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Abstract

Today, surface chemistry modifications of titanium implants have become a development strategy for dental implants. The present
study investigated the chemistry and morphology of commercially available dental implants (Nobel biocare TiUnite, Astra AB Osseo-
Speed, 3i Osseotite, ITI-SLA). X-ray photoelectron spectroscopy (XPS) and auger electron spectroscopy were employed for the analysis
of surface chemistry. The morphology was investigated by scanning electron microscopy. The present study demonstrated the major dif-
ferences of surface properties, mainly dependent on the surface treatment used. The blasting and acid etching technique for the Osseo-
Speed, Osseotite and SLA surfaces generally showed mainly TiO2, but a varying surface morphology. In contrast, the electrochemical
oxidation process for TiUnite implants not only produces microporous surface (pore size: 0.5–3.0 lm), but also changes surface chem-
istry due to incorporation of anions of the used electrolyte. As a result, TiUnite implants contain more than 7 at.% of P in oxide layer and
higher amounts of hydroxides compared to the other implants in XPS analysis. F in OsseoSpeed implants was detected at 0.3% before as
well as after sputter cleaning.
Crown Copyright � 2009 Published by Elsevier Ltd. on behalf of Acta Materialia Inc. All rights reserved.
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1. Introduction

Surface properties of titanium implants are known as
key factors for successful osseointegration [1]. Various sur-
face modification methods have been applied to dental
implants in attempts to improve their clinical performance
[2–5]. Moreover, the use of updated technologies for
implant surface modifications has become a marketing
trend in the production of new implants, creating various
morphologies as well as surface chemistries. For instance,
the electrochemical oxidation process, which has been used
on recently launched Mg implant, not only incorporates
more than 7 at.% of Mg cations, but also creates a micro-
porous surface [3]. Another new nanoscale process, discrete
crystalline deposition, alters surface chemistry as well as
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morphology by deposition of 20–100 nm calcium phos-
phate particles [6]. Hence, detailed surface characterization
has become essential for a better understanding of the role
of surface properties on implant integration in bone [7–11].

A number of studies have reported the effects of surface
chemistry on implant integration in bone [12–14]. Sul and
colleagues reported significantly enhanced speed and
strength of osseointegration of surface chemistry-modified
implants [14–16] and provided experimental indications
of a biochemical bonding mechanism on Ca- or Mg-incor-
porated implants.

The aim of the present study is to investigate the surface
chemistry and morphology of recently developed commer-
cially available dental implants (TiUnite�, OsseoSpeed�,
Osseotite�, and SLA�). These implants are fabricated by
proprietary and specific methods which not only produce
their original morphology, but also possibly change surface
chemistry due to chemical etching or electrochemical
r Ltd. on behalf of Acta Materialia Inc. All rights reserved.
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oxidation [8,17,18]. X-ray photoelectron spectroscopy
(XPS) and auger electron spectroscopy (AES) measure-
ments were performed for surface chemistry analyses and
depth profile of characteristic elements of the implants,
and scanning electron microscopy (SEM) was used for
morphological description.
Fig. 1. SEM pictures of clinical implants (3000�): (a) TiUnite; (b) OsseoSpeed
propagation and oxide particles of TiUnite, deep pits of OsseoSpeed, poorly e

Fig. 2. Survey XPS spectra: (a) XPS spectra of the as-received surfaces; (b) XP
data were acquired from the etched threads.
2. Materials and methods

2.1. Implants

TiUnite� (3.75 � 7 mm, Nobel Biocare, Göteborg, Swe-
den), OsseoSpeed� (4.00 � 11 mm, Astra Tech AB, Möln-
; (c) Osseotite; (d) SLA. The inset images in (a), (b), (c) and (d) show crack
tched areas of Osseotite and blasting particles of SLA, respectively.

S spectra of the sputter-cleaned surfaces. In the case of Osseotite implants,
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dal, Sweden), SLA� (4.10 � 10 mm, Institute Straumann,
Waldenburg, Switzerland), and Osseotite� (3.75 � 8.5 mm,
Implant Innovation, FL, USA) were purchased from local
distributors. Two specimens for each type implant were ana-
lyzed by the same protocol of instrumentation described
below.
2.2. SEM analysis

SEM (JEOL, LV-6380, Sweden) was used for morpho-
logical analysis. The SE mode with an acceleration voltage
of 20 kV was selected for SEM analysis and the vacuum
pressure was maintained below 1 � 10�5 torr. The load
current (LC) was approximately 85 lA. In order to reflect
overall surface morphology, SEM images were acquired
at thread flanks of the implants except for SLA. In the case
of SLA, images were collected from a screw valley. For the
direct comparison of the surface morphology, the same
magnification of 3000� was selected for all the implants.
2.3. XPS and AES analyses

