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Abstract

A film growth mechanism, expressed in terms of depositing hard films onto the soft substrate, was proposed. Multicomponent thin films of
Ti-Si-N were deposited onto Al substrate with a double-target magnetron sputtering system in an Ar-N, gas mixture. The Ti-Si-N films were
investigated by characterization techniques such as X-ray diffraction (XRD), atomic force microscope (AFM), electron probe microanalyzer
(EPMA), scratch test and nanoindentation. The as-deposited films have a good adhesion to Al substrate and appear with smooth and lustrous
surface. The films show nanocomposite structure with nano TiN grains embedded in an amorphous SiN, matrix. The maximum hardness of
the films was achieved as high as 27 GPa. The influences of the N, flow rate and substrate temperature on the growth rate and quality of the
films were also discussed. For all samples, the Ar flow rate was maintained constant at 10 ml-min”!, while the flow rate of N, was varied to
analyze the structural changes related to chemical composition and friction coefficient. The low temperature in the deposited Ti-Si-N films
favors the formation of crystalline TiN, and it leads to a lower hardness at low N, flow rate. At the same time, the thin films deposited are all
crystallized well and bonded firmly to Al substrate, with smooth and lustrous appearance and high hardness provided. The results indicate
that magnetron sputtering is a promising method to deposit hard films onto soft substrate.
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1 Introduction

Aluminium alloys are potential materials used in space
technology and many other fields due to their well-known
properties. But the blare of the surface and the hardness are
very poor; meanwhile the friction coefficient of Al is very
high, especially under the high vacuum environment [1-2].
With the development of modern industry, it’s necessary to
make an advanced investigation on the quality and per-
formance of Al surface. Aluminium alloys neither have a
good surface adhesion to its films [3—4] nor form a compact
film on its surface under the influence of high active surface.
Therefore, it’s a significant subject to find a proper surface
technique and protected material in the improved material
field of soft substrate [5]. So, when they are used in strong
friction conditions, they are usually needed to be coated with
protective hard films [1]. However, it is difficult to grow
hard films on the Al substrate due to their poor adhesion.
Therefore, it’s a significant subject to find a proper surface
technique and protective material in the surface modification
field of soft metal substrates.

Ti-Si-N films have attracted people’s interest for many
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years due to their outstanding mechanical properties such as
high hardness, low wear coefficient, and high chemical sta-
bility [6-9]. Currently, deposition of thin films by reactive
magnetron sputtering is the most popular technique for syn-
thesizing two-phase nanocomposite Ti-Si-N films because
of its several intrinsic advantages over thermal CVD and
PECVD [10-12]. But, up to now, studies about Ti-Si-N
films focus on the protection of high-speed steel [13—15],
stainless steel [10, 16—17], cemented carbides [18—19], sili-
con [11, 20] and other hard substrates [21]. There are rare
reports of their preparation on the soft substrates. The results
in this paper are not only useful for understanding of the
structural and compositions of Ti-Si-N films, but more im-
portantly also put forward a solution to the adhesion be-
tween hard films and soft substrates.

The main objective of this work was to prepare Ti-Si-N
films onto the soft metal substrate. Ti-Si-N films were first
deposited onto Al substrates by magnetron sputtering. Fur-
thermore, we introduce into the Si substrate for the sake of
measuring the thickness and other property of the films
more conveniently. Then the microstructure, morphologies
and compositions of the films were measured by XRD,
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AFM and EPMA, respectively. At the same time, the me-
chanical properties including nanohardness, Young's mo-
dulus, and friction coefficient were also examined.

2 Experimental

Ti-Si-N films were deposited onto Si and Al substrates by
a double-target magnetron sputtering system in a mixed at-
mosphere of nitrogen (N;) and argon (Ar) with different N,
flow rates. In this study, the schematic of the magnetron
sputtering system used for the deposition was shown in Fig.
1. This equipment was designed to prepare new materials by
co-sputtering double targets. The rotation of specimen
holder guarantees a uniform growth of the films. Direct cur-
rent (DC) and radio frequency (RF) power supply were used
for Ti target and Si target, respectively. A substrate holder
was located 110 mm away from the targets. In order to get
rid of the surface contamination, the Al substrates were
grinded mechanically before polished to specular surfaces.
Afterwards, they were ultrasonically cleaned in acetone and
absolute ethanol for 10 min in sequence. All the substrates
were taken off the oxidated layer to ensure that each one has

the identical surface characteristic and crystalline orientation.

