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h i g h l i g h t s

� When the thickness of AlN-Ni layer is
2.4 nm, the TiN/AlN-Ni film behaves
super-hardness and high toughness.

� The superhard effect is mainly caused
by Koehler strengthening and
alternating stress hardening.

� The formation of coherent interface
and the AlN phase transformation are
the key reasons for high toughness.
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a b s t r a c t

A series of TiN/AlN-Ni multilayer films with different modulation layer thicknesses were prepared by
magnetron sputtering. Their microstructures and mechanical properties were characterized by X-ray
diffraction (XRD), scanning electron microscopy (SEM), and high-resolution transmission electron micro-
scopy (HRTEM). Therein, fracture toughness of multilayer films was determined by indentation method.
The hardness and elastic modulus of all multilayers are greatly improved by introducing an AlN-Ni mod-
ulation layer. When the modulation-layer thickness is 2.4 nm, and the hardness and elastic modulus are
the highest at the value of 39 GPa and 447 GPa, respectively, which is ascribed to Koehler strengthening
and alternating stress hardening. Meanwhile the fracture toughness reaches the maximum, namely
5.49 MPa�m1/2. It is attributed to the indentation-induced phase transformation of c-AlN to w-AlN and
the formation of a good coherent interface. With further increasing the thickness of the AlN-Ni modula-
tion layer, the multilayer film gradually becomes an amorphous structure, resulting in the decrease of
hardness and toughness.
� 2022 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Due to their excellent properties, such as high hardness, high
melting point, good wear resistance, and corrosion resistance,
multilayer films composed of transition metal nitrides (TMNs)
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have been widely used in various tools and mechanical parts to
prolong their service life [1–5]. Meanwhile, a multilayer film has
been introduced into a metal gate and capacitor electrode materi-
als in the micro-electro-mechanical system (MEMS) devices [6,7].
The size-dependent enhancement, that is, the change of the film
hardness with a modulation period, K, has been widely studied
[8–10]. However, the single high hardness of a multilayer film
hardly suppressed cracking and failure when subjected to a large
impact load, which largely limits its application in engineering.
Therefore, the toughening of the hard multilayer film is an impor-
tant engineering problem to be solved urgently in the current
advanced manufacturing industry.

Generally, as the hardness of a hard film increases, the fracture
toughness correspondingly decreases. Researchers have made a
significant amount of efforts to overcome this difficulty. Various
strengthening mechanisms, such as the grain refinement, Hall-
Petch effects in various steels, and the nano-twin mechanism in
high-entropy alloys, have opened up ways for the toughening of
superhard coatings [11]. In recent years, researchers have focused
on the development of new cermets with excellent hardness and
toughness [12–14]. One of the popular schemes to improve film
hardness and toughness is the design and construction of a multi-
layer structure. In this structure, structural phase transformation is
considered to be effective in improving the toughness of the mul-
tilayer film. In the Cu/Ru multilayer film, there is a structural trans-
formation between the face-centered-cubic (FCC) lattice and
hexagonal-close-packed (HCP) lattices, which affects the length-
scale-dependent cracking behavior and fracture toughness of the
multilayer film [15]. The same toughening components of multi-
layer films or superalloy have been reported as TaC/Ag [16], a-
CuZr/c-ZrN [17], Ni-625 [18], AlCrSiN/Ni [19], TiN/(Cr, Al)N [20],
TiN/WN [21], and TaN/AlN [22].

In recent studies, it is mostly believed that superlattices have
great potential in improving the toughness of TMNs films. A first-
principles study has been conducted to simulate the super-
toughness of several transition-metal nitride superlattice coatings
(TiN/MN (M = V, Nb, Ta, Mo, and W)) [23]. The results showed that
the in-plane Cauchy pressure of the TiN/MN superlattice was supe-
rior to other components. However, the modulation period of the
model was only as thin as two atoms, and the arrangement of MN
is close to the hexagonal structure at room temperature. Therefore,
the ideal TiN/MN samples cannot be prepared in the experiment.

