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The use of materials for biomedical applications has become vital to enhance the quality of life
and longevity of human beings. Commercially pure titanium (cpTi) and titanium alloys are the most
adequate materials for some biomedical applications, but cpTi and the Ti-6Al-4V alloy (Ti G5) have
limitations for biomedical application due to low mechanical strength and the possibility of ion
release, respectively. In order to address this problem, commercially pure ultrafine grained titanium
(UFG Ti) obtained by severe plastic deformation (SPD) has been suggested as a promising alternative
for biomedical applications. This thermomechanical process is able to improve the strength of cpTi
and titanium alloys while keeping their excellent biocompatibility. The purpose of this review was
to compare the mechanical strength of UFG Ti, cpTi and a Ti G5 alloy. In addition, the biological
performance of UFG Ti was also evaluated by in vivo testing. Prodigious improvements were seen
in surface topography, wettability and in homogeneity of oxide layer. The overall improvements in
microstructure provided by ECAP technique coupled with surface etching resulted in a remarkable

performance of cpTi alloy for biomedical applications.
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1. Introduction

The area of human implants has undergone rapid and
dramatic developments in the recent past. This was greatly
enabled by new materials with enhanced biocompatibility.
Although implants have been used by humans since
ancient times, there were many rejection problems and it
is only recently that materials for osseointegrated implants
have been developed. Materials for this purpose are not
necessarily organic but must exhibit specific properties'.
Biocompatibility is, obviously, the most desirable property*.
In addition, corrosion resistance to body fluids as well as
mechanical strength, fatigue endurance, and toughness
are also desirable features of a biomaterial, especially for
implant applications*®. Biomaterials are usually classified,
in terms of their interaction with the body’, as biotolerant,
bioinert and bioactive.

 Biotolerant materials (e.g., stainless steel, CrCo alloy,
and polymethyl-methacrylate) release substances in
nontoxic concentrations, which may lead to the formation
of a fibrous connective tissue. Valiev® reported on
several applications for non-osseointegrated medical
devices made with biotolerant materials. Plate implants
for bone fixation and screws are the most common.

* Bioinert materials (e.g., alumina and zirconia) exhibit
minimal chemical interaction with adjacent tissue.
Afibrous capsule may be formed around such materials.

*e-mail: djfernandes@ime.eb.br

» Bioactive materials (e.g., hydroxyapatite, bioglass)
stimulate a biological response from the body, such
as bonding to a tissue, which may be soft (cartilage)
or hard (bone).

According to Hench & Jones’, there are two classes of
bioactive materials: osteoconductive and osteoproductive.
Osteoconductive materials (e.g., synthetic hydroxyapatite
and tricalcium phosphate) are able to bond to hard tissue.
Osteoproductive materials (e.g., unalloyed titanium, tantalum
and niobium) stimulate the growth of new bone onto the
surface of the biomaterial and spontaneously bind to living
bone cells, if they have been previously subjected to a surface
treatment. The osteoconductiveability can be more deeply
explored if the activation and recruitment of osteoprogenitor
cells are taken into account'’.

Gene activating materials (e.g., titanium nanotubes)
stimulate cells to express gene factors necessarys for a
specific role. The biocompatibility of the material and its
osteoinductive behavior should be addressed as results
of gene expression. The main idea of this generation of
materials is to stimulate the expression of factors instead
of just introducing them!''.

The effects of the titanium nanotubes have been described
according to the expression profiling of osteoblasts cultivated
on cpTiand nanotubes titanium disks. The quantitative
expression of the mRNA for transcriptional factors and for
bone related genes are up-regulated in primary osteoblasts
cell cultures cultivated on titanium nanotubes surface'!.
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Another way to change cell expression is related to chemical
modification of the titanium surface to produce a micro
and nanoroughness with increased wettability and surface
energy'?. Even though changes in the surface roughness
of osteoproductive materials have already been shown
to increase the overall level of cytokine gene expression
necessary for macrophage activation, it was recently
reported that chemical modification of the titanium surface
leads to additional improvements in osseointegration due
to increased hydrophilicity!'>!*. Hamlet et al.'* showed that
surface hydrophilicity decreased the gene expression of
cytokine, down-regulating factors (Ccl-2 and TNFa) related
to giant cells and to the generation of MMP9 cells. In this
way, hydrophilicity inhibits apoptosis of biomaterial adherent
macrophages and stimulates macrophage fusion. From a
clinical perspective, this process activates M2 cytokine
and thus attenuates pro-inflammatory response, facilitating
healing and osseointegration'*!“.

