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With the aim of studying the topographic influence on wettability of plasma-treated surfaces, we used eighteen
commercially pure titanium (CP Titanium) disks (grade II), 10 mm in diameter and 1 mm thick, and in atmo-
spheres of Argon (Ar), Hydrogen H2 and Ar–H2. These samples were submitted to plasma produced by hollow
cathode discharge (HCD) for 20 and 60 min at a voltage of 500 V and pressure of 220 Pa. After pre-treatment,
the state of the sample surfaces was assessed for surface phases with grazing incidence X-ray diffraction
(GIXRD), and XPS (X-ray photoelectron spectroscopy), evaluated by atomic force microscopy (AFM) and wetta-
bility, using the sessile drop test. It was found that all the conditions were effective in reducing oxide, resulting in
differentwettability values. Correlation between average roughness (Ra) parameters and the ratio betweenmax-
imum peak height and average distance between the highest peak and lowest valley (Rp/Rz) and wettability for
the different treatment conditionswere analyzed. Given the results obtained, it was concluded that Ra and Rp/Rz
are not appropriate for correlating with wettability and it is suggested that a new topographic parameter be
adopted for the Cassie–Baxter equation. XPS analysis showed that reduction efficacy was greater for the Ar–H2

mixture, followed by Ar and H2.
© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Titanium and its alloys are the most widely used materials in bio-
medical applications, due to their high biocompatibility and resistance
to corrosion [1]. However, treatment and surface coating techniques are
used to adapt them to a number of applications. In tissue engineering,
for example, there is a growing interest in developing a new generation
of materials that, in addition to being biocompatible and corrosion-
resistant, has goodwettability, thereby ensuring greater bone/biomaterial
surface integrity [2]. By contrast, stents and valves require that blood have
low wettability to avoid platelet adhesion [2]. These two extreme exam-
ples illustrate the need for modifying the surface after manufacture of
the biomedical device. Themanufacture of these devices involves a series
of steps such as machining, stamping, bending and/or thermal treatment
that exposes the titanium surface to a range of organic and inorganic con-
taminants. In this regard, aftermanufacture there is a need for procedures
that include cleaning and passivation protocols [3]. These procedures are
recommended for entities that establish guidelines and technical behav-
ior for the manufacture of materials for biological use, in order to obtain
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surfaces that better interact with the tissues at the point where themate-
rials are implanted [4]. Among the methods used are sandblasting the
substrate with particles of different grain size; a chemical method that
uses successive acid baths, alkaline treatment, hydrogen peroxide, sol-
gel and anodic oxidation (pickling) and physical methods, which use
laser, thermal spray, plasma spray, PVD, aswell as ion andplasma implan-
tation [5]. The chemicalmethod, themostwidely used, is the cleanest and
treats the surface, butmay lead to incorporation of harmful elements into
the material, requiring additional decontamination stages, prolonging
and increasing the cost of this process, in addition to causing serious envi-
ronmental damage from waste disposal [6].

Plasma has been employed in the processing of surfaces in the mi-
croelectronic industry, attracting the attention of the biomaterials sec-
tor [7]. Although this method has been widely used in biomaterials
research, information about process parameters remains scarce.

One of the advantages of this technique lies in the versatility of plas-
ma energy. On a same piece of equipment it is possible to clean, modify
and sterilize a surface. In the biomedical industry this process consists of
altering a surface in a highly ionized atmosphere. A hollow cathode con-
figuration was used to achieve a more hostile atmosphere. High ioniza-
tion is attained because plasma electrons are obliged to successively
reflect between two cathode surfaces. Electrons are repelled by the cen-
tral cathode, which may be the part to be oxidized, towards the external
cathodes.When approaching these cathodes, the electrons are repelled in
a zig-zag movement that increases the ionization rate in the region in
question. A high ion densitymeans greater bombardment on the surface,
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Table 1
Pre-treatment condition, gas used, time.

