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Abstract

Nanostructured TiNyNbN superlattices at various modulation wavelengths(L) were deposited on silicon(111) and tool steel
substrates using a reactive DC magnetron sputtering process. Structural characterization of the coatings was done using X-ray
diffraction (XRD) in Bragg-Brentanou–2u geometry. All the multilayer coatings exhibited(111) preferred orientation in the
XRD data. Appearance of satellite reflections(SR) along (111) principal reflection(PR) was used to check the quality of the
superlattice coatings. The coatings exhibited superlattice structure for 106 AGLG30 A. The mechanical properties of the coatings˚ ˚
were measured using a nanoindentation technique. The multilayer coatings exhibited hardness as high as 4000 kgymm at a2

modulation wavelength of 48 A, which was;2.4 times the value of the rule-of-mixture. Thermal stability of the TiNyNbN˚
multilayer coating was studied by vacuum annealing the coating for 30 min in the temperature range of 100–8508C. Subsequent
structural changes in the coating were measured by an in situ high-temperature X-ray diffractometer. Coating exhibited thermal
stability up to 7008C and subsequently showed reduction in the superlattice character. The corrosion behavior of 1.5mm thick
single layer TiN and NbN, and multilayer TiNyNbN (Ls50 A) coatings deposited on tool steel substrates were investigated˚
using potentiodynamic polarization in 0.5 M NaCl and 0.5 M HCl solutions under non-deaerated conditions. The microstructural
changes, as a result of corrosion, were investigated by atomic force microscopy(AFM). The results indicated that the multilayer
coatings exhibited superior corrosion resistance as compared to the single layer coatings.
� 2003 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years a number of multilayer coating systems
have been investigatedw1x. These include metalymetal,
metalyceramic and ceramicyceramic multilayer systems.
Nanostructured multilayer coatings of ceramic materials
(especially those of transition metal nitrides) are an
emerging class of superhard materialsw2,3x. In these
materials repeating layered structure of two different
materials with nanometer-scale dimensions are deposited
onto a surface. These nanostructured multilayer coatings
are commonly known as superlattices. The thickness of
each successive pair of layers is commonly known as
modulation wavelength(L), which critically affects the
properties of the superlattices. These materials exhibit
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exotic properties such as high hardnessw4x. Unlike other
superhard coatings(e.g. CVD diamond) the ceramic
multilayer coatings are expected to be stable even at
higher working temperaturesw5x. In principle, these
coatings can be deposited(at low temperature) on any
of the important engineering substrates with improved
adhesionw6x. Superlattice coatings are not only techno-
logically important but also very important scientific
issues related to the enhancement in their properties
need to be addressed.
Of late, a variety of polycrystalline and single-crys-

talline nitride multilayers, such as TiNyNbN w7–10x,
TiNyVN w11x, TiNyCrN w12x, TiNyZrN w13x, etc. have
been developed, mainly by sputtering processes. Some
of these coatings exhibit hardness as high as 50 GPa
(CVD diamonds80–90 GPa). Nanostructured TiNy
NbN multilayers are one of the emerging superhard
coatings. This system has attracted greater interest
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Table 1
Summary of deposition parameters

Target to substrate distance(cm) 5.4
Ti and Nb targets diameter(cm) 7.5
Initial vacuum(mbar) ;2.0=10y6

Working pressure(mbar) ;4.0=10y3

Nitrogen flow rate(sccm) 1.5
Argon flow rate(sccm) 17
N flow near Nb targetyN flow near Ti target2 2 ;1.5
Power density on Ti target(Wycm )2 5.40
Power density on Nb target(Wycm )2 2.26
Substrate bias(V) y200
Ion current density on TiN film(mAycm )2 1.15
Ion current density on NbN film(mAycm )2 0.53
Growth rate for TiN(Ays)˚ ;2
Growth rate for NbN(Ays)˚ ;2
Substrate temperature(8C) 400
Total thickness of the coating(mm) 2

because of its good thermal expansion match with
widely used tool steelyhigh-speed steelw14x. Due to the
great similarities in properties like melting point, crystal
structure and large difference in the hardness, TiN and
NbN are being increasingly used to deposit isostructural
superlattice coatings.
One of the possible uses of TiNyNbN multilayers is

