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nanometers. They have hardness, high-temperature oxidation resistance, and low wear
rates, making them popular in surface protection fields, such as engineering machinery,
cutting tools and molds, and electronic instruments. This paper reviews recent research
progress on nano-multilayered films, including their general types, preparation methods,
microstructures, mechanical properties, and corrosion resistance. Furthermore, the
mechanisms of the high hardness and toughness in nano-multilayered films are analyzed
in detail. The future research directions for designing nano-multilayered films with
improved strengthening and toughening properties are discussed.
© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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prepare nano-multilayered films with connected interfaces,
appropriate modulation periods, and multi-element compo-
nents [13,14].

1. Introduction

Thin films, also known as coatings, are a layer of material
applied to a surface to change their properties or appearance
[1—4]. Today advances in the nanotechnology have allowed for
the creation of extremely thin films with specific properties,
which has opened up new possibilities in the fields, including
aviation [5,6], shipping [7], chemical [8], medical devices [9],
and surface protection [10]. However, the disadvantages of
poor toughness, oxidation resistance, and low fatigue resis-
tance in the application process can lead to premature failure
and reduced service life, limiting their potential applications
[11,12]. One effective way to overcome these limitations is to
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Koehler [15] introduced the concept of nano-multilayered
films from a theoretical perspective, predicting that these
structures could significantly improve the hardness and elastic
modulus of materials. In experiments, Yang et al. [16] demon-
strated that nano-multilayered films grown in polycrystalline
form had outstanding mechanical properties similar to single-
crystal films. Lehoczky et al. [17] prepared Al-Cu nano-
multilayered films, showing better strength properties under
modulus difference. Subsequently, anomalous increases in the
hardness and modulus were observed in other metal/metal
systems, such as Cu/Ni [18,19], Ti/Al [20,21], and other binary or
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multi-element composition systems, such as amorphous-
CuZr/crystalline-ZrN [22], Ti/TiN [23], TiN/AIN—Ni [24], TiAIN/
ZrsN, [25], and AICrN/AICISIN [26], to varying degrees. Nano-
multilayered films consist of multiple layers of nanoscale
thickness, with a much larger surface area than monolithic
films of the same thickness. By controlling the material,
thickness, and order of different layers and the contribution of
interfacial and quantum size effects, excellent tuning of me-
chanical properties, biomedicine, optoelectronic effects, etc.,
can be achieved. Nano-multilayered films are widely used in
various fields, such as optoelectronic devices, biomedicine, and
sensors [27—-30].

Fig. 1 displays the microstructures of nano-multilayered
films, where two different nanoscale materials are stacked
on top of each other in the deposition direction of the film. The
thicker layer is called the template layer (Layer A in Fig. 1), and
the thinner layer is called the modulation layer (Layer B in
Fig. 1). The two adjacent layers form a basic unit and maintain
a periodic pattern, whose thickness is the modulation period
of the multilayer film (4 in Fig. 1). Generally, the 4 does not
exceed 100 nm. The ratio of modulation layers A and B
thicknesses is called the modulation ratio (see Fig. 1).

Regarding classification, nano-multilayered films can be
divided into homogeneous and heterogeneous films based on
whether the modulation layer having the same inter-
crystalline structure. They can also be classified into metal/
metal, metal/ceramic, and ceramic/ceramic systems
depending on the constituent elements of the modulation
layer [31,32].

Compared with monolithic films, metal/metal nano-
multilayered films exhibit high strength, morphological sta-
bility, and excellent resistance to high temperature and fa-
tigue [4]. For instance, Al/Ti nano-multilayered films with
thicknesses ranging from 1 to 90 nm were investigated, using
electron magnetron sputtering, and the hardness increased
with decreasing layer thickness without softening. The high
strength mainly originates from the incoherent layer interface

in Fig. 2 [33]. In contrast, Cu/W nano-multilayered films
deposited on Si substrates by ion beams showed that mod-
erate temperatures led to significant in-plane residual
compressive stresses and increased defects, which degraded
the multilayer structures [34]. W/Ti nano-multilayered films
were prepared at different temperatures using the discharge
plasma sintering technique, and their mechanical properties
were found to be dependent on the bonding temperature, with
the highest bending strength of 1847 MPa achieved at 1100 °C
[35].

Because of their exceptional properties and favorable sta-
bility, ceramic materials have become a hot topic in nano-
multilayered film research trends. Metal/ceramic nano-
multilayered films are formed when a modulation layer in
metal/metal nano-multilayered films is designed as a ceramic.
For example, Ti/TiN nano-multilayered films were investi-
gated, based on systematic numerical simulations and sput-
tering experiments [36], and the results showed that the
fracture toughness of the 50-layer nano-multilayered films
was 82 % higher than that of monolithic TiN while main-
taining comparable hardness to the latter. The friction coef-
ficient of AICrN/Cu nano-multilayered films was significantly
lower than that of monolithic AICrN with the same prepara-
tion parameters [37], owing to the surface refined CuO grains
formed at high temperatures. MoS,/Zr nano-multilayered
films were deposited by sputtering [38], and the introduction
of Zr resulted in improved corrosion resistance at high tem-
peratures due to the formation of zirconium oxides, a uniform
and dense nano-multilayer structure. Lastly, Ag/TaC nano-
multilayered films were prepared by magnetron sputtering
[39], and the discontinuous films formed when the 2 nm thick
Ag sublayer was alternately inserted into the TaC sublayer
exhibited a hardness and friction coefficient of ~42 GPa and
0.227, respectively.

Due to the inherent properties of metals, there are limits to
their ability to optimize properties, which has led to the
increased interest in ceramic/ceramic nano-multilayered

Fig. 1 — Schematic structure of the nano-multilayered film.
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Fig. 2 — XTEM images of Al/Ti Al/Ti layer structure (h = 4.5 nm). (a) Low magnification XTEM and SAD modes. (b) EDS map
and line scan of the Al/Ti layer structure. (c) The Ti layer's dual phases [face-centered-cubic (FCC) and hexagonal-close-

packed (HCP)] [33].

films. These films have demonstrated superior mechanical
properties, compared to selected monolithic ceramic films
through non-intrinsic strengthening effects. For instance,
Kong et al. deposited CrN/CrCN nano-multilayered films on
high-speed steels using cathodic arc evaporation with varying
C,H, flow rates [40]. The films exhibited excellent toughness
and adhesion, with hardness and H3/E? values of 24.3 GPa and
0.176 GPa, respectively, when the C,H,:N, ratio was 2.5.
Additionally, the service life of these films was improved by
33 %, compared to uncoated ones. Similarly, CrN/Si;N, nano-
multilayered films with different Si contents were obtained by
magnetron sputtering, demonstrating excellent mechanical
properties attributed to a smooth surface morphology, high-
density structure, and favorable nc-CrN/a-SizN, interface
[41]. Xiao et al. fabricated AICrN/AITiSiN nano-multilayered
films on cemented carbides and Al,0; substrates using
cathodic arc deposition, presenting a denser two-phase or-
ganization with improved hardness and bond strength than
AICrN and AITiSiN monolithic films [42].

This article covers several topics, including trends and
basic types of nano-multilayered films, representative prep-
aration techniques, microstructures, attractive properties,
modeling, and simulations. Finally, the review concludes with
a summary remark and future research directions.

2. Preparation techniques

Nano-multilayered films can be prepared by several tech-
niques, such as physical vapor deposition (PVD) and chemical
vapor deposition (CVD) and electrodeposition. PVD includes
methods like magnetron sputtering, arc ion plating, etc., while
CVD involves atomic-layer deposition, metal-organic chemi-
cal vapor deposition, etc. [43,44].

2.1. Magnetron sputtering

Sputtering is a non-heated evaporation process in which the
target atoms are bombarded from their surface and deposited
onto the substrate by the momentum transfer of high-energy
particles. The substrate is not affected by the deposition
temperature. Magnetron sputtering is an effective physical

deposition method for preparing nano-multilayered films.
The process involves high-speed particles bombarding the
surface of a target material (metal or compound) to create a
process of sputtering and ionization that results in the for-
mation of layers of nanofilms. The target material is mounted
on a target holder in a vacuum chamber, and a substrate is
placed in the chamber to receive the sputtered material. The
gas in the vacuum chamber is pumped out to maintain a
certain vacuum level, and the desired working gas, such as
argon, nitrogen, etc., is passed into the chamber to form the
ion source. The ions in the working gas are excited by elec-
trodes, magnetic fields, or radiation. Hence, they acquire high
energy and accelerate their motion. The ion beam strikes the
surface of the target, causing it to sputter and ionize. The
sputtered material is deposited on the substrate by the mag-
netic field, forming a uniform thin film. The advantages of the
magnetron sputtering technology are low cost, high produc-
tivity, and effective control of the deposition of the ion-
sputtered material and the properties of the film, making it
widely used for the preparation of nano-multilayered films.
The principle is shown in Fig. 3. It has two working modes,
direct current (DC) and radio frequency (RF). The former works
with the metal target and operates independently of the target
composition. Both modes can be performed simultaneously if
necessary [45—47].