Apart from MN, aluminum nitride (AlN) is an alternative mate-
rial for constructing various TMNs/AlN multilayer systems to
obtain the expected high hardness and toughness. The
commonly-used systems include TiN/AlN [24], CrN/AlN [25], and
TaN/AlN [22], the performances of which depend on the phase
structure of AlN. AlN exist in a cubic rocksalt structure (c-AlN)
and hexagonal wurtzite structure (w-AlN) [26]. It has been con-
firmed that a phase transformation between w-AlN and c-AlN
structure. Yalamanchili et al. [27] prepared a ZrN/Zr0.63Al0.37Nmul-
tilayer, where a rich ZrN and rich c-AlN phase separation occurs in
the Zr0.63Al0.37N layer, by reactive magnetron sputtering. The
Zr0.63Al0.37N layer with the c-AlN metastable phase kept a coherent
epitaxial growth structure with ZrN when the thickness of the
Zr0.63Al0.37N layer was 2 nm. In the indentation test, the cubic
structure, c-AlN, directly below the indentation was transformed
into a hexagonal structure, w-AlN, under the effect of the stress
induction, thus resulting in the enhanced fracture resistance. Based
on these trends, the toughening effect was remarkable. Therefore,
in the multilayer film with AlN as the modulation layer, the phase
transformation of the AlN has an important effect on the toughen-
ing, which has great research prospects. However, the influence of
the thickness of the AlNmodulation layer on the phase transforma-
tion, which further affects toughness, has been less studied, and
the internal mechanism is still vague.

Wang et al. [28]. Reported an Fe/VC multilayer coating, the
bilayer period was set at 8 nm, and the Fe fraction varied from
0.6 to 0.9 Fe/VC multilayer coating with 90 % Fe fraction has almost
twice the fracture toughness as the other Fe/VC coatings. They
attributed the increase of toughness to the decrease of dislocation
activation energy at the coherent interface of Fe/VC, which was
conducive to dislocation movement. The same result was also con-
firmed in the study of Ranade et al. [29]. Zhang [30] reported
nanocomposite films produced by a co-sputtering of Ti, TiNi and
Si3N4 targets. When the doping amount of Ni increases from 0 to
40 %, the toughness of the films increases from 1.15 MPa�m1/2 to
2.60 MPa�m1/2. So, Ni can be doped into the film as a good ductile
phase. And it is believed that nano-multilayers composed of mate-
rials with phase transformation characteristics are very worthy of
study on the toughening of superhard films. Therefore, it is hopeful
to study the effect of phase transition and coherent interface,
which are adjusted by the thickness of modulation layer, on the
toughening of multilayer films composed of TMNs and composite
modulation layers.

In this study, TiN with an FCC structure was selected as the
main layer, and AlN and Ni with the high hardness and excellent
oxygen diffusion barrier effect were selected to form the
composite-modulation layer, where Ni plays the role of a ductile
phase. A series of TiN/AlN-Ni multilayer films with different thick-
nesses of modulation layers were prepared by magnetron sputter-
ing technique. Through studying the microstructures and
mechanical properties of the as-deposited multilayer films, the
influence of the modulation layer thickness of on its fracture
toughness is detected. Furthermore, the role of the AlN phase
transformation in the toughening mechanism of multilayer films
is discussed.

