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Abstract

Ti6Al4V films have been prepared by DC magnetron sputtering technique at different currents (600, 700, 800 and
900 mA); target—substrate distance has been 3 cm. The depositions were carried out from Ti6Al4V alloy target. The
deposition rate increases with increasing the current. The current effect on the crystalline quality and texture has been
investigated by means of X-ray diffraction. B-Phase has been identified, and the grain size has been found to increase with
increasing the current. The composition of the films has been determined by proton-induced X-ray emission and Rutherford
backscattering technique. The Ti ratio was found to increase with current. The results obtained indicate that the TiAIV
films by DC magnetron sputtering can inhibit the aggressive action of corrosion media. With increasing the current to
improve film quality (bigger grain size), film Ti6Al4V/SS304 improved corrosion resistance for 304 substrate; micro-
hardness was measured using Vickers method by applying 10 g load. Ti6Al4V film improves corrosion resistance and

microhardness.
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1 Introduction

Titanium alloys are widely utilized for a variety of appli-
cations and have been comprehensively investigated (Ya-
mada 1996; Gorynin 1999; Gurrappa 2003; Faria et al.
2011), owing to their well-known interesting chemical and
mechanical properties (Metikos-Hukovic et al. 2003)
compared with pure titanium. The titanium element is a
monophase metal, physiologically inert, and non-toxic.
Most applications of titanium involve mixing it with
small amounts of aluminum and vanadium, typically 6%
and 4%, respectively, by weight, to form a metallic alloy,
which is normally indicated as Ti6Al4V. This ternary
titanium alloy exhibits o and B phases structure, with
enhanced mechanical properties, high resistance to corro-
sion and wear and good hardness and tenacity (Aragon and
Hulbert 1972; Khan et al. 1996; Akahori and Niinomi
1998; Long and Rack 1998; Torres et al. 2001). These
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features enable effective utilization of such alloy in many
applications, especially those associated with biological
systems. It is widely used in the fabrication of medical
implants due to its excellent biocompatibility (Roessler
et al. 2002; Dimcic et al. 2004; Faria et al. 2011). Zhang
et al. (2015) have investigated microstructure, microhard-
ness and corrosion performance of Ti6Al4V alloy. Also,
these alloys are widely applied for dental and orthopedic
implants due to their biocompatibility (Krischok et al.
2007; Variola et al. 2008; Yildiz et al. 2009). They provide
higher biomechanical properties and chemical stability in
biological systems than other materials such as stainless
steel and cobalt—chromium alloys (Chang-bin et al. 2011).

The use of material as medical implant includes study of
corrosion resistance in physiological solution, like 0.9%
NaCl solution, which simulates the environment of the
blood plasma (Barril et al. 2005). Surface treatment is
widely used to enhance abrasion, corrosion resistance and
surface hardness (Wang et al. 2010). Nitriding is often used
to harden the titanium alloy surface (Budzynski et al.
2006). Good biocompatibility of titanium nitride is shown
in the blood and bone tissue (Subramanian et al. 2011). In
addition, the titanium nitride is characterized by good
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mechanical, tribological and anticorrosion properties; that
is why, the titanium nitride is the most suitable to protect
the surface of medical implants.

Surface-modified Ti6Al4V alloy is generally used as a
suitable substrate. A nanostructured surface layer of
Ti6Al4V alloy was obtained by ultrasonic shot peening
(USSP) (Zhang et al. 2015). Subsequently, the corrosion
performance was investigated using potentiodynamic
polarization and electrochemical impedance spectroscopy
(EIS). A few studies have applied this alloy as thin film; for
instance, in previous work, we have demonstrated a suc-
cessful preparation of TiAlV films by vacuum arc dis-
charge technique starting from Ti, Al and V elemental
targets (Abdallah et al. 2013a). The effect of temperature
on the composition and crystalline quality has been
investigated. The films composition is found to be similar
to the standard Ti6Al4V alloy. Increasing the temperature
has caused an increase in the Ti ratio and enhancement in
the texture of the films.

Other preparation techniques have also been used to
deposit thin films of Ti6Al4V, for example chemical vapor
deposition (CVD) or physical vapor deposition (PVD),
such as reactive magnetron sputtering (Luo 2011), RF
sputtering (Alfonso et al. 2006) and DC magnetron sput-
tering (Li et al. 2013). There are a few studies that utilize
the DC magnetron sputtering using Ti6Al4V target.