Duetal. used magnetron sputtering to synthesize AlsqCrsoN/
AlgoCryoN nano-multilayered films with different modulation-
layer thicknesses [49]. When the modulation-layer thickness
was less than 0.9 nm, the film transformed into a FCC structure
due to the templating effect of the main layer and maintained
coherent epitaxial growth. The films' hardness and elastic
modulus reached 39.2 GPa and 356.4 GPa, respectively. ZrO,Ny/
V,03 nano-multilayered films as a function of N,/Ar ratio were
fabricated by reactive magnetron sputtering [50]. The K;c values
increased about 2.15 times when the N,/Ar ratio was increased
from 5/30 to 20/30, indicating that the reactive gas parameters
have an essential role in magnetron sputtering. Villamayor
et al. synthesized highly photo-catalytically active layers by
combining TiO,-nanostructured coatings with 10 nm and
20 nm NiO layers using DC magnetron sputtering [51]. The
formation of p-n heterojunctions between the TiO, layer and
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Fig. 3 — Schematic diagram of the mechanism of a magnetron sputter coating machine [48].

the 10 nm NiO layer improved the degradation rate, compared
to the bare TiO, layer. However, there was almost no difference
when increasing the NiO-sputtering power and the coating
thickness to above 20 nm.

Beltrami et al. deposited two types of nano-laminar coat-
ings, CrN/y-Mo,N and CrN/B-W,N, on typical tool steels, using
DC magnetron sputtering, and comparatively characterized
them [52]. The results showed that improving the nano-
structure characteristics of the coatings was beneficial to
improve their mechanical behavior and corrosion perfor-
mance. The thin bilayer cycle CrN/W,N had both the high
hardness of B-W,N and the excellent corrosion resistance of
CrN. The mechanical properties of the CrN/Mo,N system were
also improved with the thinner bilayer cycle, exceeding the
values of the components. Meanwhile, the corrosion perfor-
mance was better than the single-layer CrN and y-Mo,N
coatings. These results suggest that grain refinement obtained
by reducing the thickness of the tissue layer is the basis for
improving the alloy's mechanical characteristics and corro-
sion performance. Ku et al. prepared stable epitaxial ZrTiN/
NbN superlattices (SL) using magnetron sputtering. The
thickness ratio of ZrTiN to NbN layers was 2.71-0.43 [53].
When the NbN sublayer thickness was more significant than
3 nm, the unstable cubic-NbN transformed to hexagonal-NbN,
forming a polycrystalline structure. Due to the nano-laminar
structure of ZrTiN/NbN, the hardness and toughness of the
multilayer ceramic coatings were improved, compared to the
single layer. The nano-scratch showed a step-like curve on the
multilayer, the main factor hindering crack expansion. These
findings suggest that ZrTiN/NbN is a potentially hard and
tough ceramic coating.

The magnetron sputtering technology offers several
advantages, such as a fast deposition speed, low ambient
temperature, and ease of manipulation. By adjusting the

heat-treatment temperature and time after magnetron
sputtering, it is possible to obtain nano-multilayered films
with varying crystallinity, which facilitates the custom-
ization of their properties [44,54]. However, it is essential to
note that magnetron sputtering requires a high vacuum and
equipment with high hermeticity.

2.2. Arc-ion plating

Arcion plating is a surface treatment process that utilizes arc
discharge plasma technology to deposit metal ions on the
surface of a substrate, forming a thin film. The process in-
volves using a high-energy arc discharge to generate a plasma
that evaporates the metal source and reacts with the ions in
the vapor through the ions of the reaction gas, ionizing, and
depositing it onto the substrate surface [55,56].

The working principle of arc-ion plating involves heating
and evaporating a metal source [e.g., titanium, stainless steel
(SS), chromium, etc.] and ionizing it under a vacuum or inert
atmosphere using a high-energy arc discharge. Next, the re-
action gas (nitrogen, oxygen, argon, etc.) is introduced into the
chamber and ionized by the arc discharge. The ionized gas
then reacts with the metal ions to form a thin film on the
surface of the substrate. The trajectory of the ions of the re-
action gas differs from that of the ions in the vapor, generating
a strong magnetic field on the substrate surface, resulting in
more uniform ionization and deposition.

Arc-ion plating can produce high-quality nano-multilay-
ered films. Fig. 4 shows the working principle of arc-ion
plating [57].The thickness and composition of the deposited
layers can be controlled by adjusting parameters, such as the
electron energy and current density, and the films can be
deposited uniformly in a relatively short time. Moreover, arc-
ion plating can introduce various metallic elements and
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Fig. 4 — Schematic diagram of the multi-arc ion-plating system: (a) front view. (b) top view [57].

compounds into the coating, adding to its unique function-
ality. Arc-ion plating can form dense and uniform films and
improve the wear, corrosion, and high-temperature resis-
tance of material surfaces without changing the properties of
the substrate material. Its potential applications include
aviation, automotive, machinery manufacturing, electronics,
and other fields.

The (Al,Cr),05/ZrO,-nano-multilayered films were synthe-
sized on nickel-based high-temperature alloys by arc-ion
plating [58]. The resulting alloy demonstrated high resis-
tance to oxidation at 1200 °C due to the formation of the
amorphous-Al,0; phase and interlayer interface in the film,
which prevented oxygen diffusion into the interior. The
Ti(CuNiZr)N/AICr(SiW)N nano-multilayered films were also
synthesized, using arc-ion plating [1]. The multilayer struc-
ture exhibited higher mechanical behaviors with a hardness,
H/E, H%/E?, and bond strength of 36.0 GPa, 0.09, 0.291 GPa, and
93 N, respectively. Hu et al. prepared dense and uniform large-
thickness Cr/CrN multilayer films (>42 um) on the surface of
the SS by arc-ion plating [59]. The results showed that the Cr/
CrN multilayer film exhibited high adhesion, hardness, and
great wear resistance to the steel substrate, compared to the
Cr monolayer film. A nitrogen-diffusion phenomenon was
also observed, and a solid organic bond formed inside the
thick Cr/CrN multilayer film, creating elemental gradients and
microstructures. Ma et al. deposited TiAlSiN/TiN multilayer
coatings and TiAlSiN monolayer coatings on the surface of the
TC18 alloy using a multi-arc ion-plating technique [60]. The
adhesion force of the multilayer coating was 62.4 N, while that
of the monolayer coating was 51.8 N. Tribological studies
indicated that the wear rate of multilayer-coating specimens
was 1/7 that of single-layer coating specimens, and this effect

was related to the grain refinement caused by the multilayer
structure in the coating.

2.3. Chemical-vapor deposition

Chemical vapor deposition (CVD) is a process where multiple
reactants undergo a chemical reaction, leading to the depo-
sition of thin films on material surfaces. This process is
commonly used to prepare nano-multilayered coatings with
various properties and is widely applied in functional, anti-
corrosion, and optical coatings, among others. The working
principle of CVD consists of two main steps: reactant delivery
and surface deposition, as shown in Fig. 5 [61]. First, specific
reactants, such as gas or liquid, are introduced into the reac-
tion chamber. Under high-temperature conditions, these
reactants undergo chemical reactions and decompose into
high-activity intermediates. These intermediates are then
transported to the surface where the deposition occurs.
Through processes, such as adsorption and diffusion, solid
deposits are formed on the surface, initiating the formation of
the first nanolayer of the individual coating. This process is
continuously repeated to create a clear interface between
each nanolayer, and finally, the desired thin film is formed. In
summary, the chemical-vapor deposition technology utilizes
chemical reactions and gas-diffusion principles to prepare
nano-multilayered films by heating and transporting the
reacting material to the substrate surface.

The thermal-shock resistance of monolithic TaC films and
SiC/TaC/SiC/TaC multilayered films were compared by a CVD
process using an arc heater [62]. As a result of the SiC layer
oxidation, the multilayer structure showed a protective
amorphous coating, and the porous Ta,Os layer protected the



2418

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;27:2413-2442

Reactant gas
|

Gas-phase reaction

N

@) d

(a) Mass transport

Gas diffusion

Adsorption

©

o ©— By-products |

Boundary
@) layer
©— Intermediate
- reactants @) OO
Desorption and /‘
b mass transport ¢

©
090— 39— ¢ © 0 —O— ‘el

Heterogeneous reaction

Fig. 5 — Schematic of general elementary steps of a typical CVD process [61].

internal C/C. The MoS,/WS, heterostructures on SiO,/Si sub-
strates were prepared using the CVD process [63]. The results
demonstrated that MoS,/WS, thin films were promising het-
erostructure materials. The optical responsiveness of multi-
layer MoS, field-effect transistors was improved by more than
50 times using MoS,/WS, heterostructures as the channel
material for phototransistors. The TiN/TiBN multilayered
films with 4 values of 1400, 800, 300, and 200 nm were pre-
pared, using the thermal CVD [64]. The results showed that
reducing the /4 value contributed to the grain refinement and
increased the hardness of the multilayered film. The hardness
was elevated from 28 GPa to 31 GPa. TiN/MT-TiCN/Al, 05/
TiCNO multilayered films were fabricated on the cemented
carbide by CVD [65]. The results showed that micro-blasting
significantly reduced the surface roughness and transformed
the residual tensile stress into compressive stress. The film
friction coefficient was reduced, and the residual compressive
stress increased the hardness and adhesive strength. The
epitaxial superconducting (Nb,Ti)N films were deposited,
using a CVD technique with an in situ production of pre-
cursors, as presented in Fig. 6 [66]. The results demonstrate
that the composition of the films is controlled by the chemical
composition of the gas phase, and the cubic phase (Nb,Ti) is
the thermodynamically stable phase from 800 °C to 1300 °C
under the classical CVD. Hexagonal (Nb,Ti)N is formed by a
“nitride-like” process under reactive CVD up to 1200 °C. This
technique allows to control the superconducting properties of
the film by controlling the Ti composition.

