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Abstract. The demand for dental implants is increasing, although there is a wide
variety of implants currently available in the market, it is necessary to implement
improvements in their design and/or the selection of materials used. The develop-
ment of biomimetic and bioactive Ti scaffolds for bone regeneration is necessary.
In this context, this article proposes the design, manufacture and characterization
of a porous titanium implant with the aim of eliminating some of the deficien-
cies found in commercially available titanium implants. Stress-shielding and the
lack of osseointegration or bacterial infection are still some limitations to solve.
Porous samples were produced using conventional Powder Metallurgy (PM) and
the space holder (SH) technique. Ammonium bicarbonate particles were used as
spacers in size ranges of 100–200 µm. The porosity and surface characterization
were performed byArchimedes’method and image analysis, while themechanical
behavior was analyzed by micro-mechanical testing. After that, the micromachin-
ing protocol of the implant is carried out. Substrates were chemically etched by
immersion in fluorhydric acid at different times (15 s; 60 s and 125 s) to achieve
a suitable surface roughness with biofunctional balance. Results showed that it is
possible to obtain a desired longitudinal gradient. The optimizedmethod described
in this work suggests that it is a reasonable candidate for the development of den-
tal implants with a good balance between reduced stress shielding and adequate
mechanical strength.
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1 Introduction

At present, dental implants are the most effective treatment for edentulism. Researchers
worldwide are searching for substantial improvements to the available commercial
implants, with the primary goal of addressing their main deficiencies. Titanium and
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its alloys are the most used metallic material for their fabrication, due to their biocom-
patibility and osseointegration capacity. However, one of its weaknesses is the difference
stiffness (Young’s modulus) between the implant (105–110 GPa) and the cortical bone
(20–25GPa), which causes stress shielding phenomenon [1]. As a result, bone resorption
around the dental implant is manifested [2]. In addition, the titanium osteointegration
process remains insufficient to generate a resistant interface between the bone and the
implant, leading to device micromovements. Furthermore, peri-implantitis still affects
the hard and soft tissues surrounding the dental implant. Oralmicrobiota is an active com-
munity that forms symbiotic associations with bacteria [3]. To address these drawbacks,
this work proposes the fabrication of a preform designed with longitudinal porosity
through the conventional PM and space-holder technique [4]. Our research group has
optimized the parameters for processing routes used to obtain porous titanium substrates
with low Young’s modulus values, retaining suitable mechanical strength [5]. Recently,
various methods have been utilized to enhance the osseointegration of titanium dental
implants. These methods are mainly based on surface, chemical or physical modifi-
cations [6]. Among them, acid etching was the one used. The main goal of physical
modifications of the surface of Ti and Ti alloy implants is the creation of micro and
nanostructures to stimulate osseointegration [6, 7] by increasing the porosity for cell
adhesion and proliferation or adapting roughness to better wettability, protein adsorp-
tion, and bactericidal response. Furthermore, the high roughness in terms of patterned
surfaces is also suitable for preventing bacterial growth colonization. Themain objective
of this research work is the design, manufacture, characterization, and machining of a
dental implant with longitudinal porosity by PM and spacers route.

2 Materials and Methods

Commercially pure titanium (c.p. Ti) powder produced by a hydrogena-
tion/dehydrogenation process has been used as the starting powder (SE-JONGMaterials
Co. Ltd., Incheon, Korea). Its chemical composition is equivalent to c.p. Ti ASTM F67–
00 Grade IV. Ammonium bicarbonate has been used as space holders (Alfa Aesar, with
a purity of 99.9%). NH4HCO3 particles with a size range of 100 to 200 µmwere chosen
to prepare the porous mixture with c.p. Ti. Figure 1 shows the sequence of steps for the
fabrication, characterization, and machining of dental implants. For the fabrication of
the dental implant preform by conventional PM and SH techniques, first, Ti powders,
and a blend of c.p. Ti and 30 vol% of spacer particles were homogenized in a Turbula®
T2C Shaker-Mixer for 40 min, respectively. Then, the mixtures were uniaxially pressed
in a cylindrical die (8 mm of diameter) using an Instron 5505 universal testing machine
(Instron, High Wycombe, U.K.), at 800 MPa, according to the compressibility curve of
the material. Afterwards, the elimination of SH particles was completed. The NH4HCO3
was thermally removed (60 °C and 110 °C; both stages of the thermal treatment are car-
ried out for 10–12 h and at low vacuum conditions 10−2 mbar) [4]. Sintering was carried
out in amolybdenum chamber furnace (Termolab, Agueda, Portugal) under high vacuum
conditions (~10–5 mbar) at 1523 K for 2 h. To evaluate the structural integrity and inter-
face quality, images of the preforms were captured after compaction (green preforms)
and after sintering.
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Fig. 1. Sequence of steps for the fabrication, characterization, and machining of dental implants.

