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respectively. The purpose of this work was to compare the properties of a modiﬁed cp Ti
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grade 4 (Ti G4 Hard) with those of available cp Ti and Ti G5 alloys.
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Methods. Bars, discs and dental implants made with Ti G2, G4, G5 and G4 Hard were used.
Mechanical tests (tension, compression, hardness and torque) and roughness measurements were performed. Clinical trials were used to evaluate the biological behavior of dental

Keywords:

implants made with Ti G4 Hard and Ti G4.

Titanium

Results. The results of the mechanical tests showed that the mechanical strength of mod-

High strength titanium alloy

iﬁed Ti G4 is higher than that of Ti G2, G4 and G5. Scanning electron microscopy analysis

Strain hardening

showed that modiﬁed Ti G4 after etching has better surface morphological features than

Mechanical properties

conventional cp Ti and Ti G5. The clinical performances of Ti G4 and Ti G4 Hard were similar.

Dental implant

Signiﬁcance. The improvement of the mechanical properties of modiﬁed Ti G4 means that Ti
G5 can be safely replaced by Ti G4 Hard without compromising the fracture resistance, with
the advantage of not releasing toxic ions.
© 2014 Academy of Dental Materials. Published by Elsevier Ltd. All rights reserved.

1.

Introduction

The selection of materials for dental implants is based on
mechanical properties, chemical properties and biocompatibility. Regardless of the role and place of application of
dental implants, the materials should have good corrosion
resistance, biocompatibility and be free of toxic elements.
Currently, dental implant manufacturers use commercially

pure titanium and titanium alloys with a treated surface
in order to optimize the contact between alveolar bone
and the device surface. This histologic interaction is called
osseointegration [1,2].
Technical Standard ASTM F67 classiﬁes cp Ti for medical applications in four grades, G1–G4 (see Table 1). However,
cp Ti is not used in medical applications that involve high
stresses, such as orthopedic prostheses. In these cases, Ti
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Table 1 – Standard ASTM number, chemical requirements (max mass%), tensile strength (TS), yield strength (YS),
modulus of elasticity (E) and Brinell hardness (HB) of cp Ti, Ti alloy G5 and bone properties. Based on Technical Standards
ASTM F67 and ASTM F136.
Ti grade
Ti grade 1
Ti grade 2
Ti grade 3
Ti grade 4
Ti grade 5b
Cortical bone
a
b
c

ASTM

O

Fe

H

C

N

Ti

TS (MPa)a

YS (MPa)

E (GPa)

HB

F67
F67
F67
F67
F136

0.18
0.25
0.35
0.40
0.13

0.20
0.30
0.30
0.50
0.25

0.015
0.015
0.015
0.015
0.012

0.08
0.08
0.08
0.08
0.08

0.03
0.03
0.05
0.05
0.05

Balance
Balance
Balance
Balance
Balance

240
345
450
550
860
186

170
275
380
483
795

100
100
100
102
115
5–30c

120
160
200
250

Mechanical properties requirements for annealed wire with diameter higher than 3.18 mm.
The compositional requirement Ti G5 shall meet the following: Al: 5.5–6.5 and V: 3.5–4.5.
The bone modulus depending on the type of the bone and the direction of measurement.

