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ABSTRACT 

 

Dental implants are biomaterial devices implanted in the jawbone through 

surgery to replace missing teeth. The surface topography of dental implants 

with surface roughness and a porous layer made of Ti6Al4V material is 

recommended to improve osseointegration and induce the growth of new bone 

tissue (bone ingrowth) while reducing the effect of stress shielding due to the 

high Young's modulus of the implant material. This study presents the 

fabrication of porous layers, the development of dental implant design, and the 

manufacturing process of hybrid porous dental implants using Metal Injection 

Molding (MIM). Surface analysis was performed on the combination of the 

implant core material with the porous Ti6AL4V material after the sintering 

process using a temperature of 1150 °C with holding times of 60, 90, and 120 

minutes under an argon atmosphere with a flow rate of 1 liter/minute. The 

research results showed that the sintering holding time affected the percentage 

of porosity and hardness of the Ti6Al4V material. Surface roughness greatly 

influenced the shear bond strength on the surface. The higher the surface 

roughness value, the higher the shear bond strength. In this study, the highest 

shear stress value obtained was 1.54 MPa at a surface roughness (Ra) of 2.37 

µm. The green part of the hybrid porous dental implant was successfully made 

using MIM with a mold temperature of 180 °C. 

 

Keywords: Dental Implants; Titanium Ti6Al4V; Hybrid Porous Dental 

Implant; Metal Injection Molding; Shear Bond Strength 
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Introduction 

 

A dental implant is an engineered device made of biomaterials that is 

implanted into the jawbone through a surgical process to support the implant 

structure. It is considered as a replacement of tooth crown used to replace 

missing teeth [1]. To maintain implant performance, the most important 

indicator is implant stability, which consists of primary (mechanical stability) 

and secondary (osseointegration/ biological stability) stability. Primary 

stability refers to the strength of the implant's attachment to the bone that 

comes into mechanical contact, such as friction, whereas secondary stability is 

the result of the growth of new bone cells around the implant, resulting in 

osseointegration [2]. Factors that affect primary stability include the quantity 

and quality of the jawbone, surgical techniques, and the design of the dental 

implant. Meanwhile, secondary stability is influenced by bone modeling, 

dental implant, and loading conditions [3]-[4]. 

The failure of dental implants can occur due to inadequate 

osseointegration and peri-implantitis, which are influenced by patient 

conditions, such as poor bone density, reduced jawbone volume, the number 

of the patient's natural teeth, oral hygiene, smoking, bruxism, diseases like 

osteoporosis and diabetes [5]. Therefore, to stimulate osseointegration and 

prevent peri-implantitis, modifications to the surface of dental implants are 

necessary [6]-[7]. The modifications to implant surface topography include 

macro-scale modifications that depict the geometry of dental implants, micro-

scale modifications that depict surface roughness (1-100 µm), and nano-scale 

modifications that depict surface roughness at a nanoscale (1-100 nm), which 

affect the interaction of cells with the implant to stimulate new bone growth 

[5]-[8]. 

The Ti6Al4V material has mechanical properties that are similar to 

bone, namely low elasticity modulus, low density, high strength, and excellent 

biocompatibility. However, the material properties of the titanium used for 

implants have a higher Young's modulus, which can cause a stress shielding 

effect. The stress shielding effect occurs because the bone is a living tissue that 

is constantly modified by bone cells in response to external behavior, and the 

decrease in mechanical load on the bone due to the stress shielding effect can 

cause bone resorption (bone loss), implant loosening, and ultimately implant 

failure [9]. To overcome the stress shielding effect and promote bone-in-

growth, the use of porous implant materials is recommended [9]-[10]. 

Ahmed et al. [11] reported that implants with porous surfaces could 

stimulate the osseointegration process by increasing the formation of new bone 

compared to non-porous surfaces. However, the porosity of the porous material 

and fully porous implant structures are not recommended for implants because 

they can result in a decrease in mechanical properties and load-bearing 

requirements. Therefore, a solid core implant combined with a porous material 
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(hybrid porous dental implant) is recommended for dental implants to ensure 

that the mechanical properties meet the load-bearing criteria [12]. 

