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A B S T R A C T

Ti-Al-Cr-N films were fabricated on the surface of Si (100) wafers and M2 high speed steel by electrically en-
hanced discharge cathodic arc technology. The effect of the current of additional anode on plasma discharge,
microstructure, hardness and adhesion strength has been investigated systematically. The results show that the
discharge of additional anode can improve substrate current distinctly and mainly affects the excitation and
ionization of nitrogen, rather than that of metal. Besides, the enhanced discharge can increase the ratio of
substrate ion current to thickness of films (Ebi). The Ti-Al-Cr-N film deposited at the current of additional anode
of 30 A possesses the highest nanohardness (31.3 GPa), the best adhesion strength between film and substrate
(HF1), and the maximum H/E⁎ and H3/E⁎2 of about 0.081 and 0.25, respectively. Further increasing the current
of additional anode to 40 A, the properties would deteriorate due to the precipitation of w-AlN (wurtzite
structure) induced by ion irradiation effect.

1. Introduction

High performance dry machining is one of the major trends in
modern manufacturing. The dry cutting generates severe shear stresses
and high temperature near the cutting zone, which consequently leads
to a premature degradation of the tool. PVD tool-coaters and cutting
tools costumers are seeking innovative solutions which could improve
the performance and lifetime of tools [1]. Compared with traditional
binary nitrides films (TiN and CrN), the TiAlN-based films have been
well acknowledged for industrial applications due to the favorable
combination of high hardness as well as oxidation resistance. However,
there are two limiting factors of TiAlN-based films: (i) significant
hardness reduction at higher temperatures [2], and (ii) relatively high
friction-coefficient at high temperature [3]. Further improvement of
surface properties was achieved by the doping of various elements, e.g.
Cr [4], Si [5], or Zr [6] in compounds. Specially the Cr addition to
TiAlN may restrain the spinodal decomposition by slowing the diffusion
[7] and retard the growth kinetics of oxide scale [8]. The quaternary Ti-
Al-Cr-N film can exhibit a substantial improvement of synthesized
properties compared to the ternary TiAlN film [9].

The Ti-Al-Cr-N films can be fabricated by different physical vapor
deposition (PVD) techniques. Among them, the cathodic arc deposition

(CAD) process is well known for high ionization degree and better ad-
hesion strength between the films and substrate [10]. However the
higher ionization degree (perhaps> 80% [11,12]) refers to the ioni-
zation degree of metal atoms. On the contrary, the ionization degree of
reactive gaseous still remains at a relatively low degree, particularly at
sites far away from the vacuum arc sources. In general, a higher ioni-
zation degree and plasma density would lead to a denser structure and
more optimized film quality. Some approaches have been developed to
improve the plasma density with the help of external devices, including
anode layer source [13,14], hot filament [15], hollow cathode [16],
Kaufman-type ion gun [17], helicon-wave excited plasma sources [18].
A.M.A. Elrahman [19] utilized the PEMS method to improve the plasma
density and a relatively lower density of micro-defects was detected on
coatings. Veerasamy et al. [20] also demonstrated the better structure
of ta-C:H films enhanced by linear ion source. They still have some
shortcomings although a positive effect has been demonstrated. The
anode layer source sometime leads to the atomic lattice distortion due
to injection effect of energetic ions. The hot filament may suffer from
the easy damage and the discharge instability due to surface oxides or
carbides. An electrically enhanced discharge may be produced in the
vacuum arc system to improve the plasma density. An electron collector
e.g. the additional anode, is introduced and a DC power supply is
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applied between the additional anode and the chamber wall. J.A. Sue,
et al. [21] has utilized this enhanced discharge method in the sputtering
stage of deposition processes, resulting in a sufficient adherence be-
tween film and substrate.

As utilized in sputtering cleaning stage, the enhanced discharge may
have a positive effect. However, the application of additional anode in
deposition of Ti-Al-Cr-N films has not been demonstrated before. In this
paper, the evolution of the film structure and mechanical properties
derived from the enhanced discharge is reported.