Sample Atmosphere Time (min)

Ar 20
Ar 60
H2 20
H2 60
Ar + H2 20
Ar + H2 60

Pure Ar
Pure Ar
Pure hydrogen
Pure hydrogen
50% Ar + 50%H2

50% Ar + 50%H2

20
60
20
60
20
60
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raising incident energy [7–9]. This electrode configuration is used when
the aim is to increase surface damage, that is, for a same process temper-
ature more surface defects are produced than in oxidation with planar
discharge [10].

A number of authors have investigated planar discharge as pre-
treatment of surfaces and/or modifications of titanium-based metallic
materials [5]. It was also reported that a gas mixture of plasma H2/Ar
can be efficient in removing metallic oxides in a pre-treatment, where
hydrogen radicals may contribute to reducing oxides, while argon in-
creases ionization efficiency [11].

According to Zhu et al., it is important to increase nanotopographic,
chemical and physical aspects in order to raisewettability and cell adhe-
sion sites [8,12,13]. Based on this assertion and conflicting results re-
garding the correlation between surface physicochemical aspects and
wettability, we adopted a cleaning process for titanium surface to ana-
lyze its influence on wettability [7,10,14]. The present study aimed at
investigating the influence of topography on the wettability of surfaces
treated with plasma in Ar and H2 atmospheres at three different treat-
ment times.

2. Materials and methods

The plasma cleaning processwas performed in a stainless steel cylin-
drical chamber (400 mm in diameter and 400 mm long), hermetically
sealed by two flanges (Fig. 1). The lower flange contained gas, a vacuum
pump, pressure sensor and cathodically-polarized electrode inlets.
The center of the electrode had an axially-positioned thermocouple,
which measured sample temperature during the experiment. A type
K (chromel–alumel) thermocouple was used. Internal chamber pressure
was measured by a Baratron capacitive membrane sensor.

The chamber housed a disk-shaped sample holder upon which the
sample was placed. In the hollow cathode configuration the sample
was inserted inside a recipient. Cathodes were positioned 9 mm apart
(distance between the sample surface and top cover — dc-c).

A continuous current source, with output voltage continuously
adjustable up to 1200 V and maximum current of 1.5 A, was used to
feed the discharge. In addition, therewas a vacuum and gas distribution
system.

Pre-treatment conditions are illustrated in Table 1. For plasma
cleaning, the chamber was initially evacuated up to the 10 Pa pressure
range, and working gas was introduced up to a pressure of 220 Pa.
The source was then linked and adjusted to a voltage of 500 V, after
which the gas started to glow. Once the pressurewas adjusted, the sam-
ple was expected to reach the desired cleaning temperature (473 K).
After treatments, the 18 disks (3 disks for each condition)were submit-
ted to grazing incidence X-ray diffraction (GIXRD) analyses, XPS (X-ray
photoelectron spectroscopy), atomic force microscopy and wettability
test (sessile drop).
Fig. 1. Schematic diagram of the pl
The surface and crystalline phases were analyzed by grazing inci-
dence X-ray diffraction (GIXRD), with an incidence of 0.5°, using a
Shimadzu XRD-6000 diffractometer. Spectra were obtained with Cu
Kα radiation (wavelength: 0.154 nm), operating at 40 kV, in a range be-
tween 20° and 90°. Diffractogrampeaks were determinedwith the help
of standard crystallography tables (JCPDS).

Wettability analysis includes determining the contact angle using
the sessile drop technique. Samples were placed in a goniometer
constructed at the Laboratory for Plasma Processing of Materials
(LABPLASMA) (Fig. 2) before and after treatment. Next, a micropipette
regulated to 20 μl was used to release a drop of distilled water onto
the sample at a distance of 20 mm and its image was captured by the
video camera mounted on the goniometer. The Suftens program (also
developed in the LABPLASMA) was used to determine contact angle
values. The process was repeated with glycerol, which has a polar and
nonpolar component, and with water, which does not. Three measures
were taken in each sample, that is, for each condition, 9 values were
used for each liquid. Since it is an experimental apparatus developed
in laboratory scale, it was used to standardize testing and evaluate
drop behavior on the sample surface at different times (5, 30 and 60 s).

