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Keywords with an addition of sodium chloride as space holder which has been
Porous Ti-6Al-4V, dental implant, established in the fabrication of porous Ti-6Al-4V. The integrated pores
metal injection molding (MIM), palm  obtained on the dental implant provides the space for mineralized bone
stearin to growth and diffuse into the dental implant and improve the

anchorage of the dental implant towards the bone and prevent dental
implant loosening. The average surface roughness (Ra) of 4.62 + 1.33
um and 5.83 + 1.25 um was within the proposed ideal surface
roughness of 1-10pum. In addition, the existence of lamellar of a- phase
on the surface as-polished dental implant would improve both the
mechanical as well as the elastic properties.

1. Introduction

Researchers' interest in porous metallic materials is growing as a means of minimizing mechanical
incompatibilities between bulk metallic implants and the natural bone. The stress shielding effect is started by
these mechanical mismatches, which result in inadequate loading of the bone [1]. It ultimately results in implant
loosening and bone resorption. Therefore, a metallic implant with a porous structure was created to address this
problem. Additionally, by allowing mechanical interlock with the porous structure through bone ingrowth, the
porous structure can promote osseointegration and provide stable long-term fixation [2].

Titanium and its alloys, in particular for loading-bearing applications, are promising materials utilized for
bone implants. Because of its high mechanical properties, robust corrosion resistance, and biocompatibility, Ti-
6Al-4V is often utilized for dental implants [3]. When it comes to materials, titanium and its alloys are attractive
choices for bone implants, particularly in load-bearing applications. Due to its high mechanical qualities, superior
corrosion resistance, and biocompatibility, Ti-6Al-4V is frequently utilized for dental implants [3]. The process of
creating a highly porous dental implant, which includes freeze casting and fast prototyping, has been the subject
of much research. Freeze casting is able to manufacture Ti-6Al-4V dental implants with high aspect ratio pores,
but it also results in excessive oxygen contents and poor mechanical properties [4], [5]. While rapid prototyping
is a method that uses three-dimensional computer-aided design to quickly create a scale model of a part or
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assembly. The produced model, however, occasionally exhibited defects including unmelted powders, inclusions,
and impurities that might impair its mechanical qualities [6], [7].

Alternative technologies like metal injection molding (MIM) may produce components with near-net shapes,
a variety of sizes, and complicated geometries while yet having high mechanical qualities. Starting with the mixing
of the metallic powder with binders and space holders to create a uniform feedstock, MIM consists of four basic
phases [8], [9]. The pore structure created in the dental implant is determined by the space holder. In the second
stage, the feedstock is injected into the mold to create a green body. The third stage involves removing the space
holder and binders from the green body. The sintering process, in which the brown body or final component were
created, is the fourth and last stage [10]-[13]. The aim of the present study was to investigate the surface structure
and morphology of three different powder loading of Ti-6Al-4V dental implants.

2. Methodology

2.1 Samples Preparation

The Ti-6Al-4V metal powder employed in this study has a spherical shape and an average size of 18um and was
produced by gas atomizing. The Ti-6Al-4V metal powder used in this work is described in Table 1 with its
properties, and its chemical composition is shown in Table 2. Fig. 1 exhibits spherical Ti-6Al-4V powder under the
scanning electron microscope (SEM). Fig. 2 shows the schematic diagram of the Ti-MIM tensile bar with thickness
of 2.7 mm. Two types of binder were used which are 60wt% of palm stearin (PS) and 40wt% of polyethylene (PE).
The space holder material used were NaCl with particle size of <100um. NaCl was chosen as space holder because
it is an inorganic compound which can be easily dissolved in water and removed during the MIM process to
produce desirable porosity [10]. Three different powder loading were evaluated: 63vol%, 64vol% and 65vol%.
All materials were mixed together by using sigma blade mixer at temperature of 150°C. Once the homogenized
granules of feedstock were obtained, it was injected into the dental screw mold using vertical injection molding.
Two stages of debinding process were solvent extraction and water leaching. The injected samples were immersed
in the heptane solutions for 6 hours at 60°C to remove palm stearin. Afterward, it was immersed in distilled water
for water leaching at 40°C to remove NaCl. Removals of PE were done in one furnace during sintering on 500°C
then continue sintered up to 1200°C.