G5 (a Ti–6Al–4V alloy) is the preferred choice due to its high
mechanical resistance, which ensures load transmission to
bone tissues over a long time, which is necessary when damaged hard tissues are replaced by prostheses. [3]
The ASTM F136 Standard speciﬁes the requirements of Ti
G5 (Ti–6Al–4V) for biomedical applications. This alloy has good
mechanical properties, but exhibits a possible toxic effect from
released vanadium and aluminum [4]. For this reason, vanadium and aluminum free Ti alloys have been proposed for
biomaterials applications. All materials listed in Table 1 are
used in dental implants. The disadvantage of Ti grade s 1–4
(cp Ti) for dental implants include higher Young modulus,
relatively low mechanical strength, poor wear resistance and
difﬁculty to improve the mechanical properties without reducing biocompatibility. The mechanical properties of unalloyed
Ti are determined by the levels of interstitial solutes (N, O and
C). Although the interstitial solutes increase the strength of
Ti, they are deleterious to toughness. When high toughness
is desired, the unalloyed Ti is produced with extra-low interstitial (ELI). ELI titanium alloy containing small amounts of
oxygen, carbon, nitrogen and hydrogen as interstitial solutes
(Table 1). Pure Ti can be cold-rolled at room temperature until
90% reduction in thickness without cracking. Such extensive
deformability is unusual for HCP metals, and is related to the
low c/a ratio of Ti [5]. HCP metals including cp Ti have three
independent slip systems, which is insufﬁcient to deform only
by slip. Ti deformation twinning should be accompanied by
slip for the HCP metals to sustain large deformation without cracking. Ahn et al. [6] analysed the effect of deformation
twinning on the strain hardening behavior of cp Ti. The strain
hardening rate of titanium can be divided into three stages. In
the ﬁrst stage, the strain hardening rate decreases as the strain
increases due to from easy glide. Following the ﬁrst stage, however, a sudden increase in the strain hardening rate is observed
in the second stage. The second stage results from the generation of deformation twinning. The strain hardening rate
decreases again as the strain increases in the third stage due
the dynamic recovery [6,7].
Since there is a direct relation between interstitial content
and mechanical strength, Ti G1 has the lowest mechanical
strength, while Ti G4 has the highest strength (Table 1). Table 1
shows that the tensile strength and elastic modulus of cp Ti
are signiﬁcantly lower than those of Ti G5; however it is still
high when compared to bone (10–30 GPa) and may be about

3–6 times higher than those of cortical bone. Finite element
simulations show that materials with lower elastic moduli
have better stress distribution at the implant–bone interface
and lead to less bone atrophy. A high difference between the
moduli of elasticity of the implant material and bone can
induce stress shielding, i.e. insufﬁcient transfer of stress to
the bone due the high modulus of the prosthesis [8].
Although the mechanical strength of implants is important, they must also present adequate stiffness to avoid
shielding the bones from stress. To understand the stress
shielding 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, the muscle is
gradually lost. Stress shielding is a process that occurs when
the forces exerted on a member with 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 [8,9]. This can potentially lead to bone
loss in the long term and eventual loosening of the device,
requiring an early revision surgery.
Although the G5 titanium alloy is stronger than cp Ti, it
can release aluminum and vanadium ions. [10] Some manufacturers use Ti G5 for dental implants, but the implants must
have a surface treatment in order to improve the corrosion
and reduce ion release. Considering that cp Ti is still chosen
for demands where corrosion resistance is a priority (e.g. dental implants), and toxic effects of the dissolution of aluminum
and vanadium due to corrosion wear of TiG5 are reason for
concern, a modiﬁed cp Ti grade 4 alloy is proposed. This modiﬁed alloy hardened by cold working (Ti G4 Hard) was developed
in an effort to merge the excellent mechanical strength of Ti
G5 with the corrosion resistance of cp Ti G4.
The purpose of the present work is to compare the mechanical properties and the surface morphology of dental implant
and discs samples after acid etching of modiﬁed Ti G4 (Ti
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G4 Hard) with those of Ti G2, Ti G4 and Ti G5. The surface
morphology and mechanical properties of experimental and
available commercial dental implants were analyzed. The surface morphology characteristics were quantiﬁed by roughness
measurements.

2.

Materials and methods

In the present work the following features of the material were
investigated: surface morphology, surface roughness, tensile
strength, compression strength, hardness, plastic deformation under torsion loading and clinical performance. All tests
were single-blinded since the samples were not labeled.
Commercial screw-shaped dental implants made with cp
Ti G4 and modiﬁed Ti G4 (Ti Hard) were used. The main is to
compare the performance between Ti G4 and Ti G4 Hard for
dental implant application with the same surface treatment.
Ti G5 was not used for dental implant without surface treatment and the acid etching used for Ti G4 does not improve Ti
G5 biocompatibility.
Standardized samples for tensile testing made with cp Ti
ASTM G2, G4, G5 and G4 Hard were used. Discs made with cp Ti
G4, G5 and G4 Hard were used for roughness measurements.
Although dental implants made with cp Ti G5 are relatively
scarce in the market, discs made with G5 were submitted to
acid etching in order to study the surface morphology.
Discs and implants made with cp Ti were submitted to the
following surface treatment: (a) acid etching (HCl and H2 SO4
solution) with the same concentration, temperature and time
interval used for the Porous® dental implants (Conexão Sistemas de Prótese, Brazil) and (b) anodizing with the same
procedure used for the Actives® implants (Conexão Sistemas
de Prótese, Brazil).

