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Abstract
Titanium and its alloys have become increasingly important in the dental and orthopedic fields due to its good machinability, 
high yield strength, good ductility, excellent corrosion resistance, and superior biocompatibility compared to other materials. 
However, an inherent drawback of using pure titanium and its alloys as implant material is the significant mismatch between 
the moduli of bone and titanium, resulting in the stress shielding effect, fibrous tissue ingrowth, and bone resorption, and 
therefore reducing the lifespan of the implant. Porous titanium is thus a suitable candidate as implant material due to its 
ability to be manufactured to a specific Young’s modulus—typically that of bone. Porous titanium has the unique advantage 
of allowing bone tissue ingrowth into the open space of the implants, thereby accelerating the osseointegration process. 
The human body as well as the oral cavity is a highly complex environment in which the simultaneous interaction between 
wear and corrosion, namely tribocorrosion, takes place. Thus, understanding these interactions is of great interest in order 
to characterize the degradation mechanisms of porous titanium materials used as implants. This paper reviews the state-of-
the-art of porous titanium as a viable biomedical implant material. A significant part of this paper is focused on how porous 
titanium is manufactured and how its parameters are controlled. The following sections focus on the corrosion, wear, and 
tribocorrosion aspects of porous titanium implant materials. Finally, this review also determines the current limitations in 
the field and provides future directions in this field.
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1  Introduction

In recent years, titanium and its alloys have become increas-
ingly important and widely used in the dental and orthopedic 
fields due to its high yield strength, good ductility, excellent 
corrosion resistance, and superior biocompatibility com-
pared to other materials [1–3]. Musculoskeletal disorders 
are one of the most significant health problems facing the 
world today, with an estimated cost $254 billion to soci-
ety each year, and has been increasing over the past decade 
[4, 5]. Due to improvements in surgical techniques and the 
development in more intelligent assistive technologies, there 
has been a significant increase in the demand for prostheses, 
orthopedic implants, and dental implants. Examples of hip 
and knee biomedical implants are shown in Fig. 1. Over 
the past few decades, dental implants have come to be a 

significant part of rehabilitation in oral cavity due to tooth 
loss or disease. Further, it has been predicted that over one 
million implants will be used per year [6]. In the field of 
dentistry, survival rates of dental implants exceeded 94% in 
the first 10 years, indicating their relative success [7]. How-
ever, it has been seen that every fifth dental implant placed 
develops peri-implantitis in the initial stages of placement 
[1, 4–6]. The proportion of peri-implant mucositis ranged 
from 19 to 65% and peri-implantitis ranged from 1 to 47%, 
respectively [8, 9]. This shows that there is significant risk of 
acquiring these conditions, especially earlier in the implanta-
tion stage. Figure 2 shows the various causes of failure for 
biomedical implants and when a replacement or revision sur-
gery is needed. The two most important aspects to consider 
when choosing implant materials are the relative biocompat-
ibility and its corrosion resistance in the body. Titanium has 
been a promising material for biological implants due to its 
superior biocompatibility and high corrosion resistance in 
the body. A major issue facing the use of titanium implants, 
however, is the significant difference between the Young’s 
modulus of titanium (110 GPa) and bone (10–30 GPa) [5–7]. 
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This difference in modulus leads to an inefficient transfer 
of load between the implant and supporting bone, which is 
typically known as the stress shielding effect. This phenom-
enon causes bone resorption, or loss of bone density of the 
supporting bone due to inadequate loading, which can lead 
to higher rates of bone fracture and implant failure [10].

It has been hypothesized that the application of implant 
materials with porous microstructures can significantly 
reduce the stress shielding effect, improve overall bone 

implant osseointegration by allowing bone ingrowth, and is 
currently an active area of research [3, 12, 13]. Though there 
is research devoted to development special titanium alloys 
with lower moduli, a porous microstructure allows the pos-
sibility of bone tissue ingrowth within the structure along 
with the transport of essential body fluids, which makes it 
an attractive alternative [1, 2, 14, 15]. Titanium is highly 
biocompatible; however, it cannot form a direct bond with 
surrounding bone to allow for new bone formation which 

Fig. 1   Total hip and knee 
replacement implants [11]

Fig. 2   Causes for revision or 
replacement surgery due to 
implant failure, adapted from 
Geetha et al. [11]



Journal of Bio- and Tribo-Corrosion (2019) 5:3	

1 3

Page 3 of 16  3

helps the fixation of the implant to the bone. If the implant 
fails to fixate to the surrounding bone, implant failure can 
occur in the early stages, and this is particularly common 
for patient groups with diseases like chronic inflammation, 
diabetes, and osteoporosis among many others [16, 17].

The human body is a highly dynamic environment where 
conditions are never constant. This means that whatever 
implant material is used is required to be highly stable 
against these dynamic conditions. Between the bone and 
implant, there is relative cyclic motion causing wear and 
wear debris to be formed. Additionally, these materials and 
structures are surrounded by corrosive body fluids, leading 
way to a wear–corrosion synergism interaction [18, 19]. This 
synergistic interaction between tribology and corrosion, or 
tribocorrosion, causes deterioration of surfaces of the mate-
rials involved. It is known that these simultaneous actions 
of both wear and corrosion cause a significantly higher total 
material loss as compared to the interaction of each indi-
vidual mechanism without the other [20].

