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Over the last 40 years, dental
implants with distinct designs
have been produced from
different metallic materials
with a large variety of surface
treatments.' ” The aim was to
increase either the level of
osseointegration>®'® or the
biomechanical properties.'"'*

Screw-shaped implants
have been made from
commercially pure (cp) tita-
nium (Ti) from cp Ti grade (gr) 1
for the first Branemark im-
plants to cp Ti gr 4 of higher
mechanical strength for later
products.'” To increase the fa-
tigue mechanical properties of
implants, Ti alloys have also
been introduced.'*'* Most of
them are Ti gr 5 and Ti gr 23
made of 90% of titanium, 6%
aluminum (Al), and 4% vana-
dium (V). The latter is a variant
of Ti gr 5 of higher purity and its
improved mechanical proper-
ties are obtained by extra-low
interstitial (ELI) carbon (C)

and oxygen (O) and lower inclusions of iron.""'* More
recently, a titanium-zirconium (Ti-Zr) alloy with 13% to

17% Zr has been introduced.”'”

?Private practice, Barcelos, Portugal.

ABSTRACT

Statement of problem. Dental implants undergo various surface treatments. Studies that have
characterized their surface and subsurface by using the same methods are scarce.

Purpose. The purpose of this study is to physically characterize the surface and subsurface of
implant systems made of commercially pure (cp) titanium (Ti) grade (gr) 4 and Ti alloy gr 23 and
to evaluate whether airborne-particle abrasion and acid etching is an appropriate surface
treatment for Ti alloy gr 23.

Material and methods. Implant groups (n=3) were as follows: TG4AO, cp Ti gr 4, treated with
anodic oxidation (3.5x8 mm) (NobelReplace Conical; Nobel Biocare); TG23AE, Ti gr 23 (TiAIV ELI)
airborne-particle abraded-and-etched (3.9x8 mm) (V3; MIS); and TG4AE, cp Ti gr 4, airborne-
particle abraded and etched (3.3x8 mm) (BL; Institut Straumann AG). Surface roughness, surface
topography, and elemental and surface composition were investigated with optical profilometry,
scanning electron microscopy, energy dispersive X-ray spectroscopy, and X-ray diffraction. The
presence and size of Ti hydride (TiH) needles were determined on metallographic sections.
Depth profiling was obtained by time-of-flight secondary ion mass spectrometry (ToF-SIMS) to
determine possible enrichment of an alloying element at the implant surface.

Results. The mean arithmetic deviation roughness (S,), of TG4AO was 0.80 um. The S, of TG4A0
was 1.22 um, and the S, of TG4AO was 1.59 pum. The difference between the groups was
significant (P<.001). TG23AE and TG4AE displayed a macrotexture and microtexture with pores;
TG4AO showed a 3-to 12-um canyon-like structure. The surface and subsurface compositions
were as follows: for TG4AO, oTi and phosphorus-rich anatase; for TG23AE, a-Ti matrix with B-Ti
grains; and for TG4AE, o-Ti and 3-TiH,.,. TiH needles were found only on TG4AE; the Ti oxide
layer of TG4AO was rough, 3-to 16-um thick, and porous. The time-of-flight secondary ion mass
spectrometry (ToF SIMS) concentration profile of TG23AE did not show enrichment of any
alloying element.

Conclusions. The roughness, topography, and composition of the surfaces were different for all
implants tested. Airborne-particle abrasion and subsequent etching was an appropriate
treatment for Ti gr 23 alloy implants. (J Prosthet Dent 2020;m:m-m)

To shorten the osseointegration period, various sur-
face treatments have been developed producing different
roughnesses and topography.”>'>' Two distinct
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Clinical Implications

Commercially available implants made of distinct
materials and with different surface treatments
display diverse surface roughness, topographic
features, and surface and subsurface compositions.
High clinical success rates have been documented
for these 3 implant systems, indicating that
osseointegration can be obtained for a variety of
surface states and materials.

methods, addition and subtraction, are in use. Treatment
by addition includes plasma spraying of Ti or of hy-
droxyapatite, anodic oxidation,>*'**° and calcium
phosphate deposition.'* Treatment by subtraction in-
cludes airborne-particle abrasion with alumina, titania, or
resorbable media and etching with various acidic mix-
tures, with or without prior airborne-particle abrasion.'”
Implant shape has evolved as well, from cylindrical to
cylindroconical, and even conical starting from the
implant neck.?'