Therefore, metals such as cpTi, Ta and Nb can be called
bioactive’. Figure 1 shows SEM details of bone adhered to
the implant surface. In fact, cpTi is reported to be an effective
bioactive material'®. The main application of bioactive
unalloyed cpTi (ASTM grade 1 to 4) is for dental implants.
This metal is not, however, used for orthopaedic application
owing to its low mechanical strength.

This review work focuses on dental implants and in the
introduction of ultrafine grained titanium (UFG Ti), obtained
by severe plastic deformation (SPD) processing, for which
recent properties were evaluated'’. In particular, its strength
was found to match that of Ti-6Al-4V alloy, commonly used
in high strength structural implants.

2. Dental Implants

2.1. Brief history

When Brénemark'®, in the early 1960s, was studying
blood flow in bone marrow, he never thought about the
revolution that he was about to trigger. He used metallic
hollow implants (chambers) that traversed the tibia of rabbits
and enabled observation, through a glass window, of the
marrow. Upon removing these implants at the end of the
experiment in order to reuse them, he observed that some
of the implants were firmly attached to the bone and some
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even sheared off. The reader can imagine what an average
researcher would have possibly done. Most probably, use
a few strong words and have the machine shop make new
ones. That was not Branemark reaction. He realized that
some of the stainless steel implants had been replaced by
titanium, and these were the ones that were firmly bonded
to the bone. He immediately abandoned his research and,
in a stroke of genius, dedicated the next fifty years to the
study of osseointegration. The emergence of titanium
dental implants is the result of this discovery. In the United
States of America, close to one million dental implant are
implanted each year, and a majority of dentists is qualified
for the new field of implantology. In Brazil, the market of
dental implants is close to 2.0 million a year. Worldwide,
over 250 million persons lack teeth. Beyond official statistics
this number could be one billion. Moreover, it is predicted
that by 2030 more than 272,000 hip replacements will be
performed only in United States'. Hence, the potential of
this technique is virtually limitless.

2.2. Characteristics of medical alloys

Metallic alloys employed for biomedical purposes include
stainless steel, cobalt-chromium, niobium, tantalum, titanium
and exhibit several characteristics than when synergically
combined allow the metallic structure to stay for a long
lifetime in the human body.

Titanium is known in the medical field for its excellent
combination of mechanical strength (Table 1), corrosion
resistance and biocompatibility'’. Pure titanium is the material
of choice due to it good compatibility with human tissue,
although its low mechanical strength, especially under cyclic
loads, insufficient hardness and low wear resistance can lead
to implant failure®**!. The durability of medical implants is
an important concern in order to avoid repeated surgical
operations to replace implants compromised by fatigue?.

The excellent corrosion resistance, chemical inertness
and biocompatibility of titanium are ascribed to a TiO, oxide
layer. This oxide layer acts as a force field natively formed
when the material is exposed to oxygen and its thickness is
between 4 and 12 nm, depending on the characteristics of
the Ti alloy. In Figure 1, the oxide layer of UFG cpTi can
be seen as a continuous film with a thickness of about 8 nm
(Figure 2). Alloying elements, in the form of oxides, can

Table 1. Mechanical properties of cpTi, UFG Ti and Ti-6Al-4V alloy for implants applications and bone.

Types o Titanium Yield Strength Ultimate Tensile Elongation Reference

for Implants (MPa) Strength (MPa) (%)
cpTi grade 1 170 240 24
cpTi grade 2 275 345 20
cpTi grade 3 380 450 18 ASTM F 67%
cpTi grade 4 483 550 15
Ti-6Al-4V grade 5 795 860 10
UFG Ti grade 2 Estrin et al.>,
4 XH + gR (70)® 796 871 18 Handtrack et al.?!
UFG Ti grade 4 TMT + A (6h)® 1110 1250 13 Truong et al.”
UFG Ti grade 4 TMT + A (1h) + W® 1200 1430 12 Truong et al."
Bone 90-120 90-130 1-4 Saitova et al.

™ 4 passes ECAP, 300 °C warm-deformed and 70% cold-rolling. ® 4 passes ECAP, 450 °C warm-deformed, forge-drawing plus 350 °C annealing for 6h.
© 4 passes ECAP, 450 °C warm-deformed, forge-drawing plus 350 °C annealing for 1h plus 450 °C isothermal straining.
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Figure 1. SEM details of the immature bone tissue adhered to the
implant surface.