There exists various surface modification and coating 
technologies which can be utilized to improve the proper-
ties of implant materials. One such technique that is actively 
studied is the anodic surface treatment, which can lead to 
better wear, corrosion, and tribocorrosion resistance, and 
the formation of a porous microstructure on the surface 
of the material. This results in a better biological interac-
tion between the implant and surrounding structure due to 
the controllability of the surface topography and porosity 
[20–22]. Another method by which these materials can be 
modified is by using powder metallurgy to manipulate the 
concentration of porosities and will be further discussed in 
this paper.

As of 2018, there are many studies on the mechanical 
behavior of porous titanium; however, studies on the wear 
and corrosion behavior separately are relatively unknown. 
Furthermore, studies on the synergism between wear and 
corrosion of porous titanium and titanium alloys are limited. 
In this review paper, wear, corrosion, and tribocorrosion 
behaviors of porous titanium and titanium alloys used for 

biomedical applications are discussed. An attempt is made to 
describe the commonly used methods by which these materi-
als are manufactured and how the processing and material 
parameters are accurately controlled. Additionally, some 
specific applications of porous implants within the body and 
the specific interaction between the body and the implant 
material are discussed.

2 � Materials

In the field of orthopedic and dental implants, the amount 
of materials that can be utilized are highly limited. The 
implant must have superior biocompatibility properties, high 
strength and fatigue resistance, phenomenal corrosion resist-
ance, and longevity in the human body. Thus, only very spe-
cific metals and alloys are used. This includes 316L stainless 
steel (316L SS) [23–25], titanium and its alloys [23, 26, 27], 
cobalt-based (Co–Cr) alloys [23, 28, 29], magnesium alloys 
with surface coatings [30–32], and tantalum [23, 33, 34]. 
Table 1 shows the commonly used materials approved by 
the United States Food and Drugs Administration for use as 
biomedical implants and their primary applications.

These materials are commonly utilized for their excel-
lent biocompatibility and corrosion resistance proper-
ties, as well as their ability to reduce the stress shielding 
effect due to their comparable modulus to bone. However, 
these materials have a modulus in the range from approxi-
mately 86–220 GPa [23–29], and so there is still a signifi-
cant mechanical mismatch between implant material and 
surrounding bone. This problem gives rise to the use and 
implementation of porous materials or materials with vari-
ous surface modifications, which can allow interlocking 
between the implant and surrounding bone. With the use of a 
3-dimensional open-pore structure within the implant, tissue 
ingrowth can be supported and has seen success in various 
animal testing [35]. It is possible to accurately control the 
mechanical properties of the implants by closely monitoring 
and controlling the pore parameters, such as pore volume, 

Table 1   Commonly used implant materials and their applications as biomedical implants

Materials Applications References

Stainless steels Orthopaedic implants, dental implants, orthodontic wires, screws, plates, hip nails, rovascular implants, mono-
bloc hip stems

[23–25]

Co-based alloys Orthodontic wire leads, femoral stems, bearing surface implant, load-bearing implants, bone implant applica-
tions, total joint replacements, total hip implants, removable partial dentures, vascular stents

[23, 26, 27]

Ti-based alloys Dental implants, orthodontic wire leads, total hip replacements, heart valve parts, vascular stents, bone substitu-
tion implants, skeletal prostheses

[23, 28, 29]

Mg alloys with 
surface coat-
ings

Biodegradable orthopedic implants [30–32]

Ta-based alloys Wire structures for plastic and neurosurgery [23, 33, 34]
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density, interconnectedness, and pore size. This can allow 
the stress shielding effect to be reduced by allowing transfer 
of stress from the implant to the bone, while also providing 
space for bone attachment and proliferation into the implant 
allowing for transfer of body fluids [35]. The common types 
of fabrication methods employed in manufacturing porous 
materials and implants are discussed in Sect. 3.

The selection of metals in biological systems is signif-
icant due to the human being a highly complex environ-
ment. Metals in the biological systems may experience ion 
release, corrosion, and wear over prolonged use. Thus, the 
biocompatibility of these materials, as defined by their car-
cinogenicity and toxicity, must be considered to decrease the 
rate of failure [36]. Over the past few decades, titanium and 
its alloys have become a gold industrial standard from which 
orthopedic and dental implants are manufactured. It is well 
known that aluminum and vanadium may cause biological 
issues such as scar tissue formation and sterile abscess; how-
ever, materials such as titanium, zirconium, tantalum, and 
niobium show excellent biocompatibility [36]. Furthermore, 
recent studies show that β-stabilizing elements can further 
improve its biocompatibility while providing an overall 
lower elastic modulus. These β-type titanium alloys consist 
of elements mentioned above such as zirconium, tantalum, 
molybdenum, and niobium. A few such examples of these 
alloys include Ti13Nb13Zr [37], which was found to have 
a modulus of 79 GPa, Ti29Nb13Ta4.6Zr [38], and Ti35N-
b5Ta7Zr [39], both of which were found to have moduli in 
the range of 55–65 GPa. Even though these new β-alloys 
have excellent biocompatibility and better moduli compared 
to that of bone, the modulus is still approximately double 
that of bone, indicating that there is still risk of poor osseoin-
tegration and bone resorption. Further, these solid titanium 
materials still do not allow for the possibilities of bone tissue 
ingrowth [40]. However, porous versions of these β-alloys 
have potential as biomedical implants. Liu et al. [41] pre-
pared porous a β-type Ti24Nb4Zr8Sn using electron beam 
melting and was able to achieve moduli around 0.95 GPa 
with 75% porosity. Thus, porous β-alloys can be a potential 
candidate for biomedical implants and is currently an active 
area of study.