Table 1 Ti-6Al-4V powder physical properties

Particle size Pycnomete density Melting
distribution (pum) (g/cm3) Temperature (°C)
Dio  Dso  Dgo
11.2 188 30.5 4.38 1650

Table 2 Chemical composition of Ti-6Al-4V powder

Al Vv C Fe 0 N H  Ti(wt%)
599 4.08 0.005 0.043 0.185 0.004 0.002  Bal
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Fig. 1 SEM Ti-6Al-4V powder
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Fig. 2 Injection mold part and geometry (Dimensions are in mm)

2.2 Thermal Debinding and Sintering Process

Two stages of debinding process were solvent extraction and water leaching. The injected samples were immersed
in the heptane solutions for 6 hours at 60°C to remove palm stearin. Afterward, it was immersed in distilled water
for water leaching at 40°C to remove NaCl. Removals of PE were done in one furnace during sintering on 500°C
then continue sintered up to 1200°C. Thermal debinding and sintering process was carried out once the samples
were dried and weighed after the solvent debinding process. Thermal debinding and sintering was performed in
the same furnace which was KOREA VAC-TEC high temperature control atmosphere furnace as can be seen in Fig.
3. The vacuum pressure of this furnace can achieve up to 10 torr to eliminate any impurities during the
experiment.

The debound samples were placed on an aluminate plate and put into a Molybdenum (Mo) box as shown in
Fig. 4. It was done to prevent chemical reaction of residual binder to the heating element of the furnace, thus,
secure the heating process. Thermal debinding and sintering parameters such as heating rate, temperature,
soaking time and cooling rate were set based on the study of thermal debinding and sintering parameter
optimization done by Abu Kassim et al. [5]. In order to reduce trial and error procedures, a preliminary thermal
debinding and sintering process were performed. After a few trials, only parameter of thermal debinding heating
rate was selected to be resolved for best as-sintered parts results assessment. Fig. 5 shows the profile and the
parameter of thermal debinding and sintering process respectively.

Fig. 3 KOREA VAC-TEC high temperature control atmosphere furnace
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Fig. 4 The samples were loaded into the furnace

Penerbit
UTHM



Int. Journal of Integrated Engineering Vol. 16 No. 8 (2024) p. 227-235 230

Temperature (°C)

Sintering
Temperature [*C
1200 4 be )

Heating Rate 2
(*C/min)

Thermal debinding
Temperature (°C)

510 = Heating Rate 1 Cooling Rate
(*C/min) (*C/min)
30 4
60 60 Time (mins)

Fig. 5 Thermal debinding and sintering profile

2.3 Samples Characterization

Scanning Electron Microscopy (SEM) was used in order to observe the microstructure of the as-sintered samples.
A non-contact optical profilometry was used to measure the surface roughness of the as-sintered samples.

3. Results and Discussion

In order to fabricate a porous Ti-6Al-4V, NaCl is employed in this study as the space holder to produce sufficient
network of pores. NaCl was selected because it easily dissolved in water, inexpensive, and lower toxicity [6]-[8].
The morphology of NaCl observed under SEM at 300x magnification as shown in Fig. 6 has confirmed that the
shape of space holding particles is irregularly shaped. Based on Fig. 6, the sieved NaCl distribution size was around
150pum to 300um. Sieved space holder is more preferable to obtain a narrow distribution of space holding particles
which resulted in better mechanical strength to the porous structure [8].

L

Fig. 6 SEM observation of NaCl as the space holder

The 150-300um size of NaCl particles was chosen to promote interconnectivity of the pores formed after
sintering as well as to produce adequate mechanical strength. There was bigger size range of NaCl used in other
study such as Alejandra et al. [9] used NaCl in the range of 355um to 500um to fabricate porous Ti structure via
MIM. However, the mechanical strength values of the as-sintered parts recorded was low. So, in this work, medium
sized range of NaCl was selected to produce sufficient network of interconnected pores that would result in better
mechanical properties. Fig. 7 shows the distribution of powder and binder after mixing process that demonstrates
the homogenous feedstock. It can be seen in Fig. 7, PE enveloped the Ti-6Al-4V metal powder particles and both
of them cover thoroughly NaCl particles since NaCl has the biggest size in the mixture components. No
agglomeration of metal powder particles show that the feedstocks produced was mixed homogenously.

Successes of dental implants are governed by cellular response to the characteristics of the implant surface
[14]. Topography of the dental implant surface was revealed by scanning electron microscopy (SEM), as shown in
Fig. 8. The SEM image showed that the surface of the dental was roughened. The porosity structure obtained also
randomly distributed within the dental implant. The pores structure is in non-uniformly shape with existence of
the integrated pores which is very accommodating for the osseointegration process. The integrated pores would
provide the space for mineralized bone to growth and diffuse into the dental implant. It also improves the
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anchorage of the dental implant towards the bone which lead to the prevention of dental implant loosening [11],
[12].

.