2. Experimental

2.1. Film preparation

The TiN/AlN-Ni multilayers were prepared on a monocrystalline
silicon substrate by a multi-target magnetron sputtering system.
High-purity titanium (Ti, 99.99 % weight percent) and aluminum
nickel (Al60Ni40) composite targets were adopted, the Al:Ni volume
ratio of which is 3:2. Firstly, the monocrystalline silicon wafers
were ultrasonically cleaned with the anhydrous ethanol and ace-
tone for 15 min, respectively. Before deposition, the base vacuum
was pumped down to 4 � 10-3 Pa, and then argon and nitrogen
gases were introduced into the chamber at the same flow rates
of 15 standard-cubic-centimeter-per-minute (sccm). During depo-
sition, the working pressure was maintained at 0.5 Pa. The Ti target
was sputtered by the direct-current (DC) power with 150 W,
whereas the Al-Ni target was sputtered by a radio-frequency (RF)
power with 80 W. By controlling the deposition time of the main
and modulation layers, the thickness of the TiN layer maintained
at 5.0 nm, and the thickness of the AlN-Ni layer ranges from
1.6 nm to 3.2 nm. In addition, monolithic TiN films were also pre-
pared with the same deposition parameters as a comparison.

2.2. Film characterization

The microstructure analysis of the TiN/AlN-Ni multilayer films
was carried out with an X-ray diffractometer (XRD, D8 Advance
XRD, CuKa radiation, k = 0.15406 nm), the field emission scanning
electron microscopy (SEM, FEI Quanta FEG 450) and field emission
high-resolution transmission electron microscopy (HRTEM, FEI
Tecnai G2 20). The scanning range in the XRD measurement is from
20� to 90�. The hardness and elastic modulus of the films were
measured by the Nano Indenter G200 nanometer instrument and
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the Berkovich diamond indenter according to the Oliver-Pharr
model [31]. The internal stress of the film was analyzed by the
FST1000 film stress tester. The fracture toughness was calculated
by the indentation method, and the formula is as follows [32]:

K IC ¼ a
E

H

� �1
2 P

C
3
2

� �

ð1Þ

where a is a constant depending on the indenter geometry. Here,
for the Berkovich indenter, a is 0.032. E and H are the elastic mod-
ulus and hardness of the films tested, respectively. P is the indenta-
tion load. Here, the indentation load is 5 mN. C is the crack length.

3. Results

3.1. Microstructure of the multilayer films

Fig. 1 exhibits the cross-sectional SEM images of the monolayer
TiN film and some multilayer films. The monolayer TiN film shows
obvious columnar growth. When the modulation layer thicknesses,
tAlN-Ni, are 1.6 nm and 2.4 nm, the columnar structure can still be
clearly observed in the multilayer films. When tAlN-Ni is above
2.4 nm, the columnar structure gradually disappears and trans-
forms into a dense structure, which is closely related to the
microstructure evolution of the multilayer films.

The XRD patterns of the TiN/AlN-Ni multilayer films with differ-
ent modulation layer thicknesses are shown in Fig. 2. When mod-
ulation layer thickness is 0, namely a monolithic TiN, there is weak
(220) diffraction peak in XRD. The crystallinity of the TiN film is
weak, almost showing an amorphous state. The large atomic-size
difference is the main reason for the formation of an amorphous
state [33]. After introducing an AlN-Ni composite modulation
layer, the crystallinity of the films increases, which is concluded
from the (111), (200), (220) and (311) diffraction peaks appear-
ing in the XRD for the TiN/AlN-Ni multilayer films. Therein, when
the thickness of the AlN-Ni layer is less than 2.4 nm, the AlN layer
grows into metastable c-AlN under the template of the TiN layer,
forming a good coherent interface with the TiN layer and grow
epitaxially, which improves the crystallization integrality of
nano-multilayers [10]. With the initial increase of the AlN-Ni layer

