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Abstract: The dependence of interface structure and mechanical properties on the modulation layer thickness of 
VN/TiN−Ni nano-multilayered films deposited on Si substrates using a reactive magnetron sputtering technique was 
systematically investigated. The films were characterized using X-ray diffraction, scanning electron microscopy, X-ray 
photoelectron spectroscopy, transmission electron microscopy, and nanoindentation. The results show that the TiN−Ni 
layer grows epitaxially on the VN layer, forming a coherent interface between the two sublayers. When the deposition 
time ratio of the two sublayers (TTiN−Ni꞉TVN) is 10꞉12, the films exhibit remarkable mechanical properties, with hardness, 
elastic modulus, and fracture toughness values of 25.9 GPa, 317 GPa, and 1.88 MPa·m1/2, respectively. Meanwhile, 
fracture toughness is improved by approximately 50% compared to the VN monolithic film. This enhancement is 
attributed to the coherent interface between the sublayers and the phase separation in the TiN−Ni layer. 
Keywords: nano-multilayered film; modulation-layer thickness; phase separation; strengthening; fracture toughness 
                                                                                                             

 
 
1 Introduction 
 

Nanostructured nitride films, such as vanadium 
nitride (VN) and titanium nitride (TiN), are 
increasingly employed in the machining and forming 
tool industries because of their excellent hardness, 
thermal stability, and wear resistance [1−3]. 
However, since hardness and fracture toughness are 
typically inversely related, the low intrinsic fracture 
toughness of these films limits their practical 
applications [4,5]. As a result, considerable research 
has focused on overcoming this trade-off [6,7]. 

In nano-multilayered films, the thickness of 
individual layers plays a crucial role in determining 
the properties of each constituent layer. 

Consequently, the characteristics of each layer and 
the thickness of the bilayer unit are key factors in 
determining the overall properties of the final films 
[8,9]. Furthermore, the nano-multilayered structure 
can hinder columnar grain growth and combine the 
advantages of each sublayer. These films often 
exhibit significant improvements in mechanical 
properties compared to monolithic films, owing to 
the interface structures and the complex interactions 
between the layers [10–12]. For example, PAN    
et al [13] fabricated VN/TiB2 nano-multilayered 
films with different modulation ratios (tVN꞉tTiB2) 
using magnetron sputtering. When the ratio was 1꞉7, 
the films displayed remarkable hardness and elastic 
modulus of 41.8 GPa and 492.4 GPa, respectively. 
The molecular dynamics simulations were also 
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conducted to study V/VN nano-multilayered films 
with varying modulation periods [14]. The results 
showed that films with larger modulation period (Λ) 
values exhibited higher elastic modulus, greater 
elastic limits, and improved lattice integrity. Notably, 
strain hardening was observed when Λ≥42.9 Å. In 
another study, WANG et a [15] deposited monolithic 
AlCrSiN, VN, and AlCrSiN/VN nano-multilayered 
films using arc ion plating and magnetron sputtering. 
The nano-multilayered films demonstrated the 
highest hardness of 30.7 GPa, attributed to the 
interfacial enhancement mechanism and higher 
compressive stress. The interfacial structure of  
these multilayers was influenced by the modulation 
period and crystal structure, leading to significant 
improvements in mechanical properties compared to 
the monolithic films. 

In addition to research focused on the hardness 
and strengthening mechanisms, the toughness and 
mechanisms of nano-multilayered films have also 
garnered increasing attention [16−18]. In these films, 
the interfacial structure between sublayers and the 
multicomponent phase transitions within the layers 
are considered key factor in enhancing toughness. 
DU et al [19] fabricated TiAlSiN/TiAlN multilayers 
with modulation ratios ranging from tTiAlSiN꞉tTiAlN= 
1꞉1 (ML) to tTiAlSiN꞉tTiAlN=1꞉2 (HML) using cathodic 
arc deposition. Their results showed that both ML 
and HML multilayers exhibited relatively weaker 
radial cracking and edge cracks in Vickers 
indentation tests compared to monolithic coatings. 
This was attributed to the bilayer interface acting as 
a barrier, preventing crack propagation and 
expansion under external stress. LORENTZON   
et al [20] produced TiN/Zr0.37Al0.63N1.09 multilayer 
films with 10 nm in sublayer thickness by reactive 
DC magnetron sputtering at temperatures ranging 
from ambient to 900 °C. The films deposited at 200 
and 900 °C exhibited the highest fracture toughness 
of (2.8±0.1) MPa·m1/2. At lower temperatures, 