The design of the implant neck has also been a focus
of change. First to be introduced were microthreads of
various shapes and dimensions.?* To create more room
for bone at the crestal emergence of the implant neck,
implants with neck shapes narrower than the implant
body have been developed with the neck designed either
as an inverse cone®’ or a triangle with 3 flat sides.*"**

The biological merits of the classical a-f Ti alloy
compared with cp Ti have been researched, with either
osseointegration or implant anchorage measured by us-
ing the reverse-torque method. Some authors reported
advantages for cp Ti,*>” while others found no differ-
ence between cp Ti and Ti alloy.?®?® These studies
addressed machined or airborne-particle abraded sur-
faces of both materials, and, to the authors” knowledge,
only one in vivo study has compared the airborne-
particle abraded and etched (PAE) surfaces of both ma-
terials.”* Some authors have claimed that PAE is typically
not an appropriate treatment for the biphasic a-f Ti gr 5
alloy.®

Acid-etching of titanium leads to the production of
small H" ions at the implant surface. Subsequently, the
surface and the subsurface are enriched in H'.'>%°
These ions diffuse toward the bulk and precipitate and
form needles of Ti hydride (TiH,).""***” lons that remain
at the implant surface create a layer of nonstoichiometric
Ti hydride,*>>*® which interacts with the biological envi-
ronment.'”?>? A high concentration of H" and needles
of Ti hydride leads to so-called hydrogen embrittlement,
which may reduce the mechanical properties of Ti and its
alloys.""
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The purpose of this in vitro study was to physically
characterize and compare the surface and subsurface of 3
dental implant systems made of distinct materials with
distinct surface treatments. The null hypothesis was that
the surface roughness of these 3 clinically well-
documented dental implant systems®”*' would be
similar.

MATERIAL AND METHODS

Three implants (n=3) from 3 commercially available
dental implant systems were investigated. Information
about the material and surface treatment was obtained
from the respective company implant catalog and com-
pany websites: Group TG4AO included representative
implants with a circular neck (3.5%8 mm) made of cp Ti gr
4 and treated by anodic oxidation (Nobel Replace
Conical; Nobel Biocare).” Group TG23AE included im-
plants with a triangular neck (3.9x8 mm) made of Ti gr
23, surface airborne-particle abraded with medical grade
alumina, and etched in hot acids (V3; MIS). Group
TG4AE included implants with a circular neck (3.3x8
mm) made of cold-worked cp Ti gr 4, surface airborne-
particle abraded with large grit (0.25 to 0.50 mm) medi-
cal grade alumina, and etched in hot acids (BL; Institut
Straumann AG).“1”

The surface roughness characteristics were deter-
mined by optical noncontact profilometry (Infinite Focus;
Alicona Imaging) on a 250x250-pum field with a Gaussian
filter of 50x50 pm."> The measurements were performed
on 3 successive valleys between the threads of the 3
distinct implants. In accordance with the International
Organization for Standardization (ISO 9693-1),** the
following parameters were recorded: the mean arithmetic
deviation roughness (S,), the root mean square rough-
ness (Sy), the average distance between the 5 highest
peaks and 5 lowest valleys (Syq,), the skewness of the
height distribution (Sg), the kurtosis of the height dis-
tribution (Sy,,), and the developed surface (S4,).

The topographic features of the surface of the im-
plants were examined with a scanning electron micro-
scope (SEM) (Philips XL30; FEI Co) at 20 kV in the
secondary electrons (SE) and back-scattered electrons
(BSE) modes. Magnification ranged between x20
and x4000. Elements present on the surface and their
concentration were identified by energy dispersive X-ray
spectroscopy (EDS) with a silicon drift detector (XFlash
410-M; Bruker Nano) (<133 eV at MnKua).

