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TiAlN/Al2O3 multilayers which had different separate layer thickness of TiAlN or Al2O3 were synthesized
by sputtering Ti3Al and Al2O3 targets with N2 and Ar gases. The influence of modulation periods and mod-
ulation ratios on structure and properties of TiAlN/Al2O3 multilayers was investigated using scanning
electron microscopy, X-ray diffraction, X-ray Photoelectron Spectroscopy, surface profiler, and nanoind-
enter. Compared to TiAlN layer with only (200) preferred orientation, TiAlN/Al2O3 multilayers were crys-
tallized with orientations in the TiAlN (111), TiAlN (222) and AlN (100). Besides, weak Al2O3 (022)
orientation is observed, when modulation period is 8.9 nm. The maximum hardness about 36.6 GPa
was obtained at modulation period of 10.4 nm and modulation ratio of 10:1. The hardness and the tough-
ness of TiAlN/Al2O3 multilayers increase as individual TiAlN layer thickness increases.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Hard coatings have been widely used to enhance the perfor-
mance and the lifetime of cutting tools in industrial applications.
As is well-known, TiAlN is relatively excellent coating material
due to its high hardness, wear, chemical inertness and superior
oxidation resistance [1,2]. It is a good method to improve the
mechanical properties of TiAlN coating further by the incorpora-
tion of other materials and by microstructure control. For the TiAlN
based nano-structured coatings, such as (Ti, Cr, Al)N/(Al, Si)N, the
mechanical properties were reported to be much superior to those
of TiAlN coating [3].

In the last two decades, the multi-element systems have re-
ceived more attention to further improving the performance [4].
A lot of multilayers of nitride/nitride, nitride/carbide, nitride/bor-
ide, such as TiN/TiAlN [5], TiAlSiN/Si3N4 [6], TiAlN/TiB2 [7], TiB2/
BN [8], synthesized by Physical Vapor Deposition (PVD) have been
investigated. But, nitride/oxide multilayered systems had a few re-
ports. Pronounced strength enhancement, optimal hardness/
toughness ratios and excellent wear resistance can be obtained
through a proper bilayer thickness design for nanoscale multilay-
ers [9–11]. In addition, many researchers used N2 and Ar mixed
gas as the reactive media [12].

In this work, TiAlN/Al2O3 multilayers with different separate
layer thickness of TiAlN or Al2O3 were synthesized by sputtering
Ti3Al and Al2O3 targets with N2 and Ar gases. The effect on layer
structure, orientation, element concentrations, mechanical and
wear properties of multilayers were studied.
2. Material and methods

TiAlN/Al2O3 multilayers with different modulation periods (K)
and modulation ratios tTiAlN=tAl2O3

were deposited on Si (100) sub-
strate at a fixed substrate bias of �60 V by magnetron sputtering.
First of all, Si (100) substrates were cleaned in an ultrasonic agita-
tor in acetone and ethanol for 15 min and dried using compressed
air after each cleaning cycle. Subsequently, after the substrates
were sputter-cleaned by �500 V Ar+ ion for 5 min, the deposition
of the multilayers started with the deposition of 80 nm-thick TiAlN
buffer layer to improve coating adhesion. High purity Ti3Al
(99.99%) target and Al2O3 (99.99%) target were, respectively con-
nected to RF source sputter guns, which were installed with the
horizontal plane. The substrates paralleled to the targets surface
with a vertical distance of 7 cm to the target. The chamber was
evacuated to a base pressure lower than 4.0 � 10�4 Pa. Then, the
TiAlN/Al2O3 multilayers were synthesized in a flowing N2 + Ar
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gas mixture with N2/Ar ratio being kept at 1/10 and the working
pressure was kept at 0.4 Pa. All the depositions were conducted
using a power of 100 W for the Ti3Al target and Al2O3 target. The
thickness of the layer was controlled by the open time of baffle
and calculated by multiplying the deposition rate by the sputtering
time. To determine the deposition rate, TiAlN and Al2O3 individual
layer were firstly deposited for 1 h, respectively and then the thick-
ness of the individual layers was measured by a surface profiler,
and the deposition rate thus can be calculated. As a result, layer
thickness in multilayers can be calculated by multiplying the depo-
sition rate by the sputtering time. Respectively, the deposition
rates of TiAlN and Al2O3 are about 250 and 50 nm/h. Total thick-
ness of multilayers is about 600 nm.