Figure 2. Native UFG cpTi oxide layer as a continuous film with
thickness of about 8nm.
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be incorporated into the layer, influencing the ability of the
film to absorb proteins®.

Rutile and anatase, the most common polymorph variants
of'titanium oxide, have a tetragonal structure, almost the same
band-gap energy (3.0 and 3.2 eV, respectively) and display
about the same biocompatibility due to the formation of
OH- groups on the surface. Rutile is more stable even at high
temperatures and has a more compact crystal structure'->2¢,
Rutile is more adequate for applications as a blood compatible
material while anatase is used for biomimetical deposits of
bonelike apatite®.

Generally, an ideal alloy for biomedical applications
should have high mechanical strength, low density, elastic
modulus lower than that of cortical bone and as similar
as possible to cancellous bone, fatigue endurance, impact
toughness, low toxicity, strong affinity to human bone, and
easy forming/processing®’.

2.3. Osseointegration

Osseointegration is defined as the ability of a material
to combine with bone tissue, enabling the replacement of
load-bearing organs in order to restore form and function.
The intimate contact between bone and implant occurs at
the cellular level and results in the firm adhesion of the
bioactive material, to the host bone?®.

The cellular interactions at the surface of c¢pTi occur
through weak forces such as van der Waals interactions
and hydrogen bridges. The binding energies of these two
mechanisms, 10 Kcal/mol and 1.1 Kcal/mol, respectively,
are different because the first arises from molecular electric
dipole interactions, while the second results from attractive
interactions between hydrogen and highly electronegatively
atoms such as nitrogen, oxygen and fluoride. Ionic and covalent
bonds (10-100 kcal/mol) are established with defects on the
surface of the material such as cations, anions and impurity
atoms®. Cellular interactions of biomedical devices begin with
blood linkage (Figure 3a), homeostasis, and fibrin blood clot.
The first cells to appear on the surface during blood contact
(adsorption), coagulation and fibrinolytic steps are ordinary
blood cells such as platelets, monocytes, polymorphonuclear
granulocytes and erythrocytes®. The interaction among
bone-like cells begins with reorganization of their cytoskeleton,
concomitant with information interchange between cells
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Figure 3. Cellular interaction after 8 weeks: (a) blood cells and (b) osteoblast attachments on surface of titanium mini implants.
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and the extracellular matrix, allowing gene activation and
specific tissue remodeling. Adhesion of osteoblasts on the
surface of the biomaterial surface is not enough to assure
integration with the host bone; intracellular signals are
necessary to modulate cell proliferation®. Different proteins
can be deposited on the material surface, as morphogenic
protein-2 or fibronectin who induce osteoblastic cell division
after adhesion®’. Fibronectin acts due to its amino acid
sequence, which is able to signaling for activation of cells
cycles, resulting in improvements of cells division®.

The surface morphology of the implant affects attachment,
proliferation, extracellular matrix synthesis, growth factor
release and cytokine production. The first events associated
with the surface involve adsorption of molecules from
the neighboring fluid, from which a signaling interface
allows different cell interactions. Topography and surface
chemistry control cell adsorption, attachment and alignment.
The attachment mechanism determines the cell shape and
this change is transmitted by the cytoskeleton to the nucleus
from where different mediators are expressed.

The surface of the biomaterial is also able to enhance the
adsorption of specific proteins that trigger the mechanisms
of osseointegration when a bioactive material like cpTi is
used as an implant.

Surface properties, such as morphology, roughness,
oxide layer thickness, impurity level and oxide type influence
implant osseointegration. The cpTi is currently widely used for
implants owing to its recognized capacity of osseointegration.
It has a surface that is covered with an oxide layer. The exact
nature of osseointegration is not well understood, but cells
have to adhere to the titanium oxide surface of the implant.
Just a few moments after contact with the physiological
environment, a large array of biomolecules, different factors
as I, 11, IgG and numerous blood plasma components and
leukocytes can be adsorbed to the implant surface®.

After surface treatment, the Ti oxide layer is mainly
composed by anatase and rutile These crystal structure of
these titanium oxides together with surface characteristics,
chemical composition and topography can influence the
absorption of molecules from body fluids like blood and
saliva. By controlling these parameters, one can optimize
bone anchoring of biomedical implants during the early
stages of osseointegration®' .