When developing new porous materials, especially ones 
that will become load-bearing, an important consideration to 
make is how the mechanical strength and fatigue properties 
are changed [42]. This gives rise to development of tech-
niques that can both address and manipulate these param-
eters to obtain the desired characteristics for a biomedical 
application. There have been some prior studies to create 
structures that can match the modulus of cortical bone; how-
ever, these studies did not consider the relationship between 
processing parameters and the effect of porosity on the 
mechanical properties [4, 43]. Presently, several methods are 
used to produce porous titanium. They are listed as follows: 

powder sintering, hollow powder sintering, pore formation 
via gas expansion or addition of solid space holder, sintering 
of powders on scaffold, reactive sintering/densification of 
powders in the presence of gas, entrapped gas techniques, 
and additive manufacturing methods such as electron beam 
melting. When employed, these techniques allow for pro-
cessing of porous titanium materials, and based on their 
application, porous structures with varying pore shape, size, 
and distribution can be obtained. Figure 3 shows many of 
these processing methods and how the porous structure is 
formed.

Fig. 3   Development of porous structure using—a powder sintering, b 
hollow powder sintering, c secondary pore formation via gas expan-
sion methods or by space holder technique, d powder sintering using 
fugitive scaffold, e expansion of trapped gas bubbles [44]
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3 � Processing Methods

3.1 � Powder Sintering Methods

Powder sintering is the simplest of methods by which 
porous materials can be manufactured. The equipment 
requirement is minimal, and the processes typically only 
have one or two steps. A major drawback of this method 
is that the pore size and volume are dependent on powder 
size, shape, and the compaction pressure applied.

3.1.1 � Uniform Powder Sintering

The simplest technique by which porous titanium can be 
processed is based on partial sintering of titanium pow-
ders. Cirincione et al. [45] sintered loose Ti–6Al–4V pow-
ders at 1000 °C from 0.5 to 24 h, where porosities ranging 
from 41 and 55% were achieved. The highest compressive 
strength of 55 MPa was found in samples containing 49% 
porosity, and the strength of the samples was attributed to 
the formation of necks between powder particles. Uniax-
ial pressing can be employed to accelerate the kinetics of 
densification of unalloyed titanium samples. Schuch et al. 
[46] and Taylor et al. [47] investigated the behavior of hot 
pressing titanium powder above and below its allotropic 
temperature of approximately 882 °C, which resulted in 
a porosity ranging between 5 and 35%. Oh et al. [48, 49] 
achieved 5–37% porosity in spherical unalloyed titanium 
powders that were sintered with and without applied 
pressure. It was observed that compressive yield strength 
and Young’s modulus decreased linearly with increasing 
porosity. The stiffness of the porous titanium samples was 
found to be nearly that of human bone (20 GPa) at around 
30% porosity. In another study, Oh et al. [50] achieved 
a gradient in porosity in unalloyed titanium powders by 
using layer of titanium powders with varying particle 
sizes, which were sintered both with and without applied 
stress. Ricceri and Matteazzi et al. [51] used cold isostatic 
pressing and sintering of Ti–6Al–4V powder to obtain 
samples with 26% porosity. Furthermore, they eliminated 
the closed pores without affecting the open pores using 
containerless hot isostatic pressing. Spark plasma sintering 
is another method by with sintering time can be decreased 
[52]. Porosities of 30% were achieved using this method 
at temperatures ranging from 560 to 700 °C and the sin-
tering times ranged from 3 to 20 min. The mechanical 
properties of the spark plasma sintered samples were fur-
ther improved by annealing at 1000 °C. Porosities ranging 
from 35 and 60% were reported by Thieme et al. [53] for 
sintered titanium powders. The bending strengths of these 
samples were found to be between 5 and 190 MPa and 

Young’s modulus from 5 to 80 GPa. It was demonstrated 
that adding 1.5 wt% silicon to the titanium powders accel-
erated the sintering of coarse powder with no measurable 
effects on the bulk strength of the titanium foams after 
processing. Further, graded porous titanium samples were 
produced by stacking various powder layers with differ-
ences in particle size and silicon content. The pore volume 
fraction varied from 22 to 45% and the pore size varied 
from 48 to 200 µm.

One of the main limitations of the powder sintering 
method is that the pore size and shape are limited to the 
available titanium powder size and shape. A maximum 
porosity of 50% was found for spherical powders with pores 
being highly non-spherical. To overcome the problem of 
low pore fraction, one of the solutions is to use titanium 
wires. Murray and Semple [54] demonstrated that a crimpled 
130 µm diameter wire sintered around 1600 °C resulted in 
a titanium foam with an open-cell structure with porosity 
from 45 to 50%. A higher pore volume could have been 
achieved using this method simply by reducing the sinter-
ing temperature. The porosity is a result of the inner space 
of the powders as well as the space between powders due 
to partial sintering. Sypeck et al. [55] used this method to 
sinter 0.5–1.4 mm diameter hollow Ti–6Al–4V spheres for 
24 h, resulting in a foam with 73% porosity. However, a 
low compressive strength of 6.2 MPa and weak bonding 
was observed between the spheres due to their inherently 
large size.

