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A set of CrAlSiN coatings was synthesized in homogenous and graded composition via magnetron sputtering
in mixed Ar and N2 ambient. The microstructures are investigated using glancing angle X-ray diffractometry,
field emission scanning electron microscopy and transmission electron microscopy. With compositional
grading, CrAlSiN coatings exhibit much improved scratch adhesion strength and better crack propagation
resistance at a little expense of hardness.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, CrAlN protective coatings have been considered
promising for their enhanced corrosion and oxidation resistance as
well as higher hardness [1–3]. With the addition of Si, the thermal
stability of the coating is improved [4–6].

In addition to compositional modification, another approach to
achieve multifunctionality is dedicated tailoring of the coating archi-
tecture through multilayering [7] or grading [8]. Hardness and oxida-
tion resistance are improved with multilayer structure [9,10].
Compositional [11] and/or structural grading [12], on the other
hand, have been proven effective in reducing crack concentration
and improving the adhesion between coatings and substrate. For
practical engineering applications, it is much more important to
have a combination of high toughness with reasonably high hardness,
rather than super high in hardness but brittle. High toughness means
high resistance to crack formation under stress, in other words, high
energy absorption to deter crack propagation. Hard yet tough coat-
ings are much desired but difficult to come by [13] and it is aimed
in this paper that the hard yet tough CrAlSiN coatings can be achiev-
able through compositional Si grading.

Current investigation targets toughness enhancement through
compositional grading of Si to form CrAlSiN coatings. Scratch crack
propagation resistance (CPRs) [14] measurements indicate that the
compositional grading of Si gives rise to better toughness while main-
taining adequate hardness. In addition, X-ray photoelectron spectros-
copy, electron probe micro-analyzer, glow discharge optical emission
spectroscopy, glancing angle X-ray diffractometry, field emission
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scanning electron microscopy and transmission electron microscopy
have been employed for a detailed composition and microstructure
characterization of the coating as a function of Si addition.

2. Experiment setup

The deposition of the coatings was conducted via co-sputtering of
Cr (6 in. in dia., 99.99% in purity), Al (6 in. in dia., 99.99% in purity)
and Si (6 in. in dia., 99.99% in purity) targets on Si (100) wafer and
mirror-finishing stainless steel 420 (SUS420) disks in mixed Ar and
N2 ambient. All the targets were mounted ~150 mm above the sub-
strate. The base pressure in the deposition chamber was pumped bet-
ter than 5.0×10−5 Pa and the processing pressure was maintained at
0.4 Pa at Ar flow rate of 40 sccm and N2 of 20 sccm. During the depo-
sition, the substrate temperature was kept at 400 °C. The configura-
tion of applied power is listed in Table 1. The substrate holder was
allowed to rotate steadily in order to guarantee the homogeneous
feature along the surface plane. Compositional grading of Si was
realized through gradual step-wise increase of the power on the
Si target. Two series of grading were prepared: the power density
on Si target varied from 0 to 2.74 W/cm2 (increasing step of
0.22 W/cm2/10 min) and that on Si target from 0 to 4.11 W/cm2

(increasing step of 0.275 W/cm2/10 min). A series of CrAlSiN coatings
with different Si addition (from 0 to 8.5 at.%) were also prepared as
the counterparts. The radio frequency (r.f.) induced negative bias
voltage was set at −160 V. The total thickness of film was controlled
at around 1 μm. Before deposition took place, a 15 min plasma etch-
ing was conducted at negative bias voltage (r.f.) of−160 V to remove
oxides and contaminants that may still cling on the surface.

The bonding states of Cr, Al, N and Si were characterized using
X-ray photoelectron spectroscopy (XPS, Kratos AXIS Ultra). The com-
position of CrAlSiN coatings was evaluated using Field Emission
oi:10.1016/j.surfcoat.2012.03.036
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Table 1
Power on target, chemical concentration, hardness, Young's modulus, roughness and critical load of as-deposited coatings.