2.1.

e3

characterizing the roughness were: arithmetic mean of the
absolute values of roughness (Ra ), peak-to-valley roughness
(Rz ) and the root square value of average roughness (Rq ).

2.3.

Hardness Vickers and tensile test

Standard microindentation Vickers hardness tests were performed in discs according to ASTM E384 (E384: Standard Test
Method for Knoop and Vickers Hardness of Materials). For
optimum accuracy of the measurements, the tests were performed on ﬂat discs bases with polished surfaces. The disk
surface was not be etched before indentation.
Tensile tests of Ti G2, G4, G5 and modiﬁed G4 Hard were
performed using a Universal testing machine EMIC DL10000
(Emic, Brazil) according to ASTM E8M standard (Standard Test
Methods for Tension Testing of Metallic Materials). Round
specimens with 4.5 mm diameter and 50.0 mm gage length
were used.

2.4.

Compression tests

The dental implants were submitted to compression tests
according to international standard ISO 14801 (14801:
Dentistry-Fatigue test for endosseous dental implants). A
multi-part endosseous dental implant was tested as assembled according to its use. A multi-part device was assembled by

Surface and microstructural analysis

The surface morphology (two implants and two discs from
each group) was observed on a scanning electron microscope
Field Emission Gun FEI QUANTA FEG 250 (FEI Corporate, Hillsboro, OR, USA) with energy dispersive spectroscopy (EDS) for
qualitative chemical analysis.
The cross sections for microstructural analysis were investigated by transmission electron microscopy (TEM). The foils
were prepared by grinding (400–3200) to a thickness of 0.1 mm,
and electropolished with an electrolyte consisting of 6% percloric acid, 35% butanol and 59% methanol by volume [11].
Analytical investigations of Ti G4 Hard and Ti G4 specimens
were executed the microstructures of the two materials were
compared.

2.2.

Roughness measurement

The surface roughness was measured in discs after the same
dental implant surface treatments. Three discs from each
group were used; the roughness parameter was determined
in two directions in each sample (n = 10). The roughness parameters were measured two-dimensionally with a
non-contact method using a contact proﬁlometer Mitutoyo
model SURFTEST SJ-400. The parameters for numerically

Fig. 1 – Set up for dental implant compression testing (A)
and a sample after compression testing (B).

e4

d e n t a l m a t e r i a l s 3 1 ( 2 0 1 5 ) e1–e13

the surgeon did not receive any information about the type of
implant. Results of dental prostheses on the implants were not
installed because was not the objective of the present work.

2.7.

Statistical analysis

The data were subjected to a one way analysis of variance
(ANOVA) and Tukey’s HSD test. In order to determine any statistical signiﬁcance among the values, the data were subjected
to an independent sample test. The signiﬁcance was determined at 95% conﬁdence level.

3.

Results

Fig. 3 shows the surface morphology of Ti discs after acid
treatments. Fig. 4 shows the surface morphology of etched
and anodized Ti dental implants. No morphological signiﬁcant differences were observed among the disks and dental

Fig. 2 – Setup for the torque test. (A) Set up and (B) set up
detail.

means of screw joints and was tightened to the manufacturer’s
recommended torque (32 N cm) using a device that provides
torque within ±5% of the recommended value. The tightening sequence was that recommended by the manufacturer.
Fig. 1 shows the test setup for the loading force applied by the
testing machine during compression testing and a deformed
sample after compression testing. Compression testing was
carried out with a unidirectional load according to ISO 14801.

2.5.

Torque with key implant insertion

The implants were submitted to simulated clinical insertion
torques from 45 to 120 N cm using a stainless steel key insertion. Fig. 2 shows the setup used for the torsion test. The
maximum torque level used in the present tests is not recommended for surgical insertion but was done to evaluate the
strength of the implant under extreme loading.
In order to evaluate possible plastic deformations, the
implants were observed in an electron microscope (Quanta
FEG 250 (FEI, Germany)) before and after torque application.

2.6.