3.1.2 � Non‑uniform Powder Sintering with Gaseous Blowing 
Agent

Another method by which porous materials can be processed 
is via a gaseous blowing agent. Using this method, large, 
secondary pores are created using a gas within a preform 
of titanium powders containing small, primary pores. The 
primary pores are a result of the actual spacing between each 
titanium particle. The primary pores are eliminated upon 
sintering of the samples, and the secondary pores remain 
unchanged (shown in Fig. 3c). One of the main advantages 
of this method is that volume fraction and shape of the pores 
can be controlled regardless of the characteristics of the tita-
nium powder. However, the secondary pores are much larger 
when compared to the titanium powders, and as a result, 
contamination from the binder and titanium powders results 
in residual primary pores due to incomplete sintering. Fur-
thermore, uniaxial pressing cannot be used because it would 
result in collapse of the secondary pores, and as a result, 
the mechanical properties are typically much weaker than 
pressed samples. Jee et al. [56] was able to obtain metallic 
titanium foams with 90–95% porosity using a CO2-based 
blowing agent to create secondary pores; however, the sub-
sequent sintering was only partially successful because of 
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the ash residues from the resin. Hurysz et al. [57] combined 
the hollow-sphere and gas-blowing processes and obtained 
hollow titanium spheres. Upon thermal treatment and sinter-
ing, a density over 96% was achieved for the titanium pow-
ders in the sphere walls. The spheres had a diameter ranging 
from 1 to 6 mm and a wall thickness of 0.1 mm.

3.1.3 � Non‑uniform Powder Sintering Using Solid Space 
Holder

Other commonly used method by which large secondary 
pores can be introduced into a titanium powder preform is 
to use a space holder. The pore forming agents offer unique 
properties such as high and low melting points, water-
solubility, low-cost, and non-toxicity, making them easily 
removable during the sintering-dissolution process. When 
manufacturing porous titanium samples using a space holder 
technique, pure or alloyed titanium powders are combined 
in a mixing process with NaCl, ammonium hydrogen car-
bonate, or another polymetric material for a certain amount 
of time [42]. The powder and space holder mixture is then 
pressed and thus has enough strength to prevent collapse 
when the space holder is removed and sintered. Aşık and Bor 
[58] used the space holder technique with spherical magne-
sium powders mixed with Ti–6Al–4V powders. The mag-
nesium space was then vaporized, and subsequent sintering 
resulted in samples with porosities ranging from 51 to 65%. 
As magnesium has a much lower melting point than tita-
nium, it vaporizes without reacting with the titanium pow-
ders. In a similar study, Wheeler et al. [59] created porous 
Ti and Ti–6Al–4V samples by using magnesium powder as 
space holder. The space holder was evaporated at 1000 °C, 
and the samples were sintered at 1400 °C. The resulting 
samples had porosity ranging from 25 to 82%, Young’s 
moduli and yield strengths ranging from 3 to 9 GPa and 15 
to 607 MPa, respectively. Kostornov et al. [60, 61] sintered 
a mixture of titanium powder with copper and a wax space 
holder, stearin. This combination produced a transient liquid 
phase during sintering and produced foams with porosity 
from 25 to 70%. In a similar study, Bram et al. [62] used 
urea as a space holder in making titanium foams. The urea 
was removed at 200 °C, and subsequent sintering at 1400 °C 
resulted in porosity ranging from 60 to 77% and pore size 
from 0.1 to 2.4 mm. The pore size was dependent on the urea 
particle size. A yield stress of 10 and 100 MPa was observed 
for the samples with 77 and 60% porosity, respectively. Wen 
et al. [12] obtained a porosity of 78% in titanium samples 
using ammonium hydrogen carbonate as space holder. The 
space holder was decomposed at 200 °C, and the resulting 
titanium was sintered at 1200 °C for 2 h. The resulting foam 
was found to have a Young’s modulus of 5.3 GPa and com-
pressive strength of 35 MPa. These moduli and compressive 
strength were found to be close to that of human cancellous 

bone, which ranges from 10 to 40 GPa and 3 to 20 MPa, 
respectively. Rausch et al. [63] obtained titanium foams 
ranging from 55 to 80% porosity using polymer granules 
as space holder. The space holder was chemically removed 
at 130 °C and subsequently sintered at 1100–1250 °C. The 
foams had a Young’s modulus ranging from 0.3 to 16 GPa 
and a tensile strength from 1.5 to 30 MPa. Zhao et al. [64] 
fabricated NiTi alloys having a porosity of approximately 
90% using NaCl particles as space holder. It was observed 
that porosity increased linearly with increasing volume per-
centage of NaCl particles under the same temperature and 
time conditions. Jakubowicz et al. [65] studied porous tita-
nium structures in the range from 50 to 70% porosity using 
spherical and polyhedral-shaped C12H22O11. Their findings 
showed that spherical-shaped space holder particles mixed 
with 100 mesh Ti powders showed improved sintering when 
compared to polyhedral-shaped space holder particles mixed 
with 325 mesh Ti powders. Andersen et al. [66] coated 
Styrofoam spheres with titanium powder and binder. The 
polymer was removed by heat treatment, and the spheres 
were then sintered. The resulting hollow titanium spheres 
had a diameter of 4 mm and 0.125 mm wall thickness. This 
method, however, results in contamination of the titanium 
during processing, so it is not typically used to create any 
type of foams.

3.1.4 � Powder Sintering Using Fugitive Scaffold

In the previous technique mentioned above [66], a polymer 
scaffold, which acts as a fugitive space holder, is repeatedly 
coated with titanium powder and binder. Upon removal of 
the scaffold and binder, and subsequent sintering, an open-
cell structure with hollow titanium struts is produced. This 
method was first demonstrated by Kupp et al. [67]. Applica-
tion of this method results in three types of pores: primary 
porosity within the struts due to initial powder particle size, 
secondary porosity as a result of the previously occupied 
scaffold, and open tertiary porosity between the struts. 
A porosity 88% was obtained by Li et al. [68] using this 
process with Ti–6Al–4V powders and polyurethane elas-
tomeric scaffold foams. The resulting foams had a compres-
sive strength of 10 MPa. It was later observed that a second 
application of powder slurry following the initial sintering 
and re-sintering with the second layer resulted in increased 
compressive strength of 36 MPa and density of 80%, due to 
removal of flaws from the titanium struts [69].