Surface chemistry was analyzed by XPS (Sigma Probe,
Thermo-VG, UK) with monochromatic Al Ka (1486.7 eV)
X-ray source and a beam size of 400 lm diameter. X-rays
were irradiated on the area between the second and third
thread of the implants. The electron take-off angle was fixed
at 45� and the vacuum pressure was below 10�9 torr during
spectra data acquisition. Survey XPS data were acquired
over 1200 eV with pass energy of 50 eV and a resolution of
1 eV. XPS spectra were obtained at C 1s, Ti 2p, O 1s, F 1s,
P 2p, N 1s, S 2p, Cl 2s and Ca 2p. The operation conditions
were over 15–20 eV ranges, pass energy of 20 eV and a reso-
lution of 0.1 eV. XPS data were acquired before and after
sputtering. Ar sputter cleaning was operated for 3 s (beam
energy = 2 keV, primary current = 2 lA, rastered area
3.14 mm2). Binding energies, peak areas and atom concen-
tration ratios were obtained using the curve fitting program
provided by Product Company (Sigma Probe, Thermo-VG,
UK). The binding energy of the photoelectron was refer-
Table 1
Binding energies and atom concentration rate (at.%) of elements at as-receive

Element TiUnite OsseoSpeed

AR* SC** AR SC

at.% BE at.% BE at.% BE at.% B

Ti 12.0 459.0 17.5 459.2 11.8 458.8 20.7 4
O 45.2 530.7 55.1 530.9 33.1 530.1 39.6 5
P 6.8 133.4 9.5 133.5 – – – –
F – – – – 0.3 684.7 0.4 6
C 35.1 284.8 17.0 284.8 53.2 284.8 58.2 2
N 1.0 400.5 0.9 400.6 0.3 400.5 – –
Ca – – – – 1.3 350.8 1.1 3

AR*, as-received surface; SC**, sputter-cleaned surface, at.%; atomic concen
value of O Is (eV); 2.3 (TiUnite), 1.4 (OsseoSpeed), 1.3 (Osseotite), 1.3 (SLA)
enced to the C (1s) line of adventitious hydrocarbon at
284.8 eV [19].

The depth profiles of chemical composition were mea-
sured by AES (Physical Electronics, model PHI 650). The
electron beam with 2.5 lm � 4.0 lm probing area was
accelerated by a 5 kV of acceleration voltage with continu-
ous Ar ions etching of 2 keV at the low 10�9 torr (etching
rate for amorphous titanium oxide: 3.7 nm min�1).
3. Results

3.1. SEM analysis

Fig. 1a–d revealed characteristic differences at the
microlevel according to the surface modification methods
used for the implant samples. TiUnite implants showed a
porous structure induced by breakdown phenomena dur-
ing anodic oxidation. Pore size was 0.5–3.0 lm, sometimes
elongated to 10 lm. The morphology of OsseoSpeed
implant was mainly characterized with facets produced
by blasting and fine etching pits. The acid-etched surfaces
of both Osseotite and SLA implants were similarly charac-
terized by crystallographically oriented boundaries. How-
ever, the differences were a needle-like elevation structure
with pore sizes of about 1–2 lm for Osseotite and a honey-
comb structure of about 1–3 lm for SLA implants. Some-
times crack propagation and oxide particles were observed
for TiUnite, deep pits for OsseoSpeed, some poorly etched
areas at thread peaks of Osseotite and remnants of blasting
particles for SLA implants.
3.2. XPS analysis

The survey spectra of as-received and sputter-cleaned
surfaces showed major peaks at Ti 2p, O 1s and C 1s
(Fig. 2). The peak intensities after sputter cleaning
increased at Ti and decreased at C. Relative atom concen-
trations (at.%) and binding energies of all elements are
summarized in Table 1. High-resolution spectra of Ti, O,
C, P and F are presented in Fig. 3. The spectra of Ti 2p,
d and sputter cleaned implants in XPS analysis.

Osseotite SLA

AR SC AR SC

E at.% BE at.% BE at.% BE at.% BE

58.8 16.7 458.6 30.9 458.7 20.1 458.7 29.5 458.7
30.3 38.7 530.0 48.4 530.4 47.1 530.1 55.9 530.4

– – – – – – – –
84.8 – – – – – – – –
84.8 44.0 284.8 20.8 32.0 32.0 284.8 13.9 284.9

0.6 400.5 – 1.0 1.0 400.6 0.8 400.5
47.5 – – – – – – – –

tration; BE, binding energy (eV). Full width at half maximum (KWHM)
for as-received surface and 2.5, 1.5, 1.9, 1.6 for sputter-cleaned surface.