as hard protective coatings on cutting tools, which are
exposed to high temperature during cutting processw15x.
This application demands higher thermal stability as
well as higher hardness of the coating. The thermal
behavior of the multilayer coating is affected by the
presence of interfaces as compared to the single layer
coatings. Interdiffusion becomes one of the important
factors in deciding the mechanical properties of the
multilayer coatings at higher temperaturew5x. Although,
transition metal nitride coatings prepared by physical
vapor deposition(PVD) are generally inert, the presence
of a large number of pores and columnar structure
degrades the corrosion behavior of the coatings signifi-
cantly w16x. The corrosion behavior of PVD TiN and
CrN coatings are fairly well documented in the literature
but the corrosion behavior of NbN and multilayer
coatings is not studied extensively. In general, it has
been reported that multilayers exhibit superior corrosion
resistance than single layer coatingsw17–19x.
In this paper, deposition and characterization of TiNy

NbN superlattice coatings is described. X-Ray diffrac-
tion (XRD) has been used to study the structural
properties of the coatings. The mechanical properties of
the coatings have been studied using a nanoindentation
technique. Thermal stability of the coatings has been
studied using a high temperature X-ray diffractometer.
Potentiodynamic polarization has been used to study the
corrosion behavior of the coatings.

2. Experimental details

Alternate layers of TiN and NbN of varying thick-
nesses were deposited on silicon(111) and tool steel
substrates using a reactive DC planar magnetron sput-
tering system that has been described in detail elsewhere
w20x. The sputtering system consisted of 4 sputtering
guns (3 inches in diameter). In order to get varying
thicknesses of TiN and NbN layers, 6-mm thick high
purity Ti (99.95%) and Nb (99.99%) targets were
sputtered for different durations in high purity Ar
(99.999%) and N (99.999%) plasma. Typically, TiNy2

NbN multilayers were deposited under a base pressure
of ;2.0=10 mbar and a total ArqN gas pressurey6

2

of ;4.0=10 mbar. The flow rates of N(1.5 sccm)y3
2

and Ar (17 sccm) were controlled separately by MKS
(model 247) mass flow controllers. Special gas feeding
system was designed to create differential partial pres-
sures of the reactive gas near the Nb and Ti targets. The
substrate to target distance was 5.4 cm. A DC substrate

bias (V ) of y200 V was applied to improve theB

mechanical properties of the coatings. This resulted in
ion current densities of 1.15 and 0.53 mAycm for TiN2

and NbN sputtered layers, respectively. For all the
experiments, the power densities were;5.4 and;2.26
Wycm for Ti and Nb targets, respectively. Under these2

conditions the growth rates were;2 Ays each for TiN˚
and NbN. The coatings were deposited at a substrate
temperature of 4008C. Multilayer coatings were
obtained by a computer operated substrate rotation
assembly, which controlled the dwell time of the sub-
strate underneath each target very precisely. The total
thicknesses of the films were;2.0mm. The individual
layer thicknesses of TiN and NbN were same for all the
multilayers. Substrates were cleaned in ultrasonic bath
using acetone, ethyl alcohol and trichloroethylene. Fur-
ther cleaning was done by in situ Ar ion bombardment,q

wherein a DC bias ofy850 V was applied to the
substrate for 30 min prior to the film deposition. Sputter
cleaning of the targets was done for 15 min prior to the
deposition. A 0.5mm thick Ti interlayer was incorpo-
rated between the substrate and the film for improved
adhesion. Table 1 summarizes the process conditions
used for depositing TiNyNbN superlattices.
The XRD data of the films in Bragg–Brentanou–2u