Finally, they were dried by nitrogen gas and then placed into
the vacuum chamber immediately.
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Fig. 1 Schematic of the double-target magnetron co-sputter-
ing system

Prior to the deposition, the system was firstly evacuated
to a pressure of 5.0x107* Pa, and then the gases, whose flow
rates were regulated by mass flow controllers, were intro-
duced into the chamber with the total pressure maintained at
5.0x107" Pa. In order to further remove the surface con-
tamination and oxidation, the substrates and the targets were
sputter-cleaned in argon discharge with the negative bias
voltage of 650 V for 10 min, respectively. The detailed
deposition parameters were listed in Table 1. Two sets of
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Table 1 Deposition parameters of Ti-Si-N films by magnetron

sputtering
Base pressure / Pa 5.0x107
Working pressure / Pa 5.0x107"
Ar flow rate / (ml-min™") 10
Ti: DC power / W 120
Si: RF power / W 80

samples were prepared: one set deposited at the N, flow rate
of 20 ml-min~" under the temperature of room temperature
(11 °C), 200, 300 and 400 °C, and the other one deposited
at 300 °C under the N, flow rate of 15, 20, 25 and 30
ml-min~".

The crystalline quality and orientation of the samples
were identified by X-ray diffraction (XRD) (D/Max-Ul-
tima"). The composition and surface morphologies were
performed by electron probe microanalyzer (EPMA) (Shi-

madzu, EPMA-1600) and atomic force microscope (AFM)

(CSPM-5000), respectively. To examine the mechanical

properties of these films, nanoindentation experiments were
also carried out using Triboindenter (TI-950) system with a
Berkovich diamond indenter. The thickness of the films was
measured by Talysurf (CLI-2000).

3 Results and discussion
3.1 Structural properties

Figure 2 shows the XRD patterns of the Ti-Si-N films
formed at different substrate temperature. It was found that
all the Ti-Si-N films had a polycrystalline structure with
crystal planes orientations of TiN (111) and TiN (200).
However, the XRD patterns of our sputtered Ti-Si-N films
show no peaks of SiN, as shown in Fig. 2. This result
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Fig.2 XRD patterns vs. temperature
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implied that N was present in a crystalline phase of TiN and
an amorphous phase of SiN,. Hence, it is the characteristics
of nano grains TiN embedded in an amorphous matrix SiN,
which is called nanocomposite microstructure [6, 21-22].
The XRD peaks corresponding to TiN (200) plane were
comparatively weak, compared to TiN (111) plane, origi-
nated from the diminution of grain size and the residual
stress induced in the crystal lattice at the high content of Si.
The primary TiN (200) diffraction peaks first become
stronger and then weaker obviously with increasing sub-
strate temperature from (1) room temperature 11 °C to (3)
300 °C. At last it disappeared in Fig. 2(4) with further in-
creasing substrate temperature. Hence, the substrate tem-
perature of 300 °C is an inflexion.

3.2 EPMA analysis

Figure 3 shows the elemental compositions of the Ti-Si-N
films with respect to the N, flow rate. From the results, it
can clearly be seen that the N contents in the films mono-
tonically increased with the increasing of N, flow rate from
15 to 30 ml-min~", while the Ti contents slightly decreased.
It is speculated that amorphous SiN, is favored to form at
the high N, flow rate. In order to investigate the effect of the
N, flow rate on the existence of free Si in the films, Ti-Si-N
films were deposited with different N, flow rate (from 20 to
30 ml-min”") while almost same Si content of 28 wt.% due
to the fixed ratio of Si target power compared to Ti target
current. This result reflects that the nitriding of Si is fulfilled
due to sufficient nitrogen supply.

3.3 Surface morphologies

In order to meet more practical application of Al alloy,
Ti-Si-N films should have a very smooth surface, i.e. their
surface roughness should reach less than 5 nm level. Here,
Fig. 4 shows representative three-dimensional surface im-
ages of Ti-Si-N films at different temperature and N, flow
rate. Four samples all displayed smooth surface profile
dominated by domed features. The average root-mean-
square (RMS) roughness is 0.38, 0.28, 0.67 and 0.46 nm
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Fig.3 Elemental contents vs. N, flow rate

while the grain size of the samples is 35, 28, 40 and 36 nm,
respectively. The RMS surface roughness of Ti-Si-N thin
film reaches an atomic level.

From Fig. 4, it is evident that, with increasing substrate
temperature, grain size and surface roughness decrease,
which could be explained from the XRD results. As the sub-
strate temperature increases, the grain and column bounda-
ries become denser, and then the smoother surface appears.
We can also explain this temperature effect on the surface
roughness by migration and diffusion of the reactants on the
substrate surface. At lower substrate temperature, atoms as-
sembled on the substrate surface have lower mobility, so the
films showed a rougher surface; while increasing the sub-
strate temperature, the migration ability of the atoms en-
hanced, leading to the increase of the surface smoothness.
Besides that, with the N, flow rate changing from 15 to 30
ml-min~!, the surface smoothness of the films also becomes
better. It leads to an observed smooth of the film for de-
creasing average grain size. From surface images analysis,
AFM shows the RMS surface roughness of Ti-Si-N films is
uniform under different substrate temperature and N, flow
rate. What’s more, the thin films deposited are all crystal-
lized well, revealing smooth and lustrous appearance.