In a study conducted by Hong Ji-Youn et al. [13], a new method 

utilizing Metal Injection Molding (MIM) was used to create a porous titanium 

structure at the apical part of a screw-type implant. A feedstock consisting of 

a mixture of Titanium Hydride (TiH2) and a binder was injected into the apical 

part between the threads of the implant core, which was made using machining 

methods and CP-titanium grade 4 material. The porous titanium structure 

created using MIM was able to provide three-dimensional interconnected 

porosity on the implant surface, which could enhance new bone growth on the 

surface [13]. The porosity of Ti6Al4V material is influenced by sintering 

process parameters, including sintering holding time, heating rate, and cooling 

rate [14]. 

The aim of this study is to produce a porous titanium alloy material 

profile made through the process of MIM, which can be applied to the 

development of a hybrid porous dental implant using titanium alloy as the core 

material (solid core dental implant). The process parameters employed in this 

study were sintering time, sintering atmosphere, heating rate, and surface 

roughness. The surface topography parameters, which encompassed 

microstructure, porosity, hardness value, and shear strength, of the Ti6Al4V 

material produced through the MIM and sintering processes under the argon 

atmosphere were evaluated.  

 

 

Research Methodology 
 

The material used in this study was Ti6Al4V, referring to ASTM F136 Grade 

5 standard, with the chemical composition listed in Table 1. 

 

Table 1: Chemical composition of Ti6Al4V Grade 5 

 

N C H O Fe Al V Ti 

0-0.05 0-0.1 0-0.015 0-0.2 0-0.4 5.5-6.75 3.5-4.5 Balance 
  

Wrought Ti6Al4V specimens with dimensions of 5 x 5 x 3 mm were 

surface treated with grit P80, P180, and P600. They were then inserted into a 

cube-shaped mold with dimensions of 5 x 5 x 5 mm, and feedstock Ti6Al4V 

was injected onto the surface area using MIM. Feedstock Ti6Al4V in this study 

uses Ryer, Inc. products with the chemical composition listed in Table 2 and 

binders made of polymers and waxes that must be removed by solvent and 

thermal debinding processes. 

Subsequently, a solvent debinding process was carried out using a 

hexane solution for 3 hours at a temperature of 60 °C, followed by thermal 

debinding at 550 °C with a heating rate of 5 °C/minute and a holding time of 
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60 minutes under an argon atmosphere. The sintering process was carried out 

at a temperature of 1150 °C for 60 minutes, 90 minutes, and 120 minutes, with 

an argon atmosphere flow rate of 1 liter/minute. The sintering results were 

observed and analyzed using a Scanning Electron Microscope (SEM), Energy 

Dispersive x-ray Spectroscopy (EDS), metallographic observations, hardness, 

surfcom surface roughness, and shear bond strength tests. 

 

Table 2: Chemical composition of feedstock Ti6Al4V Ryer, Inc. 

 

N C H O Fe Al V Ti 
0.02 0.02 0.006 0.19 0.19 6.22 4.00 88.95 

 

 
 

Figure 1: (a) conventional dental, (b) core dental, and (c) hybrid porous 

dental implant 

 

Figure 1(a) shows a conventional dental implant model. In its 

development, modifications were made to enhance its porosity. This design 

development involved creating a core or inner structure for the dental implant 

capable of accommodating a porous titanium structure from the coronal (top) 

to the apical (bottom) parts, as depicted in Figure 1(b). Hybrid porous dental 

implant is engineered to have a porous titanium structure extending from the 

coronal to the apical regions of the dental implant, as illustrated in Figure 1(c). 

This aims to facilitate the growth of new bone into the porous titanium 

structure, thereby maximizing the biomechanical interlocking achieved due to 

the attachment of new bone while minimizing the effect of stress shielding. 

Static loading simulation on the dental implant shaft was conducted 

using the Fusion 2021 application. The fabrication of the core dental implant 

was performed using CNC Turning CINCOM A20. Subsequently, the core 

dental implant underwent a cleaning process to remove machinery lubricants 

using a mixture of acetone, IPA, and aquadest for 5 minutes. To obtain the 

surface roughness value of the core dental implant, sandblasting was 

performed with aluminum oxide F80 using the following parameters: pressure 

of 0.6 MPa, distance of 20 mm, grit size of 220 µm, blasting duration of 10 

seconds, varying rotational speeds of 450/650/750/850/1000/1200 rpm. The 
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roughness value of the top, flank, and valley areas was measured using 

Surfcom 9000SD3. 

