Properties and corrosion behaviour of reactive
magnetron sputtered TiAIN coatings on AlSI
316L SS in simulated bodily fluid
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Because of their superior properties, titanium aluminium nitride (TiAIN) films are increasingly
applied as protective layers on cutting and forming tools and turbine compressor blades and as
biocompatible barriers. TIAIN films were deposited on AlSI 316L stainless steel substrates by
reactive magnetron sputtering using a target consisting of equal segments of titanium and
aluminium. X-ray diffraction characterisation showed that the coating structure was face centred
cubic. AFM and SEM studies indicated that the coatings are regular with dense shpherical
granular structure. The coatings were also characterised using photoluminescence spectroscopy
and Raman microscopy to elucidate the optical and acoustic phonon modes of the cubic lattices.
Characteristic peaks were observed at 250, 620 and 1180 cm™' in laser Raman studies.
Polarisation and impedance spectroscopy studies on TiAIN and TiN coated specimens were
conducted in Fusuyama simulated body fluid. The charge transfer resistance R, increased in the
order: uncoated 316L substrate; 2 pm TiN film; 3 um TiN film; 2 um TiAIN film. Thus, the TIiAIN
coating has the highest corrosion resistance, and was also found to have the most noble

corrosion potential and lowest corrosion rate in the polarisation tests.
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Introduction

Titanium aluminium nitride (TiAIN) coatings have been
widely developed for many application fields such as
cutting, forming tools, semiconductor devices, optical
instruments, compressor blades of aero engines, diffusion
and biocompatible barriers.'> TiAIN layers have been
shown to exhibit good mechanical and technical char-
acteristics, such as good oxidation resistance at high
temperature (800°C compared with 600°C for TiN
layers),® low thermal conductivity, high microhardness
(35 GPa compared with 22 GPa for TiN),° high wear and
corrosion resistance and lower coefficient of friction.”
Furthermore, TiN/Ti,N layers have been reported to
offer new possibilities to produce non-toxic human
fibroblast compatible surface layers on titanium alloys.'®

Many studies have reported on the deposition and
properties of TiAIN coating produced by various
fabrication techniques by physical vapour deposition
(PVD) and chemical vapour deposition (CVD) such as
cathodic arc plasma deposition,'"' Plasma assisted
chemical vapour deposition,'? electron beam evapora-
tion evaporation,'® arc ion plating,'* reactive dc mag-
netron sputtering'®> and combined cathodic steered arc
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etching/unbalanced magnetron sputtering.'® Higher
cutting speed can be obtained with TiAIN coating, by
decreasing the thermal loading of the substrate.'” The
improved hardness and better cutting performance
especially in higher cutting speed range of the film,
deposited by reactive dc magnetron sputtering, have
been attributed to shrinkage in the lattice parameters
caused by the replacement of larger titanium atoms by
smaller aluminium atoms. "

TiAIN/CrN, a superlattice coating has proved the
onset of severe oxidation can be raised to temperature as
high as 900°C.'® Hardness enhancement is found in
TiAIN/VN nanomultilayers, deposited by multitarget
magnetron sputtering and their hardness depend
strongly on the modulation period and corresponding
microstructures. The inhibition of dislocation motion by
alternating strain fields is probably responsible for the
improvement of hardness in the multilayer."

The corrosion rate of TiAIN coating fabricated by
hollow cathode ionic plating (HCIP) showed an
excellent corrosion resistance in acid and salt solution,
during the long term immersion test. This coating
seemed to posses certain self-repairing function, because
the corrosion process was obstructed by the corrosion
product of Al on the interface between the coating and
substrate.”’ In this investigation, the materials proper-
ties and electrochemical corrosion behaviour of dc
magnetron sputtered TiAIN films on AISI 316L SS
substrates are reported.
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Experimental

The layers of TiAIN were deposited on well cleaned
AISI 316L stainless steel substrates using a dc magne-
tron sputter deposition unit HIND HIVAC. The base
vacuum of the chamber was below 1 x 10~° torr at the
substrate temperature of 400°C. A high purity argon was
fed into the vacuum chamber for the plasma generation.
The substrates were etched for 5 min at a dc power of
50 W and an argon pressure of 10 mtorr (1-33 Pa). The
deposition parameters for TiAIN sputtering are sum-
marised in Table 1.

