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Abstract: The CrN and Cr—Al-Si—N films were deposited on Si wafer and SUS 304 substrates by a hybrid coating system with high
power impulse magnetron sputtering (HIPIMS) and a DC pulse sputtering using Cr and AlSi targets under N,/Ar atmosphere. By
varying the sputtering current of the AlSi target in the range of 0—2.5 A, both the Al and Si contents in the films increased gradually
from 0 to 19.1% and 11.1% (mole fraction), respectively. The influences of the AlSi cathode DC pulse current on the microstructure,
phase constituents, mechanical properties, and oxidation behaviors of the Cr—Al-Si—N films were investigated systematically. The
results indicate that the as-deposited Cr—Al-Si—N films possess the typical nanocomposite structure, namely the face centered cubic
(Cr,ADN nano-crystallites are embedded in the amorphous SizN, matrix. With increasing the Al and Si contents, the hardness of the
film first increases from 20.8 GPa for the CrN film to the peak value of 29.4 GPa for the Crg3Alg14Sig 07N film, and then decreases
gradually. In the meanwhile, the Crj,3Al)14Sig 7N film also possesses excellent high-temperature oxidation resistance that is much
better than that of the CrN film at 900 or 1000 °C.
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1 Introduction

Transition metal nitride coatings, such as TiN and
CrN, were applied as hard coatings because of their high
hardness, excellent wear resistance and chemical stability
[1-5]. Among them, chromium nitride (CrN) coatings
were widely used as protective coatings for various
tribological forming and casting applications [6,7]
because the coatings have high hardness as well as good
wear resistance due to their low friction coefficients. CrN
coatings also show excellent corrosion resistance under
severe environmental conditions [8] and good oxidation
resistance [9]. Recently, ternary Cr—X-N coatings,
where X is the alloying element such as Ti [10,11], Al
[12,13], Si [14,15], B [16], C [17,18], Ta [19,20], Nb

[21], and Ni [22], have been actively investigated to
improve the properties of CtN coatings. Among these
ternary systems, Cr—Al-N films have higher hardness
(25-32 GPa) than CrN coatings, and have much
improved oxidation resistance up to 900 °C due to the
formation of stable oxidation barrier of Al,O; layer by
migrated Al atoms to surface region [23,24]. Besides,
Cr—Si—N coatings with nanocomposite structure
consisting of nanosized CrN crystallites and amorphous
SiN, phase were also explored [15,25] to improve the
hardness and tribological properties. More recently,
quaternary Cr—Al—Si—N coatings started to be explored
since it could become multi-functional coatings having
superhardness (>40 GPa), as well as excellent oxidation
and wear resistance. However, relatively few research
focused on Cr—AI-Si—N films was carried out [26—28],
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especially the study on their high-temperature oxidation
resistance. It may be partly attributed to the difficulty in
preparing dense Cr—Al-Si—N films. For instance, both
AIN and CrN exhibit less electrical conductivity than
TiN, which leads to microarcs caused by the charge
accumulation [26]. The arcing phenomena severely
degrade the quality of the film, even destroy some
electrical components of the controlling system [29].

In this work, Cr—Al-Si—N films were synthesized
by a hybrid coating system with a high power impulse
magnetron sputtering (HIPIMS) [30,31] using Cr source
and a DC pulse sputtering using AISi source. The
influence of the AISi cathode DC pulse current on the
chemical compositions, phase constituents, and
mechanical properties of the films was investigated
systematically. =~ Moreover, the  high-temperature
oxidation resistance of the films was further evaluated.

2 Experimental

2.1 Film deposition

Cr—Al-Si—-N films were deposited by a hybrid
coating system combining an HIPIMS (Hauzer Techno
Coating BV) and a DC pulse sputtering system as
schematically shown in Fig. 1. The experiments were
performed using an HIPIMS with Cr target and a pulse
DC with AlSi target. The relative contents of Cr and AlSi
can be controlled by adjusting the pulse DC power of
AlSi target. A rotating sample holder was located at the
center of vacuum chamber, about 100 mm from the
targets. A bias power supply was connected to the
sample holder. SUS 304 stainless steel material and Si
wafers (for XRD, EPMA, TEM, residual stress analysis
and oxidation test) were used as substrates. And then, all
the substrates were ultrasonically cleaned in acetone and
ethyl ethanol sequentially for 30 min, and fixed on the
holder after being blown dry by pure nitrogen. The
chamber was evacuated to a base pressure below
5.0x107 Pa using a rotary and turbo molecule pump.
Before deposition, plasma etching was conducted by Ar
glow discharge for 5 min with a DC bias of =700 V at
3.0x10"" Pa. Then, ion bombardment was also conducted
by the HIPIMS and the discharge of the Cr target for 5
min with a DC bias of —400 V at 3.2x10"' Pa. To
improve the adhesion between the film and the substrate,

Cr and CrN layers were deposited for 5 min, respectively.