highly deformed w-Zr0.37Al0.63N1.09 was formed, 
which improved fracture toughness by shielding 
crack tips due to differences in elastic modulus 
between the layers. ZHOU et al [21] prepared 
TiN/AlN−Ni multilayer films with varying 
modulated layer thicknesses using magnetron 
sputtering. The fracture toughness of these films 
reached a maximum value of 5.49 MPa·m1/2. The 
enhanced toughness was attributed to an indentation-
induced phase transition from c-AlN to w-AlN in 
AlN−Ni layer, leading to the formation of a finer, 
more coherent interface. These studies highlight how 
an appropriately designed interface structure can 
simultaneously enhance both the hardness and 
fracture toughness of nano-multilayered films. 
However, it is important to note that current research 
on the VN/TiN−Ni nano-multilayered system 
remains limited, and its potential for superior 
properties has less yet been fully explored. 

In this study, VN with a face-centered cubic 
(FCC) structure was chosen as the template layer, 
while TiN and Ni metal were selected to form the 
composite modulation layer, with Ni acting as the 
separating phase. A series of VN/TiN−Ni nano-
multilayered films with varying modulation layer 
thicknesses were prepared using reactive magnetron 
sputtering. The relationship among modulation layer 
thickness, interface structure, and mechanical 
properties of the VN/TiN−Ni nano-multilayered 
films was systematically investigated. Furthermore, 
the role of TiN−Ni phase separation in the 
toughening mechanism of the films was discussed. 
 
2 Experimental 
 
2.1 Film deposition 

The VN/TiN−Ni nano-multilayered films were 
deposited on (100) silicon substrates (10 mm × 
20 mm × 0.65 mm) using a reactive magnetron 
sputtering system (JGP−450), as illustrated in Fig. 1. 

 

 
Fig. 1 Schematic diagram of high-vacuum dual-cathode magnetron sputtering system 
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The V metal target (99.99% in purity) was placed at 
the direct current (DC) cathode, while the TiN−Ni 
alloy target (99.99% in purity, with a TiN to Ni 
volume ratio of 23:2) was positioned at the radio 
frequency (RF) cathode. The deposition time ratio of 
TiN−Ni to VN (TTiN−Ni꞉TVN) was set to be 4꞉12, 6꞉12, 
8꞉12, 10꞉12, and 12꞉12. 

The silicon substrate was first cleaned with 
acetone and ethanol using ultrasonic waves for 
20 min, then dried with high-purity N2 gas  
(99.9999% in purity) and carefully placed on the 
substrate holder. The sputtering chamber was 
pumped down to 4×10−3 Pa, and argon gas  
(99.9999% in purity) was introduced for 15 min to 
clean the target surfaces. The substrate rotation  
speed was maintained at 3.8 r/min. 
 
2.2 Characterization and test 

The crystal structures of the VN/TiN−Ni nano-
multilayered films were analyzed using X-ray 
diffraction technique (XRD, Bruker D8 Advance 
Diffractometer). The elemental composition was 
determined through electron probe microanalysis 
(EPMA, JXA−8530F PLUS). The bonding state and 
chemical composition were examined using X-ray 
photoelectron spectroscopy (XPS, Thermo Fisher 
Scientific Kα system). Microstructural features were 
investigated with scanning electron microscopy 
(SEM, FEI Quanta FEG 450), transmission electron 
microscopy (TEM, FEI TECNAI F30), and selected 
area electron diffraction (SAED). 

To assess the hardness and toughness of the 
films, a Bruker TI−980 nanoindenter with a 
Berkovitch cone diamond tip was employed. 
Hardness measurements were performed by 
conducting six matrix indentations on the surface  
of each sample, spaced approximately 30 μm apart. 
The average hardness and elastic modulus were 
calculated using Oliver and Pharr’s method based on 
load−displacement curves [22]. A penetration depth 
of 100 nm, less than 1/10 of the film thickness, was 
chosen to minimize substrate influence on the 
measurements, and drift rate was kept below 0.05. 
For toughness evaluation, a maximum load of 10 N 
was applied, and the penetration depth was set to be 
4/5 of the film thickness to ensure visible cracking 
on the surface while reducing the effect of the 
substrate on the applied load. 

