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Nanocrystalline TiN films were prepared by DC reactive magnetron sputtering. The influence of substrate
biases on structure, mechanical and corrosion properties of the deposited films was studied using X-ray
diffraction, field emission scanning electron microscopy, nanoindentation and electrochemical techniques.
The deposited films have a columnar structure, and their preferential orientation strongly depends on bias
voltage. The preferential orientations change from (200) plane at low bias to {111) plane at moderate bias
and then to (220) plane at relatively high bias. Nanohardness H , elastic modulus E, H/E * and H3/E *2
ratios, and corrosion resistance of the deposited {ilms increase {irst and then decrease with the increase in

bias voltage. All the best values appear at bias of —120 V, attributing to the film with a fine, compact
and less defective structure. This demonstrates that there is a close relation among microstructure, me-
chanical and corrosion properties of the TiN films, and the film with the best mechanical property can also
provide the most effective corrosion protection.

1. Introduction

TiN films are widely used as protection coatings
of cutting tools, molds and dies against abrasion,
corrosion and oxidation'"*-. They are generally pro-
duced by physical vapor deposition (PVD), and the
relationship between depositing processes, micro-
structure and properties is investigated'*®. The me-
chanical properties and corrosion resistance of the
sputtered films are strongly dependent on their mi-
crostructure affected by processing parameters'’ ',
In general, TiN films are inert and stable in most
aggressive media. However, PVD films most often
present growth related defects such as pinholes and
pores, through which the substrate materials are at-
tacked in corrosion media'"" . Therefore, for in-
dustrial applications, PVD films with a fine, homo-
geneous and compact structure are always desirable,
especially for promoting corrosion resistance.

Although there has been much information about
microstructure, mechanical and corrosion properties
for PVD metal nitride films "% | it is not always
consistent due to various processing parameters used.
The films which have the best mechanical properties are
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mostly not with the best corrosion resistance-'*** be-

cause their corrosion resistance is very sensitive to
13,17

the pores or pinholes-**!"), Moreover, previous re-
searches have shown that the microstructure and
properties of TiN-based multilayer films (e. g. TiN/
Till), TIN/AINUS, TiN/CeNUS | TiN/ZeN
TiN/W, NP - TiN/TiAINP? | etc.) are associated
with the TiN single layer. Therefore, it is also im-
portant to prepare a monolithic TiN film with high
62125 In this paper,
nanocrystalline TiN thin films were prepared by DC

guality in multilayer systems'

reactive sputtering at various bias voltages, and the
relationship among bias, structure, mechanical and
corrosion performance of the resulting films was
studied in detail. The results show that PVD film
produced at a proper bias voltage can exhibit both
high mechanical and corrosion performance due to
its fine, dense and less defective structure, which is
very useful for the application of nitride-based films
in abrasive and corrosion protection fields.

2. Materials and Methods

2. 1. Film preparation

Nanocrystalline TiN thin films were prepared on
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both Si (100) and 304 stainless steel substrates using
DC reactive magnetron sputtering. The apparatus
schematic diagram is presented in Fig. 1. The dis-
tance of the Ti (99.99%) target to the substrate
was about 8 cm. The substrate was successively
cleaned for 20 min in acetone, 10 min in ethanol and
5 min in deionized water by ultrasonic wave. The
base and working pressures of the deposition cham-
ber were 6. 0X10 ' Pa and 0. 5 Pa, respectively. Ar
(99.999%) and N, (99.999%) gases were used
with fixed flow rates of 30 mL/min and 4 mL/min,
respectively. Ti thin interlayer was first deposited
on the substrate in Ar gas atmosphere for 10 min to
promote adhesion, and then the TiN layer was de-
posited atop in a mixture atmosphere of Ar and N,
gases for 2 h. The bias voltage applied on the sub-
strate changed between — 50 and — 155 V. During
deposition, the substrate was kept at 300 °C.
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Fig. 1.  Schematic diagram of experimental apparatus.

2. 2. Film characterization

The film microstructure was examined by field emis-
sion scanning electron microscopy (FESEM S4800).
The phase composition was characterized by X-ray
diffraction (XRD, PANalytical B. V. X Pert Pro MPD)
with CuKa radiation (wavelength of 0. 15406 nm)
operated at 40 kV and 40 mA. The grazing incident
angle was 2°, the scanning angular (20) scope was
30°—90° and the scanning rate was 2(°)/min. Nano-
hardness and elastic modulus were measured by
MTS XP nanoindenter system equipped with a
Berkovich diamond indenter under 2 mN peak load,
and mean values were obtained based on 5 indenta-
tions. The ratio of indentation depth/film thickness
was no more than 0. 1 in order to avoid the substrate
effect.