2. Experimental details

The Ti-Al-Cr-N films were deposited on polished Si (100) and M2
high speed steel (wt%，C-0.8%; Mn-0.3%; V-2%; Mo-5%; Si-0.45%; Cr-
4%; Ni- < 0.3%; W-6% and Fe- balance.) in vacuum arc system. The
schematic diagram of the system is shown in Fig. 1. The additional
anode is a rectangular metal plate with the size of

905mm×100mm×25mm, which is made of 304 stainless steel. The
anode plate and vacuum chamber are connected to the anode and
cathode of DC power supply respectively. The current of additional
anode can be adjusted in range from 0 A to 100 A. The pure Ti (99.95%)
and AlCr (99.95%) were used as arc targets. The substrates (Si stripes
and M2 high speed steel (Φ20 mm×4mm)) were ultrasonically
cleaned in ethanol. After rinsing in distilled water and drying in hot air,
the substrates were placed on a two-fold rotating carousel, which kept
the rotation speed of 15 rpm. The chamber was evacuated to below
3×10−3 Pa and the pressure was adjusted to 1.5 Pa by bleeding high-
purity (99.999%) argon. The substrates were cleaned with argon
plasma by arc-enhanced glow discharge at the pulsed bias of −200 V
for 45min in order to remove the native oxide layers from the sub-
strates. The Ti and TiN interlayer are deposited respectively for 15min
and 25min to improve the adhesion. Then the Ti and AlCr targets were
evaporated at the arc current of 100 A and gas pressure of 3 Pa for
120min. During the deposition, the biased voltage of −30 V, pulsed

Fig. 1. Schematic diagram of the cathodic arc system with additional anode.

Table 1
Deposition parameters for Ti-Al-Cr-N films.

Ti TiN Ti-Al-Cr-N films

Base pressure (Pa) 3× 10−3

Temperature (°C) 400
Plasma etching Ar plasma for 45min at 1.5 Pa under substrate bias −200 V
Current of additional anode (A) 0 20 30 40
Voltage of additional anode (V) 0 19.2 22.1 27.9
Bias voltage (V) 120 120 30
Arc current (A) 100 (Ti target) 100 (Ti target) 100/100 (Ti and AlCr targets)
N2 flow rate (sccm) 155 500
Deposition time (min) 15 25 120

Y. Kong, et al. Applied Surface Science 483 (2019) 1058–1068

1059



frequency of 40 kHz, and duty cycle of 75% were utilized. The Ti-Al-Cr-
N films were deposited with the current of additional anode of 0 A, 20
A, 30 A and 40 A, respectively. The detailed deposition parameters are
listed in Table 1.

The substrate ion current was measured using a Tektronix digital
oscilloscope via current sensor for the whole table assembly including
the samples and holder. The plasma emission spectra in front of the Ti
and AlCr cathodes were recorded using an optic spectrometer AvaSpec-
2048FT-4-DT (Avantes, Holland), which was connected with the quartz
fiber. The optical fiber aiming at the center of the Ti and AlCr cathode
targets was used for light collection. The obtained emission signal
ranged from 300 to 850 nm. The background spectral lines were
eliminated automatically in all recorded spectra. The optical spectra
were obtained by integrating the optical signal for 100ms and 10 scans
were averaged. The averaging steps eliminated the influence of spot
motion. The optical emission intensities were measured during the
whole period of the arc discharge. The spectral resolution is< 0.1 nm.

The structural analysis of films was performed by the grazing-in-
cidence X-ray diffraction with Cu Kα radiation using a Bruker D8 dif-
fractometer in Bragg/Brentano mode at 40mA and 40 kV. The X-Ray
was incident at a gracing angle of 2°, and scanning angular (2θ) was
ranged from 20 to 90° at a scanning speed of 4°/min. The degree of
preferred orientation for the Ti-Al-Cr-N films was determined by cal-
culating the texture coefficient of the (h k l) plane, Thkl, defined as Eq.
(1) [22]:
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where Im (h k l) is the measured relative intensity of the reflection from
the (h k l) plane, I0 (h k l) is the relative intensity from the same plane in
a standard reference sample, and n is the total number of the reflection
peaks from the film. The value of the texture coefficient for the peaks
under investigation ranges from unity for a randomly oriented sample,
to n for a sample having a complete preferential orientation [23]. The
surface micrographs, cross-section morphologies and the thickness of
films were carried out by scanning electron microscope of Netherlands,
FEI Quanta 200F. Residual stress of the coatings was calculated based
on the cos2 Ψsin2 Ψ method, where Ψ is the angle between the normal
to the coating surface and the diffracting lattice planes. The X-ray dif-
fraction peak position shifts with the Ψ angle. The formula to calculate