geometry were recorded in a Rigaku Dymax 2200
Ultima X-ray powder diffractometer. The X-ray source
was a Cu Ka radiation (ls1.5418 A), which was˚
operated at 40 kV and 40 mA. The spectra were recorded
in the angular range of 508G2uG308 with very slow
scan speed(0.258 per minute). Spectra were also record-
ed at 608F2uF658, 708F2uF768, 758F2uF808,
908F2uF968 and 1018F2uF1068 to find out the
intensities of (220), (311), (222), (400) and (331)
reflections, respectively. High temperature XRD meas-
urements were taken in a 1.2 kW Siemens Kristalloflex
diffractometer (Cu Ka radiation) in Bragg–Brentano
u–2u geometry. The high temperature attachment was
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Fig. 1. XRD patterns of:(a) a single layer TiN coating(b) a single
layer NbN coating and(c) a TiNyNbN multilayer coating with a mod-
ulation wavelength of 48 A.˚

operated under a vacuum of;2.0=10 mbar. They6

data were recorded in the temperature range(T ) ofa

100–8508C at an interval of 508C. The heating rate
was 0.28C per minute. Before recording the XRD data,
the sample was kept at the desired temperature for 30
min. The data collection time was 15 s for a step size
of 0.058.
The hardness measurements were performed in a

nanoindenter(CSEM Instruments) at a load of 5 mN
using a Berkovich diamond indenter. At this load the
indentation depth was much less than 1y10th of the
coating thickness, thus eliminating the effect of substrate
on the hardness measurements. For nanoindentation
measurements, the samples were polished with 0.03mm
alumina powder to reduce the surface roughness. Ten
indentations were made on each sample. The surface
roughness of the coatings was studied using an atomic
force microscope(AFM).
Corrosion studies were made in 0.5 M NaCl and 0.5

M HCl solutions (nondeaerated) using a potentiodyn-
amic polarization unit consisting of three electrodes.
One of the electrodes(areas1 cm ) served as the2

working electrode and a platinum electrode served as
the counter electrode, which was kept parallel to the
working electrode. A saturated calomel electrode(SCE)
with a luggin capillary acted as the reference electrode.
This electrode was kept near the surface of the working
electrode and measured the potential of the working
electrode. The samples were immersed in the solution
for about half an hour so that a steady equilibrium
potential, known as open circuit potential(OCP), was
attained. The polarization of the samples was carried
out, first cathodically and then anodically by approxi-
mately "150 mV above the OCP to cover the Tafel
region("60 to"120 mV) of the polarization. Current
and potential were recorded simultaneously. Tafel plots
were made from the data and the corrosion current
density was determined by extrapolating the straight-
line section of the anodic and cathodic Tafel linesw21x.

3. Results and discussion

3.1. Structure of TiNyNbN superlattices

In a reactive magnetron sputtering process the struc-
ture of TiN and NbN coatings depends strongly on the
nitrogen partial pressure, the sputtering yield and the
substrate bias. Transition metal nitrides exist in different
stoichiometric phasesw22x. For example, NbN may
occur in following phases:b-Nb N, g-NbN and d-2 x

NbN. d-NbN has a cubic B1 NaCl fcc structure with a
lattice parameter of 4.4100 A. There is a limited range˚
of nitrogen concentration, wherein stoichiometric phases
of TiN (38–50 at.% nitrogen) andd-NbN (42–46 at.%
nitrogen) with B1 structure existw22–24x. As the
heats of formation of TiN(y80.8 kcalymol) and NbN

(y56.2 kcalymol) differ significantly w25x, simultane-
ous deposition of TiN and NbN coatings in a reactive
sputtering process is difficult. In order to do so, partial
pressures of nitrogen have to be controlled judiciously
near Ti and Nb targets. Considering all the above points,
it becomes essential first to optimize the process para-
meters for the deposition of cubic TiN and NbN phases
with B1 structure. The deposition conditions were care-
fully optimized after a series of experiments involving
variations of nitrogen partial pressure, sputtering power,
substrate bias, operating pressure, etc. Process parame-
ters listed in Table 1 resulted in a single phase TiN and
NbN coatings. Typical XRD data of TiN, NbN and
TiNyNbN coatings deposited under the above deposition
conditions are presented in Fig. 1. The lower panels of
Fig. 1 show the XRD data of TiN and NbN coatings
with a prominent reflection along(111) plane. The
intensity of(200) reflection for both TiN and NbN was
very low. Other reflection planes such as(220) and
(311) are completely absent in the diffraction patterns
(not plotted in the figure). This showed that under these
deposition conditions both TiN and NbN coatings were
preferentially oriented along(111) plane. After optimiz-
ing the deposition conditions for TiN and NbN, multi-
layer coatings of TiNyNbN were prepared. The top
panel of Fig. 1 shows a typical XRD pattern of TiNy
NbN multilayer coating deposited at a modulation wave-
length of 48 A. For the multilayer, the structure was˚
composed of a principal reflection(PR), the d value
(2.5370 A) of which was in between that of TiN(2.4840˚
A) and NbN (2.5481 A). The principal reflection was˚ ˚
flanked by 1st order negative satellite reflection(SR),
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Fig. 2. XRD data of TiNyNbN multilayers with different modulation
wavelengths. The spectra show(111) principal reflection, which is
flanked by 1st order negative satellite reflection.

