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ZrN and TiNiN nanolayers are alternately deposited on silicon substrate by magnetron sputtering. A series of
ZrN/TiNiN nano-multilayer films with different Ni contents are prepared by varying the Ni:Ti volume ratio of the
targets. The effects of Ni content on the microstructures and mechanical properties of ZrN/TiNiN nano-
multilayer films are studied by X-ray diffractometer (XRD), scanning electron microscopy (SEM), high resolu-
tion transmission electron microscopy (HRTEM) and nanoindentation instrument. The results show that with the
increase of Ni content, the crystallization degree of ZrN phase first increases and then decreases. Besides, the
hardness, elastic modulus and toughness of the films also increase first and then decrease with Ni content
increasing. When Ni:Ti= 1:24, the ZrN/TiNiN nano-multilayer films obtain the highest hardness, elastic modulus
and fracture toughness, which are 23.2 GPa, 317.8 GPa and 2.29 MPa-m'/% respectively. This is mainly
attributed to the best columnar crystal growth of the ZrN/TiNiN nano-multilayer film. The TiNiN layer changes
into face centered cubic structure under the template of ZrN layer, and grows in coherent epitaxy with ZrN layer.

1. Introduction

In recent years, with the rapid development of modern science and
technology, the requirements for the materials used in the fields of
biology, environment and national defense have become increasingly
demanding [1-4]. Among those materials, the nano-multilayer films as a
typical representative have been widely concerned. On the one hand,
nano-multilayer films materials can play the synergistic advantages of
the component materials [5,6]. On the other hand, the interfacial effect
between the two monolayer interfaces, which impedes the movement of
dislocations, can have a reinforcing effect [7]. Therefore, the
nano-multilayer films can significantly exhibit good comprehensive
mechanical properties [8,9], such as the improved plasticity and
toughness on the basis of satisfying the strength, which have good
development and application prospects in the fields of aerospace,
machining, and biology [10-18]. As a typical hard multilayer, transition
metal nitride (TMN) nano-multilayer has a broad application in engi-
neering field because of its high hardness, good thermal stability and
high melting point [19-22]. However, in practical engineering
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applications, the hardness and toughness of TMN nano-multilayer films
hardly be met at the same time, which greatly restricts the application
and development of TMN nano-multilayer films in the field of advanced
manufacturing. Therefore, the development of TMN nano-multilayer
films with the integrative properties of strength and toughness is of
great significance to expand their engineering applications.

In recent years, there are two main toughening mechanisms of hard
nano-multilayer films, namely, phase structure transformation in the
modulated layer and the coherent/non-coherent interface [23]. Among
them, the phase transformation toughening of the separated phase in the
sublayer is considered as a promising method to improve the toughness
of hard nano-multilayer films [24]. Wang et al. [25] prepared
FegoMn;g/TiBy and FegsMngs/TiBy nano-multilayer films by magnetron
sputtering and realized phase transformation toughening. It was account
to volume expansion of the crystal structure through the stress of the
component phase in the modulating layer. In the TiN-Ni nanocomposite
films [26], separation of the TiN and Ni phases was observed. Also, the
crystallinity of the Ni phase and an increase in TiN and Ni crystallite
sizes had great effects on the mechanical properties, such as hardness,
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ductile and intrinsic stress. Besides, the TiN-Ni nanocomposite film was
achieved a 3-fold increase in the critical load for crack formation, while
maintaining a hardness higher than 25 GPa, which was correlated with
the intrinsic properties of the nanostructure. In addition, it was found
that by increasing the Ni concentration from 5 at% to 30%, the metal Ni
particles were encapsulated by the TiN network structure, achieving a
maximum hardness of approximately 28 GPa [27]. Therefore, the TiNiN
layer can be used as the modulation layer of nano-multilayer film for
phase separation, thus tailoring the integrative properties of strength
and toughness by varying the Ni content.