Code Power on target (W) Concentration (at.%) H E Ra LC1 LC2

Cr Al Si Cr Al Si N O
(GPa) (GPa) (N) (N)

CrAlN 400 600 0 28.5 17.4 0 52.6 1.5 12.7±2.0 261±15 15.1 15.0 36.8
CrAlSiN-1 400 600 250 28.6 17.6 0.4 51.9 1.5 10.9±1.5 258±20 13.9 23.6 43.6
CrAlSiN-2 400 600 500 26.7 16.8 1.8 53.6 1.2 12.4±2.1 298±33 13.7 9.6 27.5
CrAlSiN-3 400 600 750 23.4 15.6 5.9 53.8 1.3 19.3±2.9 263±7 6.6 9.2 28.2
CrAlSiN-4 267 400 750 21.4 13.5 8.5 55.2 1.4 29.5±0.6 303±6 0.9 3.7 13.6
CrAlSiN-GLa 400 600 0–750 25.5 15.9 2.9 54.3 1.4 15.2±2.5 319±31 11.3 13.6 38.6
CrAlSiN-GHa 267 400 0–750 25.9 16.5 3.2 53.2 1.2 25.9±2.5 320±21 9.2 6.8 23.2

a Average value throughout the coating.
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Electron Probe Micro-Analyzer (FE-EPMA, JEOL JXA-8500F) with the
aid of the ZAF-corrected program. The accelerating voltage was
12 kV to achieve a detection depth of around 1 μm. The composition
distribution of graded CrAlSiN coatings was characterized using
Glow Discharge Optical Emission Spectroscopy (GDOES, GD Profiler
2, HORIBA JOBIN YVON) calibrated from the referenced homogenous
CrAlSiN coatings with known compositions.
Fig. 1. GDOES results of (a) CrAlSiN-GL (b) CrAlSiN-GH, inset is the enlarged Si curve. (For in
web version of this article.)
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The crystalline structure was analyzed using Glancing Angle
X-ray Diffractometry (GAXRD, Panalytical X'Pert Pro) with a Cu-Kα
40 kV/30 mA X-ray source (wavelength λ=0.15406 nm). The glanc-
ing incident was set at 1° at the step size of 0.05°.

The cross-sectional microstructure was investigated using Field
Emission Scanning Electron Microscopy (FESEM, JEOL JSM-6701F)
and Transmission Electron Microscopy (TEM, JEOL JEM-2100F). The
terpretation of the references to color in this figure legend, the reader is referred to the
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Fig. 2. XPS core-level spectra of Cr 2p, N 1s, Si 2p, Al 2p.
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arithmetical mean of surface roughness (Ra) was obtained using an
Atomic Force Microscopy (AFM, Vecco Dimension 3000) operated
under the tapping mode (resolution of 512 pixels×512 pixels in
10×10 μm2 area at scanning frequency of 1.0 Hz).

Hardness and Young's modulus were measured using a nanoin-
denter (Hysitron TI-900 TriboIndenter). Maximum indentation
depth was set at 80 nm, less than one tenth of the coating thick-
ness to minimize the substrate effect. To get the reliable mean
Fig. 3. GAXRD patterns of as-d
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value and standard deviation, at least 8 points for each sample
were tested.

Crack resistance was evaluated through a micro-scratch test (J&L
Tech. Scratch Tester) on coatings deposited on SUS420 substrate. Ap-
plied linear load was set from 0 to 50 N. The scanning length was set
at 5 mm with a scanning speed of 0.08 mm/s. For each sample, 3
times scratch tests were carried out to obtain the average load of LC1
and LC2.
eposited CrAlSiN coatings.
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3. Results and discussion

3.1. Chemical composition and bonding state

Table 1 summarizes the chemical composition as determined by
EPMA analysis. As the electron penetration is about coating thick-
ness in EPMA, the chemical composition in the graded CrAlSiN coat-
ings is determined as an average throughout the coatings. Typical
GDOES depth profiles for the coatings on the Si substrate are plotted
in Fig. 1, where Si distribution on thickness is observed as expected:
almost 0 at the substrate to ~5 at.% on top surface of CrAlSiN-GL
(Fig. 1(a)) and to ~8at.% on top surface of CrAlSiN-GH (Fig. 1(b)).
As shown in Fig. 1, Si decreases from the top to the bottom, indicat-
ing the gradual distribution. The increased composition of Si and de-
creased of other elements is regarded that the detected area is the Si
substrate.