the residual stress is [24]:
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here, S2 and S1 are coating constants related to the Poisson's ratio and
elastic modulus (determined by nanoindentation, different for the
coatings with different thickness). α is the angle related to the 2θ dif-
fraction angle and Ψ=0°, 15°, 20°, 25°, 30°, 35°, 40° and 45°.

The hardness test was performed by the Fischerscope HM2000 na-
noindenter equipped with a Berkovich indenter and computer-con-
trolled measurement system. The software WIN-HCU was employed to
determine the micro-hardness and elastic modulus. The measurements
were conducted at constant indentation, whose depth was close to that
1/10th of the film thickness avoiding the effect of the relatively soft
substrate. Five different positions were performed to improve accuracy.
The adhesion of the Ti-Al-Cr-N films was evaluated by Rockwell in-
dentation test using a Rockwell C diamond stylus (cone apex angle 120°
and tip radius R of 0.2mm) at an applied load of 150 kg.

3. Results and discussion

3.1. Substrate ion current and optical emission spectra

The waveforms of pulsed substrate current and average substrate
current (Isub) measured in nitrogen atmosphere (PN2= 3 Pa) are de-
picted in Fig. 2. The substrate current increases gradually with the in-
crease of the current of additional anode (the voltage of additional
anode also increases, Table 1). The Isub is composed of both ions and
secondary electrons from the substrate surface, which may reflect the
plasma density near the substrate in the system. The Isub increased by
39.6% at the additional anode current of 40A than that without the
discharge of additional anode. This indicates a higher ionization degree
in the deposition system and an enhanced plasma density around
samples [25].

Fig. 3 presents the optical emission spectrum (OES) of nitrogen,
titanium, chromium and aluminum at different currents of additional
anode. The changes of peak position and the categories of particles are
very slight and the relative magnitudes of OES intensity are altered
once the current of additional anode appears. The higher emission lines
of nitrogen active particles (Fig. 3(e, f)) indicate that the additional
anode enhances the discharge and causes an increase in plasma density
and electron temperature [26]. However, it should be pointed out that
the increase in the emission spectrum intensity of titanium, chromium
and aluminum (Fig. 3(a, b and c, d)) is very slight, compared to the
tremendous increase in the emission spectrum intensity of nitrogen
active particles. It suggests that the additional anode produces a more
effect on the nitrogen gas than evaporated target materials.

Fig. 4 depicts the variation of representative N⁎ (758.7 nm), N+

(654.4 nm), N2+ (650.5 nm), Ti+ (323.9 nm), Ti2+ (337.2 nm), Cr+

(356.3 nm), Cr2+ (315.8 nm), Al+ (396.2 nm) and Al2+ (452.9 nm)
emission intensities versus the current of additional anode. The spectral
intensity of N⁎ (758.7 nm), N+ (654.4 nm) and N2+ (650.5 nm) at the
current of additional anode of 40A is increased by 157.8%, 157.1% and
149.5% respectively compared to that without the current of additional
anode. In order to roughly characterize the amount of the ionized ni-
trogen, the sum (Cum) of CN⁎, CN+ and CN2+ is calculated to demon-
strate the relative increase of the ionized nitrogen (where the CN⁎, CN+

and CN2+ mean the intensity of excited nitrogen, the intensity of N+

and the intensity of N2+, respectively). Compared with the usual arc
discharge, the Csum is increased by 28%, 62% and 155% with the anode
current of 20 A, 30 A and 40 A respectively. In contrast, the spectral
intensity of Ti+ (337.2 nm) and Ti2+ (323.9 nm) at additional anode
current of 40 A only increase by 14.6% and 9.3%, respectively. Also, the
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Fig. 2. Waveforms of pulsed substrate ion current and average substrate ion
currents (Isub) at different currents of additional anode.
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spectral intensity of Cr+ (356.3 nm), Cr2+ (315.8 nm), Al+ (396.2 nm)
and Al2+ (452.9 nm) emitted from the AlCr cathode remains nearly
unchanged with increasing the current of additional anode (Fig. 4(c)).