In this work, TiAlV films have been deposited on Si and
stainless steel (SS304) substrates by DC magnetron sput-
tering method using different current values. The crystal-
lographic properties of the films were studied by XRD
technique. The microhardness was investigated using
Vickers method. In addition, the elemental composition of
the films was obtained by PIXE, EDX and RBS techniques.
The corrosion performance was investigated using poten-
tiodynamic polarization.

2 Experimental Details

The films were prepared by a DC magnetron sputtering
system starting from highly pure (99.99%) Ti6Al4V target
(Al 6 Wt%, V 4 wt% and balance Ti) of 50 mm diameter.
A cylindrical high-vacuum chamber (Fig. 1), made of
stainless steel 316, 363 mm diameter and 492 mm height,
was fabricated locally. A turbo-molecular pump was
installed. The films were deposited on Si (100), SS304 and
carbon substrates within an argon discharge for 10 min.
The distance between the target and the substrate was
3 cm. The residual pressure was lower than 2 x 107 Torr,
and the working pressure was about 2.2 mTorr with argon
flux 17 sccm. The substrate was rotated continuously
around the vertical central axis 20 rpm. During deposition,
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Fig. 1 Diagram of DC magnetron sputtering system

the plasma current was varied 600, 700, 800 and 900 mA
(from 230 W to 350 W power) at room temperatures.

The crystallographic properties of the prepared films
were studied by X-ray diffraction (Stoe StadiP transmission
X-ray diffractometer). Films thickness was obtained with a
Tescan Vega Il XMU scanning electron microscope (SEM)
equipped with energy-depressive X-ray spectroscopy
(EDX), which has been used for determination of the ele-
mental composition of the prepared samples.

The elemental composition of the films on carbon sub-
strate was measured using the PIXE technique. The mea-
surements were taken using 2 MeV proton beam produced
from the 3MV HVEE™ tandem accelerator at the Atomic
Energy Commission of Syria (AECS). Ti6Al4V target
(99.99%) reference target has been used to validate and
calibrate the PIXE measurements. A detailed characteri-
zation of the PIXE system is previously reported in (Ri-
hawy et al. 2016). The RBS analysis was performed using
alpha beam of energy of 2.0 MeV that hits the samples
normally with a total dose of approximately 5 pC.
Backscattered particles were detected at 170° using
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passivated ion-implanted detector (PIPS) with resolution of
12 keV.

Microhardness measurements were taken using a HX-
1000 microhardness tester with Vickers indenter at loading
force of 10 g force (gF) with the time of indentation kept
constant at 15 s.

2.1 Corrosion Test (Electrochemical Test)

The electrochemical corrosion test was carried out using
conventional three-electrode cell of 300 ml capacity by
using Voltalab PGZ 301 (France) and Tafel extrapolation
method. The cell was fitted with working electrode, satu-
rated calomel electrode (SCE) as the reference electrode
and the platinum as a counter electrode. The studies were
carried out in normal saline (0.9% NaCl) solution at
37 £1°C with scan rate 0.166 mV/s, and electrode
potential was raised from — 800 to 1000 mV. The critical
parameters like E o, I.or and corrosion rate in mm/year
were evaluated from the Tafel plots.

3 Results and Discussion
3.1 Deposition Rate and RBS Analysis

Figure 2a shows increase in the deposition rate with the
increase of the current. The deposition current was the
main factor influencing the deposition rate as demonstrated
by Farooq and Lee (2002), because of the increase in the
ionic bombardment. It is worth mentioning that other fac-
tors affect the deposition rate, like the increase in the
oxygen or nitrogen ratios (Rizzo et al. 2007; Abdallah et al.
2013b, 2017; Naddaf et al. 2016) that decrease the depo-
sition rate. The RBS measurements (Fig. 2b) confirm the
behavior shown by deposition rate measurements, where
the thickness of the films increases with the current, as
peak width is associated with the film thickness (Ismail
et al. 2012).

Figure 2c shows SEM cross section for film/Si deposited
at 900 mA, where the thickness of the film is 850 nm and
the deposition rate is 85 nm/min.