Surface wettability is a measure of the surface energy,
which is highly related to the great extension of grain
boundaries of UFG titanium?®*. Surfaces with large energy
exhibit high wettability because the solid-liquid interface
decreases the energy. In order to explain the good blood
compatibility of Ti oxide films, Shao et al.® considered
the influence of the blood-biomaterial interfacial tension
on activation of fibrinogen by an electrochemical reaction
between the protein and the titanium surface. One of the
most important parameters for blood compatibility is the
absorption of plasma proteins and this property is usually
driven by electrostatic interactions between proteins and the
surface by means of its hydrophillicity?. Another mechanism
for protein absorption by titanium oxide is its ability to
absorb calcium ions, as shown by a high adherence of plasma
proteins like prealbumin, albumin and immunoglobins®.
If a TiO, layer is present, mainly in nanocrystalline form,
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water dissociation leads to increased electronegativity which
improves the capture and neutralization of different types of
cations. Therefore, negatively charged biomolecules such as
proteins can arrive and attach to bone, producing precursors
of tissue formation®®.

Considering the Ti polymorphism, much attention is
being given to anatase due to its photocatylic activities**?’.
UV radiation is able to produce hydrophilic surfaces containing
photogenerated Ti** defect sites. The hydrophilic surface
contributes to dissociative water absorption while apatite
formation results from the abundant titanium hydroxide
groups®”. In this way, the layer is able to absorb water, forming
basic Ti-OH groups which are responsible to induce apatite
nucleation and crystallization.

In vivo and in vitro experiments show that osteoblasts
may completely and efficiently cover the cpTi surface,
as illustrated in Figure 3b. Actually, the osseointegration
mechanisms involve two main types of cells, osteoblasts
and osteoclasts. The first are related to the creation of new
bone and the second to removal of necrotic bone produced
by drilling. The spreading out and osteoblast attempt for
attachment in titanium surface can be seen in Figure 3b.

These cells are elongated along the machining groove
orientation. It is clear that the roughness, chemical composition,
energy, and wettability of the surface play an important role
in osseointegration. The acid etching and anodizing of the
surfaces have been shown to improve the strength of the
bonds®. This strength, developed at the interface between
the implant and the bone during placement (Figure 4a),
can be measured by the removal torque, using an inverse
procedure. The removal torque is an effective measure of
osseointegration and, experimentally, is usually done in
rabbits after the animal is sacrificed (Figure 4b). Removal
torque values are shown in Tables 2 and 3, in which
as-machined, acid etched and anodized cpTi implants are
compared. In Figure 4, the measured torque is near 50 N.cm
for the as-machined implant and increases to 83 N.cm for
the anodized condition®.

Figure 5 shows the typical surface of cpTi implants. The acid
etched surface, Figure 5a, displays microroughness (~1pum),
which enhances platelet activation and aggregation as well
as fibrin retention. A roughened surface plays an important
role, not only in osteoblastic attachment, cell differentiation
and matrix production, but also in the production of cytokine
and growth factor. The anodized surface, seen in Figure 5b,
shows an interesting pattern consisting of minivolcanoes
and holes that assist cell attachment. This surface contains
rutile and anatase, as previously described. Comparing
results, that both types of roughened surfaces, etched in
Figure 5a and anodized in Figure 5b, significantly enhance
bone/implant contact and new bone formation close to the
implant, as measured by the removal torque, when compared
with machined smooth surfaces?.

2.4. Performance evaluation

Dental implant osseointegration and stability is commonly
evaluated by the removal torque which is an indicative of the
secondary stability achieved after the healing period. There is
away to correlate the removal torque® -, which is an external
measurement dependent on the geometry of the implant, to
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Figure 4. Scheme of (a) implant placement and (b) removal torque measurement on miniscrews placed in tibiae of rabbits.

@

Figure 5. Surfaces of (a) acid etched and (b) anodized cp titanium.

the intrinsic shear strength of the bone/implant interface.
The shear stress t acting on the interface is proportional to
the applied torque and inversely proportional to the implant
area. The implant area can be calculated using a computer
software such a SolidWorks. Equation 1 shows the dependence
of the shear stress T on torque (T) and implant dimensions
(diameter D and area A).