The deposited films were analysed for crystallographic
structure with a diffractometer using Cu K, radiation.
The surface of the coating was characterised by scanning
electron microscopy (SEM) using a Hitachi S 3000H
microscope equipped with an energy dispersive X-ray
(EDX) spectrometer and a molecular imaging atomic
force microscope (AFM). Microhardness of the films on
steel was evaluated by using a DM-400 microhardness
tester from LECO with Vickers indenter. A dwell time of
15s and loads of 25 g and 5 g were used for the
measurement. The excitation wavelength was 632-8 nm
for Raman measurements. The data were collected with
a 10 s data point acquisition time in the spectral region
of 200-1200 cm~'.The photoluminescence (PL) mea-
surements were made using a Cary eclipse fluorescence
spectrophotometer (VARIAN) employing a PbS photo-
detector and a 150 W xenon arc discharge lamp as the
excitation light source.

Electrochemical corrosion testing

Electrochemical polarisation studies were carried out
using BAS IM6 electrochemical analyser. Experiments
were conducted using the standard three electrode
configuration, with a platinum foil as a counter elec-
trode, saturated calomel electrode as reference electrode
and the sample as a working electrode. Specimens
(1-0 cm? exposed area) were immersed in the test
solution of modified Fusayama simulated bodily fluid.?!
Experiments were carried out at room temperature
(28°C). In order to establish the open circuit potential
(OCP), before measurements, the sample was immersed
in the solution for ~ 60 min.

Impedance measurements were conducted using a
frequency response analyser. The spectrum was recorded
in the frequency range of 10 mHz-100 kHz. The applied
alternating potential had a root mean square amplitude
of 10 mV on the open circuit potential. After obtaining a
stable OCP the upper and lower potential limits of linear
sweep voltametry were set at +200 mV with respect to
OCP. The sweep rate was 1 mV s~ '. The Tafel plots
were obtained after the electrochemical measurements.

Table 1 Deposition parameters for TiAIN dc reactive

magnetron sputtering

Objects Specification

Target Ti (99-9%) and Al (99:9%)
Substrate AlISI 316L SS, glass
Target to substrate distance 50 mm

Ultimate vacuum 1% 107® mbar

Operating vacuum 2x 1072 mbar

Sputtering gas (Ar: N, ) 50:50

Power 300 W

Substrate temperature 400°C

Corrosion Engineering, Science and Technology 2007 voL 42

(200)

(@110

{202)
(311
(400)

Intensity (a.u)
(220)
s

20 30 40 S50 60 70 80 90
28 (deg.)

1 X-ray diffractogram of sputtered TiAIN film on steel

The porosity was determined from the polarisation
resistance and corrosion potential deduced from
the potentiodynamic polarisation technique using the
relation?

P=(Rps/Rp) x 10— |AE o |/ba (@)

where P is the total coating porosity, Ry is the polari-
sation resistance of the substrate, R, is the polarisation
resistance of the coated steel, AE_,. is the difference
between the corrosion potentials of the coated AISI
316L SS and the bare AISI 316L SS substrate, and b, is
the anodic Tafel slope of the substrate.

Results and discussion

Structural and microstructural analyses

The XRD pattern obtained for the reactive magnetron
sputter deposited titanium aluminium nitride films on
AISI 316L SS with the Ar/N, ratio of 50:50 (Fig. 1)
indicated a successful formation of TiAIN which have a
face centred cubic crystal system with the lattice para-
meter of a=4-231 nm and belong to a space group of
Fm3m. The data show that the observed ‘d’ values are in
very good agreement with the values reported by other
investigators.>® The peaks at 36-780 and 42-539 corre-
sponding to diffraction along (111) and (200) plane.

The grain size of the film was found to be ~30 nm.
Such a small grain size contributes to the smooth surface
morphology and also may have a beneficial effect on the
improvement of the microhardness of the coating.®*
Also the grain size reduction to the nanometre range
results in considerable improvement in their resistance
to localised corrosion.>> The value of microstrain (g) and
the dislocation density () of the as grown film were
found to be 5:065x107* and 2:0269x 10'* lin m™*
Internal residual stresses could be built up in the
deposited films due to lattice mismatch between the film
structure and the substrate surface.

The surface topography of these TiAIN thin films was
studied using AFM for a scanned area of 10 x 10 um and
the section analysis method that allows the determination
of the profile of the samples with a line drawn over the
surface as shown in Fig. 2. From the horizontal cross-
section analysis, the minimum and maximum globule size
was estimated to be in the range of 30-60 nm and some
shallow valleys of ~30 nm depth were observed.