PVD and CVD are two commonly used techniques for thin
film formation. PVD involves converting a solid material into a
gaseous state through physical means, such as ion bombard-
ment or thermal evaporation, and depositing it onto a sub-
strate. The resulting film composition is comparatively
controllable. PVD requires high vacuum conditions, leading to
high equipment costs. CVD utilizes a chemical reaction to
produce a gaseous precursor for forming a thin film on the
substrate, which performed at higher temperatures. The
chemical reaction process may produce incompletely degraded
by-products, such as toxic gases, which require a subsequent
treatment. Additionally, due to the high-temperature diffusion
of atoms, the interfaces between sublayers in CVD coatings are

usually not sharp, which is beneficial to improve the adhesion
between the layers. Finally, the CVD process has a slower
deposition rate than the PVD.

2.4. Electrodeposition

Electrodeposition is a traditional surface modification method
to improve materials' surface, decorative, and functional
properties. Its principle is illustrated in Fig. 7 [67]. Electrode-
position involves the reduction of charged metal ions to metal
deposits on the surface of a conductive substrate through an
electrochemical reaction to form a layer-by-layer coating. The
multilayer structure of the coating can be controlled by
adjusting parameters, such as the electrodeposition time,
current density, and electrolyte formulation [68,69].

The process involves selecting a suitable conductive sub-
strate material, for example copper or SS, for the surface finish
and cleaning treatment. The cathode is usually the substrate
material for the film to be prepared, while the anode is used to
provide metal ions. The electrolyte is then prepared by
selecting a suitable electrolyte according to the coating re-
quirements, such as an acidic, alkaline, saline solution, copper
sulfate, or nickel-salt solution. Additives are added in a
particular proportion to control the structures and properties
of the coating. Next, the electrodeposition parameters are
adjusted to set appropriate values, for instance, the electro-
deposition time, current density, and temperature, to achieve
the desired coating thickness and multilayer structure. The
film is grown by continuously reducing metal ions to the metal
on the cathode surface, gradually reaching the desired thick-
ness. The multilayer coated substrate, after electrodeposition,
is usually washed and dried to make its surface smooth and
uniform. This process can prepare multilayer nano-coatings
with a high nano-level thickness control, excellent corrosion
resistance, and high-temperature oxidation resistance. An
electrodeposition technology has the advantages of high effi-
ciency, low cost, and easy control, making it widely used in
preparing various thin metal and alloy films in microelec-
tronics, sensors, optics, and biomedical fields.

The Ni—Co—P multilayer films were prepared using pulsed
electrodeposition with a cathode duty cycle ranging from 20 %
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to 90 % [70]. The results indicated that as the thickness
decreased, the microhardness of the films could be enhanced
up to 700 HV, and the friction coefficient was reduced to 0.4.
The CoMnP/Cu multilayer films were prepared, using the
electrodeposition technique on Cu substrates with layer
numbers ranging from 2 to ~20 um total thickness [71]. As the
number of layers increased, oxgrp (XRD for the apparent crys-
tallite stress) decreased by 8.3 %, 25 %, and 33 %, and of (cur-
vature-measurement methods for the macro-stress)
increased by 7.7 %, 15 %, and 23 %, respectively. The significant
reduction of residual stresses contributes to the durability of
multilayer films. The electrodeposited Cu/Ni multilayer com-
posites were tested in room temperature tension at strain
rates of 5 x 107> to 5 x 10"2 57! [72]. The experimental results
suggested that the back stresses generated at the interlayer
interface increased with the increase of the strain rate and
exhibited a solid work-hardening phenomenon, resulting in
the excellent plasticity of Cu/Ni multilayer composites. How-
ever, one limitation of the electrodeposition technique is the
potential for complexity and undesired surface reactions
when transferring the substrate between the two electrolytes.

Table 1 shows the different deposition techniques for nano-
multilayered films. When discussing the different deposition
techniques for nano-multilayered films, it is essential to
consider the impact that various factors can have on the spe-
cific shearing properties of the films. These factors include
target impurities, deposition rates, growth morphology, struc-
tural defects, and residual stresses. It is also important to note
that the film-preparation technology directly affects the
morphology, roughness, and other characteristics of the film

surface, which can ultimately impact its performance and
stability in its intended application.

3. Microstructures

Variations in microstructures significantly impact the per-
formance of nano-multilayered films, including the 4, mod-
ulation ratio, and material composition. The films comprise
multiple nanometer-thick sublayers, typically a few nano-
meters to tens of nanometers thick. These sublayers can be
different forms of the same material or layers of different
materials. At the microscopic level, the structure of a nano-
multilayer film consists of a plurality of nanograins stacked
together. The grains in each sub-layer have similar sizes and
shapes, bonded through high-energy grain boundaries with a
high dislocation density and plastic-deformation capacity.
Due to the larger surface area of the multilayer structure, the
atomic arrangement and crystal structure at the interface
play a crucial role in the physical and chemical properties of
the film. The type and orientation of the crystal structure in
films determine their mechanical and physical properties,
affecting plastic-deformation behavior in metallic films.
Nano-multilayered films can have either periodic or random
structures, with periodic structures having better optical
reflection and transmission properties and higher physical
stability.

However, the microstructures of nano-multilayered films
include various defects and impurities, such as voids, dislo-
cations, and heterogeneous structures, which can affect the
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Table 1 — Compilation of several nano-multilayered films classified according to the composition and preparation method.

Composition Preparation method References
Cuw/W Ion-beam deposition [34]
AICrN/Cu arc ion plating/magnetron sputtering [37]
CrAIN/CrN arc ion plating [73]
Cr/CrN arc ion plating [59]
Ni—Co—P electrodeposition [70]
CoMnP/Cu electrodeposition [71]
Cu/Ni electrodeposition [72]
Ti/TiAIN arc ion plating [74]
CrN/TiSiN arc ion plating [75]
TiAIN/CNy magnetron sputtering [76]
TiAIN/AIN magnetron sputtering [77]
TiMoN/SizNy magnetron sputtering [78]
T-MLG/Ni chemical vapor deposition [79]
WC/Co chemical vapor deposition [80]
WSe,/In,Se; electron beam evaporation [81]
TisCoTx electro spraying [82]
Ce0,/Zr0, sol gel [83]

HfO,/Zn0 and TiO,/Zn0O Atomic layer deposition [84]
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films' mechanical, electrical, and optical properties. There-
fore, understanding the microstructures of films requires
considering various factors comprehensively. In conclusion,
the microstructures of films are a complex system, and its
properties and behavior depend on multiple factors, including
the sublayer thickness, material composition, crystal struc-
ture, and defects.

3.1. Modulation period

Although nano-multilayered films prepared from different
materials or processes often have various optimal 4, de-
viations from this optimal value can result in unfavorable
conditions for preparing high-quality films. Specifically, if the
A is too large, dislocation shifts may occur in the modulation
layer, whereas if it is too small, interdiffusion of grain
boundaries or effective segregation may not occur. Thus,
obtaining the optimum 4 is crucial for preparing nano-
multilayered films with excellent properties.

It has been observed that when the optimal 4 is achieved,
two adjacent sublayers of the nano-multilayered films grow
together at the grain boundaries, resulting in what is known
as “SL films” [85,86]. For example, Liu et al. prepared AlTiSiN/
AICrSiN nano-multilayered films with different 4 using arc-
ion plating [87]. They found that the hardness increased
from 23.9 GPa to 31.6 GPa as 4 was reduced from 147 nm to
60 nm. Similarly, Kravchenko et al. fabricated (AlsoTiso)N/ZrN
nano-multilayered films with different 4 using arc deposition
[88]. They observed that the same lattice structure of FCC-(Ti,
AN and B1-ZrN contributed to the epitaxial growth of the
sublayers. The films obtained a maximum hardness of
26.5 GPa, when 4 was decreased to 15 nm. Yan et al. deposited
a series of TiAIN/AIN multilayers with different thicknesses of
AlN layers on the 304 SS by a magnetron sputtering system
[77]. When the AIN layer was 3.2 nm, the TiAIN/AIN multi-
layers showed excellent performance with a hardness of
30.98 GPa, a roughness of 20.2 nm, and a friction coefficient of
0.61. Zuo et al. investigated the effects of 4 = 2—36 nm on the
microstructure, mechanical properties and corrosion resis-
tance of TiN/AIN multilayer films [89]. The results showed that
the hardness and corrosion resistance of the films gradually
increased, as 4 ranged from 2 to 12 nm. When 4 = 12 nm, the
best hardness was 29.27 GPa, while the film obtained the
strongest corrosion resistance. With 4 from 26 nm to 36 nm,
the coherent interface of the film may be disrupted, and the
alternating stress field as well as the hardness decreased
sharply.