The cross-section image of the multilayers was observed by a
field-emission scanning electron microscopy (SEM, Hitachi 4800,
Japan). A D/MAX 2500 diffractometer was used for low-angle X-
ray reflectivity (XRR) and wide angle X-ray diffraction (XRD) of lay-
ered structure and crystalline analysis, operating with Cu Ka radi-
ation at 1.54056 Å. Residual stress (r) generated during the coating
growth process was calculated by applying Stoney formula [13]
according to the measured curvature using an XP-2 profiler:
r = � Est2

s
6tcð1�vsÞR, where Es, ts and vs were respectively elastic modulus,

thickness and poisson ratio of the substrate, tc the coating thick-
ness, and R the radius of curvature of the multiplayer coated sub-
strate. The variation in the concentrations of the main elements
with depth of the multilayers was analyzed by X-ray Photoelectron
Spectroscopy (XPS, PHI 5300 ESCA, USA). The hardness and the
elastic modulus of the multilayers were investigated by the contin-
uous stiffness measurement (CSM) technique using a Nano Inden-
ter XP system. This system was also used to perform scratch test.
Fig. 1. (a) Low angle XRR patterns for TiAlN/Al2O3 multilayers with different K; (b)
Cross-sectional SEM images of TiAlN/Al2O3 multilayer with K�10 nm.
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Fig. 2. A XPS main element depth profile in the cross-section of TiAlN/Al2O3

multilayer.
3. Results and discussion

Clear peaks are observed in XRR patterns for the TiAlN/Al2O3

multilayers, as shown in Fig. 1(a). This indicates that periodic lay-
ers and sharp interfaces between two individual layers are formed
in the TiAlN/Al2O3 multilayers as shown in the below cross-sec-
tional SEM image. The XRR patterns give information on the K of
the multilayers. The K is calculated by the modified Bragg’s equa-
tion [14]: sin2 hn ¼ nk

2K

� �2 þ 2d, where n is the ordinal number of
reflection peak, k = 1.54056 Å is the X-ray wavelength, and d is
the correct value which is related to the average reflective index.
Using equation above, three different K are calculated by the slope
of linear least-squares fitted straight line of sin2 hn versus n2 which
is shown in the inserted figure. They are 5.8, 7.1 and 10.4 nm. The
calculated K = 10.4 nm is nearly agreement with practical modula-
tion period value in the cross-sectional SEM observation. Fig. 1(b)
gives direct information of a well-defined composition modulation
and layer structure from the TiAlN/Al2O3 multilayer. The dark layer
is Al2O3 and the light layer is TiAlN. This observation of about
10 ± 1 nm�K is very close to our calculated values of 10.4 nm.

The XPS main element depth profile of this multilayer is shown
in Fig. 2. It is obvious that the highest Ti and the lowest Ti compare
the lowest Al and the highest Al, respectively. The periodic varia-
tion of the concentrations of main metal Ti and Al in the opposite
tendency with the depth increasing gives a direct evidence of the
multilayered modulation, implying the formation of alternating
TiAlN and Al2O3 layers.

XRD patterns of TiAlN/Al2O3 multilayers with different K at a
constant tTiAlN: tAl2O3 of 10:1 and individual layers of both Al2O3

and TiAlN are shown in Fig. 3. Al2O3 layer is observed as amor-
phous phase, whereas TiAlN layer shows the strong polycrystalline
with TiAlN (200) preferred orientation. When Al2O3 layers are
periodic incorporated into TiAlN layer, the strong TiAlN(200) tex-
ture vanishes. It indicates that Al2O3 layers block the growth of
TiAlN (200) orientation. TiAlN/Al2O3 multilayers are crystallized
with orientations in the TiAlN (111), TiAlN (222) and AlN (100).
Meanwhile, with increasing K, TiAlN(111) and (222) textures be-
come weaker at first and then stronger. A stronger TiAlN(111) and
(222) peak are found in K = 14.2 nm. Besides, weak Al2O3 (022)
orientation is observed, when K is 8.9 nm.

Fig. 4 shows the variations of hardness and elastic modulus as a
function of K at a constant tTiAlN: tAl2O3 = 10:1 together with hard-
ness and elastic modulus of TiAlN and Al2O3 individual layers. With
increasing K, the hardness of the multilayers decreases before in-
creases. When K is more than 7.1 nm, the hardness is higher than
that of TiAlN individual layers. The maximum hardness of 36.6 GPa
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Fig. 6. Residual stress of TiAlN/Al2O3 multilayers at different K.
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with different K and TiAlN monolayer.
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Fig. 3. XRD patterns for monolithic coatings and TiAlN/Al2O3 multilayers with
different K.
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Fig. 4. Hardness and elastic modulus of TiAlN/Al2O3 multilayers with different K.
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is obtained at K = 10.4 nm. The change of elastic modulus is similar
to one of hardness. The nature of the nanoscale multilayered mod-
ulation and interfaces is critical to the variation of hardness, be-
cause sharp TiAlN/Al2O3 interfaces and proper modulation period
can restrain dislocations from gliding and columnar grains from
growing across layers [15]. According to hardness formula of
H = kaHa/k + kbHb/k (Ha and Hb are hardness of TiAlN and Al2O3 indi-
vidual layers, ka and kb represent thickness of TiAlN and Al2O3 lay-
ers in a multilayer, respectively, k is total thickness of a multilayer),
hardness and elastic modulus of the multilayer at tTiAlN:-
tAl2O3 = 10:1 should be 30.2 and 409 GPa. However, real hardness
and elastic modulus of our multilayer at tTiAlN:tAl2O3 = 10:1 are
higher 6.4 and 53 GPa than the theoretical value. Some researches
discussed several possible explanations for the hardness behavior,
including the supermodulus effect, coherency strains, and grain
size reduction [16–18]. In this work, a possible mechanism influ-
encing hardness and elastic modulus is that the incorporation of
Al2O3 blocks growth of TiAlN grains and motion of dislocations
or defects in the individual layers.