The injection process simulation was performed using SolidWorks 

Plastics 2020 CAE software with an injection pressure of 3 MPa, a melting 

temperature of 200 °C, and variations in mold temperature at 180 °C, 190 °C, 

and 200 °C, as well as variations in the injection gate located at the top, middle, 

and bottom. After completing the simulation process to find the optimal 

parameters, the injection process was carried out to produce the green part. 

 

 

Results and Discussion 
 

The surface topography of the Ti6Al4V alloy material produced by argon 

sintering at 1150 °C for 60 minutes was evaluated using SEM and EDS. Figure 

2 shows the rough surface of the wrought Ti6Al4V material due to the surface 

treatment. The surface roughness was intended to increase the bond between 

the wrought and the porous Ti6Al4V materials. 
 

 
 

Figure 2: (a) SEM and (b) EDS results of argon sintering of wrought 

Ti6Al4V material 

 

In Figure 3, the surface structure of the porous material directly bonded 

to the wrought Ti6Al4V material is shown. Some parts of the surface were still 

deposited by the polymer binder, so these parts did not reach the final sintering 

stage. As a result, the polymer binder in these areas was difficult to evaporate 

and came together with the argon gas flow because it was directly bonded to 

the wrought Ti6Al4V material. In the EDS results, there was no oxygen 

element detected in both materials because the sintering process utilized an 

argon atmosphere to avoid oxidation of the samples. 

Based on the microstructure of the sintered porous material, there was 

much porosity at the grain boundaries (Figures 4(a)-4(c)). This occurred 

because, during the sintering process, the argon gas was trapped in the pores, 

preventing the densification process. The presence of porosity in the sample 

slowed down the grain growth process, resulting in the porosity at the grain 
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boundaries [15]. There is a significant difference in microstructure between the 

porous and the wrought materials. As shown in Figures 5(a)-5(c), there is a 

bonding layer at the interface of Ti6Al4V material sintered the bonding layer 

is influenced by the polymer on the feedstock and the Ti6Al4V plate material 

that has been grounded to increase surface roughness, which increases the 

bonding between the two materials.  

 

  
 

Figure 3: (a) SEM and (b) EDS results of argon sintering of porous Ti6Al4V 

material 

 

 
 

Figure 4: Microstructure of Ti6Al4V porous material sintered at 1150 °C 

with holding time at (a) 60, (b) 90, and (c) 120 minutes 

 

The microstructure of the porous material tends to form equiaxial 

grains, while the microstructure of the wrought Ti6Al4V tends to form a 

lamellar structure, as shown in Figures 6(a)-6(c). The microstructure changes 

in several stages, starting with the flattening of particle surfaces, the formation 

of grain boundaries through necking between particles, movement between 
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particles in open pores, diffusion, and decrease of porosity. Then, the pores 

shrink between the grain boundaries, the porosity decreases even further, and 

the grains slowly grow. Finally, the pores close, shrink, and become lodged 

between the grain boundaries [16]. 

 

    
  

Figure 5: Microstructure of Ti6AL4V interface material sintered at 1150 °C 

with holding time at (a) 60, (b) 90, and (c) 120 minutes 

 

       
 

Figure 6: Microstructure of Ti6AL4V wrought material sintered at 1150 °C 

with holding time at (a) 60, (b) 90, and (c) 120 minutes 
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Figure 7 shows the percentage of porosity area of the wrought and 

porous Ti6Al4V materials where the porous Ti6AL4V material has a higher 

percentage of porosity compared to the wrought Ti6AL4V material. Thus, the 

mechanical properties of the wrought Ti6AL4V material are greater than those 

of the porous Ti6AL4V material. The porosity generated in Ti6Al4V material 

is associated with the holding time of sintering; the higher the holding sintering 

time, the porosity generated will be more spherical. With the growth of grains 

along with the increase in the holding time of the sintering process, the pores 

inside the sample will become round and eventually be closed. The pores will 

experience significant shrinkage if they come in contact with the α phase. 

Irregular-shaped porosity is usually found in the β phase matrix. 

