on the forged hip joint, as shown in Figure 6. It is essential that remaining unwanted scrap material is removed from the forged parts to obtain the final finished product. A three-dimensional forging process was numerically computed in a physio-thermal environment. All physio-thermal properties have been computed using the software at each element and time step [24,25,26,27,28,29]. The final component was only the forging component that matched the finished part shown in Figure 1a; the remaining materials needed to be removed after the forging process as scrap.



The prediction of temperature distribution using the software after fixing the number of time steps and elements at different locations of the finished forging part is as shown in Figure 7. The total 120 time steps taken to complete the forging process, in which temperature losses from the initial temperature (970 °C) for Part 1, Part 2, and Part 3 as shown in Figure 7. For Part 4, the initial billet temperature was set at 150 °C due to the property difference between the core and shell materials, as shown in Figure 4. The Young’s modulus of CP-Ti suddenly reduced by up to 30.64% between the temperatures of 860 to 920 °C, but in contradiction, the Young’s modulus of the Ti-6AL-4V ELI (core) material increased by up to 2.98%. Similarly, the thermal expansion of CP-Ti values increased suddenly by up to 22.96% between the temperatures of 830 to 920 °C simultaneously, and the thermal expansion for the material Ti-6AL-4V ELI (core) dropped.



The temperature distribution of the forged parts is given in Figure 7. The temperature variations of four different points of the parts are shown in Figure 7a–d. Figure 7a displays the temperature variation of a single material (Ti-6AL-4V ELI) which varied temperatures with respect to time. Temperatures varied from 970 to 250 °C in the forging process’s total duration (24 s). Figure 7b shows the initial temperature declined gradually up to 5s due to the presence of coating material (Ti-6AL-4V (high O2)) up to 500 microns; after that, it reduced drastically from 800 to 350 °C during the forging process. It may be due to the higher thermal expansion and conductivity of Ti-6AL-4V ELI material. For all four points, P1, P2, P3, and P4, in Figure 7a,b, showed no significant differences in temperature distribution.



For Part 3, P3 is located in the middle of the forged part and had direct exposure to air rather than the upper die. Hence, the initial temperature was maintained for up to 15 s; after starting contact with the upper die material, the temperature reduced gradually due to direct heat transfer. P2 was close to the upper die. Direct heat transfer may be the reason for temperature variations, as shown in Figure 7c. In the case of Part 4, at the higher temperature, the shell materials had a very low thermal expansion and Young’s modulus; the material deformed rapidly and pushed out all materials during the forging process. It may be the reason that the process was not able to perform at higher temperatures. Hence, the forging process should start at 150 °C. P3 maintained the same temperature up to 15 s, shown in Figure 7c; after that, the temperature reduced gradually, and the upper die and P3 did not have contact directly, which may be the reason for the steady-state temperature.




3.3. Effective Stress


Figure 8a,b displays a similar variation of effective stress to time. P3 was located in the middle of the forging part, it deformed freely due to direct contact with the upper die. At the initial temperature (970 °C), all the parts’ points (P1, P2, P3, and P4) deformed freely up to 6s. When the temperature was reduced, particle movement was restricted; hence, effective stress increased drastically from 150 to 750 °C within 5 s, and stress gradually increased due to direct contact with dies. Figure 8c,d shows that all four points were increased gradually for the first 3s due to the coating material. It offered a lower load withstanding capacity compared to the core material after that; P3 gradually increased compared to other points (P1, P2, and P4) due to direct contact with the upper die material.




3.4. Damage, Velocity, and Strain


Figure 9, Figure 10 and Figure 11 show the damage, velocity, and strain of the forged parts during the process, respectively. Damage induced during the forging process is shown in Figure 9a,d. A common observation shown in the graph was that P3 had a minimal chance of damage. Figure 9a,b shows that P2 had less chance of damage due to the higher mechanical strength of the materials. CP-Ti material had very low mechanical strength compared to the core material, hence a higher chance of damage occurrence for P2 than at other points.



The velocity of P3 was almost maintained as constant in all cases shown in Figure 10a,d because P3 was not directly in contact with the upper die during the process. Due to the stability of the material at the higher temperature, the peak velocity reached 4 mm/s by point P4, as shown in Figure 10a,d. Due to the higher thermal expansion of the shell material, peak velocity reached 15 mm/s and 12 mm/s, as shown in Figure 11a,b, respectively. Strain produced in all cases is similarly shown in Figure 11a,d, due to free deformation P3 producing less strain compared to other points (P1, P2, and P4). The remaining points (P1, P2, and P4) produced similar strain values.