ZrN has high hardness, good wear resistance and fatigue properties.
Therein, its high hardness makes the film resistant to crack sprouting
and expansion very poorly, which seriously limits the practical appli-
cations under the complex and demanding conditions [28-31]. How-
ever, when ZrN acts as a layer in the nano-multilayer films, its
microstructure and properties such as resistance to crack growth,
namely, fracture toughness, will be greatly improved [32-37]. For
example, a maximum fracture resistance was achieved in the ZrN/ZrAIN
nano-multilayer films when the modulation layer ZrAIN thickness was 2
nm [34]. It is because the ZrAIN layer and ZrN layer maintained the
epitaxially growth, and the phase separation of ZrN-rich and
cubic-phase AIN occurred in the ZrAIN layer. Also, the transformation of
cubic-structured AIN to wurtzite-structured AIN resulted in volume
expansion and residual compressive stresses, leading to significant
toughening effects. Besides, the similar phenomenon was also observed
in the ZrN/AITiN nano-multilayer films [35]. The hexagonal close
packed (hcp) structure of AIN was transformed into face-centered cubic
(FCC) structure and ZrN structure was epitaxially grown on the (111)
crystal plane, making the films exhibiting good fracture toughness.
Therefore, it is concluded that ZrN as one of the layers of
nano-multilayer films will play an important role in improving the
mechanical properties.

In this paper, ZrN and TiNiN are alternately deposited using
magnetron sputtering technique, thus constituting ZrN/TiNiN nano-
multilayer films, where ZrN is the main layer and TiNiN is the modu-
lation layer. Therein, a series of ZrN/TiNiN nano-multilayer films by
varying the Ni content in the TiNiN modulation layer are obtained to
investigate the microstructures, mechanical properties, as well as frac-
ture toughness. The hardening and toughening mechanisms of the ZrN/
TiNiN nano-multilayer films are clarified.

2. Experimental details
2.1. Film preparation

The ZrN/TiNiN nano-multilayer films are deposited on silicon sub-
strates by using DC and RF magnetron co-sputtering methods (JGP-450).
During the deposition, the DC power controls the Zr target (99.99%
purity and 75 mm target diameter) and the RF power controls the Ti-Ni
target. The Ti-Ni target is a composite target, which is made by cutting
25 equal parts of Ti target and Ni target, respectively, and assembling
them by combination. In this work, the volume ratios of Ni and Ti targets
are 0:25, 1:24, 2:23, 3:22, 4:21, 5:20 and 6:19, as shown in Fig. 1 with
Ni:Ti = 6:19 as an example. Prior to the deposition, the silicon substrates
are ultrasonically cleaned with acetone and anhydrous ethanol for 15
min, respectively, and then dried and loaded at the workpiece table in
the vacuum chamber. Before the nano-multilayer films deposition, the
substrates are firstly cleaned by Ar" plasma sputtering for 10 min. When
the vacuum pressure of the chamber is below 3 x 1072 Pa, the deposi-
tion of ZrN/TiNiN nano-multilayer films begins, and the detailed sput-
tering parameters are as follows. The power of the Zr target is set to 180
W, while the power of the Ti-Ni composite target is 100 W. The distance
between the target and the silicon substrates is 50 mm. The sputtering
gas is a mixture of Ar (99.999%) and N3 (99.999%), where the flow rate
of Ar and N is controlled at 35 and 6 sccm, respectively. And the
sputtering pressure is 0.5 Pa. During the deposition, a computer program
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Fig. 1. The schematic picture of Ti-Ni composite target (taking Ni:Ti =6:19 as
an example).

is used to automatically control the rotation speed of the workpiece table
to adjust the position of silicon substrate, so that the residence time of
silicon substrate under the Zr target and Ti-Ni target was 15 and 5 s,
respectively. Finally, a series of ZrN/TiNiN nano-multilayer films with
different Ni contents were prepared with the duration period of 150
times.

