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a b s t r a c t

CrN/AlN multilayer coatings with modulation period of 4 and 12.3 nm were manufactured by RF mag-
netron sputtering. The films were annealed at temperatures 800–950 ◦C for 1 h in air environment. The
microstructure evolution and chemical composition of the formed oxides after heat treatment were iden-
tified by transmission electron microscope (TEM) and energy dispersive spectrometer (EDS). After heat
treatment at 800 ◦C for 1 h, three regions which formed on the surface of CrN/AlN coatings with 12.3 nm
modulation was observed, including the Al-rich layer covered at the topmost surface, the mixed nano-
crystalline Al2O3 and Cr2O3 film and the spherical nano-voids embedded in between. On the contrary,
for CrN/AlN coating with a modulation period of 4 nm, the dense oxide layer around 37 nm formed on
the top of the un-reacted film was much thinner than that of CrN/AlN coating with 12.3 nm. Besides,
no nano-voids was detected which implied that the outward diffusion of atom species was suppressed
ultilayer coating as compared to that in the film with 12.3 nm. The presence of the topmost Al-rich layer protected the
multilayer coating from the outward diffusion of Cr and Al, as well as the inward diffusion of oxygen.
After 950 ◦C for 1 h and 800 ◦C for 16 h, the grain growth of surface oxides occurred and non-uniform
interface between oxide and coating was also determined by TEM in the CrN/AlN multilayer coating
with 12.3 nm. However, no substantial oxidations were detected in the coating with modulation period
of 4 nm. It was evident that the CrN/AlN multilayer with smaller modulation period exhibited better

oxidation resistance.

. Introduction

Multilayer nitride coatings consisted of two different mate-
ial assemblies and specific interface exhibit excellent mechanical
erformances, such as hardness, wear resistance and oxidation
esistance [1–7]. Recently, studies have been mainly focused on
he thermal reliability and oxidation resistance at elevated tem-
eratures owing to the concerns about the inter-diffusion between
wo layers within the nano-meter scale and oxygen attacks [8–13].
hese factors cast great influences on the mechanical strength and
urface characteristics of the multilayer coatings. Barshilia et al.
roposed that the decrease in hardness for TiN/CrN coating after
eat treatment in air was caused by both the substantial oxida-
ion on the surface and inter-diffusion at the interfaces [14]. In
he ternary nitride systems, it was found that the Al dissolved

itride coating revealed excellent oxidation resistance, especially

or CrAlN coating. Chromium aluminum nitride which exhibited
etter hardness and anti-oxidation resistance in comparison with
he well-developed titanium aluminum nitride has been inves-
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tigated [15]. Besides, the CrN/AlN multilayer coating was also
proposed to further enhance the mechanical properties [16–18]. It
was recently reported that the hardness of the CrN/AlN multilayer
coating at elevated temperatures could be maintained, owing to
the formation of the dense Al2O3 and Cr2O3 on the surface con-
firmed by XRD [17,18]. In spite of the enormous developments,
the detailed microstructure and composition evaluation concern-
ing the dense oxide formed on the surface at different temperatures
in air environment were limited in literature.

This study was aimed to further investigate the detailed
microstructure evolutions and chemical compositions of the oxides
formed in the CrN/AlN multilayer coatings with different modula-
tion periods at various temperatures ranged from 800 to 950 ◦C
with the aid of electron microscopy characterization.

2. Experimental

CrN/AlN multilayer coatings were fabricated on the silicon (1 0 0) substrates by
RF magnetron sputtering. The chromium and aluminum targets with 50.8 mm in

diameter were 99.95 wt.% in purity. After loading substrates and targets, the depo-
sition chamber was evacuated down to 8.0 × 10−4 Pa. The substrate temperature and
rotation speed were controlled at 300 ◦C and 20 rpm, respectively, during deposi-
tion. The working distance for both sputtering guns was 60.0 mm. The target power
was 150 W for Cr and 100 W for Al. The interlayer Cr with 40 nm was firstly coated
on the Si substrate to enhance the adhesion between substrate and nitride coatings

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:jgd@mx.nthu.edu.tw
dx.doi.org/10.1016/j.jallcom.2009.09.060
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y Ar incorporation as a plasma source. Then, the multilayer CrN/AlN coatings were
abricated and thickness of each layer was determined by the switch time of alter-
ate shutters, which were controlled by a programmable logic control (PLC) after

urther introducing the nitrogen gas as the reaction sources to a working pressure
f 2.0 × 10−1 Pa.