thickness, the intensities of (111), (220) and (311) peaks gradu-
ally increase and reach the maximum value when the AlN-Ni layer
thickness is 2.4 nm. However, when the thickness of AlN-Ni layer
exceeds 2.4 nm, the intensities of (111), (220) and (311) peaks
decrease, and the peaks shapes broaden, which means that the
effect of improving the crystallization integrity gradually disap-
pears, it is particularly obvious when tAlN-Ni = 3.2 nm. Thus, it is
inferred that when the thickness of the AlN-Ni layer is 2.4 nm,
the structure of the AlN phase will transform into an FCC structure
under the action of the TiN template, and form a good coherent
epitaxial growth with the TiN layer [34]. As the thickness of the
AlN-Ni layer is 3.2 nm, the TiN layer begins to return to an amor-
phous structure, which destroys coherent growth. Moreover, it is
worth noting that there is no diffraction peak in AlN-Ni layer,
which can be attributed to the fact that AlN-Ni layer thickness is
too small to produce enough diffraction density detected by XRD.
Besides, when the thickness of the AlN-Ni layer reaches a specific
value such as 2.4 nm, the structure of the AlN phase will transform
into an FCC structure under the action of the TiN template, and
form a good coherent epitaxial growth with the TiN layer. In this
case, it will show a same structure with that of the template layer
TiN. Based on the above two reasons, the XRD peaks from the AlN-
Ni layers hardly appear.

In order to further detect the microstructures of the multilayer
films, HRTEM is conducted by taking the example of TiN/AlN-Ni
multilayer films with tAlN-Ni as 2.4 nm. Fig. 3 shows the cross-
sectional HRTEM images and selected area electron diffraction
(SAED) of the TiN/AlN-Ni multilayer film. The low-magnification
image in the Fig. 3(a, b) clearly shows that the multilayer film
has a good layered structure characterized by the main layer,
TiN, and the modulation layer, AlN-Ni, which correspond to the
dark and the bright regions, respectively. The thicknesses of TiN
and AlN-Ni layers are 5.0 nm and 2.4 nm, respectively, which are
in good agreement with the calculated values of the deposition rate
and deposition time. Besides, it indicates the columnar structure
grown in the film, which is consistent with the results from SEM.
In the high-magnification image of Fig. 3(c), it can be seen that
most of the lattice fringes continuously pass through the modula-
tion layer and the interface, indicating that AlN is transformed into
a cubic structure under the effect of a TiN template. Besides, it

Fig. 1. Cross-sectional SEM images of the as-deposited films.
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exhibits the formation of a coherent interface between the main
layer and the modulation layer. The SAED pattern in Fig. 3(d)
shows that the TiN phase in the TiN/AlN-Ni multilayer film com-
pletely presents the FCC structure. Meanwhile, it shows no diffrac-
tion characteristics of the AlN hexagonal structure, which is
consistent with the results from XRD.

3.2. Mechanical properties of multilayer films

Fig. 4 shows the hardness and elastic modulus of the as-
deposited films varying with the thickness of the AlN-Ni layer.
The hardness and elastic modulus of the monolithic TiN film are
15.3 GPa and 227.5 GPa, respectively. However, the hardness and
elastic modulus of the TiN/AlN-Ni multilayer films generally
increase with introducing the AlN-Ni modulation layer, showing
a trend of first increasing and then decreasing. When
tAlN-Ni = 2.4 nm, the hardness and elastic modulus of the multilayer
film reach the maximum, which are 39.0 GPa and 467.3 GPa,
respectively. When the thickness of the AlN-Ni layer exceeds
2.4 nm, the hardness and elastic modulus of the multilayer film
decrease. The greater the difference between the shear moduli of
the two layers, the more obvious the blocking of dislocation
motion by the additional stress, and the more significant the
strengthening effect of the nano-multilayer. The shear modulus
(G) can be expressed as G = E/2(1 + m) (E is the elastic modulus
and m is the Poisson’s ratio). Using the above data for the mono-
lithic film (ETiN = 227.5 GPa, EAlN-Ni = 84.3 GPa) and the Poisson
ratio of 0.25, the shear moduli of TiN and AlN-Ni be respectively
calculated as GTiN = 91 GPa and GAlN-Ni = 33.7 GPa. Therefore, the
strengthening effect produced by the difference in shear modulus
must be part of the reason for the increase in hardness and elastic
modulus of the nano-multilayer films.