2.2. Film characterizations

The phase analysis of the ZrN/TiNiN nano-multilayer films are car-
ried out using a D8 Advance X-ray diffractometer (XRD) with a scanning
range of 10° to 80°. The microstructure of ZrN/TiNiN nano-multilayer
films are observed by SEM (Quanta FEG450) and HRTEM (Tecnai G2
F30). The chemical composition were analyzed by the electron probe
microanalyzer (EPMA, JXA-8530 F PLUS) with accelerating voltage
15 kV, current 20 nA, and beam spot 1 pm/min. The FST1000 film stress
tester is used to test the internal stress in the films by measuring the
curvature radius of the silicon wafer before and after coating. The
thickness of the silicon substrate is about 0.5 mm with the size of
5 mmX10 mm. The thicknesses of the nano-multilayer films are 1-2 pm.
And then the internal stress is calculated using Stoney’s formula. The
hardness, elastic modulus and fracture toughness of the films are tested
using a TI 980 nano-indenter. The depth of indentation is accurately
recorded as a function of load. The hardness and elastic modulus of the
nano-multilayer films are calculated using the Oliver-Pharr model [38].
Here, the indentation depth is set at 100 nm, which is less than 1/10 of
the thickness of the nano-multilayer films, so as to eliminate the influ-
ence of the substrate on the hardness of the films. The six different
indentation locations are measured for each sample to confirm the
reliability of the data. For fracture toughness measurement, the inden-
tation depth is set at 80% of the film thickness. The fracture toughness
(Ki¢) is calculated as shown in Eq. (1) [39-42].

seeel2) (2

where o is a constant related to the indenter geometry, depending on the
indenter geometry, Berkovich indenters take 0.0016. E and H are the
elastic modulus and hardness of the measured material, respectively. P is
the indentation load. And C is the crack length.
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3. Results

3.1. Effect of Ni content on the microstructures of ZrN/TiNiN nano-
multilayer films

Fig. 2 shows the variation of element contents in ZrN/TiNiN nano-
multilayer films. Considering the difference in the sputtering rates of
Ni and Ti targets, the element contents present different in the as-
deposited nano-multilayers. The results showed that when the volume
ratios of Ni and Ti in the Ti-Ni composite target are 0:25, 1:24, 2:23,
3:22, 4:21, 5:20 and 6:19, respectively, the Ni contents in ZrN/TiNiN
nano-multilayer films were 0, 2.39 at%, 3.83 at%, 5.81 at%, 6.98 at%,
7.77 at% and 9.38 at%, respectively. Whereas, the Ti contents were
3.51 at%, 3.28 at%, 2.05 at%, 1.48 at%, 1.35 at%, 1.14 at% and 0.05 at
%, respectively. It indicated that with the increase of the volume ratio of
Ni and Ti in the Ti-Ni composite target, the Ni content in the film
gradually increased, while the Ti content gradually decreased. Besides,
the Zr and N contents were also influenced by the volume ratio of Ni and
Ti in the Ti-Ni composite target. When Ni:Ti volume ratio in the Ti-Ni
composite target increased, the Zr content decreased, yet N content
slightly increased. Therein, the decrease of Zr content is attributed to the
both increases of Ni content and N content. Besides, because Ni atom
hardly reacts with N atom, the N atom or Ny would adsorb physically on
the Ti-Ni target. With Ni:Ti volume ratio increasing, the more N atoms
would be adsorbed on the Ti-Ni target, thus leading to that more N atoms
were sputtered and deposited in the ZrN/TiNiN nano-multilayer films.
In addition, the N content was lower than 50 at%, which is mainly due to
the fact that the metal Ni does not react easily with the N atom.
Compared with Zr and Ti, the chemical activity of Ni is lower, which is
relatively difficult to form compounds with N atom. Therefore, from the
point of view of reaction thermodynamics, ZrN or TiN is easier to form
than NiN. Moreover, the formation of ZrN and TiN will be preferred due
to those free energies of formation being much lower.