Roughness analysis of the coating was carried out and
the value of the mean roughness R, was calculated as the
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deviations in height from the profile mean value.’® The
value, estimated from these images was ~ 12 nm which
shows that the films were smooth in nature.

Scanning electron microscopy topography of the
TiAIN coated AISI 316L SS substrate is shown in
Fig. 3. Only a very few pits were observed over the
surface, indicating the surface was homogeneous, uni-
form and dense. The deposit compositions analysed
using energy dispersive spectroscopy (EDS) were found
to be 36-22% for Ti, 29-30% for Al, 33-08% for N, 0-71%
for Ar and 0-69% for O. In addition to constituent
elements traces of argon and oxygen were also detected
in the EDS data. In situ Ar* ion bombardment of the
growing film could be reason for the incorporation of Ar
and oxygen could be because of very thin oxide layer
formed on the surface of the film. It may also be due

3 Plane view of sputtered TiAIN film on steel
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to an incipient corrosion process during handling the
sample.

The surface microhardness values of TiAIN films on
AIST 316L SS were measured using a Vickers diamond
indenter at a load of 25 and 10 g for 15 s. The mean
values, 2800 HV0-01 and 2720 HV0-025, were calcu-
lated. Nearly the same values were found for all the
samples.

Photoluminescence and laser Raman studies

A room temperature PL spectrum of the titanium
aluminium nitride film is shown in Fig. 4. It is
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4 Photoluminescence spectrum obtained for magnetron
sputtered titanium aluminium nitride film

2007

voL 42 NO 4

Properties of TiAIN coatings

351



Subramanian et al.

352

Properties of TiAIN coatings

20001 ] ] |

1 1
200 400 600 800 1000 1200 1400

‘Raman shift / cm™"

5 Laser Raman spectrum obtained for titanium alumi-
nium nitride film

interesting to note that emission appearing at 690 nm is
only in the visible region. This implies that the TiAIN
films prepared by dc reactive magnetron sputtering are
of good optical quality. The scattering in the acoustic
range was primarily determined by the vibrations of the
heavy Ti ions (typically 150-300 cm ') and in the optic
range by vibrations of the lighter N ions (typically 400—
650 cm ™ "). As the lattice gets more complex, e.g. on
going from TiN to TiAlN, it is observed that the total
spectral density in the gap region (380-500 cm ')
between the acoustic and optic modes increases.

The characteristic peaks at 250, 620 and 1180 cem” L,
related to transverse acoustic (TA)/longitudinal acoustic
(LA), transverse optical (TO)/longitudinal optical (LO)
and second order optical (20) modes of TiAIN
respectively, were observed in the Raman spectra of
TiAIN films (Fig. 5) prepared by reactive sputtering
process. This is in good agreement with the reported
values for TiAIN films by Constable ez al.*’

Potentiodynamic polarisation and ac impedance
spectroscopy

Typical polarisation curves obtained for the corrosion
behaviour of the samples are shown in Fig. 6. Table 2
shows the results of corrosion testing for the AISI 316L
stainless steel substrate and specimens coated with TiN
(2 pm), TiN (3 um) and TiAIN (2 pm) in simulated
bodily fluid solution. The corrosion potential of the
AISI 316L SS substrate is about —0-393 V. The
corrosion current I ... of steel substrate is greater than
those of TiN (2 um), TiN (3 pm) and TiAIN (2 pm). For
the TiAIN, the corrosion current is reduced to
0-21 pA cm 2, as indicated in Table 2. The porosity
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6 Polarisation studies of a blank substrate, b TiN (2 pm),
¢ TiN (3pm) and d TiAIN (2 pm) in simulated bodily
fluid

and the corrosion rate of the TiAIN coating on AISI 316
L SS substrate were found to be much lower than those
of the TiN coatings on substrate and bare substrate.

The same three electrode cell assembly, as used for
the potentio dynamic polarisation experiments, was
employed for the ac impedance investigations.
Impedance measurements were made at OCP applying
an ac signal of 10 mV in the frequency range 10 Hz to
1 MHz. The Nyquist plots (Fig. 7) showed a single
semicircle for all the samples. At higher frequencies, the
interception of real axis in the Nyquist plot is ascribed to
the solution resistance (R;) and at the lower frequencies,
the interception with the real axis is ascribed to the
charge transfer resistance (R.). The double layer
capacitance Cy value is obtained from the frequency
at which Z imaginary is maximum

o(Zimymax)=1/Cq R 2

When the sample is immersed in the electrolyte, the
defects in the coating provide the direct diffusion path
for the corrosive media. In this process, the galvanic
corrosion cells are formed and the localised corrosion
dominates the corrosion process. The proposed equiva-
lent circuit for such a system is shown in the Fig. 8. The
parameters in the equivalent circuit Rpyore and Ceoaq are
related to the properties of the coating and the
electrolyte/coating interface reactions. R, and Cgy are