A SHIMADZU SPM9600 atomic forcemicroscopewas used to analyze
surface topography. Three samples from each group (plasma treated and
untreated), with an area of 5 × 5 microns, were evaluated. Roughness
measurements were obtained considering four different directions for
each sample, varying angles by 45 degrees in a single image. The rough-
ness values were an average of four measurements [2].

3. Results and discussions

Given that surface wettability is the result of chemical and physical
factors [2], these two aspects will be discussed in order to correlate
them with wettability results.

Fig. 3 illustrates grazing angle X-ray diffractograms of treated and
untreated samples. The untreated sample also exhibits the Ti3O phase
in addition to the TiO2 phase. All treatment conditions led to a reduction
from TiO2 to Ti2O, indicating that the six conditions used were effective
in decreasing oxygen content.
asma reactor and peripherals.



Fig. 2. Device developed at the laboratory to measure drop scattering on the samples.
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XPS results (Fig. 4) confirm this observation and indicate a tendency
to a greater reduction efficiency for plasmawith an atmosphere of Ar/H2

(Table 2). Most literature studies use pure hydrogen plasma for at-
mospheric cleaning of titanium surfaces. However, the present study
found that this gas was the least effective of the three atmospheres
used. This low effectiveness is due to the physical and chemical charac-
ters of the reduction mechanism. While hydrogen features a chemical
character, owing to its affinity with oxygen, argon exhibits a physical
Fig. 3. Comparison of X-ray diffraction of plasma-treated and
character, since it has a higher atomic weight and produces greater
sputtering during collisions.

Table 2 shows the O/Ti ratios obtained from the XPS result. The ratio
is lower in Ar/H2 treated samples, followed by those treated with pure
argon and pure H2. Similarly, samples treated for 60 min exhibited
greater oxygen reduction than those treated for 20 min.

Topographic modifications were observed in all treated samples.
Fig. 5 illustrates a untreated sample (5a) and another after plasma treat-
ment (5b). The sample treated with Ar/H2 for 20 min displayed a mod-
ified surface, similar to the control sample (untreated), due to the
reduction caused by plasma. The lower part of the same sample illus-
trates the topographic profile of a line randomly extracted from these
surfaces. Nanotopography is defined as a surface that shows character-
istic topography, with a magnitude of 100 nm or less. These modifica-
tions alter surface interactions with ions, biomolecules and cells that
influence adhesion, proliferation and cell differentiation, interfere in
the osseointegration process, and strengthen their effects [15].

A number of roughness parameters, denominated Ra, Rp, Rv and Rz,
which are important in assessing sample wettability, can be determined.

The Ra parameter is defined as themean height of peaks and valleys
on a surface [16]. An alteration in this parameter does not express all
roughness variations, that is, alterations in peak distribution and peak
height may share common Ra values, not clearly defining the behavior
of surface relief [15]. A number of authors have correlated Ra values
with surface wettability [15–17]. All of them report a direct relationship
between roughness (Ra) and wettability.

Another option for expressing topographic profile would be the use
of roughness parameters Rp and Rz. The Rp parameter is obtained from
mean peak height in relation to the central line in five consecutive read-
ings, while Rz is calculated by the sum of maximum peak heights (Rp)
and maximum valley depths (Rv), in a sampling length [12]. The
Rp/Rz ratio is especially important in assessing surface shape, since a
ratio greater than 0.5 indicates sharp peaks, whereas values lower than
0.5 indicate a surface with rounded peaks [12]. According to these au-
thors, rounded peaks favor the scattering of liquids over the surface.
Using this hypothesis we can estimate its influence on wettability by
assessing the Rp/Rz ratio [12].

Wettability analysis is an important factor for defining biocompati-
bility and this, in turn, is essential in biomaterial osseointegration
[13,18]. Low contact angles mean greater wettability, that is, a more
hydrophilic surface [2].