Fig. 3 presents the XRD patterns of ZrN/TiN and ZrN/TiNiN nano-
multilayer films with different Ni contents. When Ni content is zero at
Ni:Ti= 0:25, the XRD spectrum for the ZrN/TiN nano-multilayer film
only present ZrN (111) diffraction peak at 26= 33.93°. When the Ni
atoms were introduced in the ZrN/TiNiN nano-multilayer films, the
three diffraction peaks in the XRD spectra appeared at 20= 33.93°,
39.33° and 56.79°, which corresponded to FCC ZrN (111), (200) and
(220) crystal planes, respectively [33,34]. In this case, all
nano-multilayer films showed a distinct ZrN (111) diffraction peak at
20= 33.93°, which indicated that they had the same preferred growth
orientation. Besides, when Ni:Ti = 1:24, the intensity of ZrN (111)
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Fig. 2. Variation of element contents in the ZrN/TiN and ZrN/TiNiN nano-
multilayer films.
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Fig. 3. XRD patterns of the ZrN/TiN and ZrN/TiNiN nano-multilayer films with
different Ni contents.

diffraction peak for the ZrN/TiNiN nano-multilayer film increased
obviously compared with that of the ZrN/TiN nano-multilayer film.
Wherein, the intensity of the ZrN (111) diffraction peak was highest
when Ni:Ti = 1:24, indicating the best crystallinity of the ZrN/TiNiN
nano-multilayer film. In addition, with Ni content increasing, the in-
tensity of ZrN (111) diffraction peak gradually decreased. Moreover, it is
found that there is no XRD peak of TiN or Ni in the XRD pattern. The
reasons are as follows. Firstly, it was mainly due to that it is very close to
the diffraction angle of TiN and ZrN at (111) and (220) of FCC structure.
Secondly, the thickness of modulation layer is very thin with fewer TiN
and Ni phase.

Fig. 4 shows the cross-section HRTEM images of the ZrN/TiNiN
nano-multilayer films at Ni:Ti= 1:24. In the Fig. 4(a) with a low
magnification HRTEM image, it showed that the film had a clear peri-
odic multilayer structure with a distinct contrast difference between the
layers. Fig. 4(b) was a further enlarged image based on the Fig. 4(a).
Therein, the light stripes were the ZrN layers and the dark stripes were
the TiNiN layers, of which the thicknesses were 11.2 + 0.5 and 4.3
+ 0.3 nm, respectively. At the lower right-hand corner in the Fig. 4(b), it
was a magnified image of the area marked by red box A at the interface
of the main layer (ZrN) and the modulation layer (TiNiN). At this time, it
was observed that the lattice stripe crossed the interface, allowing the
nano-multilayer films to remain continuous within the main layer and
the modulation layer, which indicated that the TiNiN layer was coherent
epitaxial grown by the "template effect" [43,44] under the ZrN layer.
Meanwhile, the TiN and Ni interface phases in the modulation layer
appeared in a crystalline state. In the Fig. 4(c), the spacing of crystalline
surface d of (111) plane was about 0.275 nm. When Ni:Ti= 1:24, the
interfacial phase present crystallization, which might be resulted from
that the TiNiN modulation layer and the main ZrN layer maintained
coherent epitaxial growth. In the Fig. 4(d) of the selected electron
diffraction pattern, the (111), (200), and (311) crystal planes were
marked according to the plane spacing d, which were consistent with the
XRD results. After calculation, the crystal zone axis corresponding to the
diffraction spots was [01-1], which indicated that FCC structure was
displayed in the ZrN/TiNiN nano-multilayer film at Ni:Ti= 1:24.

Fig. 5 presents the cross-section SEM images of ZrN/TiN and ZrN/
TiNiN nano-multilayer films with different Ni contents. It was found that
the thicknesses of all the nano-multilayer films were less than 2 pm.
Also, the thickness of the ZrN/TiNiN nano-multilayer film was larger
than the ZrN/TiN nano-multilayer films. It was due to the higher sput-
tering yield of Ni target compared with that of Ti target, which was
resulted from the poor reaction between Ni and N atoms. Besides, no
obvious voids appeared at the interface between the films and the sub-
strates, indicating good adhesion of the films and the substrates.
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Fig. 4. Cross-section HRTEM images and selected area electron diffraction of ZrN/TiNiN nano-multilayer film at Ni:Ti= 1:24: (a) low magnification; (b) medium

magnification; (c) high magnification; (d) selected area electron diffraction.