3.2 � Gas Expansion Processing Methods

The sintering processes mentioned above do not allow 
for easy control of pore characteristics such as pore 
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connectivity, size, and volume. These parameters are pre-
determined by the original primary and secondary pores in 
the powder preform. In gas expansion processing methods, 
superplastic expansion and creep result in pore param-
eters being independent of the original powder size and 
shape. As a result, however, this processing method is 
more complex and requires more specialized equipment, 
and the resulting foams rarely have a pore volume fraction 
exceeding 50%.

3.2.1 � Creep and Superplastic Expansion Processes

Porous titanium processing using solid-state expansion 
of pressurized pores was first explored by Kearns and 
Blenkinsop [70]. It is a process in which powders are 
packed into a canister that is subsequently evacuated and 
then filled with argon gas. Hot isostatic pressing is then 
used to densify the powders; since argon does not react 
with titanium, it is entrapped in the titanium matrix in 
the form of high-pressure, micron-sized argon bubbles. 
Upon cooling and removal of the canister, the titanium 
billet undergoes a heat treatment process. Expansion of 
the gases is possible due to the reduced strength of the 
titanium matrix upon heat treatment. It was observed that 
increasing the foaming temperature or back fill pressure of 
the argon allowed controllability of the porosity within the 
foam due to the reduction in creep strength of matrix. A 
porosity of 30% was achieved at a temperature of 1240 °C 
and 0.1 atm backfill pressure. Furthermore, it was found 
that hot-working the titanium billets before heat treatment 
resulted in elongation of the pores, leading to anisotropic 
expansion upon heat treatment. Dunand and Teisen and 
Davis et al. [71, 72] used a similar process on commer-
cially pure titanium powders and obtained a porosity of 
22–26%. A Young’s modulus of 60 GPa and yield stress 
of 200 MPa were observed for these samples.

The creep expansion process has relatively slow kinet-
ics due to low deformation rates exhibited by titanium, 
and the resulting foam does not have a high volume of 
porosity due to merging of pores with each other, lead-
ing to escape of the foaming gas. Induced superplasticity, 
however, allows for faster foaming rates and higher tensile 
ductilities. Duand and Teisen [71] were the first to manu-
facture commercially pure Ti and Ti–6Al–4V powders 
using transformation superplasticity, which was achieved 
by thermally cycling the material powders around its 
allotropic transformation temperatures. Davis et al. [72] 
applied a uniaxial stress during the titanium foaming pro-
cess. Though this did not have any effects on the overall 
porosity, the pores were elongated in the direction of the 
applied stress. A porosity of 41% was achieved with a 

Young’s modulus of 39 GPa and a yield stress of approxi-
mately 120 MPa.

3.3 � Additive Manufacturing Method using Electron 
Beam Melting

Additive manufacturing methods have significantly become 
more affordable in recent decades and have become an excit-
ing area of study for the fabrication of porous titanium mate-
rials for biomedical applications. In the additive manufac-
turing process, complex parts and shapes are manufactured 
using computer aided design in a layer-by-layer process. 
Porous metals with a predefined internal and external archi-
tecture can be fabricated.

Electron beam melting (EBM) is a manufacturing pro-
cess by which metal powders can be melted in a layer-
by-layer fashion with an electron beam. Metallurgical 
bonding between each of the resulting layers makes it 
possible to fabricate a complete part. The EBM process 
requires a vacuum chamber in order to ensure the beam 
has a resistance-free path so that the metal powders do 
not react with the atmosphere. The electron beam is 
generated using a tungsten filament, such as in a typi-
cal scanning electron microscope. Upon exciting the 
electrons in the filament, two magnetic fields organize 
the electron beam in the proper shape and direction and 
metal melting takes place. The metal particles are fused 
together due to the transfer of kinetic energy from the 
electrons into thermal energy. Parthasarathy et al. [73] 
fabricated Ti–6Al–4V samples with porosities ranging 
from approximately 50–70%, with pore sizes from 765 to 
1960 µm, respectively. Further, the compressive stress of 
these samples varied from 7.28 to 163.02 GPa for the 50 
and 70% porosities, respectively; shown in Fig. 4 are the 
resulting stress–strain curves. The samples were found 
to have a Young’s modulus from 0.57 to 2.92 GPa and a 
compressive strength of 7.3 to 163 MPa. Heinl et al. [74] 
was able to use electron beam melting method to fabricate 

Fig. 4   Stress–strain curves for the porous titanium samples with 
50.75%, 60.41%, and 70.32% porosity values [73]
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porous Ti–6Al–4V structures with varying geometries, 
which yielded porosities of 80.5% for the diamond shape, 
and porosities of 61.3% for the hatched shape. Figure 5 
shows each of the two geometries that were fabricated, 
along with its SEM micrographs. These results show that 
elastic behavior of these materials can be manipulated 
according to patient needs. Further, these implants could 
be custom-made for each patient.