After deposition, the CrN/AlN multilayer coatings with 4 and 12.3 nm were
nnealed with a heating rate of 10 ◦C/min from room temperature to 800 ◦C for
, 4 and 16 h and 950 ◦C for 1 h. The depth profile for elemental distributions of Cr,
l, O, and N were detected by Auger electron spectrometer combined with sputter-

ng gun (AES, Auger NanoProbe, 670 PHI Xi, PerkinElmer, USA). The microstructure
nd modulation period of the CrN/AlN coatings after heat treatment were observed
y transmission electron microscopy (JSM-2010, JEOL, Japan). For the TEM analysis,
he samples were prepared by focus ion beam technique (FIB). The detailed phase
nd chemical composition were then analyzed by TEM equipped with EDS.

. Results and discussion

.1. Elemental distributions of the CrN/AlN multilayer coating

AES depth profile analysis of the CrN/AlN multilayer coating
fter heat treatment at 800 ◦C for 1 h is demonstrated in Fig. 1. The
l concentration was substantially accumulated on the surface as
ompared to that in the multilayer film, indicating that Al atom dif-

used outward owing to the attraction of oxygen. In order to realize
he oxidation behavior of CrN/AlN multilayer coatings in air envi-
onment, the cross-sectional TEM equipped with EDS was used to
bserve the microstructure and composition of oxide film on the
rN/AlN multilayer coatings at elevated temperatures.

ig. 2. (a) X’TEM image of CrN/AlN multilayer coating with 12.3 nm annealed at 800 ◦C fo
Fig. 1. AES depth profile of CrN/AlN multilayer coating with 12.3 nm after heat
treatment at 800 ◦C for 1 h.

3.2. Microstructure analyses of the CrN/AlN multilayer coatings
after heat treatment at 800 ◦C for 1 h
Fig. 2 shows the X’TEM image of CrN/AlN multilayer with
12.3 nm after heat treatment at 800 ◦C for 1 h. The bilayer structure
of CrN/AlN multilayer was still present and displayed a sharp
interface between two nitride layers. A thin oxide with thickness

r 1 h; (b) enlarged image of un-reacted film; and (c) enlarged image of oxide layer.
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Table 1
Quantitative results of CrN/AlN multilayer coatings with 4 and 12.3 nm after heat treatment at 800, and 950 ◦C analyzed by TEM EDS.

Locationa Cr Al O N Phase

1 9.9 18.9 71.2 – Crystalline Al-rich oxide
2 – – – – Nano-voids
3 17.6 16.3 66.2 – Mixed (AlxCr1−x)2O3

4 34.3 21.8 – 43.9 CrN/AlN film
5 5.8 27.4 66.8 – Amorphous Al-rich oxide
6 25.0 14.3 60.7 – Crystalline Cr-rich oxide
7 14.5 23.3 62.3 – Mixed (Al Cr ) O

, Fig. 7
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observed between oxide layer and un-reacted film, which implied
that the outward diffusion of atom species was suppressed as com-
pared to that in the film with 12.3 nm. It was evident that the
CrN/AlN multilayer with smaller modulation period exhibited bet-
ter oxidation resistance.
8 8.7 25.4
9 14.9 22.5

a Points of analyzed location were indicated in Fig. 2 (points 1–4), Fig. 3 (point 5)

round 60 nm was formed on the CrN/AlN multilayer coating.
here existed three distinct regions in the oxide layer as identified
n Fig. 2(c), including the crystalline phase at the outmost layer,

nano-crystalline film on the un-reacted CrN/AlN multilayer
oating, and in between, the spherical nano-voids caused by
he outward diffusion of atom species [19]. The compositions of
oth multilayer films and oxides quantitatively analyzed by TEM
quipped with EDS are listed in Table 1. The outmost crystalline
ayer was Al-rich oxide, which was in agreement with the results
f AES depth profile. The nano-crystalline layer was composed of
ixed Cr2O3 and Al2O3 phases. According to the results obtained