The excitation and ionization of the nitrogen occurs to a large extent
as a result of collisions between electrons [27]. The excitation process
can be described by Eqs. (3) and (4) [28].

+ + +N e N N e2 (3)

+ ++N e N e2 2 (4)

When the current of additional anode is 0 A, the electrons emitted
from cathode target preferred to transfer towards the chamber wall
nearby. The excitation of neutral nitrogen molecules induced by elec-
tronic collision is constrained to a relatively low degree. When a DC
power supply is connected to between additional anode and vacuum
chamber, the distribution of electric field in the vacuum chamber would
be changed. And the plasma potential may also be more positive [29].
The electric potential of additional anode is much higher than that of

the arc cathode target as well as chamber wall (Table 1), consequently
most of electrons fly towards the additional anode in spite of a long
pathway. The utilization efficiency of electrons is enhanced, which
could contribute to more collision. This leads to more excitation of
nitrogen. Higher spectral intensity of N⁎, N+ and N2+ was achieved,
suggesting that the number of active nitrogen particles was increased
effectively in the deposition system. A higher plasma density may be
achieved with a higher ion flux towards the substrate surface. In con-
trast, the spectral intensity of metal ions hardly changes regardless of
anode current.

The energy delivered to the growing film has also a crucial effect on
its structure, phase composition and physical properties. Ebi is defined
as conversion of the energy of bombarding ions and it can be expressed
by the following formula [30]:

=E U I t S D( )/bi s A d A (5)

(where the Us, IA, td, SA and D are negative bias, substrate current,
deposition time, substrate area and the film thickness, respectively). In
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Fig. 3. Optical emission spectrum intensity of different species: (a) Ti+ and Ti2+, 0 A, (b) Ti+ and Ti2+, 40 A, (c) Cr+, Al+, Cr2+ and Al2+, 0 A, (d) Cr+, Al+, Cr2+
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our experiments, the Us, td and SA are constant, and the Ebi value is
determined by the ratio of substrate ion current and thickness of films.
The substrate current is proportional to the number of incident ions to
the sample. The higher ion flux (Fig. 2) implies a larger Ebi value, which
would be beneficial for the achievement of the denser films [31].

3.2. Microstructure of Ti-Al-Cr-N films

Fig. 5 shows the surface morphology of the Ti-Al-Cr-N films de-
posited at different currents of additional anode. Many macro-particles
(MPs) with various sizes, resulting from the droplets emitted from the
arc spots on the targets, are observed on the surfaces of films, which are
frequently encountered in cathodic arc deposition process. The Image-
Pro Plus software is employed in order to precisely investigate the
density of MPs and distribution fractions of MPs sizes on the film sur-
face (as presented in Table 2).

Without the discharge of additional anode, the number density of
unit area and size of MPs are the largest. They decrease distinctly with
increasing the current of additional anode from 0A to 30A. The film
deposited at the current of 30A possesses the smallest number density of
MPs (0.84×106mm−2). Several reasons might be accounted for it: 1)
with higher plasma density, the macroparticles are more charged by
electrons [32] and the negatively charged macroparticles would be
repelled away from the substrate when the pulsed negative bias was
exerted, 2) the combination effect of higher residual stress (−4.3GPa)
and increased atom mobility may result in a reduction of the density of
MPs [33,34] with increasing anode current, 3) much more ion bom-
bardment also lead to the removal of some macroparticles. Thereby, the

surface of deposited films becomes smoother with additional discharge.
Further increasing the current of additional anode to 40A, the number-
density of MPs slightly increases again. The amount of ionized nitrogen
is sharply increased in vacuum chamber. The bombardment energy of
ions would convert into surface heat, which made the macroparticles
more adherent on the surface and caused an increase of number-density
of MPs eventually [35]. Besides, the discharge of additional anode oc-
curs between the utilized anode and the chamber wall at the negative
potential. The ions near the wall may bombard intensively the wall
surface and some contaminations may be excited and sputtered away. It
will also contribute to the increase of MPs on the sample surface.
Therefore, a proper current of additional anode is utilized to increase
plasma density but not to produce more contaminations.