Corrosion resistance was evaluated at 25 °C in
3. 5% NaCl aqueous solution using PARSTAT 2273
advanced electrochemical system. The reference and
auxiliary electrodes were a saturated calomel elec-

trode and a graphite bar, respectively. Before meas-
urements, the TiN specimens were put into the elec-
trolyte solution until a steady open circuit potential
(OCP) was recorded. Polarization curves were measured
with a potential scanning rate of 0.332 mV/s, and
electrochemical impedance spectroscopy (EIS) was
recorded at OCP in frequency range between 10° Hz
and 1 mHz by stimulating the specimens with an
AC signal of 10 mV. The specimens were covered
with electrical insulating paraffin except the surface
for electrochemical measurements.

3. Results and Discussion

3. 1. Microstructure

Fig. 2 presents the surface morphologies of the
TiN films produced under different negative biases.
It can be seen that the surface microstructures
strongly depend on the biases, and both the surface
roughness and compactness are improved when the
negative bias increases from —50 to —120 V. How-
ever, too high negative bias (—155 V) may degrade
the compactness and roughness as shown in Fig. 2
(d) where some voids appear, arising from the ion
bombardment effect on the surface mobility of adatoms.
Some crystallites grow in the form of trigonal pyramids
as well as relatively flat particles on the —50 V biased
film surface (Fig.2(a)), leading to a very rough
surface with pinholes. This is in agreement with
Ref. [ 5]. Obviously decreased microstructural de-
fects and improved roughness with increasing nega-
tive bias voltages will improve film properties, es-
pecially corrosion resistance!**/,

Fig. 3 shows the cross-section structures of the
TiN thin films produced at different biases. The
TiN thin films have a columnar structure. The aver-
age diameter of the columns decreases and the com-
pactness is improved when the bias voltage increa-
ses. The column diameter appears to be finer at the
film/substrate interface and enlarges slowly with
increasing the distance from the interface. Similar-
ly, the compactness is higher near the interface
(Fig. 3).

Fig. 3 also shows the film thickness changes with
bias voltage, which is closely related to the sputte-
ring process'®-. Under lower bias voltage, the ion cur-
rent density increases with increase in bias voltage;
therefore, the film thickness increases from 0. 77 pm at
—50 V to its maximum value of about 1. 01 pm at
—8&5 V. Further increasing bias voltage can enhance re-
sputtering effect which can hinder the film growth!”®
causing almost no change in the film thickness with
bias voltage between —85 V and —120 V. When the
bias voltage further increases, the re-sputtering
effect becomes remarkable and finally leads to obvi-
ously decreased film thickness (0. 88 pm at —155 V).
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(a) —50V; (b)) —85V;  (c) —120V;  (d) —155 V.
Fig. 2. FESEM surface morphologies of TiN films produced at varying biases on Si (100) substrate.
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(a) —50 V; (b) —85 V; (c) —120 V; (d) —155 V.
Fig. 3. FESEM cross-section morphologies of different biased TiN films on Si (100) substrate.

Fig. 4 presents the XRD patterns of the different correspond to the stainless steel substrate, and the other
biased films. The peaks around 43. 6°, 44. 3°, and 50. 7° peaks can be ascribed to (111), (200), (220), (311)
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Fig. 4. XRD patterns of TiN films ws. negative bias voltages.
and (222) planes of B1-NaCl TiN structure. No
peaks of Ti and Ti; N are found. All these diffraction
peaks are relatively broad, and the preferential ori-
entations depend on the negative bias voltages.

For better comparing the influence of negative bi-
ases on crystal preferential orientation, texture coef-
ficient T is introduced-?* :

0
Tty = LRD/T (i) "
(1/n)2T(hkL)/I°(hEL)
where, I(hkl) and I°(hkl) stand for the diffraction
intensity of the TiN film and theoretical intensity of
the (hkl) plane, respectively; and n is the diffrac-
tion peak number. Table 1 presents the texture coef-
ficients as a function of bias voltages obtained based
on Eq. (1). In theory, the (200) planes of transition
metal nitride with Bl-typed NaCl structure have the
lowest surface energy'® | leading to an obvious pref-
erential orientation in this plane. Increasing negative
bias voltage corresponds to a high energy of moving
species, which can cause a strong orientation in the
(111) plane, as the films biased at —85 and —120 V.
As the negative bias increases to —155 V, the pref-
erential orientation is changed into (220) plane. The
change of preferential orientation can be attributed

to two aspects as follows.