y TEM and AES depth profiles, when the CrN/AlN multilayer
oatings were exposed to the air environment, AlN and CrN were
xidized simultaneously. Al then diffused outward to form the
l-rich oxide on the topmost surface, since thermodynamically the

ormation of Al2O3 was more stable as compared to that of Cr2O3
hase. Moreover, the activation energies for inward diffusions
f O in Cr2O3 and Al2O3 were 424 and 460 kJ/mole, respectively,
nd those for diffusions of Cr in Cr2O3 and Al in Al2O3 were 255
nd 477 kJ/mole, respectively [20,21]. It was reported that the
xidation of CrN film was mainly caused by the outward diffusion
f Cr due to the lower activation energy of Cr in Cr2O3 (255 kJ/mole)
21]. As the Al-rich layer is formed on the topmost layer, it can
mpede the rapid Cr diffusion at elevated temperatures.
For CrN/AlN multilayer coating with 4 nm as shown in Fig. 3, the
ense oxide layer around 37 nm formed on top of the un-reacted
lm was much thinner than that of CrN/AlN coating with 12.3 nm.
he composition and structure of the topmost oxide layer analyzed

ig. 3. X’TEM image of CrN/AlN multilayer coating with 4 nm annealed at 800 ◦C for
h.
x 1−x 2 3

65.9 – Amorphous Al-rich oxide
62.6 – Amorphous Al-rich oxide

(points 6–7), and Fig. 8 (points 8–9).

by EDS revealed the presence of amorphous Al-rich (AlxCr1−x)2O3
oxide (location 5 in Fig. 3). No any nano-void formations was
Fig. 4. (a) X’TEM image of CrN/AlN multilayer coating with 12.3 nm annealed at
800 ◦C for 16 h and (b) X’TEM image of interface between oxide and un-reacted
CrN/AlN multilayer coating with 12.3 nm.
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surface in the CrN/AlN multilayer coating with 12.3 nm.
ig. 5. X-ray diffraction patterns of (a) CrN/AlN with 4 nm, (b) CrN/AlN with 12.3 nm
fter heat treatment at 800 ◦C for 1, 4, and 16 h.

.3. Microstructure analysis of the CrN/AlN multilayer coatings at
00 ◦C for 16 h

Fig. 4 indicates the microstructure of CrN/AlN multilayer coat-
ng with 12.3 nm after heat treatment at 800 ◦C for 16 h. The bilayer
tructure of CrN/AlN multilayer still existed. The oxide formed on
he surface of CrN/AlN multilayer coating with 12.3 nm looks quite
ifferent as compared with that after heat treatment at 800 ◦C for
h in Fig. 2. The outmost Al-rich layer was almost crystallized with

arge grains. Besides, the interface between oxide and un-reacted
rN/AlN coating with 12.3 nm became abruptly rough, indicating
hat the oxidation on the surface was not uniform. The phase evolu-
ions of CrN/AlN multilayer coatings after heat treatment at 800 ◦C
or 1, 4, and 16 h, respectively, identified by X-ray diffraction pat-
ern were illustrated in Fig. 5. The large crystalline grains formed
n the CrN/AlN multilayer coating were attributed to the formation
f Cr2O3.

The microstructure of CrN/AlN multilayer coating with 4 nm
fter heat treatment at 800 ◦C for 16 h is shown in Fig. 6. The cross-
ectional CrN/AlN coating revealed dense columnar structure and
ilayer structure still existed in the all un-reacted film even below
he interface of oxidation zone. Besides, the oxide with thickness
round 58 nm formed smoothly and uniformly on the surface of
rN/AlN multilayer coatings with 4 nm, which was much differ-
nt as compared to that in the film with 12.3 nm. The phase in
he CrN/AlN multilayer coating identified by XRD shows only f.c.c.

rN/AlN multilayer coating and no other peaks are found, implying
hat the oxide is amorphous, which is consistent with that observed
rom TEM.
Fig. 6. X’TEM image of CrN/AlN multilayer coating with 4 nm annealed at 800 ◦C for
16 h. (a) Surface oxide and (b) multilayer film.