The compounds present on the implants surfaces
were determined by X-ray diffraction (XRD) by using a
diffractometer (SmartLab 9KW,; Rigaku) with a Cu Ko
radiation (A=1.5418 A, U=40 kV, 1=40 mA) and a sec-
ondary beam monochromator of graphite (002). The 20-
scanned angle was 30 to 80 degrees, step size was
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Table 1. Mean xstandard deviations roughness of 3 implant types

Sa Sq S0z

Sks Sku Sar

Arithmetic Mean Deviation

Root Mean Squared Mean Height of 5 Highest

Surface Skewness Surface Kurtosis Developed Interfacial

Type of the Profile Height Peaks and Valleys Area Ratio
TG4AO 0.81 +0.06 1.01 £0.06 6.56 +0.31 0.52 +0.08 2.95 +0.20 10.78 £1.21
TG23AE 1.22 £0.09 1.56 £0.12 15.80 £1.53 - 042 +0.16 491 £0.93 12.09 +0.87
TG4AE 1.59 +0.19 2.09 £0.26 22.21 +7.40 0.32 +0.19 4.85 £1.63 29.81 +8.53
P <.001 <.001 .001 .003 >.003 .001

A20=0.04 degrees, and counting time per step was 2
seconds. The implants were positioned perpendicular to
the radiation beam. The results were compared with the
information of pure powder standards (powder diffrac-
tion files) available from the International Center on
Diffraction Data (ICDD).

The implants were embedded in resin, sectioned
parallel to their long axis, and polished. The metallo-
graphic sections were examined under SEM/EDS and
then etched with a lactic hydride reagent (5 mL lactic acid
fresh and 5 mL of stock solution of 3 mL HF and 97 mL
HNO,)** to reveal the presence of TiH needles. The
etched specimens were examined under the SEM at
magnifications ranging from x200 to x13 000.

For group TG23AE, the possible enrichment from the
etching process of an alloying element toward the surface
and into the outer oxide layer was evaluated. A con-
centration profile of the alloying elements was obtained
with a time-of-flight secondary ion mass spectrometry
(ToF-SIMS) V mass spectrometer (IONTOF) equipped
with a 25 KeV Bi" liquid metal ion gun (Bi" LMIG) as
primary gun and a 1 KeV O, as the sputter ion beam in
a positive polarity. Analysis and sputtered area were
80x80 um and 300x300 pm. This method has a mass
resolution of 0.00 x amu and submicrometer resolution
imaging to map any mass number of interest. The
roughness parameters of the 3 implant systems were
compared by using the Kruskal-Wallis test for nonpara-
metric data (o=.05).

RESULTS

The mean =standard deviation roughness data are
shown in Table 1. The S, of groupTG4AO was 0.81 +0.06
pm, below 1 um; the S, of the 2 other groups was within
the 1- to 2-um range. The S, and S;,, were highest for
group TG4AE. The S was slightly negative for group
TG23AE compared with the 2 other groups. The Sy, of
group TG4AO was close to 3, and the surface was free of
extreme peaks or valley features. With Sy, values ap-
proaching 5, the 2 PAE surfaces displayed a whole range
of peaks and valleys. The developed surface (S4) was
highest for group TG4AE. All surface parameters of the 3
implant groups were different, with means +standard

Pimenta et al

deviations presented in Table 1. The differences were
statistically significant (P<.05).

The surface topography of each implant group
appeared different. The surface of TG4AO obtained by
anodic oxidation displayed a canyon-like structure of 3 to
12 pm of various heights with craters of 1 to 8 pm
(Fig. 1A, 1D). The roughness was provided by the uneven
structure. At higher magnification of x8000, many cracks
were seen running through the implant surface (Fig. 1D).
The PAE surfaces of group TG23AE and TG4AE showed
a macrotexture obtained by airborne-particle abrasion
and a superimposed microtexture with pores carved by a
strong acid attack. The macrotexture of group TG23AE
was more rounded (Fig. 1B, 1E); for group TG4AE, it was
more elongated and corresponded to the shape of the
abrading material (Fig. 1C, 1F).

In terms of elemental composition, the presence of a
high intensity peak of oxygen (O) and phosphorus (P)
was detected in group TG4AO (Fig. 2A). The peak of O
signals the presence of Ti oxide. The P peak corresponds
to the incorporation of elements from the anodic oxida-
tion bath that contained phosphoric acid.* The spectrum
of group TG23AE showed a peak of Ti and Al alloying
element. A peak specific to V did not appear because the
Ko peak of V overlapped with the KB peak of Ti (Fig. 2B).
For group TG4AE, the peak of Al was due to residue of
the alumina abrading particles (Fig. 2C).

