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Abstract: Cr-Al-Si-N coatings were deposited on SUS 304 substrate by a hybrid coating system. A Cr interlayer was introduced
between Cr-Al-Si-N coating and SUS 304 substrate to improve the coating adherence. The effects of Cr interlayer on the
microhardness, adhesion, and tribological behavior of Cr-Al-Si-N coatings were systematically investigated. The results indicate that
the microhardness of the Cr-Al-Si-N coatings gradually deceases with increasing thickness of Cr interlayers. The adhesion between
Cr-Al-Si-N and SUS 304 substrate is improved by addition of the Cr interlayers. A peak critical load of ~50 N is observed for the
coating containing Cr interlayer of 60 nm as compared ~ 20 N for the coating without Cr interlayer. The thicker Cr interlayers result
in reduced critical load values. Moreover, the wear resistance of the Cr-Al-Si-N coatings is greatly enhanced by introducing the Cr
interlayer with thickness of 60 nm in spite of the decreased microhardness. The friction coefficient of the coating system is also

moderately reduced.
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1 Introduction

Chromium based hard coatings, such as CrN,
Cr-Al-N and Cr-Si-N coatings, have been widely used as
a protective coating owing to their high hardness, low
friction coefficient, good corrosion and oxidation
resistance under severe environmental conditions[1-3].
Recently, the quaternary Cr-Al-Si-N coatings are
attracting more and more attentions due to their various
hybrid functions, such as super hardness (>50 GPa) and
excellent oxidation and wear resistance[4—5].

One of the most challenging issues of such
protective coatings is adhesion between the hard coating
and substrate[6—8]. It is well known that the high
residual stress built in hard coating during deposition
process easily results in the detachment of coating from
the substrate and limits its practical application where the
superior hardness is desired[9]. Sometimes the residual
stress in the hard coating even can be arrived at ~4
GPa[10]. In order to improve the adhesion between the
coating and substrate, a variety of methods have been
extensively used, for example, ion bombardment prior to
the deposition[11], insert of metal interlayer[12], and

multi-layer or compositional gradient coatings[13]. In the
case of Ti-based coatings, the introduction of Ti metal
interlayer has significantly improved the adhesion
between the coating and substrate[ 14—16]. In contrast to
Ti interlayer, the effects of Cr interlayer on the Cr-based
coating system are rarely studied so far[17].

In this study, thin Cr metal interlayers with different
thickness were deposited between the Cr-Al-Si-N coating
and SUS 304 substrate in order to improve the adhesion
property. The effects of Cr interlayer thickness on the
coating microhardness, adhesion, and tribological
properties were investigated systematically.

2 Experimental

2.1 Deposition

The Cr-Al-Si-N coatings were deposited on SUS
304 using a hybrid coating system, where arc ion plating
(AIP) method was combined with a DC reactive
magnetron sputtering technique. The details of the
coating apparatus and process were described in our
previous work[4]. An arc cathode gun for Cr target
(99.99%, mass fraction) and two DC reactive magnetron
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sputter guns for Si (99.99%, mass fraction) and Al
(99.99%, mass fraction) targets were installed on each
side of the chamber wall. A rotational substrate holder
was located among the three sources. Ar gas (99.999%,
volume fraction) was introduced into the sputter target
holder to increase the sputtering rate. N, gas (99.999%,
volume fraction) was injected near the substrate holder.
Before being put in the vacuum chamber, the SUS 304
substrates were ultrasonically cleaned in both acetone
and ethanol for 30 min, respectively. Then, the
specimens were heated by resistant heaters set in the
vacuum chamber, and were cleaned again by ion
bombardment at a bias voltage of —600V in Ar
atmosphere of 32 Pa for 15 min. Subsequently, the Cr
metal interlayer was deposited from arc cathode gun for
2-20 min. Finally, the Cr-Al-Si-N coating was also
deposited from arc and sputter sources at a working
pressure of 1 Pa. The deposition temperature was fixed at
300 °C during the coating process. The typical deposition
conditions of Cr-Al-Si-N/Cr coating by the hybrid
coating system are listed in Table 1.