Overall, the mechanical behavior of nano-multilayered
films typically exhibits extreme values when the 4 falls
within the range of several to more than 10 nm.

3.2 Phase transformations

Nano-multilayered films are composed of many thin films
stacked on each other, with modulation periods typically less
than 100 nm. When the thickness of the modulation layers or
the materials or their ratio changes, a phase transition may
occur, disrupting the original crystal structure and causing a
new crystal structure to appear. This phase transition can
cause changes in the physical and chemical properties of the

film, such as the electrical conductivity, magnetic properties,
and optical properties, making it essential for materials sci-
ence and engineering applications. Additionally, ambient
temperature, pressure, humidity, and other factors can also
affect the occurrence of phase transitions.

The ZrN/Zr, ¢3Al5 37N nano-multilayered films with various
modulation layer thicknesses were fabricated on MgO(001)
substrates using magnetron sputtering at 700 °C [90]. The films
showed the maximum fracture toughness by indentation
when the modulation layer thickness was 2 nm in Fig. 8. Then,
the metastable crystalline-ZrN (c-ZrN) phase transformed into
wurtzite-AIN (w-AIN). When the modulation layer thickness
was increased to 10 nm, the w-AIN was semi-coherent with c-
ZrN, and the films obtained the maximum hardness value of
34 GPa, which was about 31 % higher than that of the mono-
lithic ZrN. In another study, Fe;.xMny (x = 0, 0.18, and 0.35)/
TiB, nano-multilayered films were prepared, using magnetron
sputtering [91]. The moderate addition of Mn to Fe formed a
metastable FCC phase, which transformed into the body-
centered-cubic phase under nanoindentation. The fracture
toughness of FepgoMng1g/TiB, was about twice that of
FegesMng 35/TiB, and Fe/TiB,. In an in-situ microcolumn-
compression experiment, the Ti sublayer of the Al/Ti multi-
layer film transformed from the HCP to FCC phase with a
compressive strength of 2.4 GPa, and the film showed excel-
lent work-hardening ability [92].

3.3. Interfaces

Unlike bulk composites, nano-multilayered films contain
multiple interfacial structures, where the bulk fraction de-
termines the properties. Coherent, semi-coherent, and inco-
herent interfaces are presentin these films, and the interfacial
structure affects their material properties, such as high
strength, fracture toughness, and fatigue resistance [31].

A coherent interface is formed when two modulated layer
phases of the multilayer films have the same atomic config-
uration, and the two crystals are perfectly matched in the
orientation at the interface [93]. The effect of the coherent
growth model on the hardness of the VN/TiB, multilayers was
shown in Fig. 9. When tyn:tris2 (t, thickness) was 7:1, the TiB,
layer induced crystallization and maintained the same crystal
structure as VN. The results showed that the hardness and
elastic modulus of the nano-multilayered film achieved
41.8 GPa and 492 GPa, respectively. Meanwhile, the VN/TiB,
multilayer experiment verified the deduction by the coherent
growth model. Du et al. [94] investigated the mechanical
properties of TiN/CrN multilayers with modulation periods of
17.8 nm and 6.7 nm, respectively. The results showed that the
reinforcement effect induced by the coherent interface
increased the hardness from 27.5 to 29.4 GPa.

The strain induced by coherent interfaces raises the total
energy of the system. Semi-coherent interfaces, where peri-
odic dislocations occupy the mismatch sites, are energetically
more favorable for sufficiently large atomic mismatches or
interface areas. The semi-coherent interface has a significant
lattice mismatch, resulting in low shear resistance. Fig. 10
shows the rod-like Al,03/GdAlO5(GAP) eutectic organization
perpendicular to the growth direction [95]. The rod-shaped
GAP phase formed internally to the orthorhombic GAP phase
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Fig. 8 — Cross-sectional BF-TEM micrographs and SAED patterns of the multilayers with a Zr g3Alg 37N layer thickness of
(a—c) 30 nm and (d—f) 2 nm. The SAED patterns are taken far away from the indents in (b) and (e) and under the indent in

(c) and (f) [90].

and was inserted into the a-Al,0; matrix. While the Al,03 and
GAP phases were separated, their interface was semi-
coherent with no amorphous phase. The electron diffraction
in Fig. 10(b and c) confirmed the apparent orientation of the
two phases.

When two adjacent interfaces have different atomic con-
figurations with interatomic distances greater than 25 %, the
entire interface cannot be matched and is defined as inco-
herent. There are significant lattice differences between Fe
(2.87 A) and W (3.16 A) [96]. Ren et al. [97] investigated the
interfacial structure of the Fe/W nano-multilayered film and
revealed that the thermal stability of the incoherent Fe/W
interface was lower than the coherent interface. The rein-
forcement mechanism of the incoherent interface is compli-
cated due to the lower interfacial shear strength and resulting
dislocation accumulation.

Coherentinterfaces can inhibit dislocation motion and refine
grains. The crystal structure and similar lattice parameters at

the coherent interface allow the adjacent layers to have
continuous slip systems. In addition, the small lattice mismatch
generates higher stresses and improves the hardness of the film.
Semi-coherent interfaces with high diffusivity and low defor-
mation energy can also prevent slip transport and enhance
hardness [98,99].

3.4. Ductile metallic phase

The toughness phase in nano-multilayered films often refers
to incorporating some phases with toughness or high plas-
ticity on a brittle substrate. The ductile phase usually has a
high plastic-deformation ability and good toughness, which
can effectively absorb and disperse the external stress and
reduce the stress concentration effect of the film, thus
improving the shear resistance of the whole film. At the same
time, the ductile phase can absorb more energy when the
crack expands, limiting the crack expansion [100—102].
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Thinner metal layers can enhance the hardness, tough-
ness, and wear resistance of the nano-multilayer film, and
the smooth metal nanoclusters can reduce its friction coef-
ficient. Ren et al. [39] prepared Ag/TaC nano-multilayered
films with Ag thicknesses from 2 to 14 nm by magnetron
sputtering. When the Ag layer was 2 nm, it formed a
discontinuous growth layer that increased the film hardness
to 42 GPa based on the Orowan mechanism. The nano-
clusters and AgTaOs; phase generated at the contact surface
reduced the friction coefficient to 0.227. The (CrN/ZrN)/(Ct/
Zr) nano-multilayered films contained metal modulation
layers [103]. Its hardness reached 34 GPa while its H/E > 0.1
and H*/E” = 0.36 GPa.

The selection of appropriate materials as the ductile
phase is crucial to improving the mechanical properties of

nano-multilayered films. Metal is a material with good plas-
ticity and ductility, which can be effectively used as the ductile
phase in the films. The deformation of the metallic phase can
absorb stresses and avoid the extension of interlayer cracks
through a dislocation-slip mechanism. The Ag, Ti, and Ta cubic
phase sublayers in nano-multilayered films usually exhibit
better ductility and absorb considerable fracture energy during
crack propagation, allowing the films to achieve excellent
fracture toughness. However, HCP phases, such as W and Zr,
which possess fewer slip systems, make the films exhibit
strong brittle properties [3]. In conclusion, the ductile phase is
an essential structure in nano-multilayered films that can
significantly improve the films' toughness, ductility, and frac-
ture resistance, enabling them to better adapt to stresses and
deformations under various external environments.



2424

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;27:2413-2442

GdAIO, *
7=1001]

Fig. 10 — (a) bright-field TEM of the Al,O;/GAP rod-like eutectic in the transverse cross-section, (b and c) indexed Fast Fourier
transforms, and (d) HRTEM micrograph of the interface structure along with (e) a corresponding Fourier filtered image. The
red box highlights the position observed in (d) and (e) in (a) [95].

4. Mechanical property

4.1. Hardness

Nano-multilayered films exhibit the phenomenon of super-
hardness when the sublayers are reduced to the nanoscale,
with hardness exceeding 40 GPa [104,105]. This effect is due to
the combination of their unique structures and compositions.
Firstly, nano-multilayered films typically consist of inter-
locking nanograin layers with dense grain boundaries, which
effectively restrict the grain movement and increase the
hardness of the material. Secondly, by the alternate deposi-
tion, complex structures can be formed, leading to changes in
the microstructures and physical properties of the material,

which ultimately contribute to the improvement of hardness.
Therefore, the mechanism of super-hardness of nano-
multilayered films involves a variety of factors, including
the grain-boundary microstructures and
compositions.