Fig. 6 illustrates the cross-sectional micrographs of Ti-Al-Cr-N films.
In spite of the dense columnar microstructure, more fracture facets are
observed for these samples with the current of additional anode, in-
dicating the deflection of micro-cracks. It means larger fracture-re-
sistance. Fig. 7 summaries the change of the film thickness (D) and Ebi
value at different currents of additional anode. The film thickness (D)
increases slightly when the current of additional anode goes up from 0
to 20 A. However a further increase of the current of additional anode
leads to the decrease of film thickness. The introduction of the addi-
tional electric field can result in a higher ionization degree of reactive
gas, and more ionized flux towards substrates. This may be beneficial
for the denser structure of deposited films. If the additional discharge is
more intensive, the excessively ionized flux may bombard the substrate
leading to the re-sputtering effect, which is responsible for the de-
creased thickness. As shown in Fig. 7, the Ebi value increases with the
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increase of the current of additional anode. It may be helpful for the
surface properties to some extent.

Fig. 8 illustrates the diffractograms for the Ti-Al-Cr-N films de-
posited at different currents of additional anode. As expected, the
crystalline microstructure matches with the NaCl-B1 type structure
(FCC) of titanium aluminum chromium nitride and aluminum nitride
(JCPDS card # 01-070-2942 [36] and 03-065-3762 [37]). Additionally,
the diffraction peaks of Si (100) are also visible (the (100)-oriented Si
stripes were acted as substrates). The Ti-Al-Cr-N film deposited at the
current of additional anode of 0A presents (111), (200) and (002)
peaks. With the current of additional anode of 30A, the diffraction in-
tensity of the (200) peak increases accompanied with a disappearance
of the (002) peak and a decreased intensity of (111) peak. When the
current of additional anode further increases to 40A, the diffraction
intensity of (111) peak and (200) peak exhibits different changes. The
wurtzite phase ((002)) appears again.

Based on the measured reflection intensities, the two major (111)

and (200) XRD reflexes are focused (T111 and T200, where T111 and T200
are the texture coefficient of the plane of (111) and (200)) to determine
the preferred crystal lattice orientations of the films. The influence of
the current of additional anode on the T111 and T200 of the Ti-Al-Cr-N
films is shown in Fig. 9. Generally speaking, the preferred orientation of
films is caused by the driving force to lower the overall energy of the
film which is composed of the surface energy and strain energy [38,39].
At lower anode current (e.g.,< 20 A), the Ti-Al-Cr-N films exhibit the
preferred orientation of (111) with the lowest strain energy when the
strain energy is dominant. With increasing the current of additional
anode to 30A, the higher liquidity and diffusion migration ability of
particles would decrease the surface energy of films. Consequently, the
Ti-Al-Cr-N film would grow towards the orientation of a mixed (111)
and (200) plane in order to minimize the total energy. At the current of
additional anode of 40A, the film texture changes to a (111) preferred
orientation again. The excessive bombarding ions would knock surface
atoms deeper into the subsurface of the growing films and get

Fig. 5. Surface micrograph of Ti-Al-Cr-N films deposited at different currents of additional anode: (a) 0 A (b) 20 A (c) 30 A (d) 40 A.

Table 2
The compositions of the samples, the MPs density on the films' surface and dimensional fractions.

Additional anode current(A) Compositions MPs densities per mm−2×106 Distribution [%]

Ti Al Cr N 0–0.35 μm 0.35–0.75 μm 0.75–1.25 μm

0A 39.5 23.3 16.5 20.7 2.14 46 41 13
20A 32.4 27.1 20.4 20.1 1.67 58 34 8
30A 30.7 28.8 21.1 19.4 0.84 80 19 1
40A 29.6 29.5 20.8 20.1 1.32 72 22 6
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themselves trapped in the layer. The associated additional volume in
the constrained layer leads to an expansion of the film and the en-
trapped atoms elevate strain energy.