Table 1 Deposition conditions of Cr-Al-Si-N coatings

Parameter Value
Arc current of Cr target/A 55
Sputter current of Si target/A 0.6 A
Sputter current of Al target/A 0.7A
N : Ar flow ratio 80:20
Base pressure/Pa 8.0x107°
Working pressure/Pa 1.0
Substrate temperature/°C 300
Substrate rotation speed/(r/mim) 25
Working time/min 90
Cr-interlayer deposition time/min 2-20

2.2 Characterization

The thickness of Cr-Al-Si-N coating and Cr metal
interlayer was respectively evaluated using a field
emission scanning electron microscopy (FESEM;
S-4800N, Hitachi, Japan). An electron probe
microanalyzer (EPMA, Shimadzu, EPMA 1600) was
used to analyze the content of element Cr, Al, Si, and N
in the coating. The crystallinity of the Cr-Al-Si-N
coatings was analyzed using X-ray diffractometer (D8
ADVANCE, Bruker) with monochromatic Cu K, (4 =
0.154 56 nm) radiation operated at 40 kV. The analyzed
range of diffraction angle 26 was between 20° and 80°
by a step of 0.02°.

The hardness of coating system was measured on
the coating surface by a micro-hardness tester with
Knoop indenter (Matsuzawa, MMT-7). A load of 10 g
and a dwelling time of 15 s were applied for all the
measurements. The adhesion between the coating and
substrate was evaluated by a scratch tester (J&L Tech,

Scratch test JLST(022) with a Rockwell C diamond stylus
(cone apex angle, 120 °C; tip radius, 200 um). During
the scratch test, the applied load increased gradually up
to 100 N, and a translation speed of 0.2 mm/s was
employed. The friction force, friction coefficient and
acoustic emission signals were also recorded during the
scratch test in order to measure critical load. These
investigations were complemented by observation of
scratch track with an optical microscope (Olympus,
PMG3-613U W/Acc). The values of micro-hardness and
adhesion presented are the average of 5 measurements
made on the identical specimen.

The tribological behavior of the coating was
evaluated by sliding wear tests via a conventional
ball-on-disc friction and wear instrument. A steel ball
(6.34 mm in diameter, 700 HV,,) was chosen as a
counterpart for the evaluation of tribological properties.
The sliding wear tests were conducted with a sliding
speed of 0.157 m/s, a normal load of 1 N, and a total of
20 000 rotation cycles. All experiments were repeated
three times in controlled room temperature (~20 °C) and
relative humidity (25%—30% RH). The morphology of
wear tracks was also observed by FESEM.

3 Results and discussion

Figure 1 shows the typical Cr-Al-Si-N coatings
deposited on the SUS 304 substrates without Cr
interlayer, with 60 nm thick Cr interlayer and with 230
nm thick Cr interlayer, respectively. The thicknesses of
Cr-Al-Si-N coatings were maintained at ~1.7 pm with
regardless of Cr interlayer thickness. It is noticeable that
the Cr-Al-Si-N coatings show columnar crystal structures.
The EPMA results revealed that the chemical
compositions (molar fraction) of the Cr-Al-Si-N coating
prepared in this study are 30.2%, 10%, 9.8% and 50%
for element Cr, Al, Si and N, respectively. The previous
study confirmed that there are a lot of nanocrystalline (Cer,
Al, Si)N embedded in the Si;N; matrix to form the
Cr-Al-Si-N coating, which has super hardness (=50 GPa),
low friction coefficient, and excellent oxidation
resistance[4—5]. Based on the thickness measurement by
FESEM, the deposition rate of Cr interlayer using the arc
cathode gun can arrive at ~11 nm/min. Through
controlling the deposition time, the Cr interlayers with
the thickness of 25, 60, 120, 150, and 230 nm were
respectively prepared on the SUS 304 substrates before
depositing the Cr-Al-Si-N coatings. Subsequently, we
will discuss the mechanical and tribological properties of
Cr-Al-Si-N coatings on SUS 304 substrates without
interlayer and with Cr interlayers in different thicknesses.

Figure 2 shows the X-ray diffraction patterns of
Cr-Al-Si-N coatings with Cr interlayer at various
thicknesses. It can be seen that the Cr-Al-Si-N coatings
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Fig.1 Cross-sectional FE-SEM images of Cr-Al-Si-N coatings
deposited on SUS 304 substrates: (a) Without Cr interlayer; (b)
With 60 nm thick Cr interlayer; (c) With 230 nm thick Cr
interlayer
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Fig.2 XRD patterns of Cr-Al-Si-N coatings with Cr interlayer
at various thicknesses

show the NaCl crystal type of CrN crystalline with
multiple orientation of (111), (200), and (220). By
introducing Cr interlayer, the evidences of microstructure
changes such as peak position shifting and broadening
were not observed, but the peak intensities were slightly
decreased. This decreased peak intensity seems to be due
to the formation of nanocrystalline in Cr interlayer,
which can affect the diffraction patterns of the coating
system. This can also explain why the diffraction peaks
from the substrate is observed, but no peaks from the Cr
interlayer. Furthermore, little effect of Cr interlayer
thickness on the diffraction peak intensity is found,
because no significant changes occur for the peak
intensity with increasing Cr interlayer thickness. These
results indicate that the effect of Cr interlayer on the
microstructure of Cr-Al-Si-N coating is ignorable.