Clinical testing

In order to evaluate the performance of Ti G4 Hard dental implants a pilot report of the clinical was done. Dental
implants made of Ti G4 Hard were inserted into patients and

Fig. 3 – Surface morphology of Ti discs after etching. (A) Ti
alloy G5, (B) cp Ti G4 and (C) cp Ti G4 Hard.
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Fig. 4 – Surface morphology of dental implants. (A) Acid etching cp Ti G4; (B) the same implant at high magniﬁcation; (C)
acid etching Ti G4 Hard; (D) the same implant at high magniﬁcation; (E) anodized Ti G4; (F) the same implant at high
magniﬁcation.
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implants with the same Ti alloy and surface treatment. This is
important because it is thus possible to assume that the roughness parameters measured in the discs are equal to those of
implants.
Fig. 3 and Table 2 revealed characteristic differences among
Ti discs surfaces after acid etching. The Ti G5 has less roughness surface morphology than Ti G4 and Ti G4 Hard, which
means that the used acid treatment is inadequate for Ti G5
for dental implant application.
It can be seen that the acid etched surface is homogeneous
with uniformly distributed microcavities (Fig. 4). Fig. 4B and D
shows that, with large magniﬁcation, inside the surface microcavities in Ti G4 Hard it is possible to observe roughness in the
nanometer scale.
Fig. 5 shows a high density of dislocations in Ti G4 Hard
after cold working. Ti G4 has a more homogeneous microstructure.
The mean values ± SD of the titanium cylinder surface
roughness parameters are shown in Table 2. A small difference in roughness was observed between Ti G4 and Ti G4 Hard.
The surface treatment signiﬁcantly increases the roughness
and the friction between the implant and the bone, as shown
by the implant removal torques [12–14]. Multiple comparative Tukey’s HSD tests demonstrated a statistically signiﬁcant
difference in Ra between cp Ti and Hard Ti.
Fig. 6 shows the external hexagon of dental implants before
and after application of a torque of 120 N cm. The dental
implant cp Ti G4 had a plastic deformation. Implant made with
modiﬁed Ti G4 Hard did not deform.
During the static compression testing the fail was in the
component screw. Fig. 7 shows the surface morphology of
screw after compression test.
Representative stress–strain curves from tensile testing are
shown in Fig. 8. It can be seen that the mechanical strength
increases in the following order: Ti G2, Ti G4, Ti G5 and Ti G4
Hard. Table 3 shows the hardness Vickers measured in the disk
surface and the tensile properties of cp Ti and Ti G5 (Table 4).

4.

Discussion

Surface engineering of biomaterials is a procedure used to
improve the biological response of materials by changing
the surface properties without changing the bulk properties [12–14]. Surface modiﬁcation of dental implants is useful
because biological tissues interact only through the outmost
atomic layer. During the last two decades, many efforts have
been made to improve the surface properties of titanium and
titanium alloys in dental applications [12]. Surface modiﬁcation techniques such as sandblasting, etching and anodizing
have been tried in order to obtain titanium surfaces with better
biological properties. The literature shows that some surface
treatments enhance osseointegration and the success of dental implants [12–14]. Nowadays, emphasis is placed on the
design of proactive surfaces and implant design for a speciﬁc
bone quality and timely responses from surrounding cells and
tissues [15,16]. Although surface treatment has led to significant advances, the market of dental implants still needs cp
Ti with better mechanical properties or Ti alloys without toxic
elements.

Fig. 5 – TEM micrographs of the (A) Ti G4 and (B) Ti G4 Hard.
Intragranular loops (arrow) are seen after cold working (B).
Lower dislocations density before work hardening (A).

4.1.

Mechanical strength

Unquestionably, important modiﬁcations of the surgical technique in the clinical use of cp Ti dental implants and advances
in implant manufacturing have been made during the last
decade. New surgical techniques and applications require
dental implants stronger than the old ones, but the mechanical strength of cp Ti grades 1–4 is not suited for the new uses.
Some dentistry treatments need dental implants with a diameter smaller than 3.0 mm, but available dental implants have a
higher diameter and inadequate screw shape for some applications.
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Table 2 – Surface roughness parameters of titanium discs (m). Mean (standard deviation).
Sample
Etched Ti G5
Etched Ti G4
Anodized Ti G4
Etched Hard Ti G4

Ra

Rz

Rq

Rt

Rv

0.81 (0.10)
1.11 (0.09)
1.55 (0.10)
1.09 (0.07)

1.63 (0.26)
2.43 (0.16)
3.48 (0.27)
2.37 (0.15)

0.34 (0.10)
0.45 (0.03)
0.97 (0.10)
0.43 (0.02)

3.91 (0.74)
2.98 (0.44)
4.10 (0.87)
2.92 (0.31)

0.27 (0.08)
0.36 (0.02)
0.47 (0.23)
0.31 (0.03)

Fig. 6 – External hexagon of dental implants before and after application of a torque of 120 N cm: (A) external hexagon of a
dental implant of cp Ti G4 before torque application; (B) cp Ti G4 dental implant after torque application; (B) Ti G4 Hard
dental implant after torque application.