The narrow scanned XPS results were taken representatively from
the CrAlSiN-4, (Fig. 2). Cr 2p3/2 and Cr 2p1/2 are observed at 575.6 eV
and 584.8 eV, respectively, corresponding to Cr\N bonding. The N 1s
peak reveals two different chemical features: the one centered at
396.5 eV is for Cr\N bond and the one at 397.7 eV is for Si\N
bond [15]. The Si 2p spectrum is for Si\N bonding at 101.8 eV. The
Al 2p spectrum shows a characteristic peak at 74.2 eV for Al\N
bonding [15]. It should be pointed out that the added Si only
affects the amount of Si\N bonds without significant influence on
the bonding state.
Fig. 4. Cross-sectional morphology o
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3.2. Crystalline structure

The X-ray diffraction patterns of as-deposited coatings are pre-
sented in Fig. 3. B1 NaCl-type fcc structure is confirmed from the dif-
fraction peaks of (111), (200), (220) and (311). For the homogenous
structure coatings, peaks become broadening with increased intensity
on (200) as Si content increases. And no peaks corresponding to crys-
talline silicon nitride can be identified. Together with the results of
XPS, it is concluded that the added Si leads to the formation of amor-
phous SiNx. Peak broadening indicates the formation of fine-grained
structure, while the variation of orientation is attributed to the mini-
mization of the total energy during film deposition. Similar results
were also reported by Chen et al. [4,5]. With increase of Si content,
segregated amorphous SiNx would interrupt the preferable growth
of (111) plane, leading to the discontinuous growth of nitride grains,
thus the intrinsic stress and strain energy no longer dominates the
orientation. In consequence, the grains grow along the (200) to
achieve the lowest surface energy. It should be noted that obvious
peaks shift toward small diffraction angle is observed at higher Si
content (CrAlSiN-3 and CrAlSiN-4). This is correspondence with pre-
vious study by Barshilia et al. [16]. For the graded coatings, the dif-
fraction patterns are similar with that of homogenous coatings with
low level of Si addition (CrAlSiN-1 and CrAlSiN-2). This is attributed
to the composition distribution that the dominant fraction of graded
coatings (mediate and lower layer) is of low Si addition which favor
the growth orientation in [111] and [220] direction.
f as-deposited CrAlSiN coatings.
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Fig. 5. TEM results of (a) CrAlSiN-4 coating (b) cross-sectional image of upper part of
CrAlSiN-GL coating.

Fig. 6. Optical observation of micro-scratch test of CrAlSiN coatings on SUS420 substrates (
figure legend, the reader is referred to the web version of this article.)

5Y.X. Wang et al. / Surface & Coatings Technology xxx (2012) xxx–xxx

Please cite this article as: Y.X. Wang, et al., Surf. Coat. Technol. (2012), d
3.3. Morphological evolution

Fig. 4 reveals the conversion of microstructure with Si content. For
homogeneous structure (through CrAlN to CrAlSiN-4), increasing Si
leads the rough columnar structure to smoother less textured and
denser structure, in good agreement with literature [4]. This is attrib-
uted to the reduced CrAlN grain size as well as the increased amount
of amorphous SiNx phase due to the increased addition of Si. TEM
image (Fig. 5(a)) of CrAlSiN-4 further confirms the existence of
CrAlN nano-crystallite (less than 10 nm) encapsulated by the amor-
phous SiNx phase. Under this condition, SiNx phase may sever as sur-
face cover layer that partially or completely limited the grain growth
periodically, leading to a repeated renucleation and resulting in
smaller globular grains which form the dense and less textured struc-
ture. However, in graded coatings (CrAlSiN-GL and CrAlSiN-GH) there
is no obvious morphological change throughout the coating thickness
in the dominant columnar structures. Further examination of this co-
lumnar structure of CrAlSiN-GL coating (Fig. 5(b)) reveals the exis-
tence of CrAlN nano-grains ~10 nm (as inserted in Fig. 5(b)) in the
upper layer (Fig. 5(b)) due to the segregated SiNx phase as a result
of high Si content. The graded coatings have no distinct morphology
transition from the bottom to the top in columnar structure, as the
initial growth at lower Si addition favor the columnar structure, and
afterwards, the increase of Si is gradual.