The working pressure was maintained at 3.0x10"' Pa and
the volume ratio of reactive gas N, to inert gas Ar was
kept at 2:1. The frequency of HIPIMS and duty cycle of
the DC pulse power were maintained at 30 Hz and 50%,
respectively. To keep other parameters constant, the DC
pulsed power varied from 0 to 2.5 A to study its effect on
the film microstructure and properties. The deposition
time was 240 min and the deposition temperature was

maintained at about 300 °C. The sample holder rotated
continuously at 1000 r/min during the deposition process.
The DC bias voltage was kept at =50 V, and no apparent
micro-arcs were observed during all the deposition
process.

Vacuum
gauge

Fig. 1 Schematic diagram of hybrid coating system

2.2 Characterizations

The crystal structure of the films was determined by
an X-ray diffractometer (XRD, D8-Discovery Brucker,
Cu K, 40 kV, 40 mA). Diffraction patterns were
collected from 20° to 80°. The surface and cross-section
morphologies of the as-deposited and after oxidation test
films were characterized by a scanning electron
microscope (SEM, S 4800, Hitachi) coupled with an
EDX accessory. The compositional analysis of the films
was carried out using an electron probe microanalyzer
(EPMA 1600, Shimadzu). The selected film was
observed using a field emission transmission electron
microscope (FE-TEM, JEOL, JEM—400FX) with an
acceleration voltage of 400 kV. The hardness was
evaluated by a microhardness tester with a Knoop
indenter (Matsuzawa, MMT—7) under a load of 25 g.

3 Results and discussion

3.1 Chemical compositions and mechanical properties

of Cr—Al-Si—N films

The Cr—Al-Si—N films with three different Al
contents from 3.8% to 19.1% (mole fraction) and
different Si contents from 1.8% to 11.1% (mole fraction),
as well as the traditional CrN film were deposited,
respectively. The chemical compositions of the above
films determined by EPMA are shown in Fig. 2(a).
Figure 2(b) shows the micro-hardness and residual stress
of CrN and various Cr—Al-Si—N films deposited on Si
wafer. All the Cr—Al-Si—N films show significantly
higher hardness as compared with the CrN film. With the
increase of the Al content to 13.5% and Si content to
7.1%, the film hardness increases gradually from 20.8 to
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29.4 GPa. The above tendency is attributed to the grain
boundary hardening phenomena created by strong
cohesive energy of interphase boundaries [32] and by the
Hall-Petch relation derived from crystal size refinement
[33]. Both the formation of strong interphase boundaries
and the refinement of crystallites result from the
percolation of amorphous Si;Ny4 and SiO, phases into the
grain boundaries of CrN and Cr—Al-N crystallites,
respectively. Figure 2(b) also shows the residual stress
graph plotted at various AlSi cathode DC pulse currents.
All the films possess the compressive residual stress.
With the increase of the AlSi cathode DC pulse current
up to 1.5 A, the film residual stress increases gradually
from —0.27 to —0.72 GPa. And then, the residual stress
rebounds with further increase of the AISi cathode DC
pulse current. The reason of this phenomenon can be
explained by the microstructural defects, which form due
to the substitutional replacement of Al (R=1.43 A) atoms
for Cr (R=1.85 A) sites in the films and play as a barrier
to dislocation propagation.
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Fig. 2 EPMA results as function of DC pulse current (a) and

microhardness and residual stress of Cr—Al-Si—N films as

function of AlSi cathode DC pulse current (b)

3.2 Phase constituents
Cr—Al-Si—N films
Figure 3 shows the XRD patterns of the Cr—Al-

and microstructure of

Si—N films deposited on Si wafer with various AlSi
cathode DC pulse currents as well as the XRD pattern of
the CrN film for comparison. The XRD peaks for the
CrN film exhibit a pattern of the crystalline face-centered
cubic (FCC) structure of CrN phase with orientations of
(111), (200) and (113) crystal planes. The preferred
growth direction of the crystal is (111). With the increase
of the AlSi cathode DC pulse current, the peak intensity
of (200) crystal plane increases rapidly and shows the
significant preferred growth direction. As the element Al
and/or Si is incorporated into the CrN film, the
diffraction peak position shifts toward the higher angle
compared with the XRD pattern of CrN film. Moreover,
the above tendency becomes more obvious as the AlSi
cathode DC pulse current is higher. These peak shift
phenomena indicate that the added Al and Si can dissolve
into CrN lattice by the substitutional replacement of Cr
sites. Such an XRD peak broadening, in general, is an
indication of either diminution of the grain size or the
introduction of residual stress in the coating [34]. Any
XRD peak corresponding to Cr,N, Cr, Si;Ny, CrSi,, and
AIN is not observed in Fig. 3.