The measured hardness of Cr-Al-Si-N/Cr/SUS 304
substrate varying with Cr interlayer thickness is shown in
Fig.3. The apparent hardness of the coating system
gradually decreased with the Cr interlayer thickness
increasing. When there is no Cr interlayer, the coating
system possesses the highest hardness of (45.3 + 1.53)
GPa. In the case of existing Cr interlayer with 230 nm
thick, the measured value of the coating hardness
decreases to (26.6 = 1.18) GPa. It is believed that the
lower hardness of coating system with the thicker Cr
interlayer is due to the relatively soft Cr interlayer, of
which the hardness is ~7 GPa[18]. The soft and tough Cr
interlayer plays a role of energy dissipation and
cushioning, and accommodated the plastic deformation
during the indentation testing process. Thus, the thicker
the Cr interlayer is, the more significant the cushioning
action is, and the lower the apparent hardness is. Another
possible reason is that the residual stresses in the coating
gradually decrease with the Cr interlayer thickening,
which indirectly impairs the measured value of the
coating hardness[19]. Therefore, the Cr interlayer must
choose an appropriate thickness in its practical
application.
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Fig.3 Measured microhardness of Cr-Al-Si-N/Cr/SUS 304
substrate varying with Cr interlayer thickness




Young Su HONG, et al/Trans. Nonferrous Met. Soc. China 21(2011) s62—s67 s65

The adhesion of coating system is another key index
for evaluating its comprehensive performance. Fig.4
shows the scratch test results for the coating system of
Cr-Al-Si-N/Cr/SUS 304 substrate, i.e., the variations of
critical load Lc, with the Cr interlayer thickness. In
general, the critical load Lc, is defined as a burst and
rising friction force emerges due to a serious damage and
detachment of coating layers from the substrate
surface[20—21]. It can be seen that the critical load of the
coating system firstly increases sharply with increasing
the Cr interlayer thickness. When the Cr interlayer
thickness is 60 nm, Lc, reaches the maximum critical
load of about 50 N, which is almost two times as that of
the Cr-Al-Si-N coating without Cr interlayer (~30 N).
This is because the thicker interlayer improves the
toughness and anti-stripping capacity of coating system,
and partially releases the higher residual stresses at
interface between the Cr-Al-Si-N coating and SUS 304
substrate. It had been reported previously that the
improved bonding strength between coating and
substrate was attributed to the introduction of metal
interlayer, such as Ti, Co and Cr, which reduced the
shear stresses at interface between coating and
substrate[22—23]. However, the critical load of coating
system decreased again with further increase of Cr
interlayer thickness, which was more than 60 nm. This
decreased adhesive strength can be explained by the
shear failures at interlayer when the relatively soft Cr
metal interlayer becomes too thick[24—25]. This also
indicates that the Cr interlayer thickness should be
carefully controlled so as to enhance the adhesion of
Cr-Al-Si-N coating system. Based on the above results,
the optimum thickness of Cr interlayer in this study
should be 60 nm.
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Fig.4 Variations of critical load Lc, with the Cr interlayer
thickness for the coating system of Cr-Al-Si-N/Cr/SUS 304
substrate.

Figure 5 shows optical micrographs of the typical
scratch tracks of Cr-Al-Si-N/SUS 304 substrate and

