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ABSTRACT

Titanium is widely used in biomedical applica-
tions from many years for its interesting pro-
perties, nevertheless there are a large number of
researchers studying the way to improve the
performances of biomedical devices. A large
number of papers concern the study of “com-
mercially pure titanium” (Ti CP) but, very often,
no details are indicated regarding: 1) the type of
Ti CP used; 2) the sandblasting process; and 3)
the analytic evaluation of surface topography. In
this paper, the effect of sand-blasting duration (1,
2, 4, 8 min) and hydrofluoric acid (HF) etching,
as well as their combined or synergic effect, on
the surface topography of CP grade 2 and grade
4, have been investigated. Results obtained show
that sandblasting treatment duration should be
different for Ti CP grade 2 and Ti CP grade 4 to
achieve similar topography. The shape of the
surface is highly modified after acid etching. The
latter produces “peaks” when applied to not sand-
blasted coupons, whilst cuts the “top of the
peaks” in the sandblasted samples. Further we
confirm that, the roughness parameter Ra (or
Sa), is not sufficient to describe “the surface
status” and we propose to use additional para-
meters like: Sq, Sku and Ssk, to unequivocally
describe surface topography of implants as well
as well defined test procedures.

Keywords: Titanium; Surface Treatments; Dental
Implant; Roughness

1. INTRODUCTION

Titanium and titanium alloys are used in biomedical
applications in a wide range of functions from orthopedic
and dental prosthesis to cardiac valves. Nowadays the
most used pure titanium are identified as “commercially
pure” (CP) grades 2 and 4. However, a titanium-vana-
dium-aluminum alloy, reported as grade 5 or labeled as
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Ti6Al4V, is also used.

Titanium and titanium alloys are covered by an oxide
layer that spontaneously forms when the material is in
contact with air [1]. Hydrofluoridric acid is used to re-
move the oxide layer from the Ti surface, to obtain a
“clean” surface that can be used for subsequent treat-
ments. Usually the hydrofluoridric acid treatment, in the
biomedical field, is followed by the immersion of de-
vices in other acid media, i.e. chloridric acid and/or nitric
acid. Several types of surface treatments have been pro-
posed, in the scientific literature, to improve devices os-
seointegration. A good review on the effect of Ti treat-
ments for biomedical applications is [2], whereas a
deeper analysis is reported in the book [3] or patent [4].
Numerous papers show that the mechanical and/or
chemical surface treatment, as well as the roughness of
titanium implants, affects both the rate of osseointegra-
tion and biomechanical properties [5-7]. Wennerberg [8]
has compared the removing torque of machined (blasted
using 25 and 250 micron sized AlL,O; particles) Ti CP
implants, inserted in tibial and femoral metaphysis of
adult rabbit. He found that the average roughness, Ra,
was 0.8 - 1.2 and 2.1 micron for the alloy blasted at 25
micron and 250 micron, respectively. Furthermore, he
found that there is a difference in torque values, between
machined and blasted materials, but no differences were
observed among the blasted samples. In the cited paper,
no details were reported about the type of Ti CP used and
there is no detail about the surface topography. Bagno [9]
has reviewed the effect of various blasting treatments on
samples made in Ti and Ti6Al4V. He shows a lot of in-
teresting data on several Ti alloys blasted using car-
borundum, TiO,, Al,O; and so on, as far as several ex-
perimental data are reported on acid etching of Ti, but
shows no data about the type of commercially pure tita-
nium used and there is no evidence type of the roughness
distribution. These are just a few examples of a much
larger series.

On the other hand, the average roughness, Ra or the
average surface roughness, Sa is the most used parame-
ter utilized in the rough surface characterization [10-13].
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This parameter has been used to correlate the type of the
surface treatment, to the cells adhesion, the adsorption
and the cells growth [14,15] as well as the pull out force
of implanted sample [16] and so on. But, Ra (or Sa) is,
merely, the result of several measurements that detect the
average height of a line crossing the surface: it is well
known to the metrologists, that the “average roughness”
does not completely describe “the surface”.