Firstly, during the PVD film growth, the texture
evolution is associated with the competition between
the surface and deformation energies. If the former
dominates in the whole energy, the film grows along
the (200) orientation. When the latter dominates,
the (111) orientation is predominant'?!. Whereas, for

Table 1
Changes of preferential orientation coefficient with negative
bias voltages

Bias/V T(111) T(200) T(220) T(311)
—50 0. 30 2.00 1.02 0.67
—85 2.34 0. 64 0. 69 0. 33
—120 1.72 0. 24 1. 32 0.72
—155 0.99 0.13 1.91 0.97
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the —155 V biased film with (220) preferential ori-
entation, it is believed that the energy E.; from
bombarding ions exceeds the threshold value re-
quired to produce a film with a preferential orienta-
tion of (220) plane. Maybe this is due to a similar
effect with an increase of energy E; arising from in-
creasing N, partial pressure as observed by Musil-*"-.

Secondly, the ions, whose energy is proportional
to bias voltage, will sputter the growing film when
they impinge on it. Because their energies are rela-
tively low, the ions may preferentially sputter the
outer atoms of the film. In this case, the grains with
the densest plane parallel to the film surface may be
preferentially sputtered. Since the (111) plane is the
densest plane (3. 32 atoms/a®), the grains on it will
be preferentially sputtered. On the contrary, the
grains will be sputtered at a reduced rate if the
plane, parallel to the film surface, is less dense
(e.g. (220): 2.12 atoms/a’, or (200): 2.0 atoms/
a’) and permit the ions to enter into the crystal lat-
tice. Consequently, the (111) texture sharply de-
creases while the (220) texture markedly increases
as the bias voltage surpasses —85 V.

The negative bias voltages also strongly affect the
grain size of TiN thin film. Fig. 5 shows the mean
grain size of the TiN film computed according to the
Scherrer’s formula relative to the (111) plane. The
gain sizes are in the range from 10 to 16 nm. The
grain size drops quickly as the bias increases from —50
to —85 V, and it almost does not change with further
promoting the bias. At higher biases, the grain re-
finement can be contributed to the penetration of
impinging ions into the TiN lattice and the increased

generation of defects for preferred nucleation places®!.
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Fig. 5.  Grain sizes for TiN films wvs. bias voltages.

3. 2. Mechanical properties

Fig. 6 presents the variations of nanohardness
(H) and elastic modulus (E) of the TiN films with
bias voltages. When the bias increases, H linearly
increases first and then slightly decreases. Both the

highest H value of (28.2%41.6) GPa and the highest



C. L. He et al. /Journal of Iron and Steel Research , International 24 (2017) 1223 — 1230

40
300
—_—

:e
s =%
% 30 %

) -1 250
3 e
£ g
5 =
= 20 F n
% 4200
g |- £
®
=

10 1 L 150

40 80 120 160
Negative bias voltage/V
Fig. 6. Hardness and moduli of TiN films ws. negative bias
voltages.

E value of (290.0=£10. 3) GPa occur at —120 V bi-
as voltage, attributing to its finer and denser struc-
ture-?®. When the bias increases up to —155 V, the
re-sputtering effect increases, resulting in increasing
defects in the film and thus the nanohardness begins
to decrease.

H/E* and H?®/E ** ratios can be used to charac-
terize elastic strain to failure resistance and plastic
deformation resistance of the film, which can be
used to predict the abilities to resist mechanical deg-
radation and failure of nanocrystalline films!*?’,
Here E" =E/(1—v") represents the film effective
elastic modulus, and v represents the film Poisson’s
ratio. Fig. 7 indicates the variations of H/E" and
H?®/E"* with negative bias voltages. The evolution
trends for both H/E* and H?/E *? with biases are
similar to H. The —120 V biased film presents the
greatest H/E™ and H?/E*?, indicating that such film
possesses higher mechanical degradation and failure
resistance. This can be attributed to the refinement
of columnar structure and compressive stress/2-%7,
Too high bias voltage, however, can introduce de-
fects (Figs. 2(d) and 3(d)), resulting in decreasing
the H/E" and H?/E"? values to some extent.
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Fig.7. H/E" and H*/E"? values ws. bias voltages.