3.2 Structural Characterization (XRD)

Figure 3a shows the XRD patterns of the Ti6AI4V films.
The highest intensity peak is symmetric and can be
assigned to B-phase of Ti(110) at about 38.48°, where -
phase in PDF number: 44-1288 a = 3.3065 A similar to
the results of the TiAlV films deposited by RF sputtering
(Garzén et al. 2014). As shown in Fig. 3a, peak position
has been varied from 37.69° to 38.24° when current
increased from 600 to 900 mA. This shift indicates

decrease in residual stress with current because the peak
position for our massif target (zero stress) was 38.53° at
(110) orientation. The a-phase of Ti(002) is not clearly
shown in these films; however, we have observed both
phases (o0 and B) in a previous work (Abdallah et al.
2013a), where vacuum arc deposition technique was
applied.

The grain size was then calculated using Scherrer’s
formula (Scherrer 1918) for the films and is presented in
Fig. 3b, where the average grain size is increased with
current. The intensities of these peaks become higher and
sharper with increasing the current (Fig. 3a). This suggests
that the crystallinity of the resulting films is improved and
the crystallite sizes become larger as justified by calculated
values, possibly as a result of increase in the deposition rate
with current. Li et al. (2013) demonstrated change in ori-
entation direction form (102) to (002) at room temperature
and at 300 °C, respectively. They have noticed that smaller
grain size is obtained at higher temperature.

It has been reported that the grain size plays crucial role
in corrosion behavior and wear resistance and mechanical
properties (hardness and elastic modulus) (Wang et al.
2006a; Mao et al. 2011; Unal et al. 2014).

3.3 Composition Analysis (PIXE + EDX)

The elemental composition of the films has been obtained
by means of both EDX and PIXE techniques (Fig. 4a, b).
X-ray peaks of Ti, Al and V are clearly shown on EDX
spectra for the prepared film at 900 mA. Table 1 shows
that the Ti percentage was about 85.31 wt%. This result
justified that the film composition was close to Ti4Al6V
standard. The percentage obtained of 79.59 at.% for Ti is
nearly similar to that found by Alfonso et al. (2006) for
films prepared by RF sputtering method starting from a
Ti6Al4V target.

Patsalas et al. (2000) have demonstrated that under the
used experimental conditions, the sputtering rates of Ti, Al
and V were slightly different, which result in difference in
stoichiometry between the prepared films and the target.

Figure 4b shows two overlaid PIXE spectra of TiAlV
film (deposited on C substrate) prepared at 900 mA and
Ti6Al4V target. Both spectra are almost identical, which
demonstrates similar composition. Si and K traces are
shown in the spectra due to sample handling and prepara-
tion. The peak shown at 2.76 keV is assigned to the escape
peak of K, X-rays of Ti.

The Ti percentage (wt%) evolution in the films was
calculated using PIXE (Fig. 4c) technique, following
comprehensive calibrations procedures (Rihawy et al.
2016). It is clear that the Ti percentage increased with the
current. The stoichiometry of the films was influenced by
the current value. It is worth mentioning that composition
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Fig. 2 a Deposition rate and b Rutherford backscattering spectra for TiAlV film as a function of the current and ¢ SEM cross section for film
deposited at 900 mA
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Fig. 3 a XRD pattern and b grain size for TiAIV/Si film as a function of the current
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Fig. 4 a EDX spectrum for TiAlV film deposited at 900 mA and b two overlaid PIXE spectra for both target and TiAlV film deposited on carbon
substrate at 900 mA and c the evaluation of Ti percentage obtained by PIXE as a function of the current

Table 1 EDX result (weight

. wt% at.%
and atomic percentage) for
TiAIV/Si film deposited at Al 9.65 15.99
900 mA ] ' '
Tig 85.31 79.59
Vi 5.04 4.42

values obtained by EDX are in good agreement with PIXE
ones.