Table 3 – Vickers hardness and tensile properties (standard deviation) of cp Ti and Ti G5.
Properties
Vickers Hardness
Tensile strength (MPa)
Yield strength (MPa)
Elongation (%)

Ti G2

Ti G4

Ti G5

Ti G4 Hard

193.3 (9.0)
355.5 (12.7)
278.2 (9.8)
20.3 (3.0)

257.3 (16.8)
547.8 (18.5)
489.7 (14.3)
18.4 (2.5)

296.0 (10.0)
871.9 (27.3)
797.2 (20.9)
10.1 (2.6)

324.8 (11.0)
970.7 (25.3)
812.6 (21.4)
18.5 (2.3)
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Fig. 7 – Morphology of a component screw tightened to the implant after static compression testing. (A) Plastic deformation
in the thread and (B) strain concentration close to the ﬁrst thread.

As with other metals, improving Ti mechanical properties can be achieved by mechanisms such as solid solution
strengthening by interstitial and substitutional atoms, grain
reﬁnement, precipitation, work hardening and dispersion
strengthening, including lamellar and dispersed phases. Due
to increased oxygen, nitrogen and iron content, Ti G4 has a

higher tensile strength than Ti G2 (Table 1 and Fig. 6). Oxygen
and nitrogen improve the mechanical properties of Ti G4 by
interstitial solid solution and iron by substitutional solid solution. The tensile properties of Ti G2, G4 and G5 measured in
the present work and shown Table 3 are equivalent to those of
Table 1.

Table 4 – Maximum load (N) and bending moment (N cm) of dental implants.
Dental implanta

cp Ti G4
N cm

N

N cm

776.4 ± 74.5

442.0 ± 41.0

381.81 ± 50.4

210.0 ± 23.0

863.0 ± 32.0
526.89 ± 17.8
592.51 ± 16.0

475.0 ± 17.0
289.79 ± 9.78
325.87 ± 8.8

N
Easy 3.75 mm × 11 mm
Torq 3.5 mm × 14.0 mm
Flash 3.5 mm × 11.5 mm
a

Modiﬁed Ti G4 Hard

All implants were supplied by Conexão Sistemas de Prótese.
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which activates different slip systems, resulting in a signiﬁcant reduction of the grain size [11,18]. Hence, when ultraﬁne
grained microstructure is achieved, there is a dynamic recovery associated with boundaries with high internal stress,
which contribute to the dissociation of trapped lattice dislocations and result in the absence of strain hardening [18]. The
high stress imposed by severe plastic deformation during cold
working process, dislocations piled up at grain boundaries
remain operative. Fig. 5 shows that the dislocation density
increases at the grain boundaries. The multiplication of intragranular dislocations by cold work is due to the Frank–Read
mechanism [19]. The shear stress is applied on the slip plane
and a force is exerted perpendicularly to the dislocation line.
This force (F) is expressed by the equation:
Fig. 8 – Curves from tensile tests of cp Ti and Ti G5.

Tables 1 and 3 show that the addition of Al and V increases
the tensile strength of Ti G5 alloy. The mechanical properties increase by solid solutions mechanisms (interstitial and
substitutional), particle precipitation and second phase transformation. Dispersion and second phase strengthening are the
most popular methods to improve the mechanical properties
of titanium [17].
Beside composition, processing of metals and alloys
changes their mechanical properties; annealed materials, for
instance, have better ductility than cold worked and cast
materials. On the other hand, annealing usually decreases
the tensile strength. Consequently, both composition and
processing have to be optimized for the best performance of
dental implants. During implant manufacturing, the metal
must have good machineability, which means low hardness.
During implant loading, other, often contradictory properties,
as desirable (high tensile strength, low fatigue, high hardness,
wear resistance).
Fig. 7 and Table 3 show the tensile properties of cp Ti and
grade 5 Ti. All analyzed cp Ti and Ti G5 samples are ductile, i.e.,
have plastic deformations before fracture. The tensile strength
increases signiﬁcantly with an increase in the Ti grade; in contrast, the elongation decreases with an increase in the Ti grade.
Tensile test results (Fig. 8) show that Ti G4 Hard, despite having
no alloying elements, is stronger than Ti G5. This is due to the
manufacturing process. Thermomechanical processing can
change the microstructure of Ti and consequently its mechanical properties. Hot deformation and cold working induces
different micromechanisms involved in plastic deformation
and the ﬁnal product has different microstructure, residual
stress and internal energy. Hot working occurs when the metal
is deformed at a temperature above its recrystalization temperature. Cold working means deforming it plastically at a
temperature below the recrystalization temperature so that
the strain-hardened mechanisms are retained. Ti cold working
occurs when the Ti is simultaneously deformed and strengthened. Strain hardening increases the mechanical properties of
metals by plastic deformation.
Although the grain boundaries were not clearly delimited
in the TEM images, small changes in Ti G4 Hard grain size
were expected due to cold working. It is well known that a
high dislocation density is caused by deformation twinning,