Fig. 5 displays the internal stress of the monolithic TiN and TiN/
AlN-Ni multilayer films with different tAlN-Ni. Here, the internal
stress is calculated through the Stoney equation [35]. The results

Fig. 2. XRD patterns of TiN/AlN-Ni multilayer films with different AlN-Ni layer
thicknesses.

Fig. 3. Cross-sectional HRTEM images of TiN/AlN-Ni multilayer films: (a) low-magnification, (b) middle-magnification, (c) high-magnification, and (d) selected area
diffraction pattern.
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show that all films sustained compressive stresses. The compres-
sive stress of TiN monolayers reaches 0.85 GPa. However, the high
stress of TiN monolayers can be effectively released by introducing
the AlN-Ni modulation layer. With the increase of the AlN-Ni layer
thickness, the compressive stress of the multilayer film first
increases and then decreases. Yet it is still much lower than that
of TiN monolayers. When the AlN-Ni layer thickness is 2.4 nm,
the compressive stress is about 0.3 GPa.

3.3. Toughness of the multilayer films

Generally, the plastic-deformation resistance, H3/E2, is summa-
rized as a toughness index [36], showing a similar trend to H and E.
Therefore, it is seen from Fig. 4 that the superhard TiN/AlN-Ni mul-
tilayer film with tAlN-Ni = 2.4 nm displays high toughness at the
same time. Nevertheless, it is not enough to characterize the
toughness only according to the relationship of H3/E2. In this study,
the Berkovich indenter in the nanoindentation test was used for
the indentation test to further evaluate the fracture toughness
(KIC) of the multilayer films. The corresponding SEM images of
the indentation for some films are shown in Fig. 6. For the mono-
lithic TiN film, many obvious radial cracks and extrusion cracks

Fig. 4. Variation of hardness and elastic modulus of the as-deposited films with different AlN-Ni layer thicknesses.

Fig. 5. The internal stresses of the as-deposited films with different AlN-Ni layer
thicknesses.

Fig. 6. SEM micrographs of indentation by the Berkovich indenter under a 1,000 nm depth for three films: (a) monolithic TiN film; (b) tAlN-Ni = 1.6 nm, (c) tAlN-Ni = 2.4 nm.
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can be seen, but only three radial cracks appearing in multilayer
films. Particularly, when tAlN-Ni is 2.4 nm, the length of the radial
cracks becomes shortest (Fig. 6c), which is reduced from 8.28 lm
to 6.21 lm. It is indicated that the multilayer film exhibits better
fracture toughness under this modulation-layer thickness.

According to Eq. (1), the calculated values of KIC are presented in
Fig. 7. It is worth noting that when the thickness of the AlN-Ni
layer is 1.6 nm, the fracture toughness of the nano-multilayer film
is slightly lower than that of the monolithic TiN film. With the
increase of the AlN-Ni layer thickness, the amorphous characteris-
tics become weaker, and the crack propagation is inhibited [1].
When the thickness of the AlN-Ni layer is 2.4 nm, the multilayer
film shows the highest fracture toughness, and the value of which
is 5.49 MPa�m1/2. When tAlN-Ni is larger than 2.4 nm, the toughness
decreases. Yet it is still higher than that of the monolithic TiN film.

4. Discussion

4.1. Influence of the AlN-Ni layer thickness on microstructures of films

It is well known that the stably-sputtered state of AlN is w-AlN.
When preparing multilayer films with an AlN modulation layer,
the AlN in the modulation layer can be transformed into c-AlN
by controlling the modulation period [37,38]. The phase structure
of AlN determines the interface structure (coherent, incoherent,
or semi-coherent) of TiN/AlN-Ni multilayer films, which is closely
related to the hardness and oxidation resistance of TiN/AlN-Ni
nano-multilayer films.