Cr-Al-Si-N/Cr/SUS 304 substrate with 60 nm thick Cr
interlayer at a point of approximate 30 N loads. After
scratch test, generally, many aspects of the fracture, such
as cracking, chipping, flaking and buckling, can appear
around the scratch channel[26]. Among these fracture
modes, chipping fracture usually occurs around the
scratch track in the case of the high adhesive strength
between coating and substrate[25—26]. On the other hand,
the flaking and buckling fracture will happen if the
adhesion between coating and substrate is poor[23—24].
From Fig.5(a), it can be observed that some flakes have
fallen off from the coating surface in the scratch channel,
and severe plastic deformation occurs nearby the scratch
edge. In addition, the partial of substrate is exposed. This
indicates that the flaking fracture including spalling and
buckling is the main failure mode for the coating system
without Cr interlayer. Whereas in Fig.5(b), these fracture
types are not observed. Only slight plastic deformation of
the substrate can be seen and the Cr-Al-Si-N coating still
remains in the scratch channel. A small amount of chips
are removed when the diamond stylus scratches across.
Consequently, when the Cr interlayer is introduced, a
higher load is required to obtain the same plastic
deformation. The obvious difference between the
fracture failure modes of both coating systems also
confirms that the introduction of Cr interlayer can
effectively improve the adhesion between the Cr-Al-Si-N
coating and SUS 304 substrate.

Fig.5 Optical micrographs of typical scratch tracks of
Cr-Al-Si-N/SUS 304 substrate(a) and Cr-Al-Si-N/Cr/SUS 304
substrate(b)

To investigate the effects of Cr interlayer on the
tribological behavior, Cr-Al-Si-N/SUS 304 and Cr-Al-Si-
N/Cr(60 nm-thick)/SUS 304 were subjected to ball on
disk sliding wear tests, respectively. Figure 6 shows the
variation of the friction coefficient of two coating
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systems with the number of cycle under normal load of
1 N. As shown in Fig.6, the friction coefficients of both
coating systems rapidly increase in the initial running-in
phase, which is believed to be a result of transition in
contact conditions from two-body abrasion to interfacial
sliding. A significant difference can be found that the
coating without Cr interlayer shows a broader and more
pronounced running-in phase lasting for about 3 000
cycles, after which a steady-state friction coefficient of
0.62 is obtained. However, the transition from the
running-in phase to steady-state phase for the coating
with 60 nm thick Cr interlayer is not obvious, and the
running-in phase only lasts about 500 cycles. The
steady-state friction coefficient of 0.42 is lower than that
of the former. The reason for above difference is
attributed to the flakes spalling off from the substrate, i.e.
the wear debris are involved in the friction and wear
process as third-body abrasives, which results in the
increase of friction coefficient and a prolonging of the
running-in phase for the coating system without Cr
interlayer. From Fig.6, another tendency can be found
that the friction coefficients of both coating systems
increase gradually and slightly as the tests go, although
the friction steps in the steady-state phase, which is
attributed to the gradually increased interfacial contact
area between the coating and the counterpart.
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Fig.6 Variations of friction coefficient of two coating
systems with number of cycle under normal load of 1 N

Figure 7 shows SEM morphologies of the wear
tracks of two coating systems after ball on disk sliding
wear tests of 20 000 cycles. From Fig.7(a), it can be seen
that the flaking, buckling and spalling of coating layer
occur under the synthetic actions of contact stress and
friction force when there is no interlayer. In the case of
introducing a 60 nm thick Cr interlayer, the coating
system keeps well and no cohesive or adhesive failures
happen in the wear tests, except for the minor chipping in
connection with coating defects (Fig.7(b)). Therefore, the
insertion of Cr interlayer with an appropriate thickness

also significantly improves the wear resistance of the
coating system.

Fig.7 SEM morphologies of wear tracks of two coating systems
after ball on disk sliding wear tests of 20 000 cycles: (a)
Cr-Al-Si-N/SUS 304 substrate; (b) Cr-Al-Si-N/Cr/SUS 304
substrate with 60 nm thick Cr interlayer

4 Conclusions

1) The hardness of the Cr-Al-Si-N/Cr coating
system gradually decreased with the Cr interlayer
thickness increasing. The scratch tests revealed that the
adhesion between Cr-Al-Si-N coating and SUS 304
substrate was significantly dependent on the Cr interlayer
thickness.

2) The critical load Lc,, increased from ~30 N for
the coating without Cr interlayer up to ~50 N for the
coating with 60 nm thick Cr interlayer. This improved
adhesion was due to the reduction of shear stress at
interface between Cr-Al-Si-N coating and SUS 304
substrate, and the improvements of toughness and
anti-stripping capacity of the coating system.

3) By comparison of mechanical properties of the
Cr-Al-Si-N coating systems with Cr interlayer of
different thickness, the optimum thickness (60 nm) of Cr
interlayer was determined. The friction and wear test
results indicated that the insertion of Cr interlayer
between Cr-Al-Si-N coating and SUS 304 substrate can
significantly improve the wear resistance and reduce the
friction coefficient of the coating system.
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