2T
T=ol 6]
In order to increase the mechanical stability of the implant
during insertion and reduce the stresses in the bone/implant
interface during mastication it is strongly recommended to
keep stress below 60 N/mm? increasing, if necessary, the
implant surface®. Increasing the diameter and length of an
implant enhances bone/implant contact, but due to space
constraints and a limited amount of bone in the jaw, the
surgeon has to face severe limitations in both paramerts.
Therefore, in order to keep the load as low as possible,
implant design and thread shape are changed and a surface
treatment is carried out.

B
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Table 2. Dental implant removal torque after 8 weeks inserted in
rabbit’s tibia'.

Titanium implant Removal Torque

(N.cm)
cpTi ASTM grade 2 17.0+4.2
UFG Ti grade 2 189+1.9

Table 3. Dental cpTi implants removal torque from tibia of rabbits®.

Titanium implant Removal Torque

(N.cm)
Machined 57.0+18.6
Acid etched 754+ 10.5
Annodized 83.1+12.7

3. Design of Dental Implants

Dental implant designs are constantly altered by
manufacturers in order to attain a large bone-implant contact
area (Figure 6). There are several geometric shapes and
surface properties (morphology, roughness, wettability,
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Figure 6. Dental implants with different shapes.

oxide layer thickness, oxide type, impurity level) that can
be engineered to improve the implant performance regarding
osseointegration and reduction of stress concentration close
to the cervical area”.

Efforts to achieve a better interaction between bone and
implant include improvements of primary stability based on
the optimization of force distribution. Most dental implants
are screw-shaped, with rounded threads, because they
provide a large contact area, an adequate primary stability,
a low shear stress at the bone-implant interface a low stress
concentration®®.

Mechanical strength and stiffness are very important
factors for the long-term use of Ti and its alloys in implants
for biomedical applications>* Table 1 shows the ASTM
requirements of commercially pure Ti bars for dental implants
and the corresponding properties of Tigrade 5 (Ti-6Al-4V alloy)
as well as the different types of UFG Ti and bone.

Sometimes, the load transfer from the implant to the bone
may result in bone reabsorption and consequent loosening
of the implant. Bone remodeling caused by stress leads to
changes in bone density and geometry. The formation of
microcracks through fatigue damage may be an additional
stimulus for bone remodeling, which alternates bone resorption
and apposition*'.

Loosening of dental and orthopaedic implants happens
when the device damages the host bone faster than the bone
cells can repair. In other words, the mechanisms of bone
remodeling have not enough time to remove damaged bone
and replace it with new bone®.

According to Wolff” law, changes in the form and
function of bone results in modifications in its internal and
external architecture and is ruled by mathematical laws*+,
For analytical purposes, the bone can be split in small units
called basic multicellular units (BMUs) that replace old bone
with a new one. The best known model of a basic structure
unit is the secondary Haversian system, which is able to
turn over around .010-.013mm?® per month*.

Implant materials with low elastic moduli have better
stress distribution at the implant-bone interface and cause
less bone atrophy. A large difference between the moduli of
elasticity of the implant material and the bone can induce
stress shielding, i.e. insufficient transfer of stress to the bone.
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The mechanical strength of implants is important, but
they must also be somewhat flexible to avoid shielding
the bones from stress. To understand the stressshielding
phenomenon, it is necessary to understand that the human
body tends to reduce or eliminate their own parts when they
are not used. The muscle mass, for instance, is increased by
exercise; when we do not exercise, our muscles are gradually
lost. Stress shielding is a process that occurs when the forces
exerted on a member with a prosthesis are different from the
forces applied to a normal limb. This difference induces the
loss of bone density at the site (osteopenia), leading to bone
atrophy. A common site for stress shielding is the proximal
femoral diaphysis after placement of a femoral prosthesis.
The more tightly the stem of the prosthesis fits into the
distal medullary canal, the greater the shift of body weight
to the prosthetic stem from the proximal femoral cortex.
This causes loss of the normal remodeling forces above
the level at which the stem is fixated against the endosteal
surface of the medullary canal, resulting in osteopenia of
the proximal femoral diaphysis®. This can potentially lead
to bone loss in the long term and eventual loosening of the
device, requiring an early revision surgery*.

Besides the relation between stress-shielding and bone
resorption, other factors can interfere in the bone remodeling
process**. Humoral factors include vitamins, minerals, drugs
and hormones, while cell-biologic factors are related to
angiogenesis, apoptosis, cellular pumps, gene expression
patterns and also cytokines, growth factors and several other
ligand elements®.