The crystalline AlN-Ni layer can further promote the growth
and crystal integrity of TiN layer, showing the increase of the
XRD peak intensity. The same phenomenon was reported in other
systems, such as the TiN/AlN [39], TaN/AlN [22], and NbN/AlN [40].
The stable structure of AlN is a hexagonal zincblende structure, and
its transformation to a NaCl-cubic structure can only be achieved
at room temperature and high pressure above 23 GPa [41]. When
the thickness of AlN-Ni is less than 3 nm, AlN can be transformed
into a cubic structure under the ‘‘template action” of TiN, maintain-
ing co-epitaxial growth with the TiN layer. In the case of a thicker
AlN-Ni layer, the peak intensity decreases rapidly with the increase
of tAlN-Ni. The most probable reason is that AlN gradually trans-
forms into an amorphous structure under a thicker AlN-Ni layer
and loses epitaxial growth with the TiN layer. When tAlN-Ni is

2.4 nm, a good coherent interface is formed between AlN-Ni and
TiN layers, which proves that the template effect occurs. The com-
bined XRD and HRTEM results demonstrate that the AlN-Ni layer is
fully crystallized and coherently grown with the TiN layer. The
tAlN-Ni-dependent crystallization of the TiN layer could be
explained from the viewpoint of thermodynamics, where the total
energy (Etotal) of multilayer films per formula unit can be expressed
as follows [40].

Etotal ¼ EB þ Esð ÞtAlN�Ni þ Ei ð2Þ

where EB, ES, and Ei are the strain-free bulk energy, the coherency
strain energy, and the interfacial energy, respectively. As the AlN-
Ni layer is extremely thin (� 2.4 nm), the Ei was the main contrib-
utor to the Etotal. When the coherent interface is formed, the values
of Ei, namely Etotal will be lowered. Therefore, the AlN-Ni in the
modulation layer prefer to grow epitaxially with the TiN layer in
the FCC structure. When tAlN-Ni increases beyond a critical value,
EB and ES gradually occupy the dominant position of Etotal. Because
the EB value of the c-AlN is larger than that of the w-AlN, the AlN in
the modulation layer will be transformed back into w-AlN, thus
destroying the coherent epitaxial growth.

4.2. The improvement of mechanical properties

The hardness and elastic modulus of the TiN/AlN-Ni multilayer
films are much higher than those of the monolithic TiN film. When
tAlN-Ni is 2.4 nm, the multilayer film shows a maximum increase in
hardness. The enhancement of hardness and elastic modulus can
be explained by the theories, mainly including the Koehler’s
modulus-difference strengthening theory [42] and alternating
stress-strengthening theory [43,44]. According to the Koehler’s
modulus-difference strengthening theory, when the dislocation
passes through the interface of the multilayer films, the dislocation
is hindered by the forces originated from different shear moduli of
the two layers at the interface of multilayer films. The greater the
difference between the shear modulus of the two layers, the more
obvious the additional stress hinders the movement of disloca-
tions, and thus, the more significant the strengthening effect of
the multilayer films. Besides, according to alternating stress-
strengthening theory, despite that the TiN and AlN-Ni both present
the same structure in this study, they have the different lattice
parameters. The lattice parameter of TiN is a = 4.241 Å, while those
of AlN are a = 3.110 Å, c = 4.979 Å. Under the epitaxial growth
structure, the AlN with the smaller lattice parameter is subjected
to the tensile stress, while the TiN with the larger lattice parameter
bears the compressive stress. As a result, the alternating compres-
sive and tensile stress fields form, which can also restrain the
dislocation motion and strengthen the TiN/AlN-Ni multilayer
nano-multilayer film. Therefore, the synergetic strengthening
mechanisms of modulus-difference strengthening theory and
alternating stress-strengthening theory derived from different
layers accounts for the high hardness for the TiN/ AlN-Ni multi-
layer with the AlN-Ni layer thickness of 2.4 nm. As the thickness
of the modulation layer increases, the AlN-Ni phase hardly
continuously crystallizes into a quasi-crystalline cubic structure,
but grows into the original zincblende structure, resulting in a
decrease in the hardness and elastic modulus. The similar
phenomena also appear in many other nitride coatings, such as
CrN/AlN [45], CrN/TiN [46], and VC/AlN [47].