Fig. 3. Schematic representations of load vs. displacement curves at
5 mN load for(a) a TiNyNbN multilayer coating(b) a TiN coating
(c) a NbN coating and(d) a tool steel substrate.

Table 2
X-Ray diffraction data of the films studied in the present work

Coating Modulation Total Preferred Structure (111) Peak FWHM of I yIy1 B 1st Order(yve)
wavelength number of orientation position (111) peak satellite
(A)˚ layers (2u8) (2u8) reflection

position(2u8)

TiN – – {111} B1 NaCl fcc 36.16 0.586 – –
NbN – – {111} B1 NaCl fcc 35.22 0.556 – –
Multilayer 106 376 {111} B1 NaCl fcc 35.26 0.840 0.260 33.98
Multilayer 80 500 {111} B1 NaCl fcc 35.26 0.890 0.320 33.86
Multilayer 70 570 {111} B1 NaCl fcc 35.32 0.980 0.324 33.16
Multilayer 64 624 {111} B1 NaCl fcc 35.38 1.012 0.360 33.02
Multilayer 48 770 {111} B1 NaCl fcc 35.40 1.220 0.240 32.80
Multilayer 30 1334 {111} B1 NaCl fcc 35.64 0.900 0.040 32.68

which was indicative of superlattice formation under
these conditions.
The XRD data of TiNyNbN superlattices deposited

at different modulation wavelengths are shown in Fig.
2. Superlattice structure was clearly seen for the films
deposited at 106 AGLG30 A. Samples did not show˚ ˚
prominent positive satellites, which was attributed to
larger lattice spacing and higher X-ray scattering factor
for NbN than TiN. At very low modulation wavelengths
(L-30 A) only a broad principal reflection was˚
observed and satellite reflections were absent, indicating
that a long-range crystalline order was no longer main-
tained. Multilayer coatings with 106 AGLG48 A˚ ˚
showed broader XRD peaks than TiN and NbN, which
means that multilayers(approx. 110 A) had smaller˚
grain size than the single layer TiN(approx. 150 A)˚
and NbN (approx. 200 A) coatings. The full width at˚
half-maximum (FWHM) of the (111) peak decreased

with an increase in the modulation wavelength, however,
its position remained unaffected. A summary of the
XRD data, for the samples studied in the present work,
is listed in Table 2. As can be seen from the Table the
1st order negative satellite reflection moved closer to
the principal reflection with an increase inL. The
intensity ratio of 1st order negative satellite to the
principal Bragg peak(I yI ) was maximum atLs64y1 B

A. It decreased markedly at low modulation wavelengths˚
and at very lowL the satellite reflections were com-
pletely absent. This signifies that there was a limited
range ofL, wherein superlattice formation was possible.

3.2. Mechanical properties of TiNyNbN superlattices

Load vs. displacement curves were measured for
single layer TiN, single layer NbN, TiNyNbN multilayer
coatings and tool steel substrate at 5 mN load. Typical
plots obtained for four samples are shown in Fig. 3.
After initial contact of the indenter on the surface, the
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Fig. 4. Variation of nanoindentation hardness of TiNyNbN multilayer
coatings with modulation wavelength. Also, shown are the hardnesses
of single layer TiN and single layer NbN coatings.