The XRD patterns of the 3 groups matched the peaks
of the hexagonal a-Ti phase of powder diffraction file
(PDF) #00-044-1294. However, each group displayed
extra peaks corresponding to the presence of an addi-
tional compound on the surface. For group TG4AOQO, the
extra peaks matched PDF #00-021-1272, corresponding
to anatase, the tetragonal phase of Ti oxide (Fig. 3A). For
group TG23AE, distribution of the a-Ti intensities
differed from group TG4AO (Fig. 3B). The 3 additional
peaks could not be identified with certainty. For group
TG4AE, the extra peaks matched PDF #01-078-2216,
which corresponded to cubic TiH, with its characteristic
peaks at 41.0, 59.4, and 70.5 20 degrees (Fig. 3C).

The metallographic sections of TG4AO displayed the
anatase layer grown by anodic oxidation as greyish, less
dense than the Ti substrate (Fig. 4). The thickness of the
oxide varied from approximately 3 to 13 um, with pores
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Figure 1. Surface characteristics of implant of each of groups tested. A, Surface of TG4AO (NobelReplace Conical; Nobel Biocare) showing canyon-like
structure providing roughness effect (original magnification x1000, bar=100 um). B, Surface of TG23AE (V3; MIS) showing rounded macrostructures
superimposed by microtexture with pores (original magnification x1000, bar=100 um). C, Surface of TG4AE (BL; Straumann AB) showing elongated
macrostructures with microtexture with pores (original magnification x1000, bar=100 um). D, Closer view of TG4AO. Note random distribution of

canyon-like structure with craters and cracks running over oxide layer (original magnification x2000, bar=50 pm). E, Closer view of TG23AE. Micropores
carved by acid on top of macrostructure produced by airborne-particle abrasion (original magnification x2000, bar=50 um). F, Closer view of TG4AE.

Superimposed micropores on top of macrotextured surface appear numerous and sharp.

and cracks running within the bulk of the oxide (Fig. 4).
For group TG23AE, white grains were distributed
among a dark Ti matrix (Fig. 5A). Elemental analysis of
the white grains and the matrix showed different con-
centrations of the alloyed elements (Fig. 5B). The mean
Al and V weight% composition of the white grains was
4.6% and 7.4%, and, for the Ti matrix, it was 5.3% and
3.2%. The white grains were richer in V and deprived of
Al and belonged to the B-phase of the alloy. The dark
matrix corresponded to the a-phase, which was richer
in Al and deprived of V.

Etching revealed TiH needles on group TG4AE only
(Fig. 6A). The thin needles were approximately 1.5 to 40
pum long. At the thread level, TiH needles were longer
and more numerous and propagated deeper inside the
implant bulk for up to approximately 360 um. In the
valleys between the threads, their diffusion depth was
limited to approximately 100 pm (Fig. 6). Some TiH
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needles were directly perpendicular to the implant sur-
face (Fig. 6C).

Depth profiling was performed for group TG23AE
exclusively to evaluate the V enrichment of the surface as
suggested by Salaucic et al.° From the bulk toward the
surface of the oxide layer, the concentration of Al and V
decreased (Fig. 7). The Ti oxide layer was depleted in
these elements. No enrichment of any alloying element
was observed.

DISCUSSION

The present study aimed to characterize the surface of 3
commercially available dental implants systems that
differ by material, surface treatment, and surface
composition. The null hypothesis that these implant
surfaces would have similar implant roughness charac-
teristics was rejected.

