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Microstructure and mechanical properties of TiN/TiAIN multilayer coatings
deposited by arc ion plating with separate targets
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Abstract: TiN/TiAIN multilayer coatings were prepared by arc ion plating with separate targets. In order to decrease the unfavorable
macroparticles, a straight magnetized filter was used for the low melting aluminium target. The results show that the output plasmas
of titanium target without filter and aluminium target with filter reach the substrate with the same order of magnitude. Meanwhile,
the number of macroparticles in TiN/TiAIN multilayer coatings deposited with separate targets is only 1/10—1/3 of that deposited
with alloy target reported in literature. Al atom addition may lead to the decrease of peak at (200) lattice plane and strengthening of
peak at (111) and (220) lattice planes. The measured hardness of TiN/TiAIN multilayer coatings accords with the mixture principle
and the maximum hardness is HV2495. The adhesion strength reaches 75 N.
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1 Introduction

TiAIN coatings are used in dry cutting operations
because of their high oxidation temperature (800—
900 °C)[1-2] and good wear resistance[3]. To further
improve the hardness and the oxidation resistance,
multilayer coatings with layer dimensions on the
nano-scale have been utilized. Multilayer coatings have
new structural features and improved mechanical
properties responding to specific service requirements.
PALDEY and DEEVI[4—-5] and CHEN et al[6] have
investigated the surface properties of single layer,
multilayer and gradient (Ti, AI)N coatings. BRAIC et
al[7] proposed TiN/TiAIN hard coatings as possible
candidate to be applied as protective layer on medical
implants or prosthesis. BARSHILIA and RAJAM[S]
employed Raman-scattering to study the interface
structure of nanolayered TiAIN/TiN grown by reactive
DC magnetron sputtering. They found that the interfacial
diffusion led to the low hardness of TiAIN/TiN
multilayer coatings. WU et al[9] found that the
TiN/TiAIN multilayer coating have better properties than
TiAIN monolayer coating. Most of these researches
employed TiAl alloy targets to deposit TiAIN coating.

This may increase the cost of tests and cause the
difficulties to adjust the composition of coatings[10].
Therefore, it is interesting to fabricate TiAIN by separate
pure metal targets.

KNOTEK et al[11] demonstrated that aluminum
target was nitrided by an increasing nitrogen process
pressure, resulting in a higher melting point and thus
reducing macroparticles emission. WUHRER et
al[12-13] employed magnetron sputtering with
individual pure titanium and aluminium targets. They
reported the effects of nitrogen partial pressure and
aluminium content on coating, and target-substrate
distance on microstructure, surface morphology and
properties of TiAIN coatings. The low melting point
targets inclined to the emission of more macroparticles.
In order to reduce the volume fraction of macroparticles
within the coatings, many filter approaches[14—15] were
invented to separate and remove macroparticles from the
cathodic arc plasma.

In this work, the TiN/TiAIN multilayer coatings
were deposited on M2 high speed steel(HSS) by arc ion
plating. In order to substitute separate pure metal targets
for TiAl alloy target and reduce the macroparticles from
Al target of low melting point, the straight magnetized
filter was used. The effects of bilayer modulation on
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characteristics of TiN/TiAIN multilayer coatings were

studied, including phase composition, preferred
orientation, surface morphology and mechanical
properties.

2 Experimental

TiN/TiAIN multilayer coatings were deposited on
M2 HSS (0.93% C, 6.38% W, 5.25% Mo, 4.22% Cr,
1.92% V, Fe balance) substrates with 30 mm in diameter
and 4 mm in thickness. The samples were grounded with
a series of emery papers of 600 grit, 800 grit and finally
polished to mirror-like with 1 pm-diamond powder. Then
the samples were ultrasonically cleaned with acetone and
ethanol in an ultrasonic bath for 10 min, respectively,
blow dried and stored in a desiccator prior to the coating
operation. Distances between the substrate and the Ti and
Al targets were 200 mm and 420 mm, respectively.