3.4. Hardness and toughness

The measured hardness is summarized in Table 1. The hardness of
homogenous coatings is improved with the increase of Si and the
maximum hardness (~29.5 GPa) is achieved at 8.5 at.% Si. This rein-
forcement could be attributed to the decrease of grain size and the
segregated amorphous SiNx phase. Corresponding reinforced mecha-
nism was discussed by Veprek [17–20]. Graded coatings demonstrate
moderate decline in hardness. CrAlSiN-GL exhibits decrease by ~21%
as compared to CrAlSiN-3. And ~12% decrease in hardness is observed
for CrAlSiN-GH, as compared to CrAlSiN-4.

Scratch test has been employed in estimating coating toughness in
addition to adhesion strength [21]. Scratch adhesion strength [14,22]
is an easy way to estimate the coating toughness: two representatives
load were adopted to describe the failure stages of the hard coatings:
i) lower critical load (LC1) at the onset of small trackside buckling and
ii) higher critical load (LC2) at the emergence of spallation (total de-
lamination). In other words, the higher the LC1, the more difficult it
black arrow: LC1, red arrow: LC2). (For interpretation of the references to color in this
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Fig. 7. Fracture behavior at the emergence of spallation.
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is to initiate a crack in the coating. And the longer the distance be-
tween LC1 and LC2, i.e., (LC2–LC1), the more the coating can hold before
the catastrophical fracture occurs. Thus the product LC1 and (LC2–LC1)
is defined as scratch Crack Propagation Resistance (CPRs) to describe
how resistant a coating is to crack propagation under scratch testing.
A coating with higher CPRs will be obviously tougher.

In this study, Si addition in homogenous coatings renders lower
LC1 (as shown in Fig. 6), indicating increasing brittleness. In particular,
severe chipping and buckling occurs at the lowest load (LC1=3.69 N)
for CrAlSiN-4. Whereas, the LC1 of CrAlSiN-GH with gradient structure
is 6.78 N, nearly 80% improvement at an expense of only ~12% in
hardness. Enlarged images of failure at LC2 are shown in Fig. 7. Cracks
in homogenous coatings with lower level of Si are more localized and
the graded coatings exhibit good resistance to crack propagation.

The LC1 and LC2 values are summarized in Table 1, which gives rise
to the plot of CPRs versus hardness (Fig. 8). The measured CPRs of GH
coating is nearly three times as much as that of CrAlSiN-4 coating at
Please cite this article as: Y.X. Wang, et al., Surf. Coat. Technol. (2012), d
the same time maintaining high hardness (25.9 GPa), indicating a
fair balance between hardness and toughness. Maintenance of hard-
ness comes from formation of the nanocrystals in the top layer.
Great improvement of CPRs is also observed when comparing
CrAlSiN-GL with CrAlSiN-3. This improvement could be attributed to
the stress relaxation throughout the coatings as a result of the grading
structure, in which the inner rare-Si part plays as softer cushion with
more tolerance to the crack propagation while the outer rich-Si layer
roles as harder covering maintaining the resistance to the plastic de-
formation. Therefore, it can be concluded that more Si on the top re-
sult the refined nanograins which is responsible for the maintained
hardness, while less Si at the bottom is responsible for the good adhe-
sion and improved scratch toughness. Also from Fig. 8, the further re-
search direction is easily seen: to obtain hard yet tough coating, we
need to put the data point in the upper right corner in the plot. Look-
ing at the results of the GL and the GH samples, grading of the compo-
sition should be in between of that of GL and GH.
oi:10.1016/j.surfcoat.2012.03.036
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Fig. 8. Scratch crack propagation resistance of as-deposited CrAlSiN coatings on SUS420
substrates.
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4. Conclusion

CrAlSiN coatings with gradual increasing of Si along the coating
thickness from the coating/substrate interface exhibit high toughness
through scratch Crack Propagation Resistance at a slight sacrifice of
hardness. The hardness of the homogeneous coating increases with
the amount of the silicon incorporation. At lower silicon concentra-
tion, the coating is extremely tough with large drop in hardness; at
higher silicon concentration, higher hardness is obtained due to
Please cite this article as: Y.X. Wang, et al., Surf. Coat. Technol. (2012), d
formation of silicon rich nanocrystals but sacrificing some toughness.
A graded with lower silicon layer at the bottom and higher silicon
layer at the top is thus promising as hard yet tough coating for indus-
trial applications.
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