Moreover, the sintered preform was cut transversely for microstructural characteri-
zation. Archimedes’ Test [8] was employed to determine the percentage of total (Pt) and
interconnected porosity (Pi), from the density measurement. In addition, total porosity,
equivalent diameter, Deq, and shape factor (Ff, ratio between major and minor axis of
an ellipse equivalent to pore) and fraction volume (PT) were evaluated by image anal-
ysis (IA), using an optical microscope Nikon Epiphot (Nikon, Tokyo, Japan) coupled
with a camera Jenoptik Progres C3 (Jenoptik, Jena, Germany) and results were analyzed
using NIS-Elements software. Image analysis (IA) was performed using five pictures
of 5X magnification. Micro-tribomechanical behavior of the samples was evaluated by
instrumented micro-indentation (P-h curves) and scratch tests. Loading-unloading tests
were performed using a Microtest machine (MTR3/50-50/NI) equipped with a Vickers
indenter, at an applied load rate of 5 N/min, a maximal load of 5 N and a holding time
of 15s. Indentations were performed in three different regions of the preform. Scratch
test was performed on the surface of the cross section of the sintered preform using a
MICROTEST commercial device (MTR3/50-50/NI) with a Rockwell diamond tip of
200 µm diameter applying a maximum constant load of 3 N at a rate of 1mm min−1

for 11 mm of scar length, following the ASTM C1624–05 standard [9]. A cylindrical
preform was micromachined using a Numerical Control Center (CNC) milling machine
(Roland, Model MDX-40) until obtaining the designed dental implant. The following
sequence of operations were used: turning, threading of the ends, milling of the bone
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cutting grooves, grinding, polishing of the porous zone, and finally punching. Super-
ficial modifications were implemented to enhance the osseointegration capacity of the
implants. Three micro-machined implants were subjected to surface modification in the
apex region using hydrofluoric acid solutions with varying concentrations of inhibitor.
Three different times of exposition were used, 15 s; 60 s and 125 s. Prior to surface
modification, the surfaces of the samples were successively ultrasonically cleaned in
acetone (15 min), alcohol (20 min) and distilled water (20 min).

3 Results and Discussion

As depicted in Fig. 2, the dental implant preform design includes a top region (direct
contact with the oral cavity), and an apical region (in contact with the alveolar bone),
both composed of dense c.p. Ti, the central porous section is a combination of c.p. Ti
and spacer particles of NH4HCO3.

Fig. 2. Design, green and sintered preform for fabrication of dental implant.

The dimensions of the sintered preforms validate the design and suitability of manu-
facturing process. A cylindrical preformwith a diameter of 8.0mmand a length of 30mm
was achieved. Green preforms appear as opaque dark grey, while sintered preforms have
a clean, shiny appearance.

The cross section of sintered preform is shown in Fig. 3, with details of achieve
longitudinal porosity of each zone. Two types of porosity could be observed, on the one
hand, the conventional microporosity related to the PM manufacturing process (apex
region and top region), and on the other hand, the microporosity (porous region) due to
the spacer particles. The optical microscope images reveal that a longitudinal porosity
gradient has been accomplished. The length of apex and porous region are approximately
3.0 mm and 6.0 mm, respectively, in accordance with the designed preform. The upper
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region is close to 21 mm since this zone was designed to assist the posterior microma-
chining process. The porous region is delimited irregularly with dense regions, possibly
due to the compacting of the powders during final distribution. The central region has
non-homogeneous porosity.

Fig. 3. Optical images of the three regions of sintered preform and cross section of the preform.

Results of IA and Archimedes test are summarized in Table 1. The top and apex
regions exhibit similar total porosity by Archimedes (10.6% and 10.0% respectively);
however, these values of porosity could be influencedby imprecise cutting of the preform,
due to its small dimensions and irregular porous/dense interfaces. By contrast, total
porosity (PT) obtained by IA is in accordance with expected higher porosity of apex
region compared to top region, (3.32 vs.1.03%). Furthermore, the apex and upper region
showed different equivalent diameters values of 3.6µmand 2.7µm respectively. Finally,
the shape factor parameter revealed similar results for both regions.