Moreover, the cross-section SEM images in the all nano-multilayer films
present columnar crystal growth characteristics, except for the nano-
multilayer film at Ni:Ti= 4:21, as shown in Fig. 5(e). When Ni:
Ti= 1:24, columnar crystals in the ZrN/TiNiN nano-multilayer film was
found throughout the film. While, with further increase in the Ni con-
tent, the columnar crystal growth became worse. It suggested that when
increasing the Ni content, the columnar growth structure in the ZrN/
TiNiN nano-multilayer film would be weakened and the modulation
layer could not maintain coherent epitaxial growth with the main layer.

3.2. Effect of Ni content on the mechanical properties of ZrN/TiNiN
nano-multilayer films

Fig. 6 shows variations of the hardness and elastic modulus for the
ZrN/TiN and ZrN/TiNiN nano-multilayer films with different Ni con-
tents. It can be seen that when no Ni was added, the hardness and elastic
modulus of the ZrN/TiN nano-multilayer film was 18.8 GPa and
195.8 GPa, respectively. When Ni was introduced, the hardness and
elastic modulus of the ZrN/TiNiN nano-multilayer films increased.
However, with Ni content increasing, the hardness and elastic modulus

of the ZrN/TiNiN nano-multilayer films showed a trend of decreasing.
When Ni:Ti = 1:24, the ZrN/TiNiN nano-multilayer film exhibited op-
timum hardness and elastic modulus of 23.2 GPa and 317.8 GPa,
respectively.

Fig. 7 exhibits the variation of the internal stress for the ZrN/TiN and
ZrN/TiNiN nano-multilayer films with different Ni contents. The inter-
nal stress was calculated through the Stoney equation [45]. It was found
that the values of the internal stresses for all the nano-multilayer films
were negative, which indicated that all the films were subjected to
compressive stresses. When Ni content is 0, the compressive stress of the
ZrN/TiN nano-multilayer film was about 0.36 GPa. However, when a
small number of Ni atoms were introduced at Ni:Ti= 1:24, the
compressive stresses of the ZrN/TiNiN nano-multilayer films was the
smallest with a value of approximate 0. Moreover, when Ni content
further increased, the compressive stresses of the ZrN/TiNiN
nano-multilayer films exhibited a tendency of first increasing and then
decreasing.
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Fig. 5. Cross-section SEM images of the ZrN/TiN and ZrN/TiNiN nano-multilayer films with different Ni contents (a) Ni:Ti= 0:25; (b) Ni:Ti= 1:24; (c¢) Ni:Ti= 2:23;
(d) Ni:Ti= 3:22; (e) Ni:Ti= 4:21; (f) Ni:Ti= 5:20; (g) Ni:Ti= 6:19.
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TiNiN nano-multilayer films with different Ni contents.

3.3. Effect of Ni content on the fracture toughness of ZrN/TiNiN nano-

multilayer films

Fig. 8 shows the SEM images of indentations on the ZrN/TiN and
ZrN/TiNiN nano-multilayer films with different Ni contents. In this
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Fig. 7. Variation of internal stress in the ZrN/TiN and ZrN/TiNiN nano-
multilayer films with different Ni contents.

experiment, the indentation tests were carried out using the Berkovich
indenter, and the depth of indentation was chosen to be 80% of the film
thickness, approximately 1500 nm, in order to further evaluate the
fracture toughness (Kic) of the nano-multilayer films. It was found that
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10 um 10 pm