Helmersson et al. discovered the super-hardness effect in
the TiN/VN nano-multilayered film with a hardness exceeding
50 GPa, which highlighted the film's significant research value
and potential applications [108]. Fig. 11(a)and(b) shows the
TiN/WN SL structures with a bilayer period of 8.1 nm, and the
film reaches a maximum hardness of 36.7 GPa. It seems
reasonable that the TiN/WN SL structures roughly follow a
model that neglects coherency strains and centers on differ-
ences in the elastic moduli of the layers [106]. With experi-
mental research and theoretical simulation, Chen et al.

confinement,
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revealed the structural evolution of single-crystal TiN/AIN SL
during nanoindentation on the atomic scale [107]. Fig. 11 (c)
shows the TEM image and stress state of the interfacial
deformation region of the coating. Many accumulated dislo-
cations exist in the interfacial deformation region, as shown
schematically in Fig. 11 (d). The elevated dislocation density
and localized stress enhancement mainly originate from the
localized phase transition within the AIN layer, leading to a
high degree of lattice mismatch. Meanwhile, a smaller mod-
ulation period in the nano-multilayered film can provide more
interfaces, offering enhanced strengthening properties.
Ljungcrantz [109] investigated the relationship between the
super-hardness effect in TiN/NbN nano-multilayered films
and the A. The results revealed that when the 4 was 4.8 nm,
the film exhibited the highest hardness of 40 GPa, significantly
greater than that of TiN (22 GPa) and NbN (18 GPa). VC/AIN
nano-multilayered films with an AIN layer thickness of less
than 1 nm exhibit coherent growth and attain a considerably
enhanced hardness of up to 40.1 GPa [110]. The CrN/MoN
nano-multilayered films exhibit a high hardness of 38—42 GPa
when the bilayer thickness, 4, is 5.8 nm [111].

The mechanical behavior of nanofilms is influenced by
several factors, including the material composition, 4, inter-
facial structure, residual stress, dislocation slip, etc. [85,112].
Usually, the hardness of nano-multilayered films is higher

than their monolithic films or the mixing rules. The hardness
is greater than 40 GPa as super-hard films [113,114]. Using the
Oliver and Pharr method [115], the hardness and modulus
have been computed from the indentation load-displacement
data for various peak loads. The modulus, Er, and hardness, H,
can be written as

VT S
E =5 = 0]
Pmax
H=-m= 2)

where A is the projected area of the contact at the peakload, S
is the measured stiffness,

P=A(h—hy)", (3)
hy= e, @

where h is the total displacement, hs is displacement of the
surface profile after load removal, hs is the displacement of the
surface at the perimeter of the contact, for the flat punch,
e = 1, and the paraboloid of revolution, ¢ = 0.75.

When the MoN sublayer thickness was 1.0 nm, the super-
hardness of the NbN/MoN nano-multilayered film was
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40.0 GPa [105]. As the A decreased to 20 nm, the CrN/MoN
nano-multilayered film hardness and H/E increased to
42.3 GPa and 0.11, respectively [116]. When the 4 was 4.8 nm,
the hardness of the TiN/NbN nano-multilayered film was
40 GPa, and their monolithic films were 22 GPa and 18 GPa
[109]. With the help of the experimental tests and first-
principles calculations, it was found that the interfacial
structure is the primary influencing factor for the super-
hardness. At tsic = 0.8 nm, the TaC/SiC nano-multilayered
film formed excellent coherent interfaces with the hardness
and toughness reaching 46.1 GPa and 4.21 MPa m"/?, respec-
tively [117].

Table 2 presents the super-hardness values, preparation
parameters, and structural characteristics of the nano-
multilayered films. Typically, the increase in hardness is
attributed to the difference in the shear modulus between the
two modulated layers and the restricted movement of dislo-
cations at the interlayer interface. These mechanisms will be
thoroughly discussed in Section 5.2 hardness enhancement
mechanism.

4.2. Toughness

With the degradation of the service environment, the impor-
tance of film toughness alongside hardness has gained
recognition. To assess the fracture toughness of coatings,
proxies such as H/E and H?/E? (where H represents hardness
and E represents elastic modulus) have been proposed. A
higher value of H/E or H%*/E? indicates reduced plastic defor-
mation under stress, thus indicating greater toughness
[31,122]. One possible rationale for using H/E as a proxy for
fracture toughness is that H is directly related to the yield
strength (s,), making H/E a measure of the elastic-strain limit,
which is often interpreted as toughness. Additionally,
Greenwood and Williamson's work may have contributed to
this perspective by defining the plasticity index, ¢, as follows
[123]:

E/o\}

»=3i(5) ©)
where ¢ is the surface roughness, and g is the asperity
radius. H/E is inversely proportional to the plasticity index
at the constant surface roughness and asperity radius.
Therefore, it can be argued that a coating with a higher H/E
value is less prone to plastic deformation under a given
stress, indicating higher toughness in scenarios without
plastic deformation.

The adoption of the H%/E? likely originated from the anal-
ysis of sphere-on-flat Hertzian contact [124]. In this analysis, a
contact is established between a sphere with a radius, R, and
an elastic modulus, E, and an infinitely rigid flat surface sub-
jected to an average load, N. The maximum Hertzian contact
stress, Pmay, 1S given by the equation:

1 1
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Significant plastic deformation is absent when Ppax < 0y,
which is assumed to be proportional to the coating hardness,
H, resulting in the inequality,
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H (GPa)

Characteristic

Parameter

Technology

Composition

36.0

arc ion plating

Ti(CuNiZr)N/AICK(SIW)N

VN/TiB,

41.8

coherent growth

tyn:trigo to 1:7

MoN 1.0 nm

magnetron sputtering
magnetron sputtering

arc ion plating

40.0

narrow interface, block the movement of dislocations
increase interface, prevent dislocation movements,

SiC crystallized and grew coherently with TaC

NbN/MoN
CrN/MoN
TaC/SiC

423

46.1

tsic < 0.8 nm

magnetron sputtering

arc ion plating

40.4

columnar broken, copper diffusion, solid solution hardening

crystallize and grow epitaxially
crystallized, grew coherently

copper 97.10 nm

TiSiN/Cu

40.5

AION less than 0.6 nm

SiC below 0.7 nm

magnetron sputtering
magnetron sputtering
magnetron sputtering

TiN/AION
VC/SiC

36.1

36.5

(200) to (200) and (111) FCC, epitaxial growth, lattice misfit

bias voltage 50 V—110 V

AICrN/TiSiN
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where « is some constant, therefore, one can write:

H3
N< 5.168a3R2E 8)

The above equation signifies that, for a given external load
and test geometry, a coating with a higher H*/E? value is less
likely to experience plastic deformation and is therefore ex-
pected to possess greater toughness [122].

In addition, the fracture toughness of the nano-
multilayered films can be further evaluated by the following
equation [125]:

(3 E)

K¢ is the critical stress intensity of factor. which describes
the ability of the material to resist fracture [126,127]. ¢ is the
Berkovich type, ¢ (um) is the average value of the radial crack
lengths. P (mN) is the maximal load. H and E are hardness and
modulus values.

Ou et al. prepared CrN/SisN4 nano-multilayered films with
1.1-25.1 at.% Si [41]. When the Si content was 15.2 at.%, the
microstructure showed dense fibrous grains, and the films' H/
E, H3/E?, and K values reached 0.099, 0.387 GPa, and
3.69 MPa m'?, respectively. Liu et al. fabricated TiAIN/CN,
nano-multilayered films with the same thickness of both
modulated layers and sublayer thicknesses ranging from
0.9 nm to 13.7 nm [76]. When the TiAIN sublayer thickness was
0.9 nm, the CN, sublayer was inserted into the TiAIN grains to
form a nanocomposite structure. At the TiAIN sublayer
thickness of 2.6 nm, the CN, sublayer grew in coherent epitaxy
with the TiAIN sublayer. The fracture toughness of the nano-
multilayered films was enhanced by 1.5 times. The TiN/WN
nano-multilayered films obtained a maximum fracture
toughness of 4.6 + 0.2 MPa m%/? at a bilayer period of 10.2 nm,
which is larger than the 2.8 + 0.1 and 3.1 + 0.1 MPa m*? values
for monolithic TiN and WN, respectively [106]. Table 3 lists the
results of toughness evaluations by K¢, H/E, and H°/E? for
some nano-multilayer films. The fracture toughness of the

nano-multilayered films significantly depends on the prepa-
ration method, modulation period, modulation ratio, and
material composition.

4.3.  Tribological behavior and wear resistance

Nano-multilayered films have several advantages over other
coatings, such as high hardness and modulus, good densities,
and low residual stresses, significantly improving their fric-
tion and wear resistance. The higher hardness of nano-
multilayered films allows them to withstand the impact of
external physical and chemical factors. For instance, they can
maintain stable surface properties even under elevated tem-
peratures, high pressure, or intense acidic and alkaline envi-
ronments. The multilayer structure of nano-multilayered
films provides additional protection by relying on other layers,
even if one of the layers is subjected to wear or scratches. The
multilayer structure also increases the elasticity and tough-
ness of the film layers, thus improving their resistance to wear
and tear [82,94,100,132].

The MoN,/SiN; nano-multilayered films were prepared
by magnetron sputtering [133]. The friction coefficient
decreased to 0.53 when the microstructure transformed
from the amorphous to crystalline phase. The CrN mono-
lithic film and Cr/CrN nano-multilayered film were depos-
ited on AISI 304 SS, and the friction coefficient decreased
from 0.61 to 0.46 [134]. The MoS,/Zr nano-multilayered films
with different Zr doping were prepared by magnetron
sputtering [38]. The optimized Zr doping and unique nano-
structure resulted in a low friction coefficient of 0.05. The
TiB,/Cr nano-multilayered films were fabricated by magne-
tron sputtering [135]. The plastic deformation of the Cr
sublayer and the friction generated B,0; combined to reduce
the friction coefficient of the films to 0.48 with a wear rate of
10.1 x 107> mm?*N m.