4 � Degradation Processes

4.1 � Corrosion of Porous Titanium Materials

Corrosion is the result of an electrochemical change 
due to the simultaneous oxidation and reduction that 
results in metallic oxides, hydroxides, or sulfides. This 

Fig. 5   Ti–6Al–4V diamond and hatched geometries produced using EBM and their resulting SEM micrographs [74]
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is typically an undesirable trait; however, materials like 
aluminum and titanium form a protective oxide layer or 
passive layer that can be advantageous because of the 
electrochemical change. Shown in Fig. 6 are the types of 
corrosion that a typical dental implant is subject to [75]. 
Titanium is known for its highly unreactive passive layer 
forming characteristics. In air or an aqueous environment, 
titanium forms a stable oxide layer that ranges from 1 to 
5 nm in thickness. This is an excellent characteristic that 
allows titanium to perform better than almost all other 
biocompatible materials when used as an implant mate-
rial. However, despite these excellent corrosion resistance 
properties of solid titanium, porous materials behave dif-
ferently when implemented in these environments. Seah 
et al. [76] studied the passivation behavior of solid tita-
nium and porous titanium. It was observed that pore mor-
phology, whether isolated or interconnected, plays a sig-
nificant role in the overall performance of the material. 
Furthermore, the authors found that higher compaction 
pressure on the green pellets prior to sintering played a 
large role in determining the overall pore density along 
with electrochemical potential. A 623 mV drop in potential 
as the compaction pressure was varied from 5 to 18 tons 
was observed, resulting from pores being interconnected 
in the low-pressure case and isolated in the high-pressure 
case. The authors suggested that electrolyte species were 
being trapped in the isolated pores, resulting in a lack of 
oxygen supply, and thus poor maintenance of the titanium 
oxide layer. In the case of interconnected pores, however, 

it was suggested that the free flow of electrolyte within 
the structure allowed replacement of oxygen, thereby 
allowing passive layer formation. Fojt et al. [77] observed 
similar behavior in Ti39Nb alloy processed using a similar 
method, with porosities ranging from 0 to 33%, finding 
that samples of up to 15% porosity exhibited corrosion 
behavior akin to that of dense samples. Samples with pore 
densities higher than 15% exhibited localized corrosion 
behavior. Furthermore, repassivation of the samples did 

Fig. 6   Possible types of corrosion in dental implants [75]

Fig. 7   Potentiodynamic polarization curves of titanium with varying 
levels of porosity [78]
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not occur at 33% porosity, but did for the samples at 24% 
porosity, indicating a higher corrosion process. Similarly, 
Alves et al. [78] studied the corrosion behavior of titanium 
having 30 and 50% nominal porosity. Potentiodynamic 
polarization and electrochemical impedance spectroscopy 
revealed a less stable oxide layer in samples with increased 
porosity, which was attributed to the interconnectivity and 
complexity of the pores, resulting in a less protective oxide 
layer and higher corrosion current values. Figure 7 shows 
the potentiodynamic polarization curves of pure titanium, 
titanium with 22 and 37% porosity. There lacks a well-
defined passive region in the porous samples as compared 
to the dense sample. This can likely be attributed to the 
inconsistencies of the oxide film formed in the inner sur-
faces of the innermost pores due to heterogeneities in the 
overall structure. A higher current density was observed 
on the porous samples likely due to improper or incom-
plete penetration of the electrolyte through the inner pores 
of the samples.

Li et al. [79] investigated the implant potential of NiTi 
shape memory alloy (SMA) and found that pore density 
and pore morphology played a significant role in the cor-
rosion process. The researchers observed a breakdown of 
the oxide layer and pitting at low anodic potentials in the 
porous samples. As in previous studies mentioned above, 
the corrosion properties of solid NiTi were superior to those 
of porous samples. However, Stergioudi et al. [6] observed 
increased corrosion resistance in NiTi samples with 18% 
porosity from 7% porosity contrary to previous research 
works. It was found that increase in compaction pressure, 
and thus lower porosity, increased the corrosion current den-
sity. This variation from previous works was associated with 
the pore morphology of the 7% porous NiTi. Microstructure 
observations revealed that pores are sharper, smaller, and 
closer together in the 7% porous sample, thereby promot-
ing exhaustion of oxygen supply by trapping of electrolyte 
species. Furthermore, it was observed that pore morphol-
ogy changes to smoother and wider pores that allowed the 
free flow of electrolyte species, thus promoting oxide film 
formation.

4.2 � Wear of Porous Titanium Materials

The human body has been found to have remarkable tribo-
logical characteristics. The intrinsic properties of articular 
cartilage combined with synovial fluid create highly opti-
mized lubrication conditions for bones and joints [80]. As 
people age, however, these properties are degraded, leading 
to a degeneration of bones, joints, and surrounding fluids. 
When the natural joint can no longer perform adequately, 
surgical intervention may be necessary to alleviate pain and 
discomfort [80]. When considering implant materials, their 
degradation over time must be considered to ensure that the 

materials in use do not fail before the intended time. One 
important aspect to consider, and especially when deter-
mining the feasibility of porous implant materials, is their 
wear and tribological properties under varying loading and 
boundary conditions.

Wu et  al. [81] studied the wear behavior of 18 and 
36 vol% porous NiTi samples. The wear test experiments 
revealed that the sample with 36 vol% porosity exhibited 
a higher wear resistance than the 18 vol% sample. Simi-
larly, the coefficient of friction of the 36 vol% sample was 
also found to be lower than the 18 vol% sample. Wear scar 
analysis revealed that these surprising results were due to 
wear debris filling in the pores and providing a mechanism 
by which the counter-body could roll over the surface. Simi-
larly, Salahinejad et al. [82] found that AISI 316L stainless 
steel exhibited similar behavior in the wear mechanisms of 
porous samples as compared to dense samples.