According to the XRD patterns, the grain size can be calculated by
the Scherrer's formula [40]. This method is based on a relatively rough
estimation of the crystallite size, since the fitting method used to de-
termine the full width at half maximum of the diffraction peaks cannot

take precisely into account the shape of crystallite size distribution.
Fig. 10(a) demonstrates the change of grain size of Ti-Al-Cr-N films at
different currents of additional anode. With increasing the current of
additional anode from 0A to 30A, a slight broadening of the (200) peak

Fig. 6. Cross-sectional micrographs of the Ti-Al-Cr-N films deposited at different currents of additional anode: (a) 0 A (b) 20 A (c) 30 A (d) 40 A.
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is observed. The grain size (for the (200) plane) decreases from 17.4 nm
to 13.9 nm. A higher flux of incident ions could result in more defects
generated in the surface thereby increasing the number of preferential
nucleation sites and thus decreasing the grain size [41]. Further in-
creasing the anode current to 40 A, the grain size increased slightly to
14.5 nm, which is related to increased migration of grain boundaries
resulting from excessive ion bombardment (40 A) [42].

Fig. 10(b) demonstrates the residual stress and lattice parameter
variation as a function of the current of additional anode. The residual
stresses are measured using the cos2Ψsin2Ψ method and the lattice
parameter is evaluated from Nelson-Riley function [43]. The internal
stress increases from−2.7 GPa to −5.8 GPa with increasing the current
of additional anode from 0 A to 40 A, which is attributed to the effect of
atomic peening. This is in relatively good agreement with previous
findings reported by J. Lin [44]. Excessive ion bombardment induces
the accumulation of the residual stress and exerts an effect on the
mechanical properties of films. The lattice parameter decreases with
increasing the current of additional anode. It may be attributed to more
incorporation of Al atoms in the films (as presented in Table 2), which
leads to contraction of the lattice [45].

Fig. 11 exhibits the illustration of film-growth process with/without
additional anode. During the usual arc discharge (without additional
anode), the electrons derived from cathode target would flow to
chamber wall under the electric field. In the flight path, the electrons
would collide with neutral and/or excited gas molecules and cause the
ionization of gas. The introduction of additional anode would change

the flight trajectory of electrons and enhance the collision probability.
The additional anode is located far away from the cathodic arc source
and the potential is higher than the chamber wall. Therefore the dis-
charge is enhanced and a higher ion flux flies towards the substrate. The
high ion flux could promote atoms/ions to move or diffuse into the
inter-grain voids, break down the growth of large columnar grains, and
create more nucleation sites. The closer-packed arrangement of parti-
cles would directly lead to the densification of films and further influ-
ence the surface properties of films [46].

3.3. Mechanical properties of Ti-Al-Cr-N films

Fig. 12(a) depicts the hardness and elastic modules of Ti-Al-Cr-N
films as a function of current of additional anode. Each value is the
averaged result of ten indents, and the error bars are determined from
the standard deviation of those indents. Without the discharge of ad-
ditional anode, the hardness and elastic modulus of Ti-Al-Cr-N film are
around 25.1 GPa and 300.3 GPa, respectively. They increase to
26.7 GPa and 307.4 GPa, respectively, with the current of additional
anode of 20A. The maximum hardness (31.3 GPa) and elastic modulus
(342.5 GPa) are achieved with the current of additional anode of 30A.
Several factors would contribute to the enhancement of surface hard-
ness. Higher stress (−4.3 GPa) plays an important role [47]. Owing to
the intensive ion peening, the penetration into the lattice of the con-
densed films and generation of defects are promoted. These defects
would induce the pinning effect and act as an obstacle for movement of
the dislocations, which may improve the hardness [48]. The improved
densification of film inferred from the higher Ebi value (0.332) also
plays a positive role in the hardness. Besides, the growth of deposited
film (30A) demonstrates the preferred (200) and (111) plane. The
strengthening mechanism may also be related to the effect of the tex-
ture [49]. A much larger current of additional anode (e.g., 40 A) de-
creases the hardness of the film. The intensive ion bombardment effect
would act an impact on the surface mobility of the deposited species
and their intermixing, and induce the precipitation of the wurtzite
phase. The formation of w-AlN phase would decrease the hardness of
films [50]. Alternatively, the cubic structure of film changed to a (c, w)-
mixture structure (40 A). The relaxation of lattice caused by the su-
perfluous bombarding energies could lead to a decreased hardness of
deposited film [51].