Table 2 Potentiodynamic polarisation data of AISI 316LSS (substrate), TiN (2 pm)/substrate TiN (3 pm)/substrate and

TiAIN (2 pm)/substrate

Sample Ecoms V. ba,Vdec™'  bg,Vdec™  Ieom, Acm 2 Porosity, %  Corrosion rate, mpy
AISI 316LSS (substrate) ~ —0-393  2:45 —0-21 4-2%x10°° - 1.97

TiN (2 um)/substrate —0-294 0-63 —0-11 77x1077 0-4122 1-18

TiN (3 um)/substrate —0-243 0-68 —0-11 91x 1077 0-2406 1-38

TiAIN (2 pm)/substrate —-0-215 078 -0-13 1:2x107 0-0225 0-26
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7 Nyquist plots for corrosion measurements of a blank substrate, b TiN (2 um), ¢ TiN (3 pm) and d TiAIN (2 pm) in

simulated bodily fluid

related to the charge transfer reaction at the
electrolyte/substrate interface. When the sample is
immersed in the electrolyte the defects in the coating
provide the direct diffusion path for the corrosive media.
The electrochemical interface can be divided into two
subinterfaces:  electrolyte/coating and  electrolyte/
substrate.

The single semicircle behaviour obtained for the
samples is believed to be due to the short exposure time

CCO&t

(60 min), which is not sufficient to reveal the degrada-
tion of the substrate.?®

The R, increases (Table 3) in the following order:
steel substrate<TiN (2 pm)/substrate<TiN (3 um)/
substrate<TiAIN (2 um)/substrate, which shows that
TiAIN coating on steel substrate has higher corrosion
resistance. Figure 9 (log |Z| versus log f plot) indicates
that the absolute impedance measurements are in the
same order.

RsoI | |
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8 Equivalent circuit used for fitting electrochemical impedance data
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9 Bode plots (log I1ZI versus log f ) of a blank substrate,
b TiN (2 pm), ¢ TiN (3 pm) and d TiAIN (3 pm) in simu-
lated bodily fluid

The Bode plot (log f versus phase angle) (Fig. 10) for
the substrate and TiN (2 pm) showed single and narrow
peaks, indicating one time constant for the corrosion
process at the substrate/electrolyte interface. However,
log f versus phase angle showed broad peaks for the
TiN (3 pum) and TiAIN (3 pm) coatings, indicating the
presence of two interfaces coating/electrolyte and sub-
strate/electrolyte due to the pitting corrosion of the
coating. A similar observation has been made by
William Grips et al.*®

Conclusions

This study investigated the materials properties of
TiAIN and corrosion resistance of TiAIN and TiN
coated AISI 316L SS for clinical applications. The
structural analysis using XRD reveals that the films
are polycrystalline in nature, possessing a face centred
cubic structure and having the lattice parameter a=
4-2314 nm. A dense granular structure was observed
from SEM analysis. Good optical quality of these films
was observed from PL studies.

Tafel plots in simulated bodily fluid showed that the
corrosion rate for the specimens ranked as: AISI 316LSS

Table 3 Electrochemical impedance spectroscopy (EIS)
data obtained for AISI 316LSS (substrate), TiN
(2 pm)/substrate TiN (3 pm)/substrate, TiAIN
(2 pm)/substrate

Sample R, Qcm? Cq4, x10°° Fcom™2
AISI 316LSS (substrate) 6:96x10° 1224

TiN (2 pm)/substrate 1-54x10* 1164

TiN (3 um)/substrate 2:51 x 10* 7251

TiAIN (2 pum)/substrate 262 x 10° 821
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10 Bode plots (log f versus phase angle) of a blank sub-
strate, b TiN (2 pm), ¢ TiN (3 pm) and d TiAIN (3 pm)
in simulated bodily fluid

(substrate)>TiN (2 pm)/substrate>TiN (3 pum)/substrate>
TiAIN (2 pm)/substrate. The TiAIN coating on AISI
316L SS improved the corrosion resistance, i.e. decreas-
ing the corrosion rate and anodic current and increasing
the polarisation resistance for clinical applications. This
ranking was confirmed by the EIS studies.
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