Liu et al. [83] studied the friction and wear properties of 
pure porous titanium using tungsten carbide as the counter 
material. Though this study was focused on metal machin-
ing applications, the observed results of the behavior of 
titanium can be applied toward biomedical implants. The 
authors investigated two sets of titanium samples using the 

Fig. 8   Pin-on-disk tester used by Liu et al. [83]

Fig. 9   Wear rates of pure titanium with 24–26 and 38–42% porosity 
[83]
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sintering method with 24 and 38% porosity. A pin-on-disk 
tester, shown in Fig. 8, was used to do the tribological test-
ing under different loading conditions. The results of the 
wear and friction tests are shown in Fig. 9. On comparing 
the specimens of different porosity, it was observed that the 
wear rate decreased as the porosity increased, resulting in a 
reduction of the wear resistance of the material. It is known 
that as the porosity of a material increases, its modulus and 
other mechanical properties are typically reduced. Further, 
an increase in the overall porosity of the materials leads to an 
increase in the fracture phenomenon and thus a higher accu-
mulation of wear debris. The wear mechanisms of porous 
titanium at room temperature were attributed to abrasive and 
slight oxidative wear.

Prabu et al. [84] made a steel-titanium alloy with den-
sities of 85, 90, and 95% using powder sintering meth-
ods. These samples thus had porosities of 15, 10, and 5%, 
respectively, as the density increased. A pin-on-disk tester at 
varying loading conditions was used to determine the wear 
behavior of each of the samples. During wear testing, the 
samples with < 10% porosity were found to have its pores 
filled with wear debris, thereby enhancing wear resistance 

and increasing the real contact area. The opposite behavior 
was observed in samples with > 10% porosity. The mass loss 
increased as the porosity and load increased due to thermal 
softening of the material and delamination wear at higher 
loads. From these limited studies that does not consider bio-
logical conditions, but simply similar materials, porosity has 
a significant influence on the wear rates of titanium materi-
als. From these results, it can be inferred that more testing 
in required in the wear of porous titanium materials to have 
a thorough model to optimize material porosities based on 
the loading conditions that the implants will be subjected to.

4.3 � Tribocorrosion of Porous Titanium Materials

To date, studies related to the wear–corrosion synergism, or 
tribocorrosion, of porous titanium materials are severely lim-
ited. These investigations have been limited to a few research 
groups, and it is only recently that the wear–corrosion syn-
ergism of porous materials have gained traction. Toptan 
et al. [1] has given one of the first insights of the tribocor-
rosion behavior of highly porous titanium. The research-
ers produced the samples via powder metallurgy using the 

Fig. 10   Microtomographic reconstructions of titanium samples at a 22% porosity and b 37 porosity [1]

Fig. 11   Tribocorrosion test 
setup [1]
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space holder technique with urea as the space holder. 30 and 
50 vol% urea were blended with grade 2 titanium powders 
and pressed uniaxially at 350 MPa. The resulting pellets 
were then heated to 450 °C to evaporate the space holder 
followed by sintered at 1100 °C under vacuum for 3 h. The 
titanium samples were found to have a porosity of 22 and 
37% using three-dimensional microtomographic reconstruc-
tions, as shown in Fig. 10. The samples were then anodically 
treated with β-glycerophosphate disodium salt pentahydrate 
and calcium acetate monohydrate at room temperature to 
bio-functionalize the samples. Following this, the samples 
were placed into a tribocorrosion test cell to perform tribo-
corrosion experiments, as shown in Fig. 11. Before testing, 
the samples were etched and placed in a desiccator for 24 h. 

The electrolyte used for all the tests was a 9 g/L solution of 
NaCl to simulate a biological environment.

It was found that the dense titanium samples exhibited 
higher wear than porous samples. As expected, however, the 
anodically treated samples always performed better, regard-
less of the porosity. Furthermore, the oxide layers on the 
dense and porous samples were thought to play a protective 
and lubricative role in the wear experiments. Oxide layer 
debris was found in the pores and likely reduced the overall 
wear and third-body wear. After the wear experiments, open 
circuit potential (OCP) testing was conducted in conjunc-
tion to the wear tests. Figure 12 shows the OCP curves for 
dense titanium (Ti), anodically treated dense titanium (Ti-
AT), 22% porosity titanium (Ti22), anodically treated 22% 
porosity titanium (Ti22-AT), 37% porosity titanium (Ti37), 
and anodically treated 37% porosity titanium (Ti37-AT). It 
was observed that the OCP values of both the 22% and 37% 
volume porosity samples displayed more negative corrosion 
potentials, indicating a higher tendency for corrosion. It was 
determined that differences in the formation of oxide layers 
on the pore surfaces prevented the formation of a proper 
passive layer on the porous samples. Additionally, the coun-
ter material generally slid over the anodized surfaces, thus 
resulting in reduced damage on the anodized surfaces. Once 
sliding started, there was an immediate decrease in OCP 
for all the samples. This was due to the sudden destruc-
tion of the passive or oxide layer. After sliding, however, 
all the samples were again able to achieve the initial OCP 
values, showing that all the samples, regardless of porosity, 
were able to repassivate properly. In the 37% volume poros-
ity samples, however, it was observed that the OCP values 
remained stable throughout sliding. This behavior was attrib-
uted to the accumulation of oxide debris in the pores itself, Fig. 12   Open circuit potential before, during, and after sliding on 

dense, porous, and biofunctionalized titanium samples [1]