Fig. 5 shows the effect of tTiAlN:tAl2O3 on hardness and elastic
modulus at a constant K = 10 nm. Hardness of the TiAlN/Al2O3

multilayers increases firstly and then decreases with decreasing
tTiAlN:tAl2O3. In contrast, it is obvious that thicker Al2O3 layer or
thinner TiAlN layer may induce TiAlN layer to become partially
amorphous and hence softer. The maximum hardness is up to
36.6 GPa in the case of K = 10 nm and tTiAlN:tAl2O3 = 10:1 which
are the best condition. Lowest hardness (11 GPa) and elastic mod-
ulus (172 GPa) approach to Al2O3 monolayer. Elastic modulus is
also similar to hardness. It indicates that increasing Al2O3 layer
block polycrystalline with TiAlN coatings.

The residual stress, i.e. compressive stress of the multilayers
determined by XP-2 profiler is influenced by K as is shown in
Fig. 6. It is known that residual stress is generated during the coat-
ing growth process. High residual stress (r) is the main reason for
coating delamination and plastic deformation. Therefore, the re-
duced residual stress in coatings is a key factor for these coatings
to explore more applications. With increasing K, the stress of the
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multilayers increases. Multilayers with modulation periods less
than 10 nm have lower compressive stress than the value of TiAlN
individual layers. It is due to periodically introduction of Al2O3 lay-
ers into TiAlN layers that helps to relax the stress built in TiAlN
layers.

The typical loading-unloading curves of TiAlN/Al2O3 multilayers
with two different K at a constant tTiAlN:tAl2O3 = 10:1 and TiAlN
individual layer are shown in Fig. 7. Obviously, when pressed same
displacement into surface, larger K need larger load. Compared to
TiAlN monolayer, TiAlN/Al2O3 multilayers at K = 8.9 nm and
K = 10.4 nm have stronger plastic recovery, because its area sur-
rounded by loading-unloading curve is smaller than others. To
the contrary, the multilayer with a K of 4 nm displays weaker plas-
tic recovery due to Al2O3 layer.

Fig. 8 shows the critical fracture load of TiAlN/Al2O3 multilayers
with different K. The normal load corresponding to an abrupt in-
crease point in the scratch scan profile is the critical fracture load
of coatings (Lc). The Lc can characterize the adhesion strength of
the coating or the coating’s fracture resistance. The coating’s frac-
ture resistance may be also interrelated with inherent internal
stress, hardness, and plastic recovery. The Lc of monolithic TiAlN
coating is 21 mN. With increasing K, the Lc value tends gradually
to maximum and then decreases. The multilayers between 8.9
and 14.3 nm have higher Lc value. Their values are all over
40 mN, indicating the best fracture resistance among all coatings.
This indicates that well fracture resistance appears to be directly
related to high hardness and strong plastic recovery of the coating
with multilayered structure.
4. Conclusion

In the study, multilayer TiAlN/Al2O3 multilayers and monolayer
TiAlN and Al2O3 coatings are synthesized by a magnetron sputter-
ing system. TiAlN/Al2O3 multilayers are crystallized with orienta-
tions in the TiAlN (111), TiAlN (200), TiAlN (222) and AlN
(100). The Al2O3 monolayer with thicker thickness would block
the grain growth of TiAlN to form nanocrystals in the multilayers.
The mechanical properties of TiAlN/Al2O3 multilayers are directly
bound up with the Al2O3 monolayer thickness. The maximum
hardness and elastic modulus about 36.6 and 462 GPa of the mul-
tilayers occur at the modulation period of 10.4 nm and the modu-
lation ratio of 10:1. Meanwhile, the critical fracture load of TiAlN/
Al2O3 multilayers reaches highest value. Our results indicate that
TiAlN/Al2O3 multilayers appear to be a promising multilayer sys-
tem suitable for engineering applications.
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