 
3 Results 
 
3.1 Structural evolution 

Figure 2 shows the XRD patterns of 
VN/TiN−Ni nano-multilayered films with varying 
deposition time for the TiN−Ni modulation layer. 
The nano-multilayered films display the FCC 
structure of VN, with a clear preferential orientation 
towards the (200) plane, along with weaker peaks at 
the (111) and (220) planes. As the deposition time of 
the TiN−Ni modulation layer increases, the TiN−Ni 
sublayer grows in a stable FCC structure, influenced 
by the VN template layer, maintaining well-epitaxial 
growth that improves the crystalline integrity of the 
films. When the TTiN−Ni꞉TVN is 10꞉12, the diffraction 
peak for the (200) plane reaches its highest intensity, 
indicating optimized crystallinity of the films. At the 
same time, the full width at half maximum (FWHM) 
of the diffraction peak is minimized, reflecting   
the growth of larger grains. However, when the 
TTiN−Ni꞉TVN is 12꞉12, the XRD spectra become almost 
flat, and the intensity of the diffraction peaks 
decreases, suggesting that the films are in an 
amorphous state. Additionally, the TiN−Ni 
modulation layer phase is not detected, probably due 
to the shorter deposition time and lower sputtering 
power in RF mode. 
 

 
Fig. 2 XRD patterns of VN/TiN−Ni nano-multilayered 
films with different TiN−Ni deposition time 
 

When TTiN−Ni꞉TVN=10:12, TiN−Ni modulation 
layer adopts the same crystal structure as the  
adjacent VN layer due to the template effect. The  
two sublayers maintain coherent epitaxial growth, 
resulting in the strongest diffraction peak intensity in 
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the XRD pattern. This coherent structure arises 
primarily from the lower interfacial energy   
during film deposition [8]. The thermodynamic 
incompatibility between TiN and Ni causes 
multiphase phenomena to emerge in the modulation 
layer, complicating its elemental composition. 
However, the specific distributions of TiN and    
Ni in the modulated layer remain challenging to 
characterize with current observational techniques 
due to the small thickness of the modulation layer. 

The XPS spectra provide insight into the 
elemental composition of the sample surface. 
Figure 3 displays the spectra for V 2p, Ti 2p, Ni 2p, 
and N 1s of the VN/TiN−Ni nano-multilayered films 
with TTiN−Ni꞉TVN of 10꞉12. The V 2p band is split  
into two peaks, V 2p3/2 and V 2p1/2, separated by 
approximately 7.0 eV due to spin-orbit splitting, as 
shown in Fig. 3(b). The V 2p3/2 peak is located at 
513.9 eV, which is attributed to V — N bonding 
[23,24]. In Fig. 3(c), the Ti 2p XPS peaks at 455.8 
and 462.2 eV correspond to Ti—N and represent the 
spin-orbit splitting doublets of Ti 2p3/2 and Ti 2p1/2 
[25,23]. In Fig. 3(d), the Ni 2p peaks at 853.7 and 
871.5 eV correspond to Ni 2p3/2 and Ni 2p1/2 of Ni0, 
while the peaks at 859.9 and 877.5 eV are satellite 
peaks, confirming the presence of metallic Ni in the 

modulation layer [26,27]. In Fig. 3(e), the N 1s 
spectrum shows a peak at 396.8 eV corresponding to 
VN. The Ti—N peak at 396.0 eV is not observed, 
probably due to the much lower Ti content in the 
nano-multilayered films compared to V [23,25]. The 
XPS results confirm that the VN/TiN−Ni nano-
multilayered films consist of VN and TiN phases, 
and metallic Ni, and also indicate phase separation 
between TiN and Ni in the modulation layers. 

The nanostructured composite films of TiN/Ni 
were previously investigated [28]. The findings 
revealed that Ni has the ability to fracture and   
split the TiN columnar grains into equiaxed nano- 
crystals, while forming a Ni interfacial phase that 
encapsulates the TiN nanocrystals. Once the Ni 
interfacial phase reaches a critical thickness, it tends 
to grow together with the adjacent TiN nanocrystals, 
reducing interfacial energy and thereby enhancing 
the crystallinity of the films [29,30]. 