Fig. 3. High-resolution XPS spectra of the as-received and sputter-cleaned samples: (a) and (b) Ti 2p spectra, (c) and (d) O 1s spectra, (e) and (f) C 1s
spectra in all the samples; (g) P 2p spectra in TiUnite; (f) F 1s spectra in OsseoSpeed. Dashed lines indicate the binding energy of peak position on the as-
received surfaces.
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O 1s and C 1s were stoichiometrically deconvoluted
(Fig. 4).

The Ti doublet peak, i.e., Ti 2p1 and Ti 2p3, of both as-
received and cleaned surfaces in Fig. 3a and b appeared
near 464.3 eV and 458.7 eV (D5.6 eV) for all the implants
except that TiUnite showed a peak intensity at 459.0 eV.
After sputter cleaning, binding energy at Ti 2p3 shifted
to high binding energy about 0.2 eV in TiUnite implants
but changed negligibly at the other samples. Ti 2p in
Fig. 4a were deconvoluted to TiO2 at 458.7 ± 0.3 eV,
hydrated water (TiAOH) at �457.9 ± 0.2 eV, Ti2O3 at
�457.1 ± 0.3 eV, TiO at 455.3 ± 0.1 eV and Ti metal at
�454.0 ± 0.3 eV.

O 1s spectra of Fig. 3c and d showed main peaks close to
530.1 eV and broadenings at �531.5 and �532.7 eV for
OsseoSpeed, Osseotite and SLA implants and at �530.1–
532 eV for TiUnite implants. The full width at half maxi-
Fig. 4. Deconvoluted XPS data on the as-received surfaces: (a) Ti 2p was fitted
while Ti metal peak was located at the lowest binding energy side; (b) O 1s w
binding energy side of the main O 1s peak was composed of (OH)s and TiAO
mum (FWHM) of O 1s was greatest for TiUnite implants
and showed rather similar features between OsseoSpeed,
Osseotite and SLA implants. After sputter cleaning, TiU-
nite implants showed a sharpened peak of 530.9 eV. In con-
trast, OsseoSpeed, Osseotite and SLA implants shifted
binding energy to the left (�0.3 eV) and increased FWHM,
i.e., a broadening of the spectra. O 1s spectra in Fig. 4b
were deconvoluted to TiO2, titanium phosphates, (OH)
or CAO, TiAOH or C@O.

C 1s spectra of Fig. 3e represented a singlet peak at
284.8 eV for TiUnite, Osseotite and SLA implants, while
a doublet peak at 284.8 and 288.7 eV was observed for
OsseoSpeed implants. Carbon amounts were detected in
the range of 32–52 at.%. In particular, OsseoSpeed showed
the greatest amount of carbon. In general, the amount of
carbon after sputter cleaning was drastically decreased to
more or less 20% in TiUnite, Osseotite and SLA implants,
to five subpeaks. TiO2 peak was located at the highest binding energy side,
as fitted to identify the molecular species present. A shoulder to the high
H; (c) C 1s was fitted with hydrocarbon, CAO, C@O and CAF.
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whereas OsseoSpeed implants displayed 38% carbon. How-
ever, the C 1s peak at 288.7 eV for OsseoSpeed implants
reduced to noise level with an Ar sputtering (Fig. 3f).
Deconvolution data of C 1s spectra were imposed to
CAO, CAF bonds and C@O (Fig. 4c).

P in TiUnite was detected about 7% at �133.4 eV
(Fig. 3g). After sputtering, the P amount increased to
10%. F in OsseoSpeed was barely detected at 0.3% before
and after sputter cleaning (Fig. 3h). N was detected at
0.3–1.2% for all the samples, while Ca was detected in
OsseoSpeed at 1.3% for the as-received implants. After
sputter cleaning, concentrations of both N and Ca
decreased to less than 1.0%. S or Cl were not detected in
the samples.

3.3. AES analysis

Ti, O and C were mainly detected in all the implants
(Fig. 5). Like the XPS data, the AES analysis confirmed
XPS data in that the greatest amount of carbon was found
in OsseoSpeed implants and that the amount of F at Osseo-
Speed surface was barely detected (Table 2).
Fig. 5. Element distribution with respect to sputter time of 9 min: Ti, O
and C distribution of all implants. AES spectra were acquired at the
cutting edge part of the implant samples except for SLA implants. In case
of SLA data were collected from a valley of screw.