Table 1. Results of IA and Archimedes’ Test of the sintered preform.

Regions Archimedes’ Test Imagen analysis

Pt [%] Pi [%] PT [%] Deq[µm] Ff

Top 10.6 ± 1.8 8.8 ± 1.8 1.03 ± 0.2 2.7 ± 0.04 0.77 ± 0.01

Central 24.4 ± 5.2 10.0 ± 5.9 26.0 ± 3.8 118.4 ± 9.5 0.44 ± 0.03

Apex 10.0 ± 8.8 5.7 ± 9.1 3.32 ± 0.2 3.6 ± 0.5 0.78 ± 0.01

On the other hand, results by IA from the porous zone revealed that the geometry of
pores (Ff), the equivalent diameter (Deq), and surface porosity (PT) were in accordance
with the size of spacer particles used to generate porosity [5]. The equivalent pore
diameter of 118.4 µm could promote bone ingrowth into the dental implant [10].
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Further characterizationof porositywas achievedusing theArchimedes’Test, includ-
ing total and interconnected porosity. Total porosity of porous zone was 24.4% by vol-
ume,which is close to the proposed volume content of 30%.Additionally, interconnected
porosity of 10.0% could promote cell growth. Furthermore, the pores are elongated
showing a shape factor of 0.44.

These characteristic manufactured Ti scaffold containing a variety of small and large
pores with diverse shapes, could be advantageous to allow the osteoblasts to proliferate
and differentiate [11].

Tribo-mechanical tests were performed on the polished cross section of sintered
preform. Figure 4 shows the scratch of the dental implant, from the dense apex region,
passing through the porous region and ending in the top region (11.0 mm). The increase
of roughness in the central porous region, with respect to the dense zones, is clearly
shown.

The optical microscopy images, see Fig. 4 illustrate details of the dragging of the
material during scratching, with a focus on the porous region. These values indicate a
lower hardness of the porous zone and therefore a lower Young’s modulus.

The elastic recovery capacity of the preform zones is shown in Table 2. As expected,
the porous region has better elastic recovery capacity compared to apical and top region.

Table 2. Elastic recovery of the dental implant.

Regions Penetration depth (µm) Elastic Recovery Absolut (µm)

Maximum Permanent (unloaded)

Top and Apex 2.90 1.88 1.03

Porous 3.19 1.83 1.36

In Fig. 5 details of micromachined dental implant are shown, starting from the
design provided by SOLIDWORKS 3D CAD software. Dental implant was created by
machining the sintered preform according to the following steps: turning, threading of
the ends, milling of the bone cutting grooves, grinding, polishing of the porous surface,
andfinally punching. For this purpose, aCNC lathe and amillingmachinewas employed.
As a result, dental implant is provided with two external threads located in the apical
and superior regions respectively. Apical thread includes a bone-cutting groove. On the
other hand, the dental implant has an internal hexagonal thread, in which the prosthetic
rehabilitation will be located. Figure 5 also shows a summary sequence of steps followed
by the dental implant preform up to machining, the images display the implant before
and after it was cut. Additionally, image of the lower thread etched with fluorhydric
acid at 50 °C for 125 s of exposure is illustrated (Fig. 5). Acid etched apex zone has
resulted in the presence of an increased roughness, that would facilitate the adhesion of
osteoblastic cells and promotes osseointegration of the device.
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Fig. 4. Scratch test: (A) Optical image of scar, with zoom out of two highlighted zones, and (B)
Scratch profile with maximum penetration depth and elastic recovery after scratch test.

Fig. 5. Overview of dental implant manufacture from CAD/CAM design, sintered cylindrical
preform to final micromachined dental implant, and surface modification of the apical zone of the
dental implant.

4 Conclusion

The results corroborate and reaffirm Powder Metallurgy as an important method for the
manufacture of devices for bone replacements using c.p. Ti. The design and manufac-
turing process used to obtain the dental implant is feasible. The volumetric porosity and
pore size range obtained are consistent with the design. The dimensions of the sintered
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preform ensure successful machining. Hardness tests demonstrate a reduction in the
Young’s modulus of the device, which would promote osseointegration. The chemical
treatment carried out in the apical area increases the roughness of the surface, potentially
improving successful osseointegration of the implant.
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