In this work, three software programs were used for the forging analysis, namely, Creo 5.0, DEFORM 3D (v11.0), and JMatPro. The initial billet and dies were modeled using Creo 5.0 and imported into DEFORM 3D software. The input parameters were used for the forging analysis: billet and die dimensions, moving velocity of dies and billet, Emissivity and convective heat transfer, coefficient of heat transfer, and friction coefficient between billet and die materials. The remaining specific properties of the materials, namely, flow stress, Poisson’s ratio, specific heat, thermal conductivity, and Young’s modulus, were obtained from JMatPro software. The output parameters were temperature distribution, effective stress, velocity, and strain. The four points (Pi, P2, P3, and P4) were chosen for the study. These four points were chosen based on the high geometric concentration of the materials. The results showed that P3 in Part 2 produced good results compared to other materials. Due to the high thermal expansion and lower Young’s modulus, Part 4 produced lower thermo-mechanical properties.





4. Conclusions


A hip joint replacement implant was modeled using Creo 5.0, and the forging process was simulated using DEFORM 3D (v11.0) software. Four different billet materials were used for the forging process; among the four billet materials, three materials were coated, and one was uncoated. In all the billet materials, the core part was the same (Ti-6Al-4V ELI), and the shell parts were different. The forging simulation was carried out using DEFORM 3D (v11.0) Software, the following results were obtained at the end of the analysis. Part 2 (Ti-6Al-4V (high O2) as shell material) provided good results when the bulk shell thickness was used for the forging process. Four different points were considered at the forged part’s locations. Temperature distribution, effective stress, damage, velocity, and strain were predicted at the points. The results showed that P3 (located midpoint of the forged part) produced better results because the region was not directly in contact with the upper die up to 15s. P2 of Part 4 had a higher chance of damage occurring because the coating material (CP-Ti) had less mechanical strength than the other materials. The Cp-Ti material is not being suggested for the manufacturing of medical implants. The corners of the forged part required bulk coating rather than the middle region for improving physio-mechanical properties.
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Figure 1. (a) Finished hip joint replacement implant for medical application, (b) initial billet and upper and lower dies for medical applications. 
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Figure 2. Billet is coated with different materials. 
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Figure 3. Physio-thermal properties vary with the temperature of Ti−6Al−4V ELI, Ti−6Al−4V (high O2), and commercially pure titanium (Cp−Ti). (a) Thermal conductivity, (b) specific heat capacity, (c) Young’s modulus and (d) thermal expansion. 
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Figure 4. Stress–strain relationship of Ti-6Al-4V ELI, Ti-6Al-4V (high O2), and commercially pure titanium (Cp-Ti) varies with temperature from 850 to 1000 °C. 
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Figure 5. Three-dimensional view of partitioned forging of (a) Part 1, (b) Part 2, (c) Part 3 and (d) Part 4. 
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Figure 6. Four points (P1, P2, P3, and P4) are considered at different locations of the finished part of the hip joint for thermo-mechanical analysis. 
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Figure 7. Temperature distribution at the four different points varies with time (a) Part 1, (b) Part 2, (c) Part 3, and (d) Part 4. 






Figure 7. Temperature distribution at the four different points varies with time (a) Part 1, (b) Part 2, (c) Part 3, and (d) Part 4.



[image: Metals 12 01611 g007]







[image: Metals 12 01611 g008 550] 





Figure 8. Effective stress at the four different points varies with time (a) Part 1, (b) Part 2, (c) Part 3, and (d) Part 4. 
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Figure 9. Damage induced during the forging process at the four different points (a) Part 1, (b) Part 2, (c) Part 3, and (d) Part 4. 
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Figure 10. Velocity (rate of change of position of four points) at the four different points (a) Part 1, (b) Part 2, (c) Part 3, and (d) Part 4. 
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Figure 11. Strain at the four different points (a) Part 1, (b) Part 2, (c) Part 3, and (d) Part 4. 
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Table 1. Initial billet material condition.






Table 1. Initial billet material condition.





	Part
	Description
	Core
	Shell





	1
	Single material
	Ti-6Al-4V ELI
	-



	2
	Core and Shell 1
	Ti-6Al-4V ELI
	Ti-6Al-4V (high O2)



	3
	Core and Shell 2
	Ti-6Al-4V ELI
	Ti-13V-11Cr-3Al



	4
	Core and Shell 3
	Ti-6Al-4V ELI
	CP-Ti (commercially pure titanium)
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Table 2. Input and output parameters of the forging in DEFORM 3D.
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	S. No
	Input Parameter
	Output Parameter (at Four Points)





	1
	Billet dimensions
	Temperature distribution



	2
	Four points were chosen on the surface of billet
	Effective stress



	3
	Velocity of billet
	Induced damage



	4
	Total distance moved by the two dies
	Strain and velocity



	5
	Emissivity and convective heat transfer
	-



	6
	Coefficient of heat transfer and friction coefficient between billet and die materials
	-



	7
	The atmospheric temperature and initial temperature of billet materials
	-



	8
	Flow stress, Poisson’s ratio, specific heat, thermal conductivity, and Young’s modulus (Obtained from JMatPro software)
	-
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