Figure 4 shows the cross-sectional TEM images 
with SAED patterns of the nano-multilayered   
films when TTiN−Ni꞉TVN=10꞉12. In the medium-
magnification image in Fig. 4(b), the nano-multi- 
layered films clearly display a layered structure,  
with the dark and bright regions representing the  
VN and TiN−Ni sublayers, respectively. The high- 

 

 
Fig. 3 (a) Survey XPS spectrum of VN/TiN−Ni nano-multilayered films with TTiN−Ni꞉TVN ratio of 10꞉12; (b) V 2p,       
(c) Ti 2p, (d) Ni 2p and (e) N 1s high-resolution XPS spectra 
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Fig. 4 Cross-sectional TEM images of VN/TiN−Ni nano-multilayered films with TTiN−Ni꞉TVN of 10꞉12 at (a) low-
magnification, (b) medium-magnification, (c) high-magnification, respectively, and (d) SAED pattern in (b) 
 
magnification image in Fig. 4(c) reveals an average 
modulation period of approximately 7.3 nm. 
Moreover, the lattice fringes extending through 
several sublayers and interfaces indicate the epitaxial 
growth of TiN−Ni grains on the VN sublayer, which 
gradually transitions into the FCC structure, forming 
a coherent interface with the VN template layer.  
This observation confirms the XRD results. The 
formation of the coherent interface in the 
VN/TiN−Ni nano-multilayered films is driven by the 
thermodynamic equilibrium between the coherent 
strain and interfacial energy, with the minimization 
of interfacial energy as the driving force. In Fig. 4(d), 
the continuous SAED rings show the (111), (200), 
and (220) orientations, further confirming the typical 
FCC structure observed in the XRD results. 

Based on the above microstructural evolution, 
it can be inferred that the formation of coherent 
interfaces in VN/TiN−Ni nano-multilayered films, 
along with the phase separation of TiN and Ni in the 
modulation layers, will have a significant impact on 

the mechanical properties of the films. 
Figure 5 presents the TEM−EDS analysis 

results of the VN/TiN−Ni nano-multilayered films 
with TTiN−Ni꞉TVN of 10꞉12. From the elemental 
composition in Fig. 5(a), it is observed that the 
concentrations of V and N are relatively high, while 
the concentrations of Ti and Ni are comparatively 
low. Along the deposition direction, the 
concentrations of V, Ti, and Ni exhibit a wave-like 
variation, with the V peaks corresponding to the 
troughs of Ti and Ni, while the N content remains 
relatively stable. In Fig. 5(b), the interfacial 
morphology shows that the V and N elements 
correspond to the template layer, while Ti and     
Ni are associated with the modulation layer. The 
depth profile in Fig. 5(b) reveals that the nano-
multilayered films exhibit good homogeneity and 
stability. The VN and TiN−Ni sublayers are well 
aligned, with clearly defined interfaces and sharp 
contrast, forming a well-structured nano-multilayer, 
consistent with the TEM cross-sectional image in 
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Fig. 4. The average thicknesses of the VN template 
layer and TiN−Ni modulation layer in the VN/ 
TiN−Ni nano-multilayered films are (5.75±0.25)  
and (1.55±0.23) nm, respectively, for TTiN−Ni꞉TVN of 
10꞉12. 

As shown in Fig. 6, the cross-sectional    
SEM images of both the VN monolithic film     
and VN/TiN−Ni nano-multilayered films display 
uniform film thickness, smooth surfaces, and no 

apparent defects. In Figs. 6(b−e), as the deposition 
time of the TiN−Ni layer increases, the cross-section 
of the nano-multilayered films reveals numerous 
columnar grains. When TTiN−Ni꞉TVN=10꞉12, as seen  
in Fig. 6(e), transverse stripes become visible, 
indicating the presence of a nano-multilayered 
structure. With further increases in the TiN−Ni 
deposition time, when TTiN−Ni꞉TVN=12꞉12, the 
columnar grain structure disappears, and the nano- 

 

 
Fig. 5 TEM−EDS analysis of VN/TiN−Ni nano-multilayered films with TTiN−Ni꞉TVN of 10꞉12: (a) Elemental composition; 
(b) Elemental depth profile with corresponding part of TEM cross-section image 
 