A method to measure Ra is the following: a mean line
is fitted to the measurement data within the sampling
length, the portions of the profile below the mean line are
then inverted and placed above the line, Ra is the arith-
metic average value of the profile obtained. It is obvious
that several surface topographies could lead to the same
value of Ra (or Sa). Then the average roughness value
Ra, alone, does not give us sufficient information re-
garding the surface profile. The roughness measurements,
on the contrary, could allow us to obtain a “picture” of
the surface. Several parameters could be used in the
study of surfaces [17-19] to achieve “quantitative” values
that can be used to compare surface topography from
different samples. In this paper the following roughness
parameters will be proposed, and have been used, to
analyze the effect of surface treatments: the Surface
Roughness Average, Sa, the Surface Root Mean Square
of roughness, Sq, the Surface Kurtosis, Sku, and the
Surface Skewness, Ssk, as defined in [20].

The physical meaning of Ra (or Sa) is well known, Rq
(or Sq) can be seen as the profile deviation from the
mean value (given by Ra) in which is highlighted the
presence of peaks and valleys found on the surface.
Higher is the difference between Rq and Ra greater is the
presence of very high peaks and deep valleys. The Sur-
face Skewness, Ssk, measures the surface symmetry: if
Ssk = 0, a symmetric height distributions is exhibited, for
example, a Gaussian like, showing the same number of
peaks and valleys, if Ssk < 0, we are considering a sur-
face with more holes than peaks, on the contrary, if Ssk >
0 the surface shows more peaks than holes. In medical
literature these conditions are studied, the configuration
with fine and deep valleys is preferred, in this situation
the interaction between implant and bone is more effec-
tive and reduces the rehabilitation periods, so surfaces
with an Sku negative are preferable. For Gaussian height
distributions Sku approaches 3.0 when increasing the
number of pixels. Smaller values indicate broader height
distributions and vice versa for values greater than 3.0.

The compositions of the grades 2 and 4 alloys are re-

ported in Table 1. The change in composition modifies
the chemical and physical properties of material, i.e. the
Vickers micro-hardness of CP grade 2 is in the range 130 -
180 HV while for the CP grade 4 is in the range 250 -
280 HV, in same manner there is a wide change in other
mechanical properties (see Table 1). Further the material
composition determines, from an electrochemical point
of view [1], a dissimilar behavior for the various types of
Ti alloys, when exposed to biological fluid, but, due the
titanium oxide layer properties, there is no substantial
difference in their use as biomedical devices. It should to
be clear that the same surface treatment realizes a differ-
ent effect on materials owing different mechanical pro-
perties.

Due to lack of information concerning: a) the material
used; b) the sandblasting process applied; and c) the real
surface topography obtained after treatment, it is not easy
to compare, each other, the results published on scientific
journals. To contribute to solve this problem, in this pa-
per, we focus our attention on the effect of sandblasting
and/or hydrofluoridric acid treatment, conducted in well-
defined conditions, of Ti grade 2 and Ti grade 4 and we
propose to use some well defined treatment procedures
as well as the utilization of the mentioned surface rough-
ness parameters.

2. MATERIALS AND METHODS

The titanium samples were cylindrical shaped 5 mm in
diameter and 30 mm in length. Two types of titanium
alloys were used: 1) Ti CP grade 2; and 2) Ti CP grade 4,
both were medical grade. It is well known that micro-
roughness measurements require to be filtered to elimi-
nate any contribution due to macro-roughness and/or due
to the shape of the device under test (i.e. the sample is
not perfectly flat). To try to reduce these types of inac-
curacy, the cylindrical samples were machined as re-
ported in Figure 1(a). To obtain two parallel surfaces
and to avoid the samples rotation during the roughness
measurements, they were encapsulated in an epoxy re-
sin (see Figure 1(b)). Samples have been sand-blasted
using TiO, particles (average diameter 250 microns) in
the device schematically shown in Figure 2 (the image
shows the cone produced by the TiO, particulate), using
a nozzle diameter of 2 mm, the distance between sample
holder and nozzle was 100 mm, the pressure drop across
the nozzle was 5 atm, the process length was varied from
1, 2, 4 to 8 minutes.