load was increased at a predetermined rate(10 mNy
min) to the desired maximum load(5 mN) and then
decreased at the same rate(10 mNymin) to zero. The
unloading curve followed the partial elastic recovery of
the sample material. From this plot the hardness was
calculated using Oliver and Pharr methodw26x. The area
formed by the loading and the unloading curves, defined
as plastic deformation work, can be used to assess the
resistance of plastic deformation and the wear resistance
of the coatingsw27x. The resistance of plastic deforma-
tion is inversely proportional to the plastic deformation
work. In the present study, TiNyNbN multilayer coatings
showed the smallest plastic deformation work and the
largest resistance to plastic deformation as compared to
the single layer TiN and NbN coatings. For the softest
film (i.e. NbN), the maximum indentation depth was
120 nm, which was much less than 1y10th of the
coating thickness, thus eliminating the effect of substrate
on the hardness measurements. Tool steel substrate
showed a maximum indentation depth of 160 nm. For
the hardest film(i.e. TiNyNbN), however, the maximum
indentation depth was only 85 nm. It must be mentioned
here that all the nanoindentation measurements were
largely unaffected by surface roughness of the coatings.
The root-mean-square(rms) surface roughness,R , ofa

TiN, NbN and TiNyNbN multilayers, with a total
thickness of 2.0mm, was investigated by AFM. Typical
rms roughness values for TiN, NbN and TiNyNbN were
6.04 nm, 2.89 nm and 5.49 nm, respectively. The
nanoindentation data were also corrected for indenter
size effect.
The variation of nanoindentation hardness of TiNy

NbN multilayers with modulation wavelength is shown
in Fig. 4. The peak hardness occurred atLs48 A and˚
the maximum hardness obtained was;4000 kgymm ,2

which was nearing to that of a superhard material. The
hardness values of TiN, NbN coatings and tool steel
substrate were;2000 kgymm , 1400 kgymm and 11002 2

kgymm , respectively. The maximum hardness obtained2

was much higher than the value of the rule-of-mixture,
which for TiN–NbN is;1700 kgymm . For the mul-2

tilayer coatings pronounced variations in the strength
and hardness as a function of modulation wavelength
are commonly observedw7–13,20x. For example, TiNy
NbN multilayers exhibit hardness varying from 3600 to
5000 kgymm depending on the deposition process and2

the growth conditions. Similarly, CuyNi multilayers
show a hardness enhancement by a factor of;2.4 times
the value of the rule-of-mixturew20x. Apart from the
modulation wavelength, hardness of the coatings was
also dependent on the substrate bias. A maximum
hardness of 4000 kgymm (Ls48 A) was achieved at2 ˚
V sy200 V. The hardness decreased from 4000 toB

3300 kgymm as the bias was decreased fromy200 to2

y150 V. At very high substrate bias(e.g. V Gy225B

V) the hardness again decreased, presumably because

of ion beam intermixing effects at the interfaces and
interface roughening. This observation is consistent with
the earlier reports on effect of bias on the mechanical
properties of TiNyNbN superlattices w8,14x. The
enhanced hardness can be explained by ion-induced
densification belowy200 V and deterioration of the
superlattice structure caused by interdiffusion and inter-
face roughness abovey200 V.
A variety of mechanisms have been put forward to

explain the hardness enhancement in the multilayer
superlattice coatings. These include suppression of dis-
locations (Koehler strengthening), grain refinement
(Hall–Petch), coherency strain hardening, dislocation
line energy effects and interfacial crack deflection
w3,28,29x. In general, enhancement in the hardness
results from the resistance to dislocation glide across
the interfaces, which is proportional to the difference in
the layer shear moduli. The observed enhancement in
the hardness in TiNyNbN multilayer samples at low
modulation wavelength (40–108 A) is primarily˚
believed to be due to the interfaces. At low modulation
wavelengths, the interfaces between the layers act as
pinning sites for dislocations. As the thicknesses of TiN
and NbN layers are too small, the dislocation generation
(such as Frank Read) cannot occur inside the layers.
Even if the dislocations are generated in the layers they
propagate towards the interfaces. As the interfacial
energies are quite high, further movement of the dislo-
cations is prevented and hence pile-up of the dislocations
takes place near the interfaces. Furthermore, each inter-
face serves as crack-tip deflectors. This leads to a
substantial increase in the system hardness relative to
that of the homogeneous materials. However, the same
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Fig. 5. High-temperature XRD data of a TiNyNbN superlattice coating
annealed at 400, 500, 600, 700, 800 and 8508C. The modulation
wavelength was 50 A.˚