X/ nm

Fig. 4 AFM surface morphologies of Ti-Si-N thin films deposited at 300 °C and room temperature under the N, flow rate
(a), (¢) 15 ml-min"'; (b), (d) 30 ml-min"

@ Springer



186

Furthermore, the thickness of the Ti-Si-N films as a func-
tion of N, flow rate shows weak gas flow rate dependence
(as shown in Fig. 5). The average thickness of the film is
about 375 nm. This implies that the properties of Ti-Si-N
films are thermally stable.
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Fig.5 Thickness of the Ti-Si-N films deposited at 300 °C

3.4 Nanohardness

It is reported that in the case of a hard film on a soft sub-
strate, the plastic deformation easily extends into the sub-
strate [3, 23—24]. The influence of the substrate on the hard-
ness is small. With increasing the load force from 0.5 to 1.0
mN, the contact depth increases from 30 nm to about 50 nm,
which was less than 13% of the obtained film thickness
(350~400 nm) [25-26]. Figure 6 is the load-depth curve in
the nanoindentation. In the test, the diamond Berkovich in-
denter was forced into the thin films under the load condi-
tions. The loading profile during indentation testing was
linearly increased by time and held 10 s at the peak load. On
each sample nine separated indentations were taken, and the
mean hardness and Young’s modulus were calculated from
the load-depth curve obtained from the nanoindentation
testing. The measured nanohardness of the films shows an
almost constant value. Thereby, the values are considered to
be the hardness of the Ti-Si-N thin films.
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Fig. 6 Load-depth curve in the nanoindentation
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Figure 7 shows the hardness and Young’s modulus of the
Ti-Si-N films measured by the nanoindentation techniques
(TI-950, Hysitron) while obtained as a function of N, flow
rate. As the N, flow rate increased, the hardness and Young’s
modulus steeply increased, with the maximum values about
27 and 254 GPa at the N, flow rate of 25 ml-min~’, respec-
tively, and then gradually reduced with further increasing
the N, flow rate. This behavior, in express of the linear
hardness increase, could be explained by the more and more
free Si nitrified into SiN, with the increase of the N, flow
rate [13]. An enhancement of hardness, compared to the TiN
films, was elucidated by the grain size effect of nanocrystals
TiN embedded in the SiN, amorphous matrix, which act as
an effective barrier for dislocation motion. At the N, flow
rate of 30 ml-min ™', the hardness of the film is only 17 GPa,
even lower than the values of 25 ml-min~'. With further in-
creasing of the N, flow rate from Fig. 7, the reduction of the
hardness has been explained by the thickening of amorphous
SiN, phase due to complete nitrification of free Si. That is,
the volume expansion compared to the case of free Si with
same mole fraction may also cause the hardness reduction of
a nanocomposite. This expansion subsequently increased the
average free path of an amorphous phase in the composite,
and thus decreased the hardness. This influence of N, flow
rate on the hardness of the Ti-Si-N films will be considered
with crystallinity, microstructure, and chemical status of the
Ti-Si-N films in the following research.
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Fig. 7 Hardness and Young’s modulus vs. N, flow rate

3.5 Tribological properties

A test for friction coefficient was carried out with CEIR
UMT-2 at a normal load of 300 mN and sliding speed of 1
mm-s . The Al substrate with Ti-Si-N films exhibited better
tribological properties than the original substrate without
any film. Figure 8 shows the friction coefficients of the films
at 300 °C using Si;N, ball as a counterpart material. Friction
coefficient varies between 0.70 and 0.85, as shown in Fig. 8.
The effect of N, flow rate on the adhesion of a film-substrate
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system was evaluated by scratch adhesion testing. For the
film tests presented in this research, excellent adhesion
strength of Ti-Si-N films may play a positive role in the cut-
ting performance. Generally, the films adhered well to the
substrates. A proper amount of N in the Ti-Si-N films sig-
nificantly improves the adhesion between the films and Al
substrate.
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Fig. 8 Friction coefficient vs. N, flow rate at 300 °C

4 Conclusion

Ti-Si-N thin films were prepared by a double-target
magnetron co-sputtering system whose microstructure and
mechanical property were affected by the N, flow rate and
substrate temperature during co-sputtering. The thickness of
the films shows weak gas flow rate dependent. With varying
N, flow rate, the average thickness of the film is 375 nm ap-
proximately. The nanocomposite Ti-Si-N thin films, which
have an amorphous microstructure with nano grains TiN
embedded in an amorphous matrix SiN,, were revealed. The
Ti-Si-N thin films show a smooth surface. With increasing
the N, flow rate and substrate temperature, the surface of the
films becomes smoother. The best RMS roughness obtained
is 0.28 nm for the film. The maximum hardness and
Young’s modulus of the Ti-Si-N films are 27 and 254 GPa
at the N, flow rate of 25 ml-min’, respectively. With further
increasing the N, flow rate, the hardness and Young’s
modulus were gradually reduced. As the substrate tempera-
ture and the N, flow rate sharply influence the microstruc-
ture of the films, they play important roles in the process of
depositing Ti-Si-N thin films. From the results of this paper,
magnetron sputtering is a promising method to deposit
Ti-Si-N thin films onto the soft substrate.
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