CrN(l]]} Cr:N(200] CrN(220) CrN[I 13)

20 50 60 70 80
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Fig. 3 XRD patterns of Cr—Al-Si—N films as function of AISi
cathode DC pulse current

In order to further investigate the microstructure of
the Cr—Al-Si—N films, high resolution TEM
observations were performed on the Cry,3Alg14Sig /N
film. Figure 4 shows the cross-sectional TEM images
and selected area electron diffraction (SAED) pattern of
the Crg3Alg.14S1907N film. From the bright field (BF) and
dark field (DF) TEM images (Fig. 4(a)), it can be seen
that the film possesses the columnar microstructure
containing irregular nanograins. Figure 4(a) also presents
the selected area electron diffraction pattern of the
Crp»3Aly14Sigo7N  film, which consists of the
polycrystalline rings superimposed by diffraction spots
that indicate the existence of the preferred growth
orientation of crystals in the film [35]. The strong (111),
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(200) and (220) rings are observed, which is consistent
with the results in Fig. 3. Combining the results of XRD
and SAED pattern, it can be inferred that Al exists in the
form of (Cr, ADN solid solution phase in the
Cr—Al-Si—N films. Figure 4(b) shows the HRTEM image
in the middle region of Fig. 4(a). It presents the typical
nanocomposite  structure consisting of the fine
nanocrystallites and amorphous phase. These crystallites
can be distinguished from each other by lattice fringe
contrast. Meanwhile, the crystallites have irregular and
ellipsoidal shapes, and do not fully homogeneously
distribute in the amorphous phase.

stallites §
g

Fig. 4 BE-TEM, DF-TEM (with SAED) (a) and HR-TEM (with
SAED) (b) images of Cr0_23A10_14Si0_07N film

3.3 High-temperature oxidation resistance of
Cr—AIl-Si—N films
Figures 5(a) and (b) show the XRD patterns of the
CrN and CrjAly14Sipo7N films after oxidation test at
900 and 1000 °C in air for 1 h, respectively. From
Fig. 5(a), it can be found that the XRD pattern of CrN
film after oxidation test shows some new chromium

oxide diffraction peaks besides the CrN peaks. Whereas

(a)
Cr-Al-Si-N
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Fig. 5 XRD patterns of CrN and Cr—Al-Si—N films after
oxidation test at 900 °C (a), and 1000 °C (b) in air for 1 h

in the XRD pattern of Cry,3Alp14Sigo7N film after
oxidation test, almost no new diffraction peaks of oxide
can be detected except for a weak peak at the angle of
about 50°. To further heat up to 1000 °C, there are many
diffraction peaks of oxide in the XRD pattern of CrN
film (Fig. 5(b)), and the peak intensity also increases
significantly compared with Fig. 5(a). However, in the
XRD pattern of Crgy3Aly14Sip07N film after oxidation
test at 1000 °C, only some weak diffraction peaks of
oxide appear.

Figure 6 shows the cross-sectional SEM images of
the CrN and Crg3Aly 14Sigo7N films after the oxidation
test. After oxidation test at 900 °C in air for 1 h, an
apparent change happens for the microstructure of the
CrN film. In Fig. 6(a), an oxide layer and loose columnar
grains beneath the oxide layer exhibit on the fractured
cross-section of the CrN film. On the other hand, the
Cry3Aly 14819 7N film after oxidation at 900 °C still
keeps the dense columnar structure without visible
change. No apparent oxide layer is observed for the
Cro23Alp14Sip97N  film. As shown in Fig. 6(c), the
oxidation of the CrN film becomes more severe at 1000
°C for | h than that at 900 °C. The oxide layer on the
CrN film surface is thickened, whereas still no apparent
oxide layer forms on the Crg,3Al¢ 14Si9 7N film. The
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CrN film

Fig.6 Cross-sectional SEM images of CrN (a,c) and Cr—Al-Si—N (b,d) films after oxidation test at 900 °C (a,b), 1000 °C (c,d) in air

for1 h

above phenomena indicate that the Cry,3Alg14Sigo7N film
has much better oxidation resistance than that of the CrN
film.

4 Conclusions

1) The CrN film and quaternary Cr—Al—-Si—N films
were deposited on SUS 304 stainless steel substrates and
Si wafer by a hybrid coating system with HIPIMS and
DC pulse magnetron sputtering using Cr and AlSi targets,
respectively. The chemical compositions, microstructure,
mechanical properties, and oxidation resistance of the
CrN and Cr-Al-Si-N films were investigated and
compared.

2) The Cr—Al-Si—N films consist of nano-sized
(Cr,ADN crystallites embedded in an amorphous SizNy
matrix. The Crgp3Aly14S1p07N film presents a maximum
hardness of about 29.4 GPa, which is attributed to the
mechanisms of solid-solution hardening and strain
hardening. Meanwhile, the Cryy3Aly14Sipe7N film
possesses the highest compressive residual stress. During
the oxidation tests at 900 and 1000 °C, the
Crp23Alp 14Sipo7N film exhibits much better oxidation
resistance than the CrN film.
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