Bone tissue is hierarchically organized in an anisotropic,
irregular, optimized structure divided in different levels, including
a subnanostructure composed of molecular arrangements of
minerals, type I collagen, water and non-collagenous organic
proteins. Further hierarchical stages, consist of nanostructures
composed by fibrillar collagen embedded in mineral material;
submicrostructures assembled by lamellae; microstructures
containing the Harvesian system, osteoms, single trabeculae;
and, finally, macrostructures formed by components with
different structures governed by environmental stimuli*>-$,

Morphologically, the bone macrostructure is divided into
two types: trabecular bone and compact bone. The differences
are both structural and functional, since both have the same
matrix composition. Trabecular bone, also called cancellous
or spongy bone, consists of interconnecting plates and rods
of tissue that form an interconnected, open-celled porous
structure. Compact bone also called cortical or osteonal bone,
is denser than trabecular bone. Trabecular bone is much
more active metabolically than cortical bone. Consequently,
it is remodeled more often, and thus younger, than cortical
one*’. The type of bone present at the implant site is a very
important factor for the success of dental implants.

Mish* defined four types of bone in the human jaw.
Type I bone is composed of homogeneous compact bone;
Type Il has a thick layer of compact bone surrounding a core
of dense trabecular bone; Type III bone has a thin layer of
cortical bone surrounding a core of dense trabecular bone;
and type IV bone has a thin layer of cortical bone surrounding
a core of low-density trabecular bone. An implant placed in
poor quality bone (Type IV bone) is more likely to fail than
implants placed in the other types of bones. When compared
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to the maxilla, clinical reports have indicated a higher survival
rate for dental implants in the mandible, particularly in the
anterior region of the mandible, which has been associated
with better volume and density of the bone. Consequently,
factors such as bone quality and quantity determine the
procedure and the type of implant.

Unfortunately, the bone surrounding a dental implant is
sometimes lost. If a dental implant is overloaded, this can
cause loss of the bone surrounding the dental implant. Frost*
reported that the maximum strain supported by a bone cell
unit is around 2000 and 4000 microstrains (pustrain) while
the largest safe strain peak is around 1500 pstrain. Above
4000 pstrain, the microdamage is too high to be repaired,
resulting in an accumulation of damaged cells that can
lead to failure of the trabecular bone. Simply doubling the
amount of strain can multiply the microdamage by a factor
of hundreds. In most cases, bone loss starts at the top of the
bone (crest) leading to stress shielding due to loss of contact
at the implant neck and bone resorption progresses around
the dental implant to form a saucer type defect*!. It would
be worthwhile to investigate possible factors that reduce
bone loading. The geometry of implant is an important
factor to control, especially when it is considered that even
in the most adverse conditions of bone support, bone loss is
larger during the first three years after implant placement.
The overload resorption occurred in elements covering the
first threads, close to the implant neck*'.

The standard ISO/DIS 14801 (Dentistry — Dynamic
fatigue test for endosseous dental implants)* is useful for
comparing endosseous dental implants of different designs and
sizes. This mechanical test simulates the functional loading
of an endosseous dental implant and its premanufactured
prosthetic components under “worst case” conditions.
The worst case is that of a small implant clamped with axis
making an angle of 30° + 1° with the loading direction of
the testing machine, as shown in Figure 7.

In some cases, the surgeon must insert the implant in
a region of the jaw with a small thickness of cortical bone.
Due to limitation of the mechanical properties of cpTi, the
implant must have a diameter of at least 3.2 mm. In order
to solve this problem, manufacturers normally change
the shape of the implant and of the prosthetic connection.
Examples are shown in Figure 8 for conical and cylindrical
implants. Miniscrews (Figure 9) are also applied, but only
temporarily. They have no osseointegration behavior, small
length (6 mm), small diameter (1.5 mm — Figure 9a) and
generally have self-drilling threaded screws (Figure 9b, ¢)*.
The use of UFG cpTi for biomedical purposes could fill this
gap and the performance of this alloy might be evaluated for
this purpose. The behavior of this alloy is presented below.

4. Ultrafine Grained Titanium

4.1. Relevance as a biomaterial

One of the stimuli for the development of UFG Ti to
replace conventional Ti-6Al-4V alloy in dental implants is
the presence of alloying elements in the latter that could
be toxic when released into the surrounding tissues*®*.
The UFG material keeps the advantages of cpTi concerning
corrosion resistance, biocompatibility and osseointegration
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Figure 7. Set up for compression and fatigue test simulating the
functional loading of an endosseous dental implant body under
critical condition according to standard ISO 14801%°.
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Figure 8. Conical and cylindrical prosthetic connections for dental
implants.

and, at the same time, achieves strength levels comparable
to those of Ti alloys thanks to the use of the SPD (Severe
Plastic Deformation), Figure 10, for grain refinement*¢5'-%°.