The schematic diagram of the arc ion plating
apparatus used to deposit TiN/TiAIN multilayer coatings
is shown in Fig.1. Those substrates were placed on a
rotary sample holder. Targets were pure Ti (99.9% in
molar fraction) and pure Al (99.9% in molar fraction),
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from which titanium and aluminum plasmas were
generated respectively. For the Al target, the unwanted
negative macroparticles were decreased by a rectilinear
magnetic filter duct. After the chamber was evacuated to
below 5x10°* Pa and then high pure Ar gas (99.999% in
volume fraction) was introduced into the chamber to a
pressure of 1.0 Pa with flow speed of 5 mL/min. Those
substrates were pre-treated by Ar glow discharge with
bias of =750 V. After those samples were cleaned by Ar
ion sputtering, high pure N, gas (99.999% in volume
fraction) was added as a reactive gas to a pressure of 1.2
Pa. TiN monolayer was deposited as interlayer. Then TiN
and TiAIN were deposited alternately on substrates by
rotating the holder with the rotation speed of 30 r/min. Ti
and Al targets were evaporated by arc-discharge with an
arc current of 80 A. Deposition rates were approximately
2 nm/s and 3 nm/s for TiN and TiAIN, respectively.
TiN/TiAIN multilayer coatings with different bilayer
modulations were deposited simply by varying the arcing
time for Al cathode. The bilayer modulation periods were
60, 90, 120 and 150 s. Details about the deposition
parameters of multilayer coatings are listed in Table 1.
The microstructure of the multilayer coatings was
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Fig.1 Schematic diagram of arc ion plating apparatus
Table 1 Parameters for deposition of TiN/TiAIN multilayer coatings
Step Process Parameter
. Substrate bias of =750 V, duty ratio of 30%, pulsed frequency of 10 kHz, Ar flow rate of 5
1 Target cleaning . . .
mL/min, working pressure of 1.0 Pa, Iy; of 80 A, 5 min
. Substrate bias of —400 V, duty ratio of 30%, pulsed frequency of 10 kHz, Ar flow rate of 5
2 Ti interlayer . . .
mL/min, working pressure of 1.0 Pa, I; of 80 A, 5 min
. Substrate bias of —400 V, duty ratio of 30%, pulsed frequency of 10 kHz, N, flow rate of 30
3 TiN interlayer . . . .
mL/min, Ar flow rate of 5 mL/min, working pressure of 1.2 Pa, I1; of 80 A, 10 min
N, flow rate of 30 mL/min, Ar flow rate of 5 mL/min, working pressure of 1.2 Pa, TiN: Ir; of
. . 80 A, substrate bias of =400 V; TiAIN: I; of 80 A, I,; of 80 A, substrate bias of =300 V, duty
4 Multilayer deposition

ratio of 30%, pulsed frequency of 10 kHz, trjn/Tian of 60, 90, 120, 150 s, deposition time of 50
min, thickness of multilayer coatings of about 6 um, total number of layers of 40—100

5 Cooling down and venting

N, flow rate of 20 mL/min, 15 min




1070 WEI Yong-qiang, et al/Trans. Nonferrous Met. Soc. China 21(2011) 1068—1073

studied by X-ray diffractometry (XRD) using a Phillips
diffractometer operated in Bragg-Brentano configuration
with Cu (K,) radiation. Scanning electron microscopy
(SEM) was used to analyze the coatings morphology and
thickness. Micro-hardness tests were also carried out in
Shimadzu Vickers micro-hardness DUH-W201S-E tester
with a load of 800 mN. The adhesion of the TiN/TiAIN
multilayer coatings was investigated with an automatic
scratch-tester at MFT—4000 equipped with the diamond
indenter with a tip of 120° in cone angle and 0.2 mm in
radius. The normal force of the indenter onto the sample
surface was increased continuously from 0 to 80 N with
the loading speed of 50 N/min and the track length was
4 mm.

3 Results and discussion

3.1 Substrate average current

As shown in Fig.2, the sample holder kept
stationary. Those substrates (1#, 2#, 3#, 4#) were
insulated each other and —50 V DC bias was applied to
them, which were 201 stainless steel with dimensions of
50 mmx50 mmx0.7 mm. Ar gas was introduced into the
chamber to a pressure of 1.0 Pa with flow speed of 10
mL/min. An arc current of 70-90 A was used. As shown
in Fig.3, at 1# position the maximum average current can
reach 8 mA for Al target, but about 4 mA for Ti target. It
may be caused by the focus of magnetic field, leading to
that the Al plasma came out from the straight pipe and
was more concentrated. Another reason may be that at
the same target current, Al target can produce more
plasma than Ti target. Although the distance between Al
target and substrates was further than that between Ti
target and substrates, the Al plasma remained to be more
than the Ti plasma. These results show the feasibility of
arc ion plating with separate targets and straight
magnetized filter. In practical applications, the several
sources could be utilized to improve efficiency and
optimize the mole ratio of Al to Ti in multilayer coatings.
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Fig.2 Schematic diagram for substrate current measurement

3.2 Phase composition
Figure 4 presents the XRD patterns of TiN/TiAIN
multilayer coatings. The structure of multilayer coatings
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Fig.3 Substrate average current at different positions: (a) Al
target; (b) Ti target
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Fig.4 XRD patterns for TiN/TiAIN coatings with different
bilayer periods