F = .bx
where  is the shear stress, b is Burgers vector and x is the distance between barriers. An applied resolved shear stress tends
to make the dislocation bow out. At critical stress, dislocation
loops can be generated through the dislocation multiplication
process. Multiplication continues until the segments spiraling about the two pinning points collide and cancel. The loops
described in the Frank–Read theory, which are shown in Fig. 5,
where curve dislocations are being multiplied near a Ti G4
Hard boundary, are responsible for the mechanical hardening
of cp titanium grade 4.
The relation between stress and strain (Fig. 8) in the elastic
region is given by the classic equation:
 = E.ε
where  is the applied stress, E is the Young moduli and
ε is the elastic deformation. As long as the stress does not
exceed the yield strength, no permanent plastic deformation
occurs. When the applied stress becomes sufﬁciently high, the
samples depart from linear elastic behavior and a permanent
plastic deformation begins. Each time a high stress is applied,
the yield strength and tensile strength increase. In the plastic
region, the Young law is not valid and the relationship between
stress and strain is given by the strain-hardening coefﬁcient
n. We can write the equations:
 = Kεn
ln  = ln K + n ln ε
where  is the applied stress, K is a constant that depends on
the material, ε is the plastic strain and n is the strain hardening
coefﬁcient. The constant K is equal to stress when the strain
ε = 1.
The strain hardening coefﬁcient n is relatively low for Ti:
n = 0.05. Metals with a low strain hardening coefﬁcient respond
poorly to cold working [13]. In the present work the strain hardening coefﬁcients n for Ti G2, G4, G5 and G4 Hard were 0.133,
0.09, 0.03 and 0.11, respectively. Therefore, the strain hardening coefﬁcient n for Ti G4 Hard is close to those of Ti G2 and
G4 and much larger than that of Ti G5.
Even with a low strain hardening coefﬁcient and only
three independent slip systems in its HCP structure, commercially pure titanium exhibits strain hardening behavior
due to a combination of several hardening mechanisms
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associated with deformation twinning [7]. Indeed, lattice
reorientation caused by twinning can explain the strain hardening in terms of shifts in the texture orientations in the
twinned region. Although Fig. 5 does not show twinned
areas, stress–strain behavior of cp titanium could be associated with an intermediate stage between the steps 1–2
described by Ahn et al. and Kailas et al. [6,7]. These stages
described the evolution of the strain state of cp titanium
under compression, which starts at low strain hardening,
where just easy glide (stage 1) occurs, continue through a
hardening state associated with multiple slips (stage 2) and
ends with a decreased strain, where dynamic recovery governs hardening. Ash et al. observed same stages; however,
strain hardening was interpreted as an increasing production
of twins (initiation–development–saturation). [7] According to
our results, an intermediate phase between stages 1 and 2
could explain the strain hardening displayed by the Ti G4 Hard
alloy, while the absence of twinned regions in TEM micrographs (Fig. 5) could indicate that twins were at the initiation
stage. Furthermore, the increase the generation of dislocation loops, observed by TEM, also suggests a hardening stage
immediately before the moment when twinning becomes
operative, although the presence of a few twining regions is
not discarded. This phase matches with the transition from
the initiation–development hardening stage. The strain hardening improvements provided by our process are based on
the increase of dislocation density, since additional hardening
mechanisms such as the Hall–Petch and texture hardening are
predominant just when twin hardening is the main hardening
mechanisms (at stage 2) [7,20].
Based on the present results for the strain hardening
coefﬁcients, a new process for manufacturing Ti bars was
used to improve the mechanical properties. The new Ti G4
Hard is cold worked without any annealing process. According to Doner and Conrad, the ECAP decreases the contribution
of dynamic strain aging on the hardening process [21]. The
improvement of the mechanical properties means that Ti G5
can be safely replaced by Ti 4 Hard without compromising
the fracture resistance, with the advantage of not having alloying elements. The increased mechanical strength protects
the integrity of the implant and prevents plastic deformation
during insertion, thus assuring stability between the implant
and the prosthetic components. Fig. 4 shows that the external hexagon of Ti G4 Hard had lower plastic deformation than
cp Ti G4. The hexagon plastic deformation compromises the
mechanical stability of the dental implant prosthesis.