Pimenta et al
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Figure 2. Elemental analysis of surface. A, Spectrum of TG4AO. In
addition to peaks of Ti, note presence of peak of O that indicates
presence of oxide layer; P peak comes from anodization bath
that contained phosphoric acid. B, Spectrum of TG23AE. In
addition to peaks of Ti, note presence of significant peak of Al
Peak specific to V not visible because it overlaps B-peak of Ti. C,
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Group TG4AO had the topographic feature of a
canyon-like structure with open craters. Its roughness
was the lowest among the investigated groups. With a
S, of 0.81 um, it can be categorized as having a mini-
mally rough surface.”'® Other roughness values for this
surface were documented and are either consistent with
the present findings, 0.87 pm or rougher (1.17 um and
1.35 pm) depending on the measuring devices.*®” The
grown oxide layer is made of well-crystalized anatase of
variable thickness from 3 to 15 pm (Fig. 4). The signal of
the a-Ti phase was unexpectedly strong, while the oxide
one was rather weak. This was caused by the highly
variable thickness of the oxide that allowed the under-
lying substrate to strongly contribute to the diffraction
signal. An oxide thickness of 5.7 to 9.3 um has previ-
ously been reported.* The present study characterized it
both as thinner and thicker. The oxide layer was porous
with many cracks, probably because of high internal
residual stress. This may explain why flakes of the oxide
layer have been observed.** The depth of the open 1- to
8-pm craters were reaching 6 to 7 pm, which allows
bone ingrowth.?® Despite a S, <1 um, similar to the
roughness measured on machined implants,'® this
topographic feature may also explain why surface
cleaning in the presence of plaque or infection is more
difficult than for other airborne-particle abraded or PAE
surfaces.*®

The surface of groups TG23AE and TG4AE looked
like typical PAE-treated titanium implants with a mac-
rotexture and microtexture.”'”*>** The macrotexture of
group TG23AE was rather round in shape (Figs. 2B, 4E),
while it was elongated for group TG4AE (Figs. 2C, 4F).
This difference might have been a result of the shape
and granulometry of the abrasion material. However, it
may also be because of the distinct acid mixtures
involved.

The spatial roughness parameters of group TG4AE
were higher than for group TG23AE, and the Sy, was
approximately 2.5 times higher (Table 1), probably
because of deeper pores carved by the acid mixture. It
should be interesting to verify if surfaces with deeper
pores, and a larger Sy may be more challenging to
maintain in situations of peri-implantitis.

A marked difference between the PAE groups was
that the etching modified the surface composition of
group TG23AE but not of group TG4AE, which was
consistent with previous findings.? Acid etching leads to
the diffusion of small H" ions into the material under-
going the strong corrosion process. On cp Ti, the

Spectrum of TG4AE. In addition to peaks of Ti, note presence of
small peak of Al coming from alumina particles that remained on
implant surface.
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Figure 3. X-ray diffraction patterns of implant surfaces. A, Spectrum of TG4AO. Numerous additional peaks that do not belong to o-Ti fitting anatase,

rhomboid Ti oxide. B, Spectrum of TG23AE. Peaks belonging to o-Ti where found and additional ones not identified. Main peak of cubic B-Ti phase
overlapping with o-Ti peak (002) at 38.44 degrees. C, Spectrum of TG4AE. Peaks not belonging to a-Ti fitting with cubic TiH,.
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Figure 4. Backscattered scanning electron micrographs of
metallographic sections of TG4AO. Original magnification x8000. Oxide
layer darker than Ti bulk material, indicating that atomic weight (or
Z-contrast information) of oxide is below that of Ti bulk material. Darker
image indicates lighter material providing signal. Thickness of oxide
layer uneven, from approximately 3 to 12 um. Canyon-like structure
delimits craters for possible bone ingrowth. Oxide porous and cracks
running in grown anatase.

diffusing H" ions forms a TiH layer beneath the implant
surface. When the etching conditions are strong, TiH
concentration on the surface as determined by XRD can
reach 19% to 37%. However, when weaker, it is in the
5% to 8% range.?* H solubility is limited in the hexagonal
close packed (hcp) structure of the o-Ti phase used for
group TG4AE; above 20 ppm, H precipitates into TiH,*”
and the a-Ti phase coexists with a nonstoichiometric
deficient dihydride, the 3-TiH,_, phase.®® In contrast, no
TiH compound could be assessed on the surface of the a.-
B Ti alloy because H solubility in the alloy is much higher.
The body-centered cubic structure (bcc) of the B-Ti phase
accommodates many more interstitial elements than the
hep o-Ti phase. Shih and Birnbaum®® reported that
loading the biphasic alloy with 50 atomic% H did not
lead to TiH precipitation. The presence of TiH on the
surface has been reported to positively affect the bone
response, '’ but others found no benefit.*>