 
Fig. 6 Cross-sectional SEM images of VN/TiN−Ni nano-multilayered films with different deposition time: (a) VN 
monolithic film; (b) TTiN−Ni꞉TVN=4꞉12; (c) TTiN−Ni꞉TVN=6꞉12; (d) TTiN−Ni꞉TVN=8꞉12; (e) TTiN−Ni꞉TVN=10꞉12; (f) TTiN−Ni: 
TVN=12꞉12 
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multilayered film transitions into amorphous state,  
as shown in Fig. 6(f). The thickness of the nano-
multilayered films initially increases and then 
decreases with increasing deposition time of the 
TiN−Ni layer, measuring 750, 1063, 1166, 1241, and 
782 nm, respectively. The thickness reaches its 
maximum when TTiN−Ni꞉TVN=10꞉12. Differences in 
microstructures lead to variations in nucleation and 
crystallization rates during deposition, ultimately 
influencing the deposition thickness of the nano-
multilayered films [31,32]. 
 
3.2 Hardness and elastic modulus 

Under identical preparation conditions, the 
hardness and elastic modulus of the VN monolithic 
film and the VN/TiN−Ni nano-multilayered films are 
compared in Fig. 7. The VN monolithic film exhibits 
values of 18.2 GPa and 204.1 GPa, respectively. For 
the VN/TiN−Ni nano-multilayered films, these 
properties initially increase and then decrease as the 
TTiN−Ni꞉TVN ratio rises. The peak values, 23.9 GPa and 
317 GPa, occur at TTiN−Ni꞉TVN of 10꞉12. However, as 
the ratio reaches 12꞉12, these values drop to 
18.7 GPa and 207.9 GPa, respectively. This decline 
is attributed to the amorphous state of the nano-
multilayered films when the TiN−Ni modulation 
layer becomes thicker, leading to a disruption of the 
coherent interfacial structure. 
 

 
Fig. 7 Hardness and elastic modulus for VN/TiN−Ni 
nano-multilayered films with different TiN−Ni deposition 
time 
 
3.3 Toughness 

Material toughness can be evaluated using 
H 

3/E 
2 and H/E [33−36]. Here, H 

3/E 
2 reflects the 

plastic deformability of the films, where higher 
values indicate an enhanced ability to absorb energy 
during deformation and fracture. Meanwhile, H/E 
measures the resistance of the films to cracking, with 

larger values suggesting superior wear resistance. 
Figure 8 illustrates the H/E and H 

3/E 
2 values 

for both the VN monolithic film and VN/TiN−Ni 
nano-multilayered films. The VN monolithic film 
exhibits values of 0.075 and 0.102 GPa, respectively. 
Notably, the nano-multilayered films display higher 
values than the monolithic film, showing an initial 
increase followed by a decrease as the TTiN−Ni꞉TVN 
ratio increases, similar to the trend observed for 
hardness. At TTiN−Ni꞉TVN of 10꞉12, the peak values of 
0.082 and 0.173 GPa are achieved, indicating 
optimal toughness. However, when the ratio reaches 
12꞉12, the values decrease to 0.077 and 0.111 GPa, 
signifying a deterioration in the toughness of the 
films. 

 

 
Fig. 8 H/E and H 3/E2 ratios of VN/TiN−Ni nano-
multilayered films with different TiN−Ni deposition  
time 
 

Figure 9 compares the nanoindentation crack 
lengths, c, of the VN monolithic film and the 
VN/TiN−Ni nano-multilayered films. The crack 
length (c) is measured nine times, with the maximum 
and minimum values excluded, and the mean and 
standard deviation calculated from the remaining 
seven measurements. Under the same loading 
conditions, the monolithic film exhibit a c value of 
11.1 μm, as shown in Fig. 9(a). In contrast, the nano-
multilayered films display an initial reduction in c 
value, followed by a gradual increase. Despite this 
variation, all c values remain smaller than the value 
of the monolithic film, indicating that the nano-
multilayered structure enhances toughness compared 
to the monolithic film. As depicted in Fig. 9(c), the 
shortest c value, 5.9 μm, occurs when the TTiN−Ni꞉TVN 
is 6꞉12, signifying the highest fracture toughness 
among the nano-multilayered films. However, with 
an increase in TiN−Ni sublayer deposition time 
(TTiN−Ni꞉TVN of 12꞉12), the indentation morphology 
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becomes irregular. This leads to a decline in fracture 
toughness, as illustrated in Fig. 9(f). 