Table 4 shows the tribological test structures of some
nano-multilayered films and their preparation methods.
Overall, hard nano-multilayered films have excellent friction
and wear resistance due to their great hardness, low coeffi-
cient of friction, and good lubrication properties, and they are
widely used in practical applications.

Table 3 — Toughness values of several nano-multilayered films were measured via K¢ or nanoindentation.

Composition Technology Kic (MPa-mY/?) H/E H¥E? (GPa)  References
a-CuZr/c-ZrN magnetron sputtering 0.5468 = = [22]
TiAIN/Zr3N, magnetron sputtering = 0.14 = [25]
AICrN/AICrSiN arc ion plating 9.8 0.10 0.29 [26]
Ti/TiN magnetron sputtering +82 % = = [36]
AICIN/Cu arc ion plating/magnetron sputtering = 0.08 = [37]
CrN/SizNy magnetron sputtering 3.69 0.10 0.39 [41]
Ti/TiN arc ion plating = 0.07 0.11 [43]
Ti(CuNiZr)N/AICr(SiW)N arc ion plating = 0.09 0.29 [1]
CrAIN/CrN arc ion plating 10.3 — — [73]
Ti/TiAIN arc ion plating = 0.08 0.22 [74]
TiAIN/CNy magnetron sputtering 1.5 times 0.08 0.18 [76]
TaC/SiC magnetron sputtering 4.21 = = [117]
multilayer diamond-like carbon magnetron sputtering = 0.10 0.12 [128]
MoS,/WS, magnetron sputtering = 0.09 0.05 [129]
AITiN/AICrSiN arc ion plating = 0.07 — [130]
CrAIN/TiSiN magnetron sputtering = twice = [131]
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Table 4 — Tribological behavior of several nano-multilayered films.

Composition Technology Tribological behavior References
COF wear rate (mm >-Nm )
AICrN/AICrSiN arc ion plating 0.54 4.2¥10~7 [26]
AICrN/Cu arc ion plating/magnetron sputtering 0.39 = [37]
MoS,/Zr magnetron sputtering 0.05 = [38]
CrN/SizN, magnetron sputtering 0.45 1.3¥10~7 [41]
Ti/TiN arc ion plating 0.28 = [43]
Cr/CrN arc ion plating 0.28 = [59]
Ni—Co—P electrodeposition 0.40 = [70]
MoN/TiSiN arc ion plating 0.32 = [75]
TiAIN/AIN magnetron sputtering 0.61 = [77]
TiMoN/SizNy magnetron sputtering 0.55 — [78]
AITiSiN/AICrSiN arc ion plating 0.26 = [87]
NbN/MoN magnetron sputtering 0.53 = [105]
AITiN/AICrSiN arc ion plating lowest 1.1¥10°° [130]
CrAIN/TiSiN magnetron sputtering four times lower lower wear [131]
MOoN,/SiNy magnetron sputtering 0.53 = [133]
CrN/Mo,N arc ion plating 0.33 7*¥10~7 [136]
4.4. Corrosion resistance by multi-arcion plating on a Ti6Al4V alloy [43]. The Ti sublayer

Corrosion resistance refers to the film's ability to resist
corrosion in various corrosive media. The multilayer structure
of the nano-multilayered film can effectively increase the
interface area and reduce the film's surface roughness, mak-
ing it challenging for corrosive media to invade the film's
interior. At the same time, the interface can improve the
mechanical strength and hardness of the film and inhibit the
occurrence of internal cracks and defects. Nano-multilayered
films can resist different corrosive media by adjusting the
chemical composition and thickness between different layers.
Introducing lattice strains can regulate the films' corrosion
resistance by influencing their structures and properties in
preparing nano-multilayered films [137,138].

The enhanced corrosion resistance of multilayered coat-
ings, compared to single-layer coatings, is attributed to the
formation of new interfaces, which allow the lateral diffusion
of the corrosive medium rather than the direct penetration
into the substrate. In Fig. 12 (a), the lateral diffusion of the
corrosion medium causes a lag in the corrosion rate of the
multilayered coating, while in the homogeneous coating, the
corrosion medium can directly penetrate into the substrate, as
shown in Fig. 12(b). The CrN, CrAlN, and CrAIN/CrN multilayer
coatings were deposited on Ti6Al4V substrates, employing a
multi-arc ion-plating technique by Guo et al. [73]. The results
showed that the best corrosion resistance of CrAIN/CrN
coatings was 0.03 mg cm 2 min~* and 0.10 mg cm 2 -min?
when the impact angles were 30° and 90°, respectively. The
interface in the films effectively inhibited crack expansion and
improved the corrosion resistance of the coating. The CrN/
CrAIN nano-multilayered films were deposited on 316L SS
[140], which had lower interfacial contact-resistance values
than those of CrN and CrAlIN films. The maximum power
density was 0.93 W/cm? at 2 A/cm? and the output voltage of
0.96 V. The MoS,/WS, nano-multilayered film was prepared by
magnetron sputtering [129]. Its dense microstructure and
multilayer interface impede the corrosion diffusion of H,0, O,,
Cl-, and Na*, significantly improving the films' corrosion
resistance. The Ti/TiN nano-multilayered films were prepared

can refine the grains and prevent crack initiation and expan-
sion. Compared to the Ti6Al4V alloy and TiN films, the
corrosion resistance of the nano-multilayered film was
improved by 58 times and 2 times, respectively. The TiN/AIN
nano-multilayered films with 4 from 2 to 12 nm were prepared
by magnetron sputtering [89]. When 4 = 12 nm, the modula-
tion layer of the nano-multilayered films exhibited a coherent
epitaxial structure, which hindered the diffusion of the cor-
rosive liquid and electrochemical decomposition. The better
fracture toughness, dense microstructures, and coherent in-
terfaces have more crucial effects on the erosion resistance of
the nano-multilayered films.

4.5.  Oxidation resistance and thermal stability
Nano-multilayered films resist oxygen-atom diffusion and
can maintain their structural integrity and properties in high-
temperature environments. They can also be utilized for
preparing high-temperature stable thermal barrier coatings
[34,141—-143]. The nanometer-thick multilayer structure cau-
ses oxygen molecules to undergo multiple reflections and
scattering when passing through the film layers, reducing
their contact time and probability with the substrate surface,
which decreases oxidation reactions. Additionally, the inter-
facial regions between the nano-layers offer physical protec-
tion by effectively isolating the material from external
substances, such as oxygen and water vapor. The nano-
multilayered film's uncoordinated atoms and structural de-
fects can absorb oxygen molecules, undergo their redox re-
actions, and convert oxygen into more stable oxides, thus
preventing further oxidation reactions [58,140,144,145].

Liu et al. [146] fabricated a Cr—CrN/TiSiIN—Cr nano-
multilayered films on Zircaloy. During oxidation at 1200 °C
for 25 min, Zr in the substrate and Si in the film diffused to the
surface, forming ZrO, and SiO, protective layers, respectively,
and the film effectively protected the substrate from oxida-
tion. The AIN/CrN nano-multilayered film was deposited on
AISI 316 by magnetron sputtering [147]. During oxidation at
900 °C for 60 min, Cr diffused along the grain boundaries to the
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(a) Multilayered coating

(b) Homogeneous coating

Fig. 12 — Schematic of the corrosion mechanism in multilayer and monolayer alloy coatings [139]. (a) Spreading of corrosive
agents laterally through new interfaces, (b) Penetration of the corrosive agent directly to the substrate.

surface, forming Cr,O; and the columnar grains at the
coherent interface, resulting in the film exhibiting oxidation
resistance. Wang et al. [141] prepared AICrSiN/VN nano-
multilayered films wusing a hybrid deposition system
combining arc-ion plating and pulsed DC magnetron sput-
tering. The AICrSiN sublayer effectively prevented the out-
ward diffusion of V elements to the surface of the AICrSiN/VN
films at high temperatures, improving the oxidation resis-
tance of the coating and delaying the initial oxidation tem-
perature to 450 °C. The isothermal oxidation of AICrSiN/VN
films at 600 °C indicated the outward diffusion of V and Al to
form V,0s and AIVO, phases. At annealing temperatures of
800 °C to 1000 °C, the V(Cr)—N bond decomposes, and the V,N
phase appears at 1100 °C.

Table 5 presents the oxidation resistance and thermal
stability properties of various nano-multilayered films. These
outstanding properties can be optimized by selecting appro-
priate materials, film structures, and preparation methods for
specific applications. Generally, metallic materials, such as
copper, aluminum, and molybdenum with high melting
points and excellent oxidation resistance properties, are
chosen for nano-multilayered films. Secondly, adjusting the
nano-multilayered film structures, such as increasing the
number of layers, altering the layer thickness, and designing
the interleaved structure, can enhance the film's properties.
Finally, appropriate preparation-process parameters are
selected to obtain high film densities and crystallinity. As

a result, the oxidation resistance and thermal stability of
nano-multilayered films can be improved.