3.4 Microhardness Measurements

The microhardness measurements were taken for the films/
Si using a small loading force value (10 gF), because larger
load values could be influenced by the substrate hardness,
where the thickness of the films is less than 1 um. The
value of Vickers microhardness decreases from 6.2 to
4.2 GPa with increase of the current from 600 to 900 mA.
It is noteworthy to mention that the larger value of the
microhardness corresponds to the smaller grain size, where
at low current value (600 mA) a small grain size was
obtained (~ 21 nm) (see Fig. 3b). This behavior between
the grain size and the microhardness was previously

reported by (Huang et al. 2007; Abdallah et al. 2013a). The
hardness of titanium alloy (bulk Ti6Al4V) is about 3.6 GPa
(Ashby and Jones 1980), while Si substrate hardness is
9 GPa (Bhattacharya and Nix 1988).

The microhardness values of the TiAlV films found in
the literature varied from 4 to 11 GPa (Leng et al. 2000;
Clem et al. 2006; Pawlak and Wendler 2009; Costa et al.
2010). Our measurements presented in this work are
smaller than those reported in the previous work of TiAIV
films (Abdallah et al. 2013a), prepared by vacuum arc
deposition, about few GPa. This arises due to the difference
synthesis techniques, where the energy of ionic bombard-
ment in vacuum arc is higher (< 150 eV) than the sput-
tering bombardment energy (< 50 eV), and/or due to the
existence of two phases o/f in films prepared by vacuum
arc technique while only a priori B-phase was found (BCC
titanium phase) by sputtering technique (Fig. 5).

Garzon et al. (2014) obtained average nanohardness
varied from 8.5 to 10 GPa for Ti6Al4V films prepared by
RF magnetron sputtering. This difference could be due, as
we believe, to the difference in synthesis technique
between RF and DC sputtering, because the energy bom-
bardment in DC was less than RF sputtering and/or their
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Fig. 5 Microhardness evaluation for films deposited on Si substrate as
a function of the current

Table 2 Corrosion rate of Ti6Al4V film and SS304 by Tafel
extrapolation method in 0.9% NaCl solution at 37 °C

Teore (WA/cm?®) Ecore (mV)
SS304 84.25 — 4543
900 mA 4.44 —90.6
800 mA 3.72 — 190.6
700 mA 1.68 + 66.3
600 mA 1.47 + 178.7

film (Garzon et al. 2014) have small average grain size
(11-16 nm).

3.5 Corrosion Measurements
The characteristic electrochemical parameters in Tafel

method (Frankel 2016) include corrosion potential (E.q.)
and corrosion current density (I..). The corrosion current
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density attained from the polarization curves is usually
proportional to the corrosion rate (Wang et al. 2006b). The
corrosion resistance of Ti6Al4V deposited on SS304 in
normal saline solution was studied and compared with
uncoated SS304 sample. The present study showed that
Ti6Al4V/SS304 film had lower corrosion rate compared
with 304 stainless steel in normal saline solution.

The corrosion resistance of the sample has been
enhanced in comparison with the reference (SS304). All
the coated samples showed higher corrosion potential E.q.,
lower corrosion current density /.., and lower corrosion
rate than the uncoated samples.

Pohrelyuk et al. (2013) has demonstrated, for nitride
Ti6Al4V alloys, that I, (uA/cmz) of both thin and thick
films is varied between 6 and 15, respectively, when 0.9%
NaCl was used at 36 °C. Recent studies have shown that
grain size is a critical factor in the corrosion resistance of
metallic materials and mechanical properties (Wang et al.
2006a; Mao et al. 2011; Unal et al. 2014), where smaller
grain size is associated with better corrosion resistance.

Table 2 shows I.,y, Ecorr and corrosion rate for both
SS304 and films. It is clear that I, values decrease from
84.25 pA/cm? for SS304 to 1.47 pA/cm? for film prepared
at 600 mA.

All samples exhibit an anodic shift in E.., and a sig-
nificant decrease in I, as shown in Fig. 6a, corresponding
to enhanced corrosion resistance. This behavior could be
due to the decrease in the grain size values (Fig. 3b) where
better corrosion resistance is obtained for the sample pre-
pared at low current (600 mA).