Figure 10 presents FIB-milled cross-sectional 
TEM images of the nanoindentation deformation 
zone in the VN/TiN−Ni nano-multilayered films 

with a TTiN−Ni꞉TVN of 10꞉12. Cracks initiate at the 
surface and propagate into the interior of the films. 
Both radial and lateral cracks are visible on either 
side of the nanoindentation, as illustrated in 
Fig. 10(c). An enlarged view of the crack-tip region, 

 

 
Fig. 9 SEM images of indentation-induced cracking for VN/TiN−Ni nano-multilayered films with different TiN−Ni 
deposition time: (a) VN monolithic film; (b) TTiN−Ni꞉TVN=4꞉12; (c) TTiN−Ni꞉TVN=6꞉12; (d) TTiN−Ni꞉TVN=8꞉12; (e) TTiN−Ni꞉ 
TVN=10꞉12; (f) TTiN−Ni꞉TVN=12꞉12 
 

 
Fig. 10 Crack-tip cross-sectional TEM images of VN/TiN−Ni nano-multilayered films with TTiN−Ni꞉TVN of 10꞉12:      
(a) FIB-milling position; (b) In low-magnification; (c) In medium-magnification; (d) In high-magnification 
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shown in Fig. 10(d), reveals distinct lateral cracks at 
the interfaces between the VN and TiN−Ni layers. 
These cracks propagate under residual stress [37]. 
Crack deflection at the interfaces reduces the crack-
driving force, contributing to film toughening and 
enhancing its damage resistance [38]. 
 
4 Discussion 
 
4.1 Microstructure evolution 

Based on XRD and TEM results, when the 
TTiN−Ni꞉TVN is no greater than 10꞉12, the TiN−Ni layer 
undergoes a transformation into an FCC structure. 
This occurs due to the “template effect” of the VN 
layer, enabling coherent growth between the TiN−Ni 
and VN layers. In the VN/TiN−Ni nano-multilayered 
films, the TiN−Ni crystal layer further enhances the 
growth and structural integrity of the VN crystal 
layer, as evidenced by intensified diffraction peaks 
in the XRD patterns. A similar mechanism is 
observed in other nano-multilayered films, such as 
TiN/AlTiN [39], Ti/TiN [40,41], Cu/TiN [42], and 
TiBN/TiN [43]. The structural transformation caused 
by the TiN−Ni modulation layer in VN/TiN−Ni 
nano-multilayered films can be explained using a 
thermodynamic model [44]:  

total bulk str TiN Ni int=( + ) +E E E t E−                 (1) 
 
The total energy of the TiN−Ni layer (Etotal) 

comprises three components: the strain-free bulk 
energy (Ebulk), strain energy (Estr), and interfacial 
energy (Eint). The thickness of the TiN−Ni 
modulation layer (tTiN−Ni) significantly influences the 
energy balance, with Eint representing the interfacial 
energy between the VN and TiN−Ni layers. When 
TTiN−Ni꞉TVN is below 10꞉12, the TiN−Ni layer is thin 
enough that Eint becomes the dominant factor in Etotal, 
allowing epitaxial growth between the TiN−Ni and 
VN layers. However, as the ratio increases to 12꞉12, 
tTiN−Ni surpasses a critical threshold. At this point, 
Ebulk and Estr contribute more significantly to Etotal, 
disrupting the coherent interface structure between 
the VN and TiN−Ni layers. 

The microstructural evolution of VN/TiN−Ni 
nano-multilayered films is illustrated in Fig. 11. 
When the TTiN−Ni꞉TVN is less than 10꞉12, the  
TiN−Ni composite layer undergoes a structural 
transformation driven by the template effect of the 
VN layer. This process establishes a coherent 

interface between the VN and TiN−Ni layers, 
significantly lowering the interfacial energy between 
them. 
 