The H/E⁎and H3/E⁎2 may be calculated from the hardness (H) and
effective elastic modulus (E⁎) of the film (where E⁎=E/(1-ν2) is the
effective Young's modulus and ν is the Poisson ratio, respectively). The
H/E⁎ is described as the deformation relative to yielding of the hard
films and the H3/E⁎2 value is an index of the resistance to plastic de-
formation [52] for films. The higher the ratio is, the higher the re-
sistance of the film to plastic deformation. Fig. 12(b) shows the H/
E⁎and H3/E⁎2 value of Ti-Al-Cr-N film as a function of the current of

-0.3

0.0

0.3

0.6

0.9

1.2

1.5

30 400

tneiciffeoc
erutxe

T

Additional anode current,i/A

T111
T200

20

Fig. 9. Influence of the current of additional anode on the T111 and T200 of the
Ti-Al-Cr-N films.

0 10 20 30 40
9

12

15

18

21

Additional anode current,i/A

mn/ezis
niar

G

(a)

0.41

0.42

0.43

0.44

0.45

20 30 40
Additional anode current(A)

)
mn(rete

marap
ecitta

L

0
-8

-6

-4

-2

0

In
te

rn
al

 s
tr

es
s(

G
P

a)

(b)

Fig. 10. Variation of grain size, lattice parameter and internal stress as a function of current of additional anode: (a) grain size, (b) lattice parameter and internal
stress.

Y. Kong, et al. Applied Surface Science 483 (2019) 1058–1068

1065



additional anode. The discharge of additional anode leads to a higher
H/E⁎ and H3/E⁎2. The highest H/E⁎ and H3/E⁎2 ratio of about 0.081 and
0.25 GPa are produced with the current of additional anode of 30A. It
infers an enhanced resistance of film to cracking and highly elastic
recovery with fewer cracks in unloading stage with diamond indenter.

Fig. 13 presents the micrographs of indentations within a Daimler
Benz Rockwell C adhesion test. In contrast with the indentation binding
strength standard drawing VDI 3198 [53], all the Ti-Al-Cr-N films show
an adequate adhesion strength value to the substrates. It is featured by
no larger area of exposed substrate and insignificant delamination
around the indents. The films prepared without the discharge of addi-
tional anode exhibits a slight peeling indicating the adhesion strength
of HF3. With the discharge of additional anode, the adhesion strength
between films and substrate is enhanced. The indentations are clear and
smooth without cracks and dew point along the edge of indentation,
which exhibits the best adhesion strength (HF1) at the current of ad-
ditional anode of 30A. Energetic ion bombardment may lead to a

compact structure and small grain size, which prevents the extension of
crack effectively [54]. With the current of additional anode of 40A,
significant delamination along the indent boundary is observed (HF3).
Larger ion bombardment may produce brittle interface [55]. Ad-
ditionally, the poor adhesion may be correlated to the increased re-
sidual stress in the film.

4. Conclusion

The Ti-Al-Cr-N films have been fabricated using electrically en-
hanced arc discharge technology. The results show that the introduc-
tion of additional anode discharge has increased substantially the
plasma density and substrate currents. It is attributed to the enhance-
ment of nitrogen excitation/ionization induced by the stronger electric
field intensity. With increasing the current of additional anode, the Ebi
has been improved leading to compact structure and small grain size of
the films. The Ti-Al-Cr-N film deposited at the current of additional

Fig. 11. Film-forming process of particles with/without additional anode.
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anode of 30A possesses the highest hardness and optimized adhesion
strength between the film and substrate. A higher anode current (e.g.,
40A) may weaken the surface properties of films due to the precipita-
tion of w-Al phase and high internal stress induced by excessive bom-
bardment of ions.
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