5. Future research directions
5.1. New nano-multilayered film types

High entropy alloy films are a new material consisting of
multiple elements with relatively balanced contents, exhibit-
ing prominent high-entropy characteristics. They possess
higher hardness and strength, good toughness and plasticity,
and better chemical stability and corrosion resistance [2,152].
Using high-entropy ceramic films as the modulation layer can
improve the crystal structure of the nano-multilayered film.
The similar thermal expansion coefficients among the ele-
ments of high-entropy alloys can form good interfacial
bonding and improve the interfacial bonding between
different materials in multilayer films [153—155]. Therefore,
introducing high-entropy-alloy modulation layers is essential
for enhancing the performance of nano-multilayered films.
Based on the above analysis of nano-multilayered film
types, researchers hope to develop more types of nano-
multilayered films, such as Ti/TiN/Zr/ZrN [156], Ti-DLC [157],
TiSiN/Ag/TiSiN [158], (CrN/ZrN)/(Cr/Zr) [103], (AlCrTiZrNb)N/
WS, [153], nano-multilayered films with nanocomposite films
as modulation layers, high-entropy alloy-based nano-

Table 5 — Oxidation resistance and thermal properties of several nano-multilayered films.

Composition Technology T (°C) References
AICrN/Cu arc ion plating/magnetron sputtering 800 [37]
(Al,Cr),04/Zr0, arc ion plating 1100 [58]
AITiN/AICrSiN arc ion plating 800 [130]
Zr/Nb magnetron sputtering 350 [148]
Cu/W magnetron sputtering 700 [149]
Si0,/NbSi, halide-activate pack cementation 1250 [143]
TiB,/Cr (high power impulse + direct current) magnetron sputtering 500—600 [132]
CrCN/TiSiCN arc ion plating -+ magnetron sputtering 1000 [144]
CrAIN/SiNy magnetron sputtering 1000 [150]
Ni/Ni;Al-W magnetron sputtering 800 [151]
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multilayered films, and other high-quality nano-multilayered
films. Fig. 13 shows a novel (diamond/B-SiC)/microcrystalline
diamond (MCD) multilayer with nanocrystalline diamond
(NCD) top layer structure on a cemented carbide substrate
[159]. The experimental results indicated that the multilayer
coating achieved an ultra-hardness of 83.6 GPa and had a low
residual stress of —1.2 GPa, excellent adhesion (52.9 N), and
resistance to crack expansion. In this coating, the MCD layer
ensured the hardness and elastic modulus, and the diamond/
B-silicon carbide composite layer had better bonding proper-
ties and lower residual stresses. Which provided a new way to
develop high-performance nano-multilayered films. Penkov
et al. developed SiN,/BN periodic multilayered coatings [160].
The coating thickness of 150 nm could achieve a hardness of
35 GPa. The reflectivity of the coating was 8 % in the visible
light range. The coating showed high wear protection, and no
significant cracks or delamination were observed after 1000
cycles of sliding silicon nitride balls on the surface.

5.2. Hardness enhancement mechanisms

The strengthening mechanisms of nano-multilayered films
has been extensively discussed and demonstrated for
decades. The effectiveness of the mechanical-property
enhancement of nano-multilayered films is closely related
to the film material, modulation cycle, and other prepara-
tion processes, such as pressure and power. The strength-
ening mechanism of the nano-multilayered film is
explained by several theories, including the Koehler model
[15], the Hall-Petch relationship [161], and the theory of
alternating stress field effects [162].

Koehler [15] proposed the modulus difference-
reinforcement theory, which suggests that dislocations
experience a mirror force at the coherent interface as they
cross it within the nano-multilayered films. This force arises
from the presence of dislocations with varying linear energies
in layers characterized by different shear moduli. When dis-
locations cross from a low shear-modulus layer to a high

shear-modulus layer, they require an additional stress, hin-
dering their motion and strengthening the nano-multilayered
films. The reinforcement effect becomes more pronounced as
the difference in shear modulus between the two layers in-
creases. The hardness increment (4H) can be mathematically
expressed as follows [163]:

3(1 — V)(GA — GB)Sin 0S AH < 3(GA — GB)Sin [
mm? mm?

: (10)

where G is the shear modulus, » is the Poisson ratio, § repre-
sents the angle between the slip surface of the low modulus
layer and the coherent interface [163]; m corresponds to the
Taylor factor, and the nitride ceramic phase can take 0.3 [164].

To elucidate the phenomenon of hardness enhancement
in nano-multilayered films, Kato introduced the alternating
stress-field theory [165]. The results suggest that the nano-
multilayered films' coherent interfacial stress field may
strengthen them. During the growth of nano-multilayer films,
coherent growth occurs between layers due to the small
modulation thickness of the modulation layer. At this time,
the modulating layer with a smaller lattice constant is sub-
jected to a tensile stress caused by the adjacent modulating
layer. In comparison, the modulating layer with a larger lattice
constant is subjected to a compressive stress caused by the
adjacent modulating layer, which produces an alternating
tension and compression stress field in the film. The corre-
sponding increase in the film hardness (4H) can be expressed
as follows [165]:

aH=3,- Y8 AcEqye, (11)

2

The modulation amplitude, A, is connected to the modu-
lation period and the degree of interfacial mixing in the film,
which takes 0.5 [166], ¢ is the lattice mismatch between the
two layers of the material, E corresponds to the average elastic
moduli of the two layers of the materials.

In metallic materials, the Hall-Petch theory is a classical
theory that expresses the relationship between the yield
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Fig. 13 — Cross-sectional morphologies of the (Diamond/-SiC composite)/MCD multilayer + NCD top layer coating:
(a) illustration of the architectures model microcrystalline coating, (b) cross-sectional SEM morphologies of the coating [159].
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stress and grain size of materials [167]. According to this
theory, the mechanical properties of metallic materials are
strengthened by refined grains as the grain size decreases. The
theory can be expressed as follows:

0. =00 + I<1.11371/27 (12)

where o, is the material's yield stress at a grain size, D, o is the
yield strength of the material in the bulk state, Ky is the
calculated constant of the hardness and grain-boundary
dependence, and D is the average grain size of the material.

The mechanism of generation, failure, reversal, and
gradual smoothing of the Hall-Petch effect in nanoceramic
materials is not exactly the traditional simple diffusion effect
[168]. The changes in the mechanical properties, density, and
dissipation energy are directly related to the grain-boundary
volume. The hardness and strength of ceramic materials in
a specific size range will also increase with the grain-size
reduction, resulting in fine-grain strengthening. In addition,
Lu et al. investigated the influence of interfacial structure on
the super-hardness effect of TiN (111)/NbN(111) nano-
multilayered film by first principles [169]. The results show
that the N—Nb termination structure and interface configu-
ration break the continuous NaCl structure of TiN, which is
the dominant factor affecting the super-hardness effect, The
bonding behavior of the interface is the second factor.
Compared with the interface's ionic character, the covalent
character's hardness can be neglected.

5.3.  Toughening mechanism

Toughening nano-multilayered films involves introducing
structural defects or features to improve their toughness and
strength [170—-173]. The toughening mechanism of nano-
the deflection of cracks,

multilayered films includes
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hindrance of crack extension, crack coupling, nano-plasticity,
and stress-concentration release, as shown in Fig. 14 (a) [174].

Adding alloying elements at sub-layers can increase the
plasticity of the film, reducing the stress concentration and
improving toughness and strength. As shown in Fig. 14(b)
and(c), more interface cracks bridging and crack deflection are
noticed when the Y/VO, ratio of the ZrO,N,/V,0s—Y nano-
multilayered is 5/10. It is attributed to incorporating Y atoms
to make the interface coherent, effectively improving fracture
toughness [175]. The alternating layer structure impedes crack
propagation, forcing cracks to shift the direction and consume
more energy, making it useful for applications requiring
resistance to tensile or bending stresses. In Fig. 14(d) and (e),
few lateral cracks and delamination are observed in the Ti/
TiAIN multilayer coating compared to the TiAIN monolithic
coating. It is because the former has many strong interfaces,
and the ductile Ti layers coordinate the deformation between
the TiAIN layers [176]. To investigate the role of graphene in-
terfaces in the strengthening and toughening of Cu-graphene
nanocomposites, Lee et al. [177] compared experimental and
molecular dynamics (MD) simulations in Fig. 14(f)—(h). TEM
revealed that dislocation motion through the graphene
interface and grain boundaries was confined within individual
Cu grains. MD simulations confirmed that the localized
deformation resulting from the confined dislocation motion
led to nucleation and growth of holes at the graphene inter-
face, which were precursors of cracks.