4.2. SPD processing

One of the most successful processing routes for grain size
reduction is a special mechanical work called SPD (severe
plastic deformation) which is described elsewhere?!7-5460-64,
The method also known as Equal-Channel Angular Pressing
(ECAP)>08351:60.64 A limitation of this technique is the need
of several passes. A sample has to be reinserted into the
die several times, since the shear strain per pass is only on
the order of 1 and strains of 4 to 6 are required to generate
equiaxed grains with submicrometer sizes. One way to
overcome this difficulty by high pressure torsion (HPT),
which can generate strains as high as 15 in a single twisting



1170 Fernandes et al.

operation. However, HPT is presently limited to small samples
and the technique has been primarily used as a research tool.
Thus, efforts at developing a continuous processing method
have been intense.

Two new approaches are gaining wide acceptance. The first
is cumulative roll bonding, where a sheet is rolled, folded and
re-rolled until a high strain is achieved. The other technique,
developed by Valiev et al., is called ECAP-Conform and
uses the principle of ECAP in a cylindrical roll. In this
process, a rod is inserted into the cylinder between guides,
undergoing the ECAP process on its way out. In this manner,
long rods can be produced. This technique is amenable to
industrial scale production in rod geometry, well suited for
dental implants. For additional information on this technique
and other SPD methods, the reader is referred to the work
of Valiev & Langdon®.

4.3. Microstructure

SPD processing of cpTi is an effective way to produce
an UFG structure®-3¢6-%8_ Figure 10a shows a TEM
micrograph of UFG Ti obtained by ECAP-Conform with
equiaxed morphology with grain/subgrain sizes between
150 and 200 nm. For the sake of comparison, Figure 10b
show the micrograph of a Ti-6A1-4V alloy used for biomedical
purposes. The ultrafine structure is produced by the breakup
of the original grain microstructure and by successive rotation
ofthe subgrains into new grains (nanosized) by the increase
in angular misorientation between adjacent grains.

In the case of a VT1-0 (Russian) cpTi processed at room
temperature by HPT under 5 GPa of pressure with (5 revolutions)

(@)

Materials Research

strain of about 7, a ultrafine-grained structure with mean
grain size of about 120 nm is formed. After annealing above
200 °C, a rearrangement of defects promotes high angle
grain boundaries with very high dislocation densities, above
10'%/cm?, which indicates the non-equilibrium character of
such grain boundaries after annealing®.

In another case of UFG Ti grade 4 produced by four-pass
ECAP, which was then processed by forge-drawing at
300 °C (TMT), the ultimate strength increased from
700 to 1240 MPal™. An additional isothermal straining at
450 °C of the previous (ECAP + TMT) UFG Ti, enhanced
both the strength, up to 1420 MPa, and the ductility, up to
12%. As shown in Figure 11, the warm straining transforms
the grains from (a) elongated to (b) equiaxed with mainly
high-angle boundaries.

4.4. Mechanical properties

As far as the use of UFG Ti as a substitute for cpTi in
biomedical applications, the most important properties are
those related to mechanical performance. As a result of
grain size reduction to nanometric values (Figure 10), the
strength of the distinct grades, 1 to 4, of cpTi is significantly
improved by SPD processing, as shown in Table 1773, In this
table, it should be noted that marked increases in both the
yield and the ultimate strength of ¢cpTi have been achieved
through special processing involving not only multiple passes
(ECAP) but also annealing and isothermal straining. Indeed,
non-alloyed SPD titanium such as UFG Ti grade 4 TMT
plus 350 °C annealing and 450 °C isothermal straining may
reach a strength (1430 MPa) much superior to that of the

Figure 9. Ti-6Al-4V self-drilling miniscrews for temporary use. It has reduced length (6 mm), (a) diameter (1.5 mm) and threads/tip
(b, ¢) for self-drilling attachment.

Figure 10. Microstructure of UFG Ti grade 4 with equiaxed grains between 150-200 nm (left) and common Ti grade 5 (Ti-6Al-4V) with

grains ranging from 2-4 pm (right).
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Figure 11. UFG Ti grade 4 produced by four passes ECAP processed by forge-drawing at 300 °C. Microstructure shows elongated (left)
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and equiaxed with mainly high-angle boundaries (right) after additional isothermal straining at 450 °C warm.