For group TG4AE, the increase of H concentration at
the implant surface led to the precipitation of thin TiH
needles (Fig. 6) that were not evenly distributed. The
needles were more numerous at the thread level than at
the valleys between the threads and propagated deeper
in the material, up to approximately 360 pm at the thread
level compared with approximately 100 pm in the valleys
between the threads. The needles close to the surface
were smaller than the deeper ones (Fig. 6B), and, in the
valleys, some needles were directly perpendicular to the
surface and may serve a notch starting point for fissure
propagation. Cold-worked cp Ti is especially sensitive to

Pimenta et al
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Figure 5. Backscattered scanning electron micrographs of
metallographic sections of TG23AE. A, Original magnification x3000.
Note presence of white spots of B-Ti phase denser than matrix. B,
Original magnification x1000. Location of white B-Ti grains and a-Ti
matrix where elemental composition analyzed by energy dispersive
X-ray spectroscopy.

H embrittlement, and the combination of notches and
H embrittlement might cause long-term mechanical
concern."!

Time-of-flight secondary ion mass spectrometry
(ToF-SIMS) depth profiling was performed on group
TG23AE to address the issue of the appropriateness of
PAE for Ti alloyed implants.® Enrichment of any of the
alloying elements at the implant surface was not

THE JOURNAL OF PROSTHETIC DENTISTRY
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Figure 6. Backscattered scanning electron micrographs of
metallographic sections of TG4AE after etching. A, Original
magnification x500. Thread showing presence of TiH needles. At thread
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observed (Fig. 7). Moreover, depletion of Al and V
occurred while approaching the surface from the bulk
side. Szmukler-Moncler et al” investigated the etched
surface of a Ti gr 5 implant and described a similar
pattern of macrotexture and microtexture. Depth
profiling was performed by AES and Ar" sputtering.
However, no enrichment of either Al or V was found at
the surface or the subsurface. Noteworthy, the etching
conditions are strong enough to simultaneously dissolve
the a and the B phases. When the etching conditions are
weaker, the acid carves pores into the alloy and removes
preferentially the o-Ti matrix. The B-Ti phase that is more
corrosion resistant remains on the etched surface.* This
phase is richer in V and denser than the matrix. The B-Ti
grains observed in the backscattered mode under the
SEM at x3000 magnification appeared white and sharp,
looking similar to remaining airborne-abraded alumina
particles.'#5¢44

Pimenta et al®** compared the osseointegration of
these 3 implant groups in a rabbit tibia model 6 weeks
after implant placement. Despite the differences of sur-
face topography and surface composition, the level of
osseointegration was similar for all groups. Bone-implant
contact of the group TG4AO was 58.1 +1.6%, for group
TG23AE 59 +2.0%, and for group TG4AE 58.7 +1.8%,
which was not statistically significantly different. There-
fore, in contrast with Salaucic et al,® it may be concluded
that PAE is an appropriate treatment for implants made
of a-B Ti alloy when an adequate etching procedure is
implemented.

Limitations of this study included the relatively
limited sample size. Further research of more implant
systems with a larger sample size should be performed
with uniform physical methods.

CONCLUSIONS

Based on the findings of this in vitro study the following
conclusions were drawn:

1. The 3 implant groups presented distinct character-
istics in terms of materials, surface topography, and
surface composition.

2. Airborne-particle abrasion and etching of the
biphasic Ti gr 23 was an appropriate texturing pro-
cess. The a-Ti and the B-Ti phases were concomi-
tantly dissolved, and the surface presented the
typical macroroughness and microroughness

level, needles more numerous than between threads and their
penetration depth up to 360 um. B, Original magnification x1000.
Various sizes of TiH needles, shorter when closer to implant surface.
C, Original magnification x1000 in valley between threads. Penetration
depth of TiH needles up to 100 pm. Note presence of some needles
perpendicular to implant surface.

Pimenta et al
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Figure 7. Time-of-flight secondary ion mass spectrometry depth profiling of Al and V. Note concentration reduction of AlI* and V* from bulk toward
surface. No Al or V signal augmentation close to surface or within oxide layer.

observed on PAE cp Ti implant surfaces without B-
Ti phase residues.
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