The present study obtained Ra, Rp and Rz values from the mean
of two profiles of levels plotted for each surface observed. We also
untreated samples with a grazing angle of 0.5 degrees.

image of Fig.�2
image of Fig.�3


Fig. 4. XPS (X-ray photoelectron spectroscopy) of plasma-treated samples.
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measured the contact angles of distilled water and glycerol sessile
drops when they are deposited on these surfaces. Table 3 shows
the results of roughness and contact angle parameters obtained in
assays involving sessile water and glycerol drops.
Table 2
O/Ti ratio obtained from XPS results.

Concentration % O/Ti

Ti2p3/2 O1s

ArH2 60 38 61 1.6
Ar 60 35 64 1.8
H2 60 33 66 2.0
ArH2 20 34 66 1.9
Ar 20 29 70 2.4
H2 20 27 72 2.7
Untreated 23 76 3.3

Fig. 5. Surface nanotopographies (a) untreated sample,(b) sampl
Observe that the data in Table 3 is in increasing order of the O/Ti ra-
tios presented in Table 2. The last two columns, which provide contact
angle values for water and glycerol, respectively, do not follow any
order that can be correlated with that obtained in O/Ti. In other
words, there was no direct correlation between oxygen concentration
and wettability. Likewise, there was no correlation with the Ra param-
eter, or between pairs of samples treated in the same atmosphere but
at different times. Table 3 shows that Ra roughness was greater for all
conditions when ionic bombardment time was increased. For example,
the sample bombardedwith argon for 20 min (Ar 20) had an increase in
Ra from 59.6 nm to 93.1 nm, when bombarded for 60 min (Ar 60).
However, contact angles showed no increase in wettability, as foreseen
by the literature [19]. The contact angle increased, resulting in lower
wettability. The same occurred with Ar/H2 for 20 min and 60 min,
that is, roughness increased while wettability declined. Only for sam-
ples treated with H2 was there a direct correlation between Ra and
wettability.
e treated in a mixture of Ar and H2 for 20 min (Ar + H2 20).

image of Fig.�4
image of Fig.�5


Table 3
Roughness and contact angle values.

Samples Ra (nm) Rz (nm) Rp (nm) Rp/Rz Contact angle
(H2O)

Contact angle
(glycerol)

(θ) (θ)

Ar/H2 (60) 5.6 41.4 20.0 0.48 63.16 72.40
Ar (60) 8.5 93.1 60.2 0.65 56.80 64.00
Ar/H2 (20) 4.5 46.9 21.3 0.45 38.64 59.60
H2 (60) 6.3 53.9 24.7 0.46 44.69 80.50
Ar (20) 6.6 59.6 37.4 0.63 48.71 53.00
H2 (20) 4.9 85.3 62.5 0.73 89.87 86.30
Control 0.5 10.7 0.7 0.1 52.67 52.90
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Table 3 depicts the correlation between the Rp/Rz ratio for pairs of
samples treated in the same atmosphere, but at different times, despite
the absence of direct proportionality. For samples treated in an atmo-
sphere of pure H2, the peaks changed from being sharp (Rp/Rz ratio
greater than 0.5) when treated for 20 min to rounded when treated
for 60 min. Indeed, wettability is higher in rounded peaks, as foreseen
in the literature. For the remaining pairs, the differences in the Rp/Rz
ratio are not as large as in H2 treated samples. Samples treated for
60 min in argon exhibit sharper peaks, while those treated with an
Ar + H2 mixture have more rounded peaks. For samples treated with
an Ar + H2 mixture, although Rp/Rz ratios are very similar, wettability
values are quite different, indicating little or no correlation.

Fig. 6 presents the contact angle values of distilled water (6a) and
glycerol (6b) sessile drop for all the samples studied. In general, there
was little variation in contact angle values between water and glycerol.