Figure 12. Surface of (a) acid etched UFG cpTi. Morphology details exhibit (b) intercommunicated microcavities ranging from 0.2-0.5pm
in-diameter.

Ti-6Al-4V alloy commonly used in dental implants, which
is of the order of 860 MPa.

4.5. Acid etching UFG implants

Acid etching of dental implants is a technique which
depends on several factors such as reagent concentration,
temperature and time. Usually, the treatment is performed
using an aqueous solution of HCI, H,SO, HNO, or HF.
When etching is performed with HNO,, the titanium oxide
layer is passivated?. Figure 12a shows the surface morphology
of UFG cpTi after etching.

Etching is used to produce a surface with micro and
nanoroughness in order to improve protein adsorption and
cell adhesion. The surface morphology shown in Figure 12b
is isotropic and exhibits intercommunicated microcavities
(0.2-0.5 um in-diameter) with nanoscale roughness on the
walls. This topography should be efficient for absorption
of the bioproteins that trigger the osseointegration process.

4.6. In vivo experiments

In order to determine the degree of osseointegration,
cpTi and UFG Ti machined mini-implants without surface
treatment were inserted in New Zealand rabbits (Figure 13).
The Institutional Ethical Committee for Animal Care approved
the experiment. Temporary implants were loaded to stimulate

Figure 13. Two reduced size UFG cp implants with acid etched
surface placed in tibiae of rabbits.

the bone-implant interface. This was done by attaching
two implants through a loaded NiTi spring and keeping the
implants for 8 weeks. Subsequent to the sacrificing of the
animals, the removal torques was measured. The results are
shown in Table 2. The UFG implants had a removal torque
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1.9 um

(b)

Figure 14. AFM images of acid etched UFG titanium. (a) 3D map of titanium surface for approximately 15um x 15um scanning area

(b) Surface morphology of the UFG etched titanium.

Angle = 65.66 deg
Base Width = 2.7 m
-

(2)

" —
Angle = 94.69 deglll§
Base Width = 2.4T70mm

(b)

Figure 15. Contact angle of (a) UFG and (b) coarse grain titanium grade 4.

of 18.9 N.cm, which is slightly higher than that of implants
made of commercially available cpTi. Thus, the UFG structure
resulted in a modest osseointegration improvement'.

Nie et al.* reported promising features of UFG titanium.
They analyzed the performance of the material under in
vitro and in vivo tests, and found that UFG Ti was better
than cpTi with regard to bioactivity, stability and cellular
functionalization.

The nanostructured surface modulates gene expression
and induces cellular response by mimicking the extracellular
matrix of the host bone.

As in etched conventional Ti for biomedical applications,
etched UFG surfaces were rougher than without surface
treatment (Figure 14). The roughness was measured using
atomic force microscopy (AFM) in an area of 15 x 15 um?
(Figure 14a). The average roughness (Ra) increased from
76.7mm to 415 nm and the rms value increased from 98.4 nm
to 526 nm (Figure 14b).

Regarding wettability, UFG titanium shows enhanced
hydrophilicity (Figure 15a), with a lower contact angle
(65.66°+2.28) than cpTi (Figure 15b) (92.68°+ 1.51).This is
attributed to the fact that the grain size of UFG titanium
is significantly smaller, increasing the surface energy and

thus the wettability of the grains. Higher wettability of the
nanostructured material may also affect the absorption of
proteins’™. In many cases, intertaction of a nanostructured
material with host macromolecules initiate inflammatory
or immune responses and then repair or regeneration that
facilitates osseointegration.

5. Concluding Remarks

Beyond the remarkable mechanical properties of UFG
cpTi, the significantly smaller grain size of the material
can induce favorable biological responses. Exceptional
improvements were seen in surface topography (micro
and nanoroughness), wettability and in the homogeneity
of the oxide layer. The overall enhancement in mechanical
performance means that this material can be used in most
biomedical applications of the conventional Ti-6Al-4V alloy,
with the advantage of avoiding the risk of releasing toxic
metallic ions. Moreover, etched UFG seems to offer a good
combination of biocompatibility and adequate mechanical
behavior. The microstructure improvements provided by the
ECAP technique coupled with surface etching, described in
this work, can result in an outstanding performance of cpTi
alloy for biomedical applications.
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