2016/01118 HL x100 1 mm

2016/06/16 HL x500 200 um

(a) (b)

Fig. 8 SEM of the dental implant surface: (a) Low magnification view (100x, bar:1mm); (b) Threaded surface at
high magnification (500x, bar:200um)

Dental implant morphology influences bone metabolism: rougher surfaces stimulates differentiation, growth
and attachment of bone cells, and increases mineralization. Furthermore, the degree of roughness is important. It
is reported that the micro topographic profile of dental implants is defined for surface roughness as being in the
range of 1-10um [15]. Surface roughness values obtained for the dental implant are listed in Table 3. As the data
shown in Table 3, the surface roughness (Ra) obtained a mean value of 4.62 + 1.33 pm to 5.83 + 1.25 um which is
within the range. This range of roughness maximize the interlocking between mineralized bone and the surface
of the implant. It is also suggested that theoretically, the ideal surface should be covered with hemispherical pits
approximately 1.5um in depth and 4pm in diameter [16].

Table 3 Average surface roughness (Ra) of different powder loading

Samples Ra (in pm)
Powder loading 63vol % 4.62 + 1.33

Powder loading 64vol % 5.12 +1.28
Powder loading 65vol% 5.83 + 1.25

From the microscopic observation, some of the micropores were observed on the surface of the as-polished
specimen as shown in Fig. 9. This could be caused by the effect of partially sintering of Ti-6Al-4V metal powders
on the pore walls [17]. Moreover, the micropores formation may also be induced by the debris of NaCl which was
broken during the mixing process and formed micropores after water leaching process.
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Fig. 9 Micropores observed on the as-polished specimens

The interconnected pore structure is favourable to promote ingrowth of new bone tissues and fluid transport
[18]. Sharma et. al [19] stated that the evolution of isolated pores to interconnected pores happened when the
total porosity of porous structure achieved to 55%. However, such statement is contrary to the microscopic
observation in this experiment. Although the porosity percentage is less than 50%, the inter-connection among
the pores formed was clearly observed under FESEM as shown in backscattered images in Fig. 10. The figures
were taken from the cross section of the tensile body of 63, 64 and 65 vol.% specimen. This could be due to the
fact that the uniformity of mixture contributed by the PS binder has provided homogenous distribution of space
holder in the feedstocks [20]. This factor has led to better pore distribution which increased the interconnectivity
among the pores.

Interconnected

Isolated pores

©
Fig. 10 The example of interconnected pores and isolated pores in the as-sintered specimens for:
(a) 63vol.%; (b) 64vol.%; and (c) 65 vol. %

However, there are some isolated pores that are present which replicates the shape of NaCl. Based on the
scale of the Fig. 10, most of the isolated pores have the size less than 50pum due to the effect of pores annihilation.

Penerbit
UTHM



233 Int. Journal of Integrated Engineering Vol. 16 No. 8 (2024) p. 227-235

Pores annihilation was induced by the enlargement of grain growth during the sintering process. This
phenomenon can be seen on the as-polished sample where the pore was disrupted by the growth of the grain as
shown in Fig. 11.

Grain
growth

/
B Al

Fig. 11 Red arrows show one of the pores was disrupted due to enlargement of grain growth on the as-polished
sample

The goal of microstructure analysis is to ascertain the phase developed in the as-sintered specimen is the
phase of Ti-6Al-4V without the presence of other interstitial elements. Aluminium is an a-stabilizer and Vanadium
is a B-stabilizer for Ti-6Al-4V phase [21]. As the processing route of MIM applies high temperature to melt down
the Ti-6Al-4V metal powder particles during sintering, less primary a and more [ were present in terms of
retained {3 and transformation a (—a) phase on the surface of the as-sintered specimen [22].

Fig. 12 depicts the presence of lamellae of o on the surface of the as-polished sample at 500x magnification.
The presence of lamellae of « demonstrates that the transformation a (—a) phase has separated the globular o
and appears in terms of typical (a+p) phase of Ti-6Al-4V [23]. Thus, the presence of typical (a+f) phase as
displayed in Fig. 12 has confirmed the morphology of Ti-6Al-4V phase.
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Fig. 12 The presence (a+f) phase shown on the surface of as-polished porous Ti-6Al-4V sample for (a) 63 vol.%;
(b) 64 vol.%; and (c) 65 vol.% powder loading specimens

4. Conclusions

In conclusion, porous Ti-6Al-4V dental implant fabricated through MIM with palm stearin binder system showed
a potential method in producing a suitable surface characteristic in enhancing the osseointegration purpose. The
average surface roughness (Ra) of 4.62 + 1.33 pm and 5.83 * 1.25 pm was within the proposed ideal surface
roughness (1-10um) to stimulate the growth and attachment of bone cells. Further study for the biocompatibility
on the surface of the dental implant would help a better understanding on the growth attachment of the bone cells.
In terms of microstructural analysis, the pores of porous structures for all specimens are not fully interconnected.
Some of the pores were isolated and some of the pores were eliminated due to densification during the sintering
process. The pores shape was irregular replicating the geometry of NaCl.
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