 

 
  

Figure 7: The effect of sintering holding time at 1150 °C on porosity area 

percentage 

    

In Figure 8, it is shown that at sintering times of 60 and 90 minutes, the 

porous Ti6Al4V material has lower hardness compared to the wrought 

material. The lower hardness of the porous Ti6Al4V occurred due to the 

different microstructure formed in each section, resulting in significant 

differences in the hardness of the Ti6Al4V material. However, at a sintering 

time of 120 minutes, the hardness of the wrought material was lower than that 

of the porous Ti6Al4V material. This phenomenon occurred because of 

significant grain growth, resulting in a decrease in the hardness of the wrought 

Ti6Al4V material. At the interface section, the Ti6Al4V material had a higher 

hardness than the porous Ti6Al4V material at all sintering times. Therefore, 

the hardness of the wrought, interface, and porous sections will increase with 

longer sintering times. The increase in hardness is most likely due to the 

reduction in porosity percentage, which can increase the density, strength, and 

hardness [17]. 

60 70 80 90 100 110 120

1.0

1.5

2.0

2.5

3.0

2.45

2.05

1.07

3.03

2.25

1.69

P
e

rc
e
n

ta
g

e
 o

f 
P

o
ro

s
it
y
 A

re
a
 (

%
)

Holding Time Sintering (min)

 Wrought Material Ti6Al4V

 Porous Material Ti6Al4V



Development of Porous Material and Hybrid Porous Ti6Al4V Dental Implants  

 

113 

 
 

Figure 8: The effect of sintering holding time at 1150 °C on the hardness of 

Ti6Al4V material 

 

Figure 9 shows the surface roughness value of 2.37 μm following 

surface treatment using SiC grit P80. As shown in Figure 9, the higher the grit 

size of the abrasive paper, the lower the surface roughness value. In material 

bonding, surface treatment greatly affects the level of adhesion. The higher the 

surface roughness value, the higher the bonding strength at the joint. However, 

the bonding strength of the joint will decrease when it exceeds the optimum 

limit of surface roughness. In line with this, Budhe et al. [18] found that the 

optimum surface roughness (Ra) values to increase the bonding strength were 

in the range of 1.75-2.5 μm. Meanwhile, if the surface roughness values were 

in the range of 2.5-4.1 μm, the bonding strength tended to decrease. 

 

   
  

Figure 9: Surface roughness of Ti6Al4V material after surface treatment with 

SiC grit sandpaper of P80, P180, and P600 
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Surface treatment with grit P80 resulted in the highest shear stress value 

of 1.54 MPa (Figure 10). The shear stress result of grit P180 was similar to grit 

P80. Interestingly, the shear stress result of grit P600 decreased due to the low 

value of surface roughness obtained from the surface treatment. Grinding 

removes contaminants that cause a decrease in surface bonding, leading to 

poor bonding strength and low shear stress. Additionally, the grinding process 

can also remove the oxide layer formed on the surface [19]-[21]. 

 

 
  

Figure 10: Result of shear bond strength test 

 

Figure 11 illustrates the macroscopic photo of the wrought and porous 

Ti6Al4V materials contour surface, showing the tendency of both materials to 

bond at the edge. Meanwhile, the middle part of the porous Ti6Al4V material 

experienced shrinkage after sintering, making it difficult to bond with the 

bottom part of the wrought Ti6Al4V material. 

 

  
 

Figure 11: (a) Porous and (b) wrought Ti6Al4V materials after shear bond 

strength testing  
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The development of combining implant materials with porous materials 

can be applied to create a hybrid porous dental implant by adding porous 

material that fills the thread surface. The simulation results of static loading of 

the porous part of the hybrid porous dental implant showed no mechanical 

failure (Figure 12). This result was achieved because the stress value did not 

exceed the yield strength value of the porous material, which was 1.58 MPa. 

Furthermore, the Ti6Al4V porous material with a porosity percentage of 75% 

had a yield strength value of 79.21 MPa, which is safe to use in the hybrid 

porous dental implant system. 

 

 
 

Figure 12: Simulation results of static loading of porous parts 

 

As shown in Figure 13, the result of the dental implant core 

sandblasting process has a dark color. The dark color formed due to residual 

lubricant originating from the machining process, causing a carbon oxidation 

reaction on the surface of the heated dental implant during the sandblasting 

process [22]. 

 

 
 

Figure 13: Surface roughness measurement area after sandblasting and 

cleaning process 

 

Figure 14 shows the effect of rotational speed on surface roughness, 

which is not significant. However, the highest surface roughness value was 
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obtained from the rotational speed parameters of 650 and 750 rpm. Then, using 

the Material Removal Rate (MRR) formula, which calculates the rate of 

material removal per unit time on the workpiece, the highest MRR value was 

obtained at a rotation speed of 750 rpm. 