Fig. 6. Variations of:(a) peak position and FWHM of principal reflec-
tion, and(b) FWHM and normalized intensity of 1st order negative
satellite reflection of a TiNyNbN multilayer coating(Ls50 A), with˚
annealing temperature.

arguments are not true at very low modulation wave-
lengths, where the multilayer behaves like an alloy. At
large modulation wavelengths, softening occurs as a
result of dislocation motions within the individual layers.
It must be mentioned that the maximum enhancement
in the hardness of a superlattice coating also depends
on the microstructure and stress level of the coating,
irrespective of the modulation wavelength.

3.3. Thermal stability of TiNyNbN superlattices

TiNyNbN (Ls50 A) multilayer coating deposited˚
on silicon substrate was annealed at 100–8508C for 30
min. The maximum annealing temperature was well
below the melting point of TiN(2950 8C) and NbN
(23008C). Typical high temperature XRD plots obtained
from a TiNyNbN multilayer sample annealed at 400,
500, 600, 700, 800 and 8508C are shown in Fig. 5. All
the plots exhibited strong(111) principal reflection.
First and 2nd order negative satellites and 1st order
positive satellite were seen along the(111) principal
peak. The XRD data were deconvoluted using a Peak-
Fit program to calculate the peak position, the peak
intensity and the FWHM of the principal and the satellite
reflections. These results are plotted in Fig. 6. As shown
in Fig. 6a, the position of the(111) principal reflection
shifts to higher 2u values. This may be attributed to
stress relaxation as a result of annealing. Compressive
stresses are commonly observed in bias sputtered films
and can be explained by the increase in point defects
created by Ar ion bombardmentw30x. The FWHM ofq

(111) peak decreases withT and this decrease isa

significant forT )700 8C. The average crystallite size,a

as calculated from the FWHM of(111) peak, increased
from 97 to 179 A as the annealing temperature increased˚
from 100 to 8508C. The grain growth actually occurred
for T )7008C, as evidenced by a significant sharpeninga

of (111) peak above this temperature.
The normalized intensity(I yI ) and FWHM of 1sty1 B

order negative satellite reflection, for example, can be
used to determine the quality of the superlattice coating
after annealingw31x. Variations of(I yI ) and FWHMy1 B

of the SR peak with annealing temperature are plotted
in Fig. 6b. No significant change inI yI was observedy1 B

up to 700 8C, however, it decreased significantly for
T )700 8C. Similarly, FWHM of the SR peak increaseda

considerably forT G700 8C. Both these observationsa



180 H.C. Barshilia, K.S. Rajam / Surface and Coatings Technology 183 (2004) 174–183

Fig. 7. Potentiodynamic polarization curves of a single layer TiN coat-
ing, a single layer NbN coating, a TiNyNbN multilayer (Ls50 A)˚
coating and a tool steel substrate in non-deaerated conditions in(a)
0.5 M NaCl and(b) 0.5 M HCl solutions.

indicate that the coating perfectly retained its superlattice
character up to 7008C and subsequently started degrad-
ing marginally. The position of the satellite reflection
did not change with annealing temperature, indicating
no change in the modulation wavelength. Hence, varia-
tions in the layer thicknesses were minimal during
annealing.
Annealing of a multilayer coating can lead to the

following microstructural changes:(i) interdiffusion(ii)
coarsening of the layers(iii ) reactions between the
layers to produce a new phase and(iv) transformation
within one or both layersw5x. It has been reported by
Hultman et al.w31,32x that single-crystalline TiNyNbN
superlattices exhibit a non-linear diffusion with different
activation energies in the different temperature regimes.
For example, activation energies of 1.2, 2.6 and 4.5 eV
have been reported forT F830 8C, 875 8CGT G830a a