3. 3. Corrosion resistance

Potentiodynamic polarization curves for the TiN
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thin films produced under different biases in 3.5%
NaCl aqueous solution are shown in Fig. 8 and the
related parameters are listed in Table 2. As seen
from Table 2, the corrosion current density (.. )
values are 0. 038, 0.025, 0.0129 and 0. 0355 pA -
cm % for —50, —85, —120 and —155 V biased TiN
films, respectively. Same trends are found for the
corrosion potentials E,,., the corrosion rate R, and
polarization resistance R,. These results indicate
that the deposited films process an excellent corro-
sion resistance, which increases with increasing bias
voltage up to —120 V, then decreases when the nega-
tive biases further increase. The best corrosion re-
sistance is provided by the —120 V biased film, re-
sulting from its fine, dense, and uniform micro-

1. film structural defects

structure! Generally,
e. g. pinholes can provide a direct path for the corro-
sion media to reach the film/substrate interface,
leading to the formation of corrosion microcell be-
tween the film and substrate-**. Additionally, the
poor corrosion resistance for reactive sputtered TiN
films prepared at lower bias voltages may be associ-
ated with a non-uniform distribution of NV ions in
the film surface, which leads to an increased defects
in the film"* . At moderate high bias voltages, fine,
dense and stoichiometric composition films are formed,
which can exhibit better corrosion resistance. Fig. 8
also clearly shows that all the TiN films exhibit a
self-passivation behavior due to the formation of
TiO, 31*) which probably results from the oxida-
tion of TiN and Ti interlayer at structural defects**’,

Fig. 9 shows EIS plots of the TiN films exposed in

1.2
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Fig. 8.  Potentiodynamic polarization curves of TiN films wvs.
negative biases.

Table 2
Relative electrochemical parameters obtained from Fig. 8
Bias/ Teorr/ Ecorr/ Ep/ Ry/ Reonr/

v (pA +em™2) ' \% (MQ -+ cm?2) (mm-a—1)
—50 3.80X102 —0.228 0.843 0.9312 6.58X 1010
—85 2.50X10 2 —0. 142 0. 391 1. 948 1.63X10 10
—120 1.29X10-2 —0.128 0. 601 2.774 1.44X10-10
—155 3.556X102 —0.194 0.773 0.9474 5.05X10 10




1228 . L. Heetal. ournal of Iron an teel Research , International 24 017 3—1230
C.L.H L. /] ! 1 d Steel R h, I 124 (2017) 122 12
7@ e 90 [y
Ky m-50V PEIEPRGn
6 -.‘.g 2 ® -85V ::;’44“"“---...-“:',
ot 4120V 7o L mgmaat et T
, 580" x v -155V 74 0\ % %
i g Y " Ll v
a .'i‘ = 9 n
§ 4f Tagts, T 50} \ )
S “. %c L\ I L4
~ 3f ¢ " | B
™~ L ) A
o * 7 \ k4
g " e £ aof I
2r "-';“ =5} WA ¥
:!nmmtw LR
1F ‘;.".'"'h 10 - l‘* v
AL %
0Ly 1 L L 1 1 1 1 0Ly 1 1 Il 1 L L e
-3 -2 -1 0 1 2 3 4 5 -3 -2 -1 0 1 2 3 4 5
log( f/Hz)

Fig. 9.

3. 5% NaCl solution. The absolute values of the im-
pedance increase with increasing bias voltages, re-
sulting from the less defected films-*!. It can be seen
that the spectra for the films show distinctive capaci-
tance loops at a wide range of frequency, illustrating
almost undamaged surface during the test period.
The EIS for the TiN films is simulated well with an
equivalent circuit shown in Fig. 10, where R, repre-
sents the solution resistance; C; and R . represent
the capacitance and the pore resistance of the TiN
films, respectively; Cq4 and R, stand for the capaci-
tance of double layer and charge transfer resistance
of the substrate at the film/substrate interface at
pores, respectively. Here, constant phase elements,
Q; and Qg , are used to replace C; and Cy in order to
obtain a better dada fitting.

EIS plots of TiN films change with negative bias voltages.