Fig. 6 shows that the two greatest variations occurred for H2 60 and
Ar/H2 20. In these conditions the contact angle increased from 44.60° to
86.30° (H2 60 sample) and from 38.60° to 59.60° (Ar/H2 20 sample)
when water was changed to glycerol, respectively. One of the hypothe-
ses for explaining the large difference in these values can bemade based
on the apparent contact angle given by the modified Cassie–Baxter
equation (Eq. (1)), introduced by Marmur [20].

cos θ� ¼ rϕs cos θþ ϕs−1 ð1Þ
Fig. 6. Contact angle values of a drop of water (a) and
where θ* is the apparent contact angle when the surface is rough, r the
ratio between the real and geometric surface, θ the contact angle of a
smooth surface and ϕs the fraction of the surface wetted by liquid.
When a drop is deposited on a rough surface the liquidwill be accommo-
dated as a function of liquid-air surface stress and valley surface slope
angle (Fig. 7).

Since glycerol-air surface stress is lower than that of air, there is a
greater tendency of expulsion for the glycerol drop due to the presence
of air in the valleys. The surfaces exhibit a larger number of valleys in the
region occupied by the drop display more significant differences in ap-
parent contact angle betweenwater and glycerol. Fig. 8 shows the topo-
graphic differences obtained from AFM analyses of the samples studied.

These surfaces exhibit different profiles, even though Ra, and/or
Rp/Rz values in some cases are very similar. For example, Ar/H2 60
and H2 60 samples have very different topographic profiles, despite
their very similar Ra and Rp/Rz values.

Likewise, despite having an Rp/Rz ratio greater than 0.5, sample
Ar 20 exhibits a lower contact angle (higher wettability), whereas
the opposite occurs in the Ar/H2 60 sample. Nanotopographic pro-
files show a set of peaks closer apart, increasing the apparent contact
angle, thereby justifying the lower wettability of the Ar/H2 60 min
sample [21,22].

Thus, the roughness parameters discussed in the present study are
still insufficient tomake direct correlations between surface topography
and wettability. A parameter is needed that considers r and ϕs values
presented in the Cassie–Baxter equation (Eq. (1)) [22].

An interesting finding related to the correlation betweenwettability
and surface topography occurs when mean Rp/Rz ratios are compared
with the contact angle, irrespective of treatment condition. Fig. 9 shows
an Rp/Rz graph as a function of contact angle for water. There is a direct
correspondence between them, with respect to sharp peaks, separately
from surfaces with rounded peaks.
4. Conclusion

The present study discussed the correlation between surface topog-
raphy and wettability, showing that conventional roughness parame-
ters presented thus far presented for correlation are insufficient. In
glycerol (b) on plasma-treated titanium surfaces.

image of Fig.�6


Fig. 7. Illustration of surface stress and surface slope.

Fig. 8. Topographic profiles of samples with different treatment parameters.

Fig. 9. Contact angle with the Rp/Rz ratio.
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this regard, a new parameter is suggested, considering terms contained
in the Cassie–Baxter equation, such as the distance between peaks and r
and ϕs. It was also shown that preliminary processes such as surface
cleaning may result in different wettability values. Based on the results
obtained, the following conclusions can be drawn:

1. All the conditions exhibited similar XRD pattern, containing mainly
Tiα and a small amount of Ti2O oxide, obtained after a reduction in
TiO2.

2. XPS analysis showed that reduction effectiveness was greater for the
Ar–H2 mixture, followed by Ar and H2.

3. No correlation was found between Ra and wettability, or between
pairs with the same atmosphere and different treatment times.

4. A correlation was observed between Rp/Rz and wettability, when
compared to pairs treated with the same atmosphere, but propor-
tionality was not direct.

image of Fig.�7
image of Fig.�8
image of Fig.�9
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5. There was a correlation with direct proportionality when surfaces
were arranged in groups with Rp/Rz less than 0.5 (rounded peaks)
and Rp/Rz greater than 0.5 (sharp peaks).

6. There is a need for a new topographic parameter that considers the
terms contained in the Cassie–Baxter equation, such as distance be-
tween peaks and r and ϕs.
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