8C and 9308CGT G875 8C, respectively. The lowera

activation energy was attributed to defect-mediated dif-
fusion, whereas, the higher activation energies were
attributed to bulk diffusion. The different activation
energies have been attributed to shift in relative layer
thicknesses and different diffusion rates of Ti in NbN
(fast) and Nb in TiN(slow). Lopez et al. also observed
that annealing of TiNyNbN multilayers caused almost
no intermixing up to 7008C, while the hardness, the
adhesionycohesion, and the structure remained unaffect-
ed w33x. Present high temperature XRD data also support
a non-linear diffusion in TiNyNbN superlattices. Further,
it is demonstrated that TiNyNbN multilayer coatings
retained superlattice structure even up to 8508C and
none of the four microstructural changes, as discussed
above, were significantly operational forT F700 8C.a

The diffusion behavior of the polycrystalline multilayer
coatings, in fact, depends on the factors like variations
in exact composition and growth-induced defect density
w32x. Nevertheless, it appears that the polycrystalline
TiNyNbN superlattices exhibit similar diffusion behav-
ior as that of the single crystalline superlattices.

3.4. Corrosion behavior of TiNyNbN superlattices

The potentiodynamic polarization curves obtained for
tool steel substrate, single layer NbN, single layer TiN
and multilayer TiNyNbN (Ls50 A) coatings in non-˚
deaerated 0.5 M NaCl solution are shown in Fig. 7a.
The thickness and the area of the coating were 1.5mm
and 6.25 cm , respectively, for all the samples. The2

multilayer coating had 600 interfaces. The corrosion
potential relative to SCE(E ) and corrosion currentcorr

density(I ) obtained from these plots are presented incorr

Table 3. After coating the substrate with 1.5mm thick
TiNyNbN multilayer, E increased fromy0.505 tocorr

y0.355 V, thus indicating more noble behavior. The
correspondingI values were 9.6mAycm and 0.92

corr

mAycm , respectively. Single layer TiN and NbN coat-2

ings exhibited almost similar corrosion behavior. A

small, but significant, increase inE (approx. 65 mV)corr

for multilayer coating as compared to the single layer
TiN and NbN coatings may suggest that the multilayer
coating was more noble than single layer. Corrosion
characteristics of the samples in non-deaerated 0.5 M
HCl solution are shown in Fig. 7b. In this case, also,
E increased fromy0.460 toy0.325 V after coatingcorr

the substrate with 1.5-mm thick TiNyNbN multilayer.
However in this case,I for tool steel substrate wascorr

very high (240 mAycm ) as compared to 0.82mAy2

cm for multilayer coating. Thus, the multilayer coating2

exhibited a 290-fold decrease inI as compared to thecorr

bare substrate. The fact that all the three coatings,
studied in present work, behaved more or less same in
both HCl (more aggressive) and NaCl solutions indicate
that porosity was minimal. Considering the low thick-
nesses of the samples studied in the present work(1.5
mm), the good corrosion resistance is believed to be
due to a denser microstructure of the coatings, resulting
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Table 3
Corrosion characteristics of tool steel, single layer TiN, single layer NbN and multilayer TiNyNbN coatings in 0.5 M NaCl and 0.5 M HCl
solutions

Sample 0.5 M NaCl 0.5 M HCl

E (V vs. SCE)corr I (mAycm )2corr E (V vs. SCE)corr I (mAycm )2corr

Tool Steel y0.505 9.6 y0.460 240
TiN y0.420 1.5 y0.365 1.1
NbN y0.420 1.3 y0.375 1.6
TiNyNbN y0.355 0.9 y0.325 0.82

Fig. 8. Three-dimensional AFM morphologies of:(a) and(b) tool steel substrate before and after corrosion,(c) and(d) TiNyNbN multilayer on
tool steel substrate before and after corrosion in 0.5 M HCl solution.