 

Fig. 11 Schematic of microstructural evolution of VN/ 
TiN−Ni nano-multilayered films with different TiN−Ni 
deposition time: (a) TTiN−Ni꞉TVN=10꞉12; (b) TTiN−Ni꞉TVN= 
12꞉12 
 

Due to the thermodynamic incompatibility 
between Ni and TiN, the Ni phase separates from the 
TiN−Ni composite structure, forming an interfacial 
phase that encases the TiN nanograins to minimize 
interfacial energy [29], as indicated by the dashed 
line in Fig. 11(a). The epitaxial relationship between 
the Ni interface and the TiN grains promotes the 
crystallinity in the films. The combination of the 
coherent interface and the phase-separation interface 
within the modulation layer helps to suppress 
dislocation motion, thereby enhancing the 
strengthening effect of the nano-multilayered films. 

When the TTiN−Ni꞉TVN reaches 12꞉12, the 
coherent growth structure between the VN and 
TiN−Ni layers is no longer sustained, and the 
template effect of the VN layer on the TiN−Ni layer 
diminishes, as shown in Fig. 11(b). Consequently, 
the crystallinity of the films deteriorates, and the 
cross-sectional morphology exhibits an amorphous 
state, as seen in Fig. 6(f). This microstructural 
evolution results in the loss of the strengthening 
effect, leading to a rapid decline in the mechanical 
properties of the films. 
 
4.2 Strengthening and toughening mechanisms 

The strengthening effect of VN/TiN−Ni nano-
multilayered films can be explained using the 
Koehler modulus-difference theory [45], alternating 
stress-field strengthening [46], and the Hall−Petch 
relationship [47]. According to the Koehler 
modulus-difference theory, dislocations crossing the 
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film interface are resisted by the two sublayers due 
to their differing shear moduli. A greater modulus 
difference increases this resistance, enhancing the 
strengthening effect of the films. In this study, the 
shear moduli of VN and TiN−Ni monolithic films  
are 19.3 GPa and 14.8 GPa, respectively, and the 
modulus difference between adjacent sublayers 
increases at a higher TTiN−Ni꞉TVN ratio. It is important 
to note that the formation of coherent interfaces    
is a critical condition for the applicability of the 
modulus-difference theory [28]. 

The theoretical lattice parameters for VN, TiN, 
and Ni are 4.12, 4.241, and 3.52 Å, respectively. 
Although VN and TiN−Ni share the same crystal 
structure, the lower-content TiN and the Ni interface, 
with their smaller lattice parameters, are subjected to 
tensile stresses. In contrast, VN, with its larger lattice 
parameters, undergoes compressive stresses within 
the epitaxial growth structure. This interplay results 
in an alternating compressive−tensile stress field 
along the growth direction, which hinders the 
dislocation motion and significantly enhances the 
strengthening of the VN/TiN−Ni nano-multilayered 
films. Additionally, the insertion of modulation 
layers disrupts the formation of coarse columnar 
grains, leading to grain refinement that further 
increases the strength of the films. 

The critical stress intensity factor, KIC, is used 
to assess the fracture toughness of film materials and 
is defined by Eq. (2) [48]:  

1/2

IC 3/2= E PK δ
H c

   
   
   

            (2) 
 
where δ is assigned a value of 0.016 for a Berkovich-
type indenter, P is the maximum load (mN), and c 
represents the average radial crack length (μm). 

The KIC values for the VN monolithic film and 
the VN/TiN−Ni nano-multilayered films are shown 
in Fig. 12. The VN monolithic film has a KIC value 
of 1.24 MPa·m1/2. As the TiN−Ni layer deposition 
time increases, the KIC values of the nano-
multilayered films initially rise and then fall.    
The peak KIC value of 1.86 MPa·m1/2 occurs at 
TTiN−Ni꞉TVN of 10꞉12. However, as the TTiN−Ni꞉TVN 
ratio increases further to 12꞉12, the KIC value 
decreases to 1.17 MPa·m1/2. The fracture toughness 
of the VN/TiN−Ni nano-multilayered films is 
roughly 50% higher than that of the VN monolithic 
film. 