4.2.

Surface morphology

Surface morphology is an important parameter used to compare the success of dental implants. The surface treatment or
surface modiﬁcation is considered the main concern on recent
developments of dental implants. The surface treatment
includes changes of surface energy and chemical composition.
Surface morphology changes such as micro and nanoroughness, texture and porosity are important characteristics of the
implant, since they affect the ability of cells to adhere to a solid
substrate [22].
In the case of chemical surface modiﬁcation, the purpose of
the change is to provide ions or nanoparticles (hydroxyapatite

or calcium phosphate) with speciﬁc biological response on the
metallic surface, in order to increase the attachment and stability of biomolecules. In the present work, an acid etching
surface and anodizing treatment was used.
Figs. 3 and 4 do not show a signiﬁcant difference between
the macro and micro morphology of samples of conventional
Ti G4 and Ti G4 Hard after acid etching treatment. This result
suggests that the use of dental implants made with Ti G4
Hard can be subjected to the same machining processes and
surface chemical treatment as the Ti G4 without signiﬁcant
changes in the biocompatibility. Only at high magniﬁcation
it is possible to observe that Ti G4 Hard has a higher number of nanoscale surface features than Ti G4 and Ti G5 and
thus it is expected that the interactions between the cells
and the implant surface are improved in the early stages
after implantation. According to Meirelles et al., the nanoscale
surface features improve the osseointegration mechanism
[23].
A second advantage in using Ti G4 Hard instead of Ti G5 is
related do the release of toxic ions by the latter.
Some dental implant manufacturers use Ti G5, but they
must treat the implant surface for a successful osseointegration. According to recent studies, new Ti alloys, such as Ti–Nb,
Ti–Nb–Zr and others, have better mechanical properties than
cp Ti and Ti G5, but these alloys are not available in the market
[3,4].

4.3.

Compression and fatigue tests

Fig. 9 shows three models of commercial dental implants submitted to compression tests. The models Torq® and Flash®
have an internal connection and the model Easy® has an
external hexagon. All models have different wall thicknesses
and mechanical resistances. Under static compression loading, the model designed as Flash® is stronger than the
model designed as Torq® . The average of implant compression loading was 592.51 N and 526.89 N for Flash® and Torq® ,
respectively. Fig. 9 shows that, after compression testing, the
implant made with modiﬁed Ti G4 Hard presents large plastic deformation without fracture, which means that the metal
has good plasticity.

4.4.

Torque tests

Fig. 6 shows that implants with external hexagon made
with different Ti grades have different plastic deformations
under torques simulating implant insertion. Implants made
with Ti G4 have higher plastic deformation than Ti G4 Hard.
Dental implants made with Ti G2 have the highest plastic
deformation. This behavior can be associated to the different tensile strengths shown in Table 3; as the tensile
strength increases, plastic deformation under torque loading
decreases. This behavior is very important because when the
external hexagon deforms during insertion, prosthesis stability is reduced and the implant success is endangered. When
the implant hexagon deforms, prosthesis rotation occurs and
the biomechanical stability of the implant structures may be
compromised.
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Fig. 9 – Dental implants screw shapes submitted to static
compression tests. (A) Ti G4 after compression test and (B)
Ti G4 Hard after compression test.

4.5.