 

 
 

Figure 14: Results of the effect of rotation speed on roughness values on the 

top, flank, and valley areas 

 

The simulation results of the injection from the top gate in Figure 15 

suggest that the recommended injection parameter is a mold temperature of 

200 °C. At mold temperatures of 180 °C and 190 °C, the feedstock flow was 

unable to fill the cavity due to hardening (short shot). 

 

 
 

Figure 15: Simulation results of injection from the top gate with a mold 

temperature of (a) 180 °C, (b) 190 °C, and (c) 200 °C 

 

The injection results from the middle gate in Figure 16 indicate that the 

optimal parameter is obtained at mold temperatures of 190 °C and 200 °C. 

Meanwhile, at a mold temperature of 180 °C, the feedstock flow did not fill 
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the cavity and underwent hardening (a short shot). The injection parameters 

with the middle gate location are the best recommendation based on simulation 

results that show the ability of the feedstock to fill the mold with a temperature 

not exceeding 200 °C. Therefore, these parameters were further used in the 

injection process. 

 

 
 

Figure 16: Simulation results of injection from the middle gate with a mold 

temperature of (a) 180 °C, b) 190 °C, and c) 200 °C 

 

The simulation results in Figure 17 show that the recommended mold 

temperature of the injection parameter from the bottom gate is 200 °C. On the 

other hand, at temperatures of 180 °C and 190 °C, the feedstock flow did not 

fully fill the cavity due to hardening (short shot). 

 

 
 

Figure 17: Simulation results of injection from the bottom gate with a mold 

temperature of (a) 180 °C, (b) 190 °C, and (c) 200 °C 

 

Based on the microscopic observation of injection results at three 

different mold temperatures, the porous material was successfully injected and 

filled the entire cavity area where the best result was obtained at 180 °C (Figure 

18(a)). Meanwhile, the injection results at mold temperatures of 190 °C and 
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200 °C showed parts of the porous material that were detached from the mold, 

as shown in Figures 18(b)-18(c).  

In Figure 19, the CAD design shows that the dental implant core and 

the green part of the porous material had a volume of 124.65 and 19.72 mm³, 

respectively. The density of Ti6Al4V grade 5 was 4.43 g/cc, while the density 

of the green part feedstock, based on RYER's datasheet, was 3.03 g/cc. Thus, 

the mass of the green part hybrid porous dental implant was obtained by 

multiplying the volume and density of the material. Based on the calculation, 

the highest injection mass was obtained at a mold temperature of 180 °C, 

which was 202% of the green part design mass. 

 

 
 

Figure 18: Microscopic results of the green part with a mold temperature of 

(a) 180 °C, (b) 190 °C, and (c) 200 °C  

 

   
  

Figure 19: Comparison of porous design mass with green part mass 
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Conclusion 
 

There are several conclusions taken from this research, namely: 
1. Ti6Al4V material produced by MIM consists of porous and wrought 

materials that adhere to each other. After passing through the sintering 

process at a temperature of 1150 °C with variations in holding time of 60, 

90, and 120 minutes, the two materials produce different microstructures. 

The porous material produces an equiaxed microstructure with α and β 

phases, while the wrought material produces a lamellar microstructure 

with α and β phases. 

2. By varying the surface roughness of Ra 2.37 μm, 1.01 μm, and 0.54 μm 

to increase the bonding strength between the wrought and the porous 

Ti6Al4V materials, the shear stress increases as the material surface 

becomes rougher, especially when polished with grit P80. 

3. Sandblasting with a pressure parameter of 0.6 MPa, a shooting distance 

of 20 mm, a grit size of 220 µm (F80), and a blasting duration of 10 

seconds with variations in the rotation speed of 450-1200 RPM is the 

recommended parameter to achieve a surface roughness of Ra 0.72-0.80 

µm. 

4. Based on simulation and experimental results, the gate in the middle of 

the cavity is the recommended injection location. The best injection 

parameters based on the MIM process of the green part in the production 

of a hybrid porous dental implant are a melting temperature of 200 °C, a 

mold temperature of 180 °C, and an injection pressure of 3.6 MPa. 
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