Fig. 8. SEM images of indentations on the surfaces of ZrN/TiN and ZrN/TiNiN nano-multilayer films at an indentation depth of 1500 nm. (a) Ni:Ti= 0:25; (b) Ni:
Ti= 1:24; (¢) Ni:Ti= 2:23; (d) Ni:Ti= 3:22; (e)Ni:Ti= 4:21; (f) Ni:Ti= 5:20; (g) Ni:Ti= 6:19.

the surfaces of the as-deposited nano-multilayer films showed obvious
radial cracks and extrusion cracks formed by indenter squeezing. For the
ZrN/TiN nano-multilayer film, the crack length was 9.762 pm. When Ni:
Ti = 1:24 (Fig. 8b), the shortest radial crack length with the value of
5.031 um was observed on the surface of the ZrN/TiNiN nano-multilayer
film, indicating that the film exhibited the best fracture toughness. As Ni
content increased, the radial crack length gradually increased.

According to the toughness calculation Eq. (1), the calculated values
of K¢ are shown in Fig. 9. It present that the fracture toughness K¢
values of all the ZrN/TiNiN nano-multilayer film were larger than that of
the ZrN/TiN nano-multilayer film. Besides, the fracture toughness K¢
values of the ZrN/TiNiN nano-multilayer films showed a trend of
decreasing as the Ni content increased. The maximum fracture tough-
ness Kj¢ values of the nano-multilayer films was achieved at Ni:Ti= 1:24,
with a value of 2.29 MPaem'/2, It suggested that the strengthening of
the films and the inhibition of crack expansion was enhanced at this Ni
content, indicating that the ZrN/TiNiN nano-multilayer film exhibited
the best crack resistance and that the fracture toughness of the ZrN/
TiNiN nano-multilayer film was significantly improved.
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Fig. 9. Variation of fracture toughness Kjc values of ZrN/TiN and ZrN/TiNiN
nano-multilayer films with different Ni contents.

4. Discussion
4.1. Microstructure evolutions in the ZrN/TiNiN nano-multilayer films

When the film grew in the atomic or molecular state on the substrate
from the initial nucleation, the interface energy was the main part of the
system energy, and the substrate surface had an important influence on
the growth of the film. In the nano-multilayer films, the crystal structure
of the firstly deposited layer can similarly have a significant effect on the
crystal growth and structure of the later deposited layer. Therefore, the
subsequently deposited layer formed a crystal structure that had a good
interface match with the first deposited layer, which was called the
“template effect”. This phenomenon occurred in the previous studies on
the nano-multilayer films, such as TiN/NbN [46], TiN/VN [47],
CrN/AIN [48], TaN/AIN [49], etc. In the ZrN/TiNiN nano-multilayer
films, the TiNiN modulation layer formed metastable state under the
action of the ZrN template with a stable FCC structure, resulting in the
ZrN/TiNiN nano-multilayer films showing a FCC structure.

Combined with XRD, it can be seen that the only crystalline phase
present in the nano-multilayer films was ZrN, which was independent of
the Ti and Ni elements. It suggested that the Ti and Ni in the modulation
layer might be dissolved within the crystalline ZrN phase or separated
during the deposition process to form an amorphous phase rich in TiN
and Ni. This phenomenon was consistent with previous studies in the
literatures, such as the absence of modulation layer diffraction peaks in
the XRD peaks of CrN/TiSiN [50] and TiN/Ni [51] films. In addition, the
(111) diffraction peaks of the ZrN/TiNiN nano-multilayer films were
shifted to the right as a whole. The shift in the diffraction peaks was due
to the difference in the lattice constants of the nano-multilayer films
when the ZrN and TiNiN layers were grown alternately, resulting in
tensile/stress growth at the interface between the two layers. The lattice
parameters of ZrN and TiN were 0.459 nm and 0.424 nm, respectively.
For the purpose of coherent epitaxial growth at the interface, the ZrN
main layer sustained compressive stress, resulting in the decrease of
lattice constant, while the tensile stress of TiNiN layer led to the increase
of lattice constant. Therefore, in the XRD spectra, the diffraction peak of
(111) crystal plane with preferred orientation shifted to the right,
leading to the nano-multilayer films in a compressed state.