Table 3 shows EIS simulation parameters for the
TiN films and the uncoated substrate in NaCl solu-
tion. As seen from Table 3, the capacitance element
of the films, Q;—Y,, is strongly dependent on the
bias voltages, and sharply decreases with increasing
bias up to —120 V and then slightly increases again,
indicating that a homogeneous surface is gained at
—120 V bias voltage in the present study. The ca-
pacitance C of a parallel-plate capacitor with a die-
lectric between its plates is C =ee,A/d, where ¢ is
the dielectric constant, €, is the permittivity of emp-
ty space, A is the plate area, and d is the distance
between the parallel plates. For the TiN films, film
thickness increases with increasing bias voltages up
to — 120 V and then slightly decreases, which
should result in a corresponding decrease in capaci-
tance. However, the change of d value is not great,

é so a sharp decrease in Q;—Y,~~C (Table 3) further
R, reflects that A (surface area of film) decreases very
— |&| — quickly with increasing negative bias voltages within
Roore — —120 V, indicating that much more homogeneous
— and less defective surfaces are being gained as the
|R—“| bias voltage increases. Unlike Q;—Y,, n; value ex-
— hibits an inverse change with negative bias voltage,
Fig. 10. Equivalent circuit for fitting EIS of TiN films, the biggest n: present at —120 V represents a reduced
Table 3
EIS data simulations for TiN {ilms
Bias/V  R./(Q-cem?) Qi—Yo/(F-cm ?) ns Rpore /(2 - em?)  Qa—Yo/(F - cm ?) na Ra/(Q+ cm?)
—50 22.07 1.903x10 * 0. 8875 2.124X10 6. 606X 1077 1 4.783X 10°
—85 11.23 6.978X10 % 0.9055 3.897X 107 1.772X 1075 1 2.657% 10°
—120 25. 95 5.532X10 ° 0.9315 4. 808X 10° 1.172X10 2 0.975 2. 964X 108
— 155 6. 633 5. 702X 105 0.9204 4.521X10° 1.314X 1075 1 2.619% 10°

dispersion. The highest value in R,,. for the film
produced at —120 V bias voltage indicates that this
film has the best corrosion resistance and fewest de-
fects.

Table 3 also shows that the double layer capaci-
tance, Qq —Y,, gradually decreases and R, increa-

ses with increasing the bias voltages within — 120
V, indicating a reduced corrosion rate!. This is be-
cause the area of through film pinholes decreases
with the increase in bias voltages. Therefore, the
EIS data in Table 3 clearly reflect the structural
characteristics of the TiN thin films very well.
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Fig. 11 presents the typical corrosion morpholo-
gies of the — 120 V biased TiN film after polariza-
tion test. Actually, for all the different biased TiN
films, the corrosion morphologies have similar fea-
tures. The only difference is that the number of large
pits is more for the higher biased films. There ap-
pear few but big pits on the corroded surface
(Fig.11 (a)), related to big structural defects or
weakness spots containing lots of through film pin-
holes in the film, through which the pits easily ap-
pear because galvanic corrosion takes place at the in-
terface of the film/substrate!’’!, Consequently, cor-

rosion products can be formed and accumulated, and
a local stress appears and continuously increases at
the interface until a piece of TiN film peels off as
seen in Fig. 11(b). During the tests, the film peeling
is also visible to the naked eye. Similar peeling phe-
nomena were observed on corroded PVD TiN-#-%]
TiAIN-" | TiN/NbN™! and TiAIN/CrN-'" films.
At the places away from the peeling spots, the film
is almost intact (Fig.11 (b)). The above results
show that it is very useful for improvement in corro-
sion resistance to decrease large structural defects or
through film pinholes in the sputtered TiN films.

Fig. 11.
tachment (b).

4. Conclusions

(1) When negative bias voltages increase, the
grain of the nanocrystalline TiN films becomes fine,
the film thickens, and the compactness and rough-
ness are improved. However, too high negative bias
voltage can cause a strong resputtering, resulting in
a rough surface, low compactness and reduced
thickness. The finest and densest structure appears
at —120 V biased film.

(2) The nanocrystalline TiN films have a colum-
nar structure. The preferential orientation strongly
depends on bias voltage and changes from (200)
plane at low bias to (111) plane at moderate bias,
and then to (220) plane at high bias voltage.

(3) The hardness, modulus, H/E" and H3/E**?
values of the nanocrystalline TiN thin films first in-
crease and then decrease when the bias increases.
The maximum values all appear at —120 V biased film.

(4) The corrosion resistance of the nanocrystal-
line TiN films first increases and then decreases with
increase in the negative biases. The best protection
efficiency is provided at the —120 V biased film re-
sulting from its finer, denser and more homogenous
structure. Few but large pits emerge on the corro-
sive surface, probably related to large structure de-
fects or weakness spots containing lots of through
film pores and pinholes.

Corrosion morphology of —120 V biased film after polarization test (a) and local magnification image showing film de-
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