from the increased ion bombardment during the depo-
sition. This was confirmed by AFM images.
The microstructural changes as a result of corrosion

were investigated by AFM and representative three-
dimensional morphologies are presented in Fig. 8.
Uncoated substrate exhibited very smooth surface mor-
phology with an rms roughness of 4.6 nm. After corro-
sion in 0.5 M HCl solution the substrate became very
rough andR increased to 266 nm. Substrate coateda

with TiNyNbN multilayer exhibited an rms roughness
of 5.2 nm and it did not change even after corrosion in
0.5 M HCl solution(5.4 nm after corrosion). Similarly,
no significant change in the microstructure of the single
layer TiN and NbN coatings was observed after
corrosion.
In general, transition metal nitride coatings are rela-

tively inert to the chemical attacks due to their relatively
higher position in the electrochemical series. As these
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coatings are prepared by PVD techniques, which gen-
erally lead to porosityydefects in the coatings during
deposition. These pores act as primary source of corro-
sion. In fact, presence of pores can easily be detected
by corrosion measurements. Adhesion is another issue,
which affects the corrosion characteristic of a coating
significantly. If adhesion of the coating on the substrate
is not good, the production of gas bubbles during the
corrosion test can delaminate large coating areas, which
subsequently degrades the corrosion behavior of the
coating w34,35x. Of course, the corrosion behavior of
thin coatings depends on the thickness of the coatings.
For example, Lang and Yu reported an excellent corro-
sion resistance of TiN coatings having thicknesses of 12
and 18mm w36x. However, at lower thicknesses(i.e.
F6 mm), the corrosion resistance was very poor. This
was attributed to higher defects and or pores at lower
coating thicknesses. Very limited studies on the corro-
sion of multilayers are reported in the literaturew17–
19,34–40x and it has been shown that the corrosion
behavior of multilayers is largely modified by the
presence of a large number of interfaces. For example,
superior corrosion behavior of TiNyCrN multilayer coat-
ings as compared to the single layer coatings has been
reported by Nordin et al.w19x. Ries et al.w39x have
shown that the corrosion resistance of multilayer coating
depends on the nature of interface. They reported that
the corrosion resistance can be more effectively
increased by using graded interface coatings instead of
sharp interface coatings. The better performance of the
graded interface coating has been related to the reduced
interfacial stresses. In the present work, the multilayer
coatings showed better corrosion behavior as compared
to the single layer coatings but this improvement was
not very significant. For example, in 0.5 M HCl solution,
I for TiN and TiNyNbN coatings were 1.1 and 0.82corr

mAycm , respectively. The correspondingE values2
corr

werey0.365 andy0.325 V. Given the fact that multi-
layers contained as many as 600 interfaces, there should
be other factors, apart from the interfaces, which control
the corrosion behavior of multilayer coatings. Clearly,
more work is needed to understand the exact mechanism
of corrosion in multilayer coatings.

4. Conclusions

A reactive DC magnetron sputtering system was used
to deposit nanostructured TiNyNbN multilayer coatings
on silicon and high-speed steel substrates at various
modulation wavelengths. Judicious control of the pro-
cess parameters resulted in the deposition of polycrys-
talline TiNyNbN multilayer coatings with B1 NaCl fcc
structure. All the coatings exhibited preferred orientation
along (111) plane. The X-ray diffraction data showed
that the coatings exhibited a superlattice structure for a
modulation wavelength such that 30 AFLF106 A.˚ ˚

The position of 1st order negative satellite shifted to
higher 2u value with an increase inL. The intensity of
satellite reflection was maximum atLs64 A and˚
reduced to zero forL-30 A. This has been attributed˚
to alloying at low modulation wavelengths. Nanoinden-
tation data showed that for the films prepared atLs48
A and V sy200 V the hardness was as high as 4000B
˚
kgymm , which was approximately;2.4 times the rule-2

of-mixtures value. High-temperature XRD data of the
annealed TiNyNbN multilayer showed that the coating
retained its superlattice structure up to 7008C and
indicated a degradation in the quality of the coating for
T )700 8C. This was attributed to interdiffusion in thea

coating at higher temperatures. The multilayer coatings
exhibited a 290-fold decrease inI as compared to thecorr

uncoated steel substrate in 0.5 M HCl solution. Similarly,
in 0.5 M NaCl solution the multilayer coatings exhibited
superior corrosion resistance as compared to the bare
substrate. No significant microstructural changes were
observed in AFM as result of corrosion of TiNyNbN
multilayers. The present work shows that TiNyNbN
superlattices not only possess superior mechanical prop-
erties but also superior thermal and chemical properties.
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