Based on HRTEM images, ZrN/TiNiN nano-multilayer film with Ni:
Ti= 1:24 exhibited a well-defined layered structure with clear interfaces
and columnar structures through several modulation cycles of the nano-
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multilayer film. Combined with the selected area electron diffraction
pattern, it was confirmed that the ZrN/TiNiN nano-multilayer film
showed FCC structure. Besides, the cross-section SEM images of the ZrN/
TiNiN nano-multilayer film clearly showed the columnar crystal struc-
ture, which might be due to the coherent epitaxy growth under the
"template effect" of the ZrN layer. With the Ni content increasing, the
number of Ni amorphous phases increased, giving the TiNiN layer an
amorphous character. Therein, the epitaxial growth structure would be
destructed, and thus the columnar growth is weakened.

In conclusion, the microstructure evolution of ZrN/TiNiN nano-
multilayer films was displayed in the Fig. 10. When Ni:Ti= 1:24, the
intensity of the(111) diffraction peak of ZrN was the strongest. Due to
the relatively low Ni content, Ni atoms might be dissolved in TiN to form
TiNiN solid solution together. Similar result was reported for fcc-(Ti, Al)
N in the earlier work [33]. Besides, the TiNiN modulation layer was
grown by coherent epitaxy under the "template effect" of the ZrN layer,
as shown in Fig. 10 (a). When the Ni content was further increased, the
number of TiN crystalline phases in the modulated layer decreased and
the number of Ni amorphous phases increased. Therein, the TiN crystals
with different dislocations were distributed in the amorphous Ni phase,
giving the TiNiN layer an amorphous character. In this case, the ZrN
layer hardly maintain the "template effect" on the TiNiN layer, resulting
in the destruction of the epitaxial growth structure, as shown in Fig. 10

(b).

4.2. Improvement of hardness and fracture toughness in the ZrN/TiNiN
nano-multilayer films

Hardness, elastic modulus and residual stresses are closely related to
the microstructures of the ZrN/TiNiN nano-multilayer films. Compared
to ZrN/TiN nano-multilayer films when Ni:Ti= 0:25, the hardness and
elastic modulus ZrN/TiNiN nano-multilayer films were all improved,
while the compressive stresses obviously decreased. It was resulted from
the formation of TiNiN solid solution and coherent interface when Ni
introducing. With Ni content increasing, the hardness and elastic
modulus of the ZrN/TiNiN nano-multilayer films showed a decreasing
trend, yet an increasing trend for the compressive stress. When Ni:Ti
= 1:24, the TiNiN layer grew coherent well with the adjacent ZrN main
layer. According to the modulus difference strengthening theory pro-
posed by Koehler [52], when dislocations crossed the coherent interface,
they would be hindered by stresses generated by thin film materials with
different shear modulus. The greater the difference in shear modulus
between the two materials, the more significantly the additional stresses
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block the dislocation movement, thus the more significant the
strengthening effect. Besides, the lattice parameters of ZrN and TiN are
0.459 nm and 0.424 nm, respectively. Therein, the lattice distortion
would occur in the ZrN/TiNiN nano-multilayer films under epitaxial
growth structure due to the Ni atoms substituting the Ti atoms in the
TiNiN lattice. According to the alternating stress field theory [53], the
interface would hinder the movement of dislocations and strengthened
the film. Thus, modulus difference strengthening theory and alternating
stress field theory combined to promote the enhancement in hardness of
the ZrN/TiNiN nano-multilayer films.