Table 1. Chemical composition and mechanical properties of Ti CP 2 and Ti CP 4.

Yield stress Tensile strenght

Titanium alloy type N C H (6] Fe N/mm’ N/mm’ Elongation
CP2 0.03 0.10 0.01 0.25 0.30 275 345 20%
CP4 0.05 0.10 0.01 0.40 0.50 485 550 15%
Copyright © 2012 SciRes. OPEN ACCESS
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(a) (b)

Figure 1. The shape of titanium samples used for the roughness
measurements: (a) bare; and (b) encapsulated in epoxy resin.

z

I

e

Figure 2. Sand-blasting apparatus: schematic representation
and TiO, particulate cone.

Acid treatments were performed using reagent grade
hydrofluoridric acid (Sigma) 2% vol aqueous solution at
ambient temperature for 2 minutes with slow rate mixing,
on “smooth” and sandblasted samples.

Image analysis was carried out using a scanning elec-
tron microscope (SEM) Leica S 440.

3D roughness measurements were conducted at room
temperature using S3F Taylor Hobson Talysurf. Tested
surface was of 5 mm” (collecting 4 points/um), three
measures were conducted on each specimen and three
specimen were tested for each working condition, mean
value of results will be reported in the discussion of ex-
perimental data.

Very shortly, in the following, is reported the physical
meaning of the Roughness Average, Ra, the Root Mean
Square of roughness, Rq, the Kurtosis, Rku, and the
Skewness, Rsk, as reported in the Taylor Hobson Taly-
surf user manual instruction [20]. The surface parameters,
Sa, Sq, Sku, Ssk, used in this work, have the same
physical meaning, those are the surface extension of lin-
ear parameters. Ra is the arithmetic average value of the
profile departure from the mean line, within a sampling
length (Figure 3(a)). A method of visualizing how Ra is
derived as follows: Graph A: A mean line X-X is fitted
to the measurement data. Graph B: The portions of the
profile within the sampling length “I” and below the
mean line are then inverted and placed above the line. Ra
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is the line in Graph C. The Root Mean Square Deviation
of the Profile from the Mean Line (Rq) (Figure 3(b)) is,
mathematically, the Square Root of the Mean of all the
“Z” values after they have been squared.

Kurtosis, Rku, (Figure 3(c)) is a measure of the sharp-
ness of the profile. If the Amplitude Distribution Curve
has a balanced Gaussian shape, Rku approximates to 3.
A bumpy surface will give a value less than 3 and a
peaky or spiky surface a value more than 3. A pure ran-
dom surface such as surface grinding with a newly
dressed wheel will have a Kurtosis of 3. Rku is often
used in conjunction with Rsk (skewness) to monitor wear
(e.g. engine wear). Surfaces with high Kurtosis are more
difficult to clean and are thus prone to contamination and
important feature in liquid, chemical, photographic and
other mass process industries.

Skewness, Rsk, (Figure 3(d)) is a measure of the
symmetry of the profile about the mean line. This pa-
rameter indicates whether the spikes on the surface are
predominately negative or positive or if the profile has an
even distribution of peaks and valleys. A negative Skew
means the surfaces will have good “wettability”” which is
needed for oil and lubrication or surface coating proc-
esses, but they are hard to clean and more prone to con-
tamination.

3. RESULTS AND DISCUSSION

The roughness 3D parameters values, Sa, Sq, Sku, Ssk,
evaluated as indicated previously, for untreated, sand-
blasted and acid etched samples, are reported in Table 2.
SEM images of untreated Ti CP 2 and Ti CP 4 are re-
ported in Figures 4(a) and (b), respectively. The sample
surface appears to be “flat” in both specimens, showing
several “valleys” due to production process. Values ob-
tained from Sa analysis (arithmetical average of devia-
tions from mean plane), are represented in Figures 5(a)
and (b) for untreated, sandblasted and acid etched samples
Ti CP 2 and Ti CP 4, respectively. In the same manner the
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Figure 3. The image shows the way to calculate the roughness
parameters and their physical meaning: a) Ra; b) Rq; ¢) Rku;
and d) Rsk [20].