3.4. Microstructure analysis of the CrN/AlN multilayer coatings at
950 ◦C for 1 h

Fig. 7 displays the X’TEM image of the CrN/AlN multilayer
coating with 12.3 nm at 950 ◦C for 1 h. It appeared that bilayer struc-
ture still prevailed even below the oxide film on the basis of the
bright field image in Fig. 7(a). This phenomenon confirmed that
the CrN/AlN multilayer exhibited excellent thermal stability at ele-
vated temperatures and the bilayer structure retained. The oxide
appearance formed on the CrN/AlN multilayer became similar as
compared to that at 800 ◦C for 16 h. Two oxide layers were observed,
including thick crystalline layer, and thin nano-crystalline films.
The thick crystalline grains over 100 nm identified by SAED and
EDS was Cr-rich (AlxCr1−x)2O3, in which the topmost Al-rich oxide
could not impede the outward diffusion of Cr to the air exposed
On the contrary, the microstructure of CrN/AlN multilayer coat-
ing with 4 nm after heat treatment at 950 ◦C for 1 h is shown in
Fig. 8. The oxide interface remained smoothly and the oxide with
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Fig. 7. (a) X’TEM image of CrN/AlN multilayer coating with 12.3 nm annealed at
950 ◦C for 1 h and (b) SAED pattern of crystalline oxide in point 6.
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ig. 8. X’TEM image of CrN/AlN multilayer coating with 4 nm annealed at 950 ◦C for
h.

hickness around 170 nm identified by TEM equipped with EDX is
l-rich oxide without crystallization.

The interface between un-reacted film and mixed nano-
rystalline oxide in the CrN/AlN multilayer coating with 12.3 nm
ecame complicated after heat treatment at 950 ◦C for 1 h and
00 ◦C for 16 h, which was much different as compared to that
ith 4 nm. It is suggested that the columnar structure of the
itride coating would provide pathway for diffusing species, which
ould accelerate oxidation reactions at identical temperatures.

he multilayer coatings which exhibited the specific coherent
nterface vertical to the columnar structure acquired additional
arrier layer for diffusion species and therefore displayed favor-
ble anti-oxidation resistance, which was also evidenced in the

iN/AlN multilayer coatings with different modulation periods
22].

When oxidation occurred, the diffusion species in the same
hickness with relatively large number of interfaces would suffer
rom more obstacles. For CrN/AlN multilayer coating with 12.3 nm,

[
[
[
[
[
[
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the less oxidized resistant Cr would easily gather together and
formed crystalline Cr-rich (AlxCr1−x)2O3 grains in spite of the pro-
tection of amorphous Al-rich (AlxCr1−x)2O3. After heat treatment
at identical temperatures for a period of time, the crystalline grains
would merge together and grow rapidly. In contrast, for the mul-
tilayer coating with small modulation period, the oxide formed on
the surface included only one Al-rich (AlxCr1−x)2O3 and no crys-
tallization occurred due to much complicated diffusion behaviors.
Furthermore, it is believed from the Al2O3–Cr2O3 phase diagram
that the solid solution between Al2O3 and Cr2O3 at elevated tem-
peratures would also restrict the nucleation and grain growth of
the oxides.

4. Conclusions

The microstructure evolutions of the CrN/AlN multilayer coating
fabricated by the RF magnetron sputtering technique were ana-
lyzed systematically after heat treatment at 800, and 950 ◦C in air
environment. Three distinct regions were found on the CrN/AlN
multilayer coating with 12.3 nm at 800 ◦C for 1 h. (1) Al-rich
(AlxCr1−x)2O3 formed on the topmost layer and protected the un-
reacted film from oxidation; (2) spherical nano-voids embedded
underneath the Al-rich oxide layer caused by the fast diffusion of
atom species; (3) dense and mixed amorphous or nano-crystalline
film covered the un-created CrN/AlN multilayer coating. Abruptly
rough interface was also detected due to the non-uniform oxidation
caused by the grain growth of the surface oxide after heat treat-
ment at 800 ◦C for 16 h and at 950 ◦C for 1 h. On the contrary, the
CrN/AlN multilayer coating with 4 nm exhibited superior oxidation
resistance resulted from the dense amorphous Al-rich oxide pro-
tection even annealed at 800 ◦C for 16 h and at 950 ◦C for 1 h. It
is believed that the specific interfaces between two nitrides layers
also played an important role in the oxidation resistance at elevated
temperatures.
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