Figure 6a shows potentiodynamic polarization curves of
SS304 substrate and Ti6Al4V films deposited on SS304 in
0.9% NaCl at 37 °C. It can be seen that corrosion properties
have been improved as mentioned above. The smallest cor-
rosion current density corresponding to the best corrosion
properties was obtained for the Ti6Al4V film prepared at
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Fig. 6 a Potentiodynamic polarization curves of SS304 substrate and Ti6Al4V films deposited on SS304 in 0.9% NaCl at 37 °C and b EDX
spectra of film on SS304 deposited at 600 mA before and after corrosion test

2
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Fig. 7 SEM images of a and b substrate SS304 before and after corrosion, respectively, and ¢ and d film deposited at 600 mA before and after

corrosion, respectively

600 mA. A positive value of the corrosion potential is an
indicator of low electrochemical activity that is associated
with good corrosion resistance (Kalisz et al. 2016).

Figure 6b shows two EDX overlaid spectra of the film
prepared at 600 mA, before and after corrosion test, have
shown no considerable change for the corresponding
(weight and atomic) percentage values for Ti, V and Al
elements.

The composition of the passive film formed on the
deposits is rather complex since it contains several forms of
oxidized titanium and vanadium as well as Al,O;. We have
found in a previous work, where X-ray photoelectron
spectroscopy (XPS) was used to study the chemical com-
position of the passive layer formed on the films deposited

by vacuum arc discharge method, that this layer was
mainly composed of TiO, (Abdallah et al. 2013a). The
formation of “protective” oxide TiO, layer on the surface
of film results in excellent corrosion resistance in various
test solutions and physiological media (Al-Mayouf et al.
2004; Goldberg and Gilbert 2004), giving that this oxide
layer is considered as a barrier between the surrounding
environment and the underlying metallic titanium. Many
factors could influence corrosion behavior such as TiO,
phase, defect density, stoichiometry, preferred orientation,
o/ phases and grain size (Musil 2000).

It has been reported that refinement of grain size has
remarkable enhancement in the corrosion resistance (op’t
Hoog et al. 2008; Aung and Zhou 2010). This agrees with our

“n @ Springer
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results where the grain size decreases with the decrease in the
current value (from 900 to 600 mA), as can be seen in
Fig. 6a.

3.6 Surface Morphology

Figure 7 shows SEM surface morphology of substrate
SS304 before (a) and after (b) corrosion, respectively. The
lines, which appear as sharp edges, are resulting due to
paper polishing of SS304 (a—b). Pitting corrosion as well as
unsharp edges is clearly shown after corrosion test.

Figure 7c, d for film deposited at 600 mA before and
after corrosion, respectively, shows less corrosion effect
compared with uncoated substrate, which is consistent with
the Tafel curve.

Our films have nanocrystalline size, which varies with
the experimental parameters, which is associated with
high-density grain boundaries of the nanocrystalline
material, which make the impurity uniformly distributed
and enhance the passive film formation. Balusamy et al.
(2010) and Zhang et al. (2015) expressed a similar view-
point. The corrosion—electrochemical behavior is normally
associated with a change of the dominant processes of
oxidation—reduction reaction by increasing the surface
roughness (Pohrelyuk et al. 2013).

This study has shown that TiAIV film deposited on
SS304, by DC magnetron sputtering, can potentially be
applied as a successful biomaterial. Few studies have uti-
lized these films by this technique in place of the con-
ventional alloys. They exhibit accepted inhibition against
the aggressive action of corrosion media. Additionally, the
low-cost aspect can be efficiently considered.

4 Conclusion

Ti6Al4V films have been prepared by DC magnetron
sputtering technique at different current values (power).
The depositions were carried out from Ti6Al4V targets.
The current effects on the crystalline quality and texture
have been investigated by means of X-ray diffraction. B-
phase has been identified, and the grain size has been found
to increase with current. The composition of the films has
been determined by proton-induced X-ray emission tech-
nique. The effect of current on the composition and crys-
talline quality has been investigated. The films composition
is found to be getting to the standard Ti6Al4V alloy.
Increasing the current permitted to increase the Ti ratio and
to enhance the texture of the films. The microhardness of
the films was found to decrease with the current and to be
slightly larger than literatures values. The Ti ratio was
found to increase with current. The microhardness mea-
sured by the Vickers indentation method was found to

@ Springer

decrease with current. EDX and PIXE were used to study
the chemical composition of the films. They indicate that
prepared films prevent the aggressive action of corrosion
media. Therefore, the Ti6Al4V film is an effective method
to improve the corrosion resistance of SS304.
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