Multilayered structure is an effective strategy 
for enhancing the hardness and toughness of films 
[49,50]. The toughening mechanisms in VN/TiN−Ni 
nano-multilayered films include beneficial coherent 
interfaces and phase separation in the TiN−Ni layers. 
The nano-multilayered interface helps to limit shear 
cracking by facilitating interlayer slip, acting as an 
additional stress-relief mechanism [51]. At the same 
time, the coherent interface between the VN and 
TiN−Ni layers enables the alternating stress field to 
lower the activation energy needed for dislocation 
movement, thereby improving fracture toughness 
[52]. When cracks propagate along the interface,  
the interlayer can directly cause crack deflection, 
hindering crack growth and greatly enhancing the 
fracture resistance of the films. The greater the crack 
deflection along the interface, the more effectively 
the loading stress is released, resulting in a more 
pronounced toughening effect. 
 

 
Fig. 12 Fracture toughness of VN/TiN−Ni nano-
multilayered films with different TiN−Ni deposition time 
 

In nanocomposite structures, metals like Ni, Cu, 
or Y typically do not form stable nitrides and instead 
exist as separate interfacial phases [53−55]. The 
TiN−Ni nanocomposite films have been previously 
developed [29]. When the Ni ratio is below 4꞉21, the 
thermodynamic incompatibility between TiN and Ni 
causes the Ni interface phase to coherently grow 
with the adjacent TiN nanocrystals. This growth 
reduces interfacial energy and improves the 
crystallinity of the films. Moreover, the inclusion of 
Ni disrupts and subdivides the TiN columnar grains 
into equiaxed TiN nanocrystals, leading to a 
continuous decrease in grain size, enhanced film 
hardness, and improved toughness [28]. When 
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TTiN−Ni꞉TVN is 10꞉12, the separate TiN and Ni layers 
within the modulation layer adopt an FCC structure, 
influenced by the template effect of the VN layer. 
Simultaneously, the coherent structure within the 
modulation layer positively affects the mechanical 
properties of the films, effectively hindering the 
initiation and propagation of cracks. 

As a result, the VN/TiN−Ni nano-multilayered 
films exhibit superior fracture toughness compared 
to monolithic VN films. Similar effects in enhancing 
fracture toughness have been observed in Fe-doped 
Cr(Fe)/CrN composite materials [56], Ni-enhanced 
TiB2 coatings [57], W-doped Ni/Ni3Al−W films [58], 
and Ni mixed with nc-CrAlN/a-SiNx films [59]. 
These findings suggest that the presence of an 
appropriate amount of a metal-ductile phase 
contributes positively to the toughening effect of 
multilayer films. 
 
5 Conclusions 
 

(1) When TTiN−Ni꞉TVN=10꞉12, the diffraction 
peak intensities of the VN/TiN−Ni nano-multi- 
layered films reach their maximum, resulting in 
optimized crystallinity. The films are composed of 
VN, TiN, and Ni phases. 

(2) The hardness and elastic modulus achieve 
peak values of 25.9 GPa and 317 GPa, respectively, 
with H/E and H 3/E 2 values of 0.082 and 0.173 GPa, 
when the TTiN−Ni꞉TVN ratio is 10꞉12. The optimal  
KIC value is 1.88 MPa·m1/2, which represents an 
improvement of approximately 50% compared to the 
VN monolithic film. 

(3) The strengthening of VN/TiN−Ni nano-
multilayered films is primarily attributed to the 
modulus difference theory, the alternating stress  
field, and the Hall−Petch relationship at coherent 
interface. Additionally, the favorable coherent 
interfacial structure and the formation of separated 
phases within the modulation layer contribute to  
the enhanced fracture toughness of the nano-
multilayered films. 
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摘  要：采用反应磁控溅射技术，在硅基底上制备了 VN/TiN−Ni 纳米多层膜，系统研究了调制层厚度对界面结

构和力学性能的影响。通过 X 射线衍射、扫描电子显微镜、X 射线光电子能谱、透射电子显微镜以及纳米压痕

测试对薄膜进行了表征。结果显示，TiN−Ni 层在 VN 层上外延生长，两个子层之间形成了共格界面结构。当两

个子层的调制沉积时间比(TTiN−Ni꞉TVN)为 10꞉12 时，薄膜表现出优异的力学性能，其硬度、弹性模量、断裂韧性分

别为 25.9 GPa、317 GPa 和 1.88 MPa·m1/2。与单层 VN 薄膜相比，断裂韧性提高了约 50%，这归因于子层间共

格界面的形成以及 TiN−Ni 层中相分离的促进作用。 

关键词：纳米多层膜；调制层厚度；相分离；强化；断裂韧性 
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