OPEN ACCESS



44 T. Monetta, F. Bellucci / Open Journal of Regenerative Medicine 1 (2012) 41-50

Figure 4. SEM images (1000x) of smooth Ti CP 2 (a), smooth Ti CP 4; (b), acid etched smooth Ti CP 2 (c) and
acid etched smooth Ti CP 4 (d), Ti CP 2 sandblasted 1 min (e), Ti CP 2 sandblasted 1 min and acid etched (f), Ti
CP 2 sandblasted 8 min (g), Ti CP 2 sandblasted 8 min and acid etched (h).

Copyright © 2012 SciRes. OPEN ACCESS
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calculated values of Sq, Sku, Ssk, are reported in Fig-
ures 6-8. SEM images of not sandblasted acid etched Ti
CP 2 and Ti CP 4, reported in Figures 4(c) and (d) re-
spectively, show that the effect of acid treatment pro-
duces many peaks on a flat surface. Analyzing Sa ten-
dency of Ti CP 2 (Figure 5(a)), scems to be clear that
this parameter increases from smooth specimen to sand-
blasted ones, this means that the specific surface area
enlarges and, for biomedical applications, there is an im-
provement of the interaction between living tissue and

45

implant. Hydrofluoric acid treatment increases the aver-
age roughness in the case of the smooth specimen, while
in the case of sandblasted ones, HF treatments, lightly
decrease average roughness values, if compared with no
etched samples, in this case it is possible to suppose that
acidic media corrodes peaks mitigating them. This result
is in agreement with other our results obtained by elec-
trochemical polarization characterization [1]. Analyzing
the histogram in Figure 5(b) corresponding to Ti CP 4
data, it is possible to observe lower roughness Sa values
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Figure 5. Experimental values of Sa obtained for Ti CP 2 (a) and Ti CP 4 (b).
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Figure 6. Experimental values of Sq obtained for Ti CP 2 (a) and Ti CP 4 (b).

if compared with TI CP 2, this is due to the higher sur-
face hardness of Ti CP 4 respect to Ti CP 2. Comparing
smooth specimen with sandblasted ones, it is possible to
detect a roughness increase after 1 min of treatment (see
also Figures 4(e) and (f). Increasing sandblasting dura-
tion, Sa value reaches a steady state value for both, acid
etched and non-etched samples, lower than that obtained
in the case of 1 min sandblasting. SEM images reported
in Figures 4(g) and (h) represent Ti CP 2 sandblasted 8
min, Ti CP 2 sandblasted 8 min and acid etched, respec-

Copyright © 2012 SciRes.

tively. Sq parameter (root mean squared of deviation
from the mean plane), evaluates the effective value of
surface amplitude. Experimental results of Ti CP 2 and
TI CP 4, reported in Table 2, are represented in Figures
6(a) and (b). Sq parameter can be used to amplify the ef-
fect due to high peaks and deep valleys, in this case Sq
does not differ substantially from the Sa behavior, for all
material tested. It is possible to recognize that exists a uni-
form roughness distribution and that, from this point of
view, longer sandblasting treatments do not appreciably
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Figure 7. Experimental values of Sku obtained for Ti CP 2 (a) and Ti CP 4 (b).

modify the surface shape. As reported before, Sku pa-
rameter (peakedness of the surface) allows analysis of
peak density on the tested surface, if Sku = 3, the peaks
distribution is equilibrate with a Gaussian distribution.
Experimental results, reported in Table 2, are shown in
Figures 7(a) and (b). As one can see, the smooth sam-
ples and the smooth acid etched ones, show Sku < 3,
while all the sandblasted samples exhibit a value of Sku > 3,
this means that the surface shape completely change after
sandblasting treatment. Sandblasted specimens experi-

Copyright © 2012 SciRes.

ence a change in the peaks shape depending by treatment
time, but, acid etching seems to be more effective on Ti
Cp 2 rather than on Ti CP 4. Finally the Ssk parameter is
analyzed, this parameter is a measure of the profile
symmetry in relationship to its mean line. If this parame-
ter assumes negative values, we are studying a surface
showing a lot of valleys, on the contrary if it results posi-
tive, there are more peaks than valleys on the surface. In
medical literature these conditions are studied, the con-
figuration preferable is the first one, in this situation, in
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Figure 8. Experimental values of Ssk obtained for Ti CP 2 (a) and Ti CP 4 (b).

fact, the interaction between implant and bone tissues is
more effective and reduce the rehabilitation periods, so
surface showing negative value of Ssk is, therefore, pre-
ferred.