Design and size

One of the limitations of the use of Ti G2 and G4 in
dental implants is the low mechanical strength. To prevent the fracture of conventional dental implants, the wall
thickness has to be larger than 0.4 mm. This means that
external diameter of the implants cannot be less than
about 3.3 mm. Two procedures are used to overcome this
limitation:
(i) the implants are restricted to large diameters and
(ii) the implant and the prosthetic component are integrated
in the same body, instead of attaching the prosthetic component to the implant by means of screws.
The use of Ti G4 Hard allows the manufacture of implants
with small diameters and internal connections. As shown in
Fig. 10A, the wall thickness of a dental implant with 3.75 mm

Fig. 10 – The critical wall part of dental implant. (A) Implant
made with cp Ti G2 or Ti G4 and (B) implant made with Ti
G4 Hard.

and hexagon external must be larger than 0.42 mm. Using Ti
G4 Hard, it is possible to make a dental implant wall as thin
as 0.30–0.37 mm (Fig. 10B).
Modiﬁed Ti G4 Hard also allows the use of smaller implants.
Smaller implants are less invasive solutions for patients
with narrow bone ridges and limited space between teeth. A
smaller diameter can also avoid the need for bone regeneration procedures.
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Fig. 11 – Dental implants of Ti G4 Hard inserted in the 35
position immediately after tooth extraction and in the
edentulous region of tooth number 36.

5.

Fig. 12 – Two dental implants made with modiﬁed Ti G4
Hard inserted 5 months after teeth extraction.

Clinical reports

In the present work, we selected three examples of clinical
cases of dental implants made with Ti G4 Hard. Five implants
were installed in three patients, one male and two female.
All were healthy and were not taking medications that could
affect bone metabolism or bone calciﬁcation.
The implant insertion was performed following the manufacturer’s protocol, which includes procedures for site
preparation and implant insertion. In the past, the implant
insertion protocol suggested a relatively high insertion torque
for improving primary stability [24,25]. Nowadays, the recommended insertion torque is less than 60 N cm and progressive
shortening of the healing period for single-tooth implants followed by immediate loading is encouraged [26]. In the present
work, in all cases, surgery was performed at total lift of mucoperiosteal ﬂap.
A modiﬁed Ti G4 Hard implant was inserted in a 57 yearold female patient, immediately after tooth extraction. A
dental implant Master-Easy Porous® 5.0 mm × 8.5 mm was
inserted in the jaw in place of the 35 tooth and a Master Porous Nano Cort® 3.75 mm × 10.0 mm implant (Conexão
Sistema de Prótese, Brazil) was inserted into a tooth 36
edentulus region (Fig. 11). The implant stability was estimated from the insertion torque, which was 60 N cm for both
implants.
In another case, a 42 year-old male patient received
two modiﬁed Ti G4 Hard dental implants Easy Grip-Porous®
3.75 mm × 13.0 mm (Conexão Sistema de Prótese, Brazil),
which were installed in the region corresponding to teeth 36
and 37, ﬁve months after extraction (Fig. 12). Following the
healing period, the deﬁnition of implant success was based
on clinical and radiologic criteria proposed by Buser et al. [27].
Clinical osseointegration was manually evaluated via axial
percussion to detect absence of implant mobility, while primary stability addressed by the insertion torque was 50 N cm
for both implants. Absence of pain, of recurrent peri-implant
infection, and of continuous radiolucency around implants
was also observed.

Titanium G4 dental implants were also evaluated in a 57
year-old female patient with poor quality bone and insufﬁcient bone volume. An extensive bone defect was ﬁlled with
an autogenous bone graft and Ti G4 implants were inserted 12
months after bone defect repair. Two implants were inserted
in teeth 26 (Master Flash Porous Nano 3.5 mm × 13.0 mm)
and 27 (Porous Nano AR) sites using a two-stage surgical
protocol (Fig. 13). Notwithstanding the presence of classical
predictors of implant failure (low quality bone and low bone
volume), the primary stability measured by insertion torque
was considered satisfactory (30 N cm and 45 N cm, respectively).
An implant was classiﬁed as surviving when it present
mechanical stability at the end of the study. All dental implant
survived. The clinical performances of Ti G4 and Ti G4 Hard
were similar.

Fig. 13 – Dental implants of Ti G4 inserted in teeth 26 and
27 sites after bone reconstruction.
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6.

Conclusion
[11]

The results of the present work show that:
(a) The tensile strength of modiﬁed Ti G4 is higher than that
of cp Ti G2 and G4 and is close to that of Ti G5.
(b) Modiﬁed Ti G4 Hard is stronger than cp Ti and Ti G5 under
static compression and when subjected to typical dental
implant insertion torques.
(c) The surface morphology of Ti G4 Hard has micro and
nanoroughness, which improve osseointegration mechanisms.
(d) Clinical evaluation showed that the dental implants made
with modiﬁed cp Ti G4 were successful.
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