strongly changed with the increase of bilayer modulation
from 60 s to 150 s. All investigated coatings were highly
textured with a preferential orientation in the (111) and
(220) direction with the corresponding 26 of about 36.5°
and 61.4° respectively. The intensities of other
diffraction peaks such as (200), (311) and (222) were
very low, which were often observed in the PVD
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processes[16—17]. The lattice parameter of AIN is 0.412
nm and the lattice parameter of TiN is 0.424 nm. So the
titanium atoms of TiN lattice were replaced by aluminum
atoms to cause the lattice distortion and the internal
stress change in TiAIN, which leads to the XRD peaks of
TiN/TiAIN multilayer coatings overall shift to the
right[18]. The peak width of textured grains in the
growth direction (111) was very narrow, indicating a
high degree of crystallinity[19]. XRD peaks of (111) and
(220) have different relative intensities for the multilayer
coatings with different bilayer modulation. The
difference in the relative intensity was indicative of a
variation of the oriented grains in number. Modulation
structure can affect not only the growth rate but also the
preferred orientation of epilayers[20]. The XRD peak for
(220) broadened and shifted to higher 26 values with the
increase of bilayer modulation. By further comparison of
diffraction patterns, it is recognized that the intensity
ratios of the reflections of cubic phase were influenced
by bilayer modulation.
3.3 Surface morphology and number of
macroparticles

Figure 5 shows SEM images of TiN/TiAIN coatings
with different bilayer modulations. The surface of
coatings was dense even with some macroparticles,
which was a unique feature of arc ion plating. The
number distribution of macroparticles with different
sizes was counted and analyzed. As shown in Fig.6, the
number of different size macroparticles increased with
bilayer modulation. It is attributed to deposited
probability of the macroparticles enlarged by using the

Al target. With the increase of Al target arcing time,
more Al macroparticles reached the substrate. Although
the straight magnetized filter could reduce the arrival
probability of macroparticles, the Al target with low
melting point still increased greatly this probability.
While compared with the results from LIU et al[21], the
number of macroparticles in coating deposited by arc ion
plating with separate targets and straight magnetized
filter decreased to 1/10—1/3.

3.4 Cross-section morphology and thickness

Figure 7 presents cross-sectional images of the
TiN/TiAIN multilayer coatings with different bilayer
modulation periods. The TiN/TiAIN coatings have the
thickness of 5.6—6.7 pum, as shown in Fig.8. With the
increase of Al target arcing time, more Al plasma reached
the surface of substrate. Although the total time was
equal, the Al target stable arcing time was lengthened
with the increase of bilayer modulation periods. The Al
plasma from the straight pipe was more concentrated by
magnetic mirror effect with the same target current, and
Al target produced more plasma than Ti target. Although
the distance between Al target and substrate was further
than that between Ti target and substrate, the Al plasma
remained to be more than the Ti plasma. Therefore, the
thickness of multilayer coatings becomes larger with the
increase of bilayer modulation periods.

3.5 Mechanical characteristics

Figure 9 reveals that the adhesion strength increased
with the increase of bilayer modulation periods and
reached 75 N at 150 s. Figure 10 shows the hardness of

Fig.5 Surface SEM micrographs of TiN/TiAIN coatings with different bilayer modulation periods: (a) 60 s; (b) 90 s; (c) 120 s;

(d) 150
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Fig.6 Number of macroparticles in TiN/TiAIN coatings with

different bilayer modulation periods

Fig.7 Cross-section SEM micrographs of TiN/TiAIN coatings
with different bilayer modulation periods: (a) 60 s; (b) 90 s; (c)
120 s; (d) 150 s
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Fig.8 Thickness of TiN/TiAIN coatings with different bilayer

modulation periods

TiN/TiAIN multilayer films with different bilayer
modulation periods. With the increase of bilayer
modulation periods, the hardness reached HV2495,
which was 2.7 times that of M2 HSS substrate. In the
literature, the hardness value measured for monolayer (Ti,
AN was 28-32.4 GPa[5] and monolayer TiN was
16—20 GPa[5, 22]. To provide an estimation of the
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Fig.9 Adhesion strength of TiN/TiAIN coatings with different
bilayer modulation periods
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Fig.10 Hardness of TiN/TiAIN coatings with different bilayer
modulation periods

hardness enhancement associated with multilayer effects,
the rule of mixture was applied to TiN/TiAIN[23].

H omposite = ((ti,anN / Trota) H (Ti AN + (F1in / Eiota) H Tin

where H is the hardness and ¢ is the thickness of the
layers. The calculated hardness value was 24-26 GPa,
which was 1-3 GPa larger than the measured value.

4 Conclusions

1) The separate target arc ion plating with a straight
magnetized filter may be proper substituent for alloy
target to deposit TiAIN coatings.

2) With the increase of bilayer modulation period,
the thickness of TiN/TiAIN multilayer coatings increases
and the number of macroparticles increases with the
increase of Al target arcing time.

3) The value for the critical loads of the TiN/TiAIN
multilayer coatings depends on the bilayer modulation
period and the adhesion strength reaches 75 N at bilayer
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modulation period of 150 s.

4) The hardness of TiN/TiAIN multilayer coatings

increases with the increase of the coating thickness. The
maximum hardness reaches HV2495, which was 2.7
times that of M2 HSS substrate.
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