Table 2   Tribocorrosion studies of various dense titanium alloys

Titanium alloy Tribological test Electrochemical test Solution References

Ti6Al4V Reciprocating, ball-on-plate, 
unidirectional

OCP, applied potential NaCl, Artificial saliva, artificial 
saliva + fluorides, artificial + pH 
variation

[85, 87, 88]

Ti-G2, Ti-G5, Ti6Al4V, Ti6Al4V 
ELI

Unidirectional, ball-on-plate Applied potential Phosphate buffered solution [89]

Ti29Nb13Ta4.6Zr Reciprocating, ball-on-disk OCP, applied potential Hank’s balance salt solution [90]
Cp Ti, Ti6Al4V Ball-on-disk OCP, applied potential Artificial saliva, artificial 

saliva + lipopolysaccharide
[86, 91]

Cp Ti Reciprocating, ball-on-plate OCP Modified Fusayama, modified Fusay-
ama + fluorides

[92]

Ti6Al4V ELI, Ti13Nb13Zr Block-on-disk – Simulated body fluid [93]
Ti35Nb7.2Zr5.7Ta, 

Ti35Nb7.2Zr5.7Ta0.5b, 
Ti13Nb13Zr0.5B, Ti13Nb13Zr

Pin-on-disk – Hank’s, bovine serum [94–96]

Ti6Al4V Reciprocating, ball-on-plate OCP, applied poten-
tial, potential sweep

Simulated body fluid [97]
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reducing the overall third-body wear, which itself can dam-
age the oxide film.

Additional tribocorrosion studies have been done on tita-
nium and titanium alloys by Licausi et al. [85] and Mat-
thew et al. [86]; however, these studies have been limited 
to dense materials and not porous samples. Table 2 shows 
further studies that have been performed on dense titanium 
materials. However, these tests have not been conducted on 
porous samples of the same material. From these studies, 
it can be observed that the reciprocating and unidirectional 
ball-on-plate and ball-on-disk are the most common methods 
by which the tribological aspects of these materials are char-
acterized. Simultaneity, the commonly used electrochemi-
cal methods are open circuit potential and applied potential 
testing in various electrolytes that simulate the biological 
environment. These studies, however, do not simulate actual 
physical conditions that are present in the human body as 
they are all either one-dimensional or two-dimensional load-
ing conditions. In fact, biological implants are subjected 
to three-dimensional loading conditions as well as impact 
loading conditions, and these studies do not consider these 
aspects. The lack of studies and literature on the tribocorro-
sion of porous titanium material suggest that more research 
needs to be performed on the synergistic effect between wear 
and corrosion of implant materials in the human body.

5 � Future Directions

Current research suggests that there is a severe gap in the 
current knowledge regarding the degradation mechanisms of 
porous titanium and titanium alloys, especially in a biologi-
cal environment. The exact relationship between volume and 
size of porosities in relation to the wear mechanism is not 
exactly known. Similarly, contradictory results in corrosion 
testing of these types of materials show that there is still 
disagreement in current practices. Additionally, corrosion 
and tribocorrosion tests need to be performed with more 
varying levels of porosity to determine exactly how the pores 
influence corrosion properties as well as oxide layer forma-
tion. Furthermore, potentiostatic and potentiodynamic tests 
need to be conducted in conjunction with wear tests to better 
simulate the bone/implant interface. Based on the present 
understanding of the tribocorrosion mechanisms of porous 
titanium materials as biomedical implants, we suggest the 
following research directions:

–	 The relationship between pore volume and tribocorro-
sion parameters for different titanium alloys needs to be 
investigated that can help to optimize the pore parameters 
based on the alloys.

–	 Comprehensive testing of porous materials as implant 
materials that incorporate mechanical (friction, wear, 

lubrication, fatigue), chemical (corrosion, pH), and 
biological (protein, bacteria, disease) parameters are 
required to gain a full understanding of how these mate-
rials perform while in the human body.

–	 More extensive electrochemical tests during tribotesting 
such as potentiodynamic and potentiostatic polarization 
need to be carried out to predict the corrosion rate. Cor-
rosion and wear rate prediction will be advantageous to 
compute the life of implants.

–	 Additionally, there is a need for theoretical models upon 
which porous titanium structures could be manufactured 
for a given Young’s modulus, yield strength, and other 
bio-functionalization methods.

6 � Conclusions

Porous titanium material has been beneficial compared to 
dense titanium due to its ability for allowing bone tissue 
ingrowth, thereby improving osseointegration. Furthermore, 
porous titanium has a lower Young’s modulus that matches 
with the modulus of natural bone leading to decreased stress 
shielding. The manufacturing process of porous titanium 
plays a deciding role for corrosion and wear properties 
because the porous structure contains more passive materi-
als generated by tribolayer formation. Therefore, using the 
suitable process to achieve desired porosity size and den-
sity will lower the degradation by tribocorrosion. However, 
increase in porosity up to a certain limit has shown good 
mechanical and corrosion properties based on the materi-
als. Beyond this limit, materials have shown lower strength 
due to neck formation between particles and lower corrosion 
resistance due to repassivation. Porous biomaterials have 
been shown to have beneficial applications as implants and 
implant materials. Their superior biocompatibility, corrosion 
resistance, and high strength make them an attractive option 
in the medical field. Studies have shown that approximately 
6% of dental implants fail and around 20% of new implants 
are used to replace failed implants. Though small, this fail-
ure rate suggests that there needs to be better and more accu-
rate methods by which these degradation mechanisms can 
be characterized and manipulated.
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