The increase in fracture toughness of the ZrN/TiNiN nano-multilayer
films in contrast to ZrN/TiN nano-multilayer films was mainly deter-
mined by microstructure and other factors [54]. Firstly, the beneficial
ductile properties of Ni metal in modulation layers would contribute to
the fracture toughness of the nano-multilayered films. When Ni:Ti
= 1:24, the TiN-Ni in the modulation layer tended to maintain the
coherent epitaxial growth with the ZrN layer. Therefore, the ZrN/TiNiN
nano-multilayer film with Ni:Ti = 1:24 exhibited a better strengthening
and toughening effect. With the further increase of Ni content, the
modulation layer TiNiN changed to amorphous state, which destroyed
the coherent interface between the main layer and the modulation layer,
thus weakening the columnar crystal growth of the film. Without the
barrier of coherent interface to dislocation movement, the strengthening
effect of ZrN/TiNiN nano-multilayer films disappeared, resulting in the
rapid decline of fracture toughness of the nano-multilayer films.

Based on the above discussions, the fracture toughness of ZrN/TiNiN
nano-multilayer films should be assessed in terms of the film’s resistance
to cracking. It can be summarized as follows. Firstly, the films were more
prone to radial cracking when the TiN-Ni in the modulated layer was
amorphous than that when the TiN-Ni was crystalline. Secondly, when
Ni: Ti = 1:24, the crack resistance effect of coherent interface was more
obvious than that of non-coherent interface. Finally, the release of re-
sidual compressive stresses helped to hinder the sprouting and extension
of radial cracks, as shown by the shortest radial crack length in Fig. 8,
thus improving the fracture toughness of the nano-multilayer film. This
suggested that when the right amount of Ni was added, the modulation
layer was transformed into a crystalline state under the "template effect"
of the ZrN layer. In this case, the formation of coherent structure at the
interface and the release of residual compressive stress in the ZrN/TiNiN
nano-multilayer film would prevent the film from crack expansion and
ultimately improved the fracture toughness of the film.

Fig. 10. Microstructure evolution of ZrN/TiNiN nano-multilayer films: (a) Ni:Ti= 1:24, (b) Ni:Ti> 1:21.
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5. Conclusion

A series of ZrN/TiNiN nano-multilayer films with different Ni con-
tents were successfully prepared by varying the Ni:Ti volume ratio of the
targets using magnetron sputtering technique. The microstructures,
mechanical properties, and fracture toughness were systematically
studied. The detailed results were as follows.

(1) The ZrN/TiNiN nano-multilayer films consisted of FCC ZrN
crystalline phase with a preferred growth orientation of (111).
The crystallinity of the films showed a trend of first increasing
and then decreasing with increasing Ni content. When Ni:Ti
= 1:24, the film exhibited the best crystalline and the film grew in
columnar crystals.

(2) When Ni was added, the hardness of the hardness and elastic
modulus of the ZrN/TiNiN nano-multilayer films were all
improved compared to that of the ZrN/TiN nano-multilayer films.
With the increase of Ni content, the hardness and elastic modulus
of the ZrN/TiNiN nano-multilayer films decreased. When Ni:Ti
= 1:24, the films exhibited the maximum hardness and elastic
modulus of 23.2 GPa and 317.8 GPa, respectively. It was mainly
attributed to the formation of coherent interface between the ZrN
layer and TiNiN layer under the combined effect of modulus
difference strengthening theory and alternating stress field
theory.

(3) The ZrN/TiN and ZrN/TiNiN nano-multilayer films were all
compressively stressed. However, when Ni was added, the
compressive stress of the ZrN/TiNiN nano-multilayer films
obviously decreased compared to that of the ZrN/TiN nano-
multilayer films. With the increase of Ni content, the compres-
sive stresses of ZrN/TiNiN nano-multilayer films first increased
and then decreased. When Ni:Ti = 1:24, the internal stress was
minimized, approaching to 0. At this time, the fracture toughness
of the films also reached the maximum value of 2.29 MPa-m'/?,
showing the best resistance to crack extension. It indicated that
when an appropriate amount of Ni was added in the ZrN/TiNiN
nano-multilayer film, the TiNiN modulation layer changed to
crystalline state, and the coherent structure was formed at the
interface. Therein, combined with the release of residual
compressive stress, they together prevented the crack propaga-
tion of the film, thus improving the fracture toughness of the ZrN/
TiNiN nano-multilayer film.
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