Smooth samples show a negative Ssk value (see Fig-
ure 8), acid treatment modify the surface inducing sev-
eral peaks on smooth samples (Ssk = 0.114 for Ti CP 2
and 0.110 for Ti CP 4, Table 2), while, Ssk values, are
negative or close to zero for all sandblasted samples.
Experimental results show that, for all the tested samples,

Copyright © 2012 SciRes.

increasing sandblasting treatment time, the Ssk values
increase, indicating that the number of peaks increase too,
obtaining, in some cases, a surface dominated from
peaks instead from valleys. The acid etching on sand-
blasted items provokes the reduction of peaks height, as
is demonstrated by negative Ssk values for both, Ti CP 2
and Ti CP 4 samples. This assumption is in agreement
with the conclusion stated in the discussion of Sa values.
The data shown clearly demonstrate that the use of Sa (or
Ra) roughness parameter is not sufficient to analyze and

OPEN ACCESS



T. Monetta, F. Bellucci / Open Journal of Regenerative Medicine 1 (2012) 41-50 49

Table 2. Roughness parameters values obtained using untreated, sandblasted and acid etched samples.

Sample Sa (um) Sq (um) Sku Ssk

TiCP2 TiCP 4 TiCP2 TiCP 4 TiCP2 TiCP 4 TiCP2 TiCP 4

Smooth 0.340 0.220 0.424 0.269 2.73 2.76 —0.214 —0.336
Sandblasted 1 min 1.28 1.41 1.63 1.79 3.38 3.33 —0.148 —0.145
Sandblasted 2 min 1.29 1.09 1.64 1.41 3.36 3.67 -0.151 —0.091
Sandblasted 4 min 1.56 1.02 1.96 1.36 3.18 3.77 —-0.010 0.006
Sandblasted 8 min 1.74 1.08 221 1.39 3.28 3.56 0.050 0.008
Smooth + HF 0.530 0.290 0.608 0.367 1.95 2.54 0.114 0.110
Sandblasted 1 min + HF 1.23 1.24 1.57 1.65 3.46 3.93 -0.22 —0.201
Sandblasted 2 min + HF 1.18 1.10 1.51 1.43 3.76 342 -0.209 —0.193
Sandblasted 4 min + HF 1.47 1.01 1.95 1.29 3.70 3.57 —0.140 -0.130
Sandblasted 8 min + HF 1.64 1.06 2.07 1.36 3.21 3.55 —0.060 —0.149

compare different samples. Due to Sa definition, it may
happen that surface showing the same Sa value, are
really made in very different manner. In the same time in
evaluating, i.e., the adhesion of osteoblast to a surface,
the experimental set-up should be described in detail to
study, i.e., the key factors that could promote osseointe-
gration. Finally, even if the chemical composition of
some Titanium alloys is quite similar, it produces huge
differences in their chemical and physical behavior.

4. CONCLUSIONS

Sandblasting and acid etching produce huge altera-
tions on titanium surface, but their effect is correlated to
several process parameters and to materials used. In our
opinion more attention should be addressed in describing
the sandblasting experimental set up and the same atten-
tion is required on the type of alloy used.

Very often the average roughness, Ra, is used to char-
acterize the surface of medical device, but it alone, is not
sufficient to obtain comprehensive surface description.
We believe that roughness parameters analysis: Sa, Sq,
Sku and Ssk, should be used, as a powerful technique to
determine the effect of surface treatments on metallic
materials. This remark should be reminded when ex-
perimental data, collected from several papers, are com-
pared each other.
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