Table 2
Atom concentration rate (at%) of elements at as-received and sputter cleaned

Element TiUnite OsseoSpeed

AR* SC** AR

Ti 16.2 17.5 13.7
O 53.9 73.9 55.7
P 1.9 5.5 –
F – – 0.4
C 28.0 3.1 30.2
N – – –
Ca – – –

AR*, as-received surface; SC**, sputter-cleaned surface. Sputtering time was 5
390 eV.
4. Discussion

The present results showed that surface chemistry and
morphology of different commercially available clinical
titanium implants differed due to surface modification tech-
niques used during manufacture. As a whole, the blasting
and acid etching techniques used for the OsseoSpeed,
Osseotite and SLA implants resulted in mainly TiO2 but
rather altered surface morphologies. In contrast, the elec-
trochemical oxidation process for TiUnite implants chan-
ged not only surface chemistry due to incorporation of
anions of the used electrolyte [15], but also produced a por-
ous structure of the thick oxide layer.

Previous studies on the surface chemistry of machined,
turned and blasted implants have reported Ti, O and C
as major elements [20–24]. The chemistry-modified
implants have revealed more complicated compositions,
involving Ca, P, Mg, S, F and Na in association with the
used methods [14–16,18,24]. The surface elements of the
clinical implants in the present study mainly consisted of
Ti, O and C. In addition to TiO2, nonstoichiometry such
as Ti2O3 and TiO were also detected. Ti metal peaks were
observed at OsseoSpeed, Osseotite and SLA implants, indi-
cating that they have a thin oxide layer. The differences of
the binding energy between Ti 2p and O 1s in the present
study were consistent with previous studies [22–25].

Most of carbon species exist as surface contaminants
since they were abruptly decreased after Ar sputtering.
Deconvolution data showed the presence of CAO, C@O
and hydrocarbon for all the implants [21]. However, with
the highest amounts at 288.7 eV for OsseoSpeed surfaces,
a possible explanation for this is the strong electronegativ-
ity of F [26]. Previous studies have shown that F concentra-
tions of the implant surfaces vary from 0.6% to 12%
[14,24,27,28].

The binding energy of P in TiUnite implant may indi-
cate the presence of titanium phosphates [29]. For this rea-
son, Ti 2p and O 1s of both the as-received and cleaned
TiUnite surfaces showed the chemical shifts in the direction
of high binding energy as compared to the other implants.
AES depth profiles of TiUnite implants support distribu-
tion of P in the oxide layer.
implants in AES analysis.

Osseotite SLA

SC AR SC AR SC

34.2 9.4 26.2 9.2 21.1
50.2 63.5 58.7 67.7 65.6
– – – – –
– – – – –
15.6 26.8 15.1 23.1 13.3
– – – – –
– – – – –

4 s. N was not quantitatively evaluated due to the overlap with Ti signal at
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Hydrated water (TiAOH) and hydroxides (OH) were
obtained by deconvolution of Ti 2p and O 1s [30,31]. The
atom concentration of hydroxides was obviously higher
for TiUnite compared to OsseoSpeed, Osseotite and SLA
implants. This may be due to an anodic reaction,
e.g., Ti4+(ox) + 4H2O(aq) ? Ti(OH)4(ox) + 2H2 ? TiO2�x

(OH)2x + (2 � x)H2O [32]. A large amount of hydroxide
and hydrated water in TiUnite contributed to a broad O 1s
at high binding energy side. It is generally known that OH
groups contribute to the surface hydrophilicity [33].

The binding energy of trace N may be associated to the
organic amines [21]. The differences of the relative atom
concentration in Tables 1 and 2 may be due to the sensitiv-
ity factor to elements of XPS and AES analysis.

A number of in vivo studies have reported that the sur-
face chemistry of titanium implants plays an important role
for osseointegration [3,7,12–16,34–36].

Overall, morphology of TiUnite was characterized as a
porous structure with a lot of craters created during the
breakdown phenomenon of anodic oxidation while the
other implants contained etching pits or blasted facets.
Fine differences of the pits and facets were obvious between
OsseoSpeed, Osseotite and SLA implants due to differences
of used blasting and etching parameters [8,17,37]. The
mechanism of crack propagation and therefore oxide par-
ticle formation in TiUnite is beyond the scope of this study.
Blasting particles were detected in SLA implants in all four
samples measured. These particles are deemed to be alu-
mina residuals from the blasting process, which was con-
firmed with EDX analysis [23].

5. Conclusions

The present study demonstrated major differences of the
surface properties, according to the surface treatment
used, i.e., electrochemical oxidation for the TiUnite
implants and a combination of blasting and acid etching
technique for the OsseoSpeed, Osseotite and SLA
implants. The blasting and acid etching techniques gener-
ally do not change the surface elements of the titanium,
consisting mainly of TiO2, but rather alter the surface mor-
phology. In contrast, the electrochemical oxidation process
not only changes surface chemistry due to incorporation of
anions from the used electrolytes, but also produced
microporous surfaces. In addition to titanium oxide sur-
face chemistry for all the samples, the surface chemistry
of TiUnite is characterized by P incorporation into an ano-
dic titanium oxide layer.
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