The difference in the fracture behavior between the multilayer
films can be attributed to the evolution of the interface structure,
which has also been reported in other studies [48]. For the TiN
monolayer film, due to the poor crystallinity, the crack propagation
easily occurs during the indentation test. With the increase of
tAlN-Ni, the fracture toughness of the multilayer films first increases
and then decreases. When tAlN-Ni is 2.4 nm, the fracture toughness

Fig. 7. The fracture toughness of TiN/AlN-Ni multilayer films with different AlN-Ni
layer thicknesses.
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reaches the maximum. The toughening mechanisms in the 2.4 nm
AlN-Ni layer may include a favorable coherent interface and the
indentation-induced transformation. Firstly, the alternating
stress-field based on the coherent interface between the TiN layer
and AlN-Ni layer will reduce the activation energy of the nearby
dislocation movement, consequently improve toughness [28]. In
Verma et al. [49], multilayer interfaces can provide additional
stress relief mechanisms through layer slip, thereby reducing shear
cracks, this result is consistent with references. According to Hahn
et al. [12], a power-law relationship similar as for s will hold
between the fracture toughness and the bilayer period:

K IC / ^�m ð3Þ

with the exponent m depending on the type and interface constitu-
tion of the superlattice structure. The exponent m equals roughly
0.25 for their superlattice TiN/CrN coatings withK � 6.2 nm. In this
paper, when tAlN-Ni is 2.4 nm, the multilayer is coherent interfaces,
and the K is 7.4 nm, which can also be explained by the above
relationship.

Secondly, it is previously pointed out that the metastable c-AlN
is well formed at the coherent interface for the multilayer filmwith
tAlN-Ni = 2.4 nm. During indentation, stress fields induced by inden-
tation will trigger the transformation of the metastable c-AlN to
w-AlN along with a volume expansion of about 20 %, which leads
to localized compressive stresses and inhibits crack initiation and
crack propagation, producing a better fracture toughness. Previ-
ously, it has been suggested that the indentation-induced stress
would cause the crystal rotation and dislocation glide, thereby pro-
viding the possibility for lattice reconstruction [27]. Therefore, the
formation of the coherent interface and the phase transformation
of c-AlN to w-AlN in the TiN/AlN-Ni multilayer films are the key
factors for achieving the synergetic super hardness and high
toughness.

5. Conclusions

The TiN/AlN-Ni multilayer films with different modulation layer
thicknesses were prepared by reactive magnetron sputtering. The
microstructure and mechanical properties (hardness and fracture
toughness) of multilayer films were studied. The conclusions are
summarized as follows:

(1) Compared to the monolithic TiN film, the introduction of the
AlN-Ni modulation layer greatly improves the hardness and
elastic modulus of all multilayer films. When the thickness
of the AlN-Ni modulation layer is 2.4 nm, the hardness and
toughness reach the maximum, and the values of which
are 39.0 GPa and 467.3 GPa, respectively. All multilayer films
are subjected to the compressive stress, which is greatly
released, compared to the monolithic TiN film.

(2) When tAlN-Ni is 2.4 nm, the AlN layer grows into the meta-
stable c-AlN under the template action of the TiN layer,
forming a good coherent interface with the TiN layer. In
the indentation experiment, it shows best resistance to crack
growth, and the maximum toughness is 5.49 MPa�m1/2.

(3) The superhard effect observed in the TiN/AlN-Ni multilayer
film is mainly caused by Koehler modulus-difference
strengthening and alternating-stress hardening. The forma-
tion of coherent interface and the AlN-phase transformation
in the TiN/AlN-Ni multilayer films are the reasons for the
improvement of its toughness. The present work provides
a new idea for the development of TiN-based multilayer
films with high hardness and high toughness.
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