The adhesion between nano-multilayered structures re-
duces the cracking of sublayers [171]. TiAlSiN/TiN nano-
multilayered films were fabricated by multi-arc ion plating
[60]. The H/E and H?/E? were 0.072 and 0.135 GPa, respectively.
The high toughness was attributed to the favorable adhesion
of the nano-multilayered structure. The W/(Ti/Ta/Ti) nano-
multilayered films were prepared, using the sintering
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Fig. 14 — The toughening mechanism in ceramic-multilayer materials: (a) schematic diagram [174], (b)—(c) crack bridging and
crack deflection in ZrO,N,/V,03;—Y nano-multilayered films [175], (d)—(e) scratch tests of TiAIN monolithic and Ti/TiAIN
multilayer coatings [176], (f)—(h) HRTEM image of the graphene interface and MD simulation results of deformation

evolution in Cu-Gr multilayer films [177].
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technique at 1000 °C to 1400 °C [178]. Its bending strength
reaches 1700 MPa at 1200 °C, which is attributed to the
excellent adhesion of the microstructure. Secondly, the finer
grains in the strengthening mechanism contribute to the
fracture toughness of the nano-multilayered film [179].
Compared with the hardness of monolithic TiN films, the
fracture toughness of the Ti/TiN nano-multilayered film was
improved by 82 % because of the alternate deposition of rigid
and ductile layers [36]. The TiAIN/Zr;N, nano-multilayered
films were obtained by magnetron sputtering [25]. When the
modulation layer, Zr3Ny, was 4.2 nm, the films showed a large
plastic deformation with numerous nanoscale longitudinal
and transverse cracks observed in their microstructures.

Overall, nano-multilayered film tougheningis complex and
involves material microstructures and physical properties.
Understanding these mechanisms can help design and fabri-
cate more ductile and stronger materials for different appli-
cations. Combining techniques and approaches, such as
structural-design optimization, material exploration, new
preparation technologies, and computational simulations,
can improve toughness and strength. Investigating the
multilayer-film design, exploring materials with different
lattice structures, and utilizing new preparation and pro-
cessing techniques can improve toughness and strength.
Computer simulations can predict and optimize nano-
multilayered film properties, guiding experimental design
and data analysis.

5.4. Nano-multilayered films with multiple excellent
properties

The protective properties of conventional materials are no
longer sufficient to meet the demands of harsh environments,
such as high temperatures, high pressures, acids, and bases
[10,82,135]. As a result, protective films with higher-
performance levels have been developed to provide excel-
lent hardness, wear resistance, and corrosion resistance.
These films protect industrial equipment and materials, in-
crease their service life, improve productivity, and enhance
economic efficiency [139,148,180].

Nano-multilayered films with high hardness and tough-
ness are manufactured by interacting multilayer structures,
which effectively alleviate the conflict between the hardness
and toughness. For instance, nano-multilayers can create
high-strength and toughness parts and coatings in the auto-
motive, aerospace, and mechanical fields to improve their
durability and service life. Fig. 15 presents that for a shorter
modulation period, Kjc increases significantly, while the
hardness of the nano-multilayer film also reaches a peak [181].
The consistency between Kjc and hardness indicates that
adjusting the nanolayer structures can enhance both the
hardness and fracture toughness. By adjusting the combina-
tion and thickness of different materials, nano-multilayer
films with excellent comprehensive characteristics, such as
high mechanical properties, thermal stability, and oxidation
resistance, can be obtained. Compared to monolithic VN and
AICrSiN, the nano-multilayered AICrSiN/VN coating exhibited
superior properties under the same preparation conditions
[141]. It displayed the highest hardness of 30.7 GPa, the lowest
wear rate of 2.6 x 10°°® mm 3-Nm™! at 600 °C, the lowest
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Fig. 15 — Fracture toughness, K|, indentation hardness, H,
and moduli, E, of our TiN/CrN SL thin films as a function of
their bilayer period, 4 [181].

friction coefficient of 0.26 at 800 °C, and a relatively low wear
rate of 3.9 x 107> mm 3 Nm . Li et al. employed the
magnetron-sputtering technique to fabricate Cr/CrN multi-
layer coatings on the Zr-4 alloy [182]. The high-temperature
oxidation experiments revealed that the Cr/CrN coating dis-
played exceptional corrosion and oxidation resistance.
Notably, a self-forming ZrO, layer with a uniform and dense
thickness was observed at 1200 °C, which contributed to the
durability of the Cr/CrN multilayer coating while effectively
protecting the Zr-4-alloy claddings.

In summary, nano-multilayered films with high hardness,
toughness, good wear-resistance, and corrosion-resistance
properties have many promising applications in materials
science and engineering technologies. The synergy of these
properties can lead to more efficient, economical, and sus-
tainable solutions for industrial production and daily life.

5.5. Modeling and simulation

Modeling and simulating nano-multilayered films is a crucial
research tool in materials science and nanotechnologies.
These processes help researchers understand films' physical
properties and behaviors and optimize their properties.
Several modeling and simulation methods are available for
the films, including molecular dynamics simulations, density
general function theory,
[183—185]. These methods are based on theories and algo-
rithms and apply to different problems and research
purposes.

Molecular dynamics (MD) is a computer-simulation
technique that can study the structures and behavior of
nano-multilayered films. The method is based on Newton's
laws of motion and simulates the motion of atoms or mol-
ecules in a thin film. Commonly used molecular dynamics
software packages include LAMMPS and GROMACS
[186—188]. Ding et al. investigated the effects of strain rate
and temperature on the mechanical properties of TiN/VN
multilayer composites by molecular dynamics, as shown in
Fig. 16 (a)—(c) [189]. In Fig. 16 (a), both Young's modulus and
inelastic properties show high sensitivity to temperature. In

and finite element methods
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Fig. 16 — (a) Young's modulus (Ef), fracture strength (sf), and fracture strain (ef) of TIN/VN composites as a function of
temperature, and (b)—(c) its atomic characterization at 300 K (¢ = 0.088) and 1200 K (¢ = 0.174) [189]; (d)—(g) Classical
molecular dynamics (CMD) simulations of AIN/TiN SL with various bilayer periods at the interface under strain 27 % (The
yellow color highlights structural variations and interfacial discontinuities, the red color labels voids and cracks, while the
orange line guides the observation of V-shaped defective pins on the TiN layer); (h)—(i) and its crack extension of TEM

images [190].

Fig. 16 (b), the fracture surface exhibits flat and perpendic-
ular to the tensile direction at 300 K, indicating that the
damage behavior of TiN/VN composites exhibits typical
brittle fracture. In Fig. 16 (c), at 1200 K, the fracture no longer
remains flat, indicating that the plasticity of TiN/VN com-
posites increases with increasing temperature, and the
fracture behavior gradually changes to ductile fracture. The
results show that Young's modulus and fracture strength
decrease with increasing temperature while the strain in-
creases. Notably, the fracture behavior occurs only in the
VN layer, while the interfacial region and the TiN layer
remain stable during uniaxial stretching, indicating that
dislocations nucleate only in the soft phase of TiN/VN

composites. The results of molecular dynamics simulations
contribute to a better understanding of the hardening
mechanism of multilayer coatings. The tensile loading of
AIN/TiN SL with a bilayer period /4 varying from 1.25 nm to
10 nm is simulated using classical molecular dynamics as
shown in Fig. 16 (d)—(h), aiming to probe the trend of plas-
ticity and fracture resistance with 4 at the atomic level
[190]. Compared to 4 = 1.25 nm in Fig. 16 (d), larger voids at
the interface and V-shaped and inclined cracks are observed
when 4 = 5 nm in Fig. 16 (g). At 4 less than 2.5 nm, part of
the AIN lattice transition may extend to the TiN layer
because the energetic cost of the change in the AIN struc-
ture is less than the cost of increasing the interfacial strain,
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which helps to dissipate the accumulated stress and
improve the toughness. However, when 4 is larger than
5 nm, with the initiation of the partial AIN transition, the
Ti—N bonds at the neighboring interfaces undergo localized
stretching, which in turn enhances the strain at the AIN/TiN
interface, leading to the fracture of the Ti—N bonds and
allowing the formation of nano-cracks on the TiN layer.
Fig. 16 (i) demonstrates the HRTEM cross-sectional
morphology of the nano-indented AIN/TiN SL, where slip/
penetration and diagonal trans-interfacial nano-cracking of
the AIN/TiN layer after nanoindentation orthogonal to the
interface can be observed. The similarity between simula-
tion predictions and experimental observations is further
emphasized. Through electron microscopy studies and
molecular dynamics simulations, Zhang et al. explored the
multilayer structure mixing behavior of TiN/AIN SL induced
by the nanoindentation process [191]. The results show that
during nanoindentation loading, the multilayer structure is
disrupted and mixed to form a solid solution, reducing the
interfacial density and drastically decreasing the dislocation

density. Consequently, the coating properties are degraded.
Therefore, the deformation of the multilayer coating during
nanoindentation affects its hardness enhancement.

The density general functional theory is a computational
method used to calculate nano-multilayered films' electronic
structures and properties. The method is based on the concept
of the electron-density-distribution function and calculates
the electronic structure by solving a system of Kohn-Sham
equations [192]. It enables us to understand the phase stabil-
ity, the formation of defective structures and elastic in-
terfaces, the enhancement of toughness, and the initial stages
of oxidation at the atomic scale. It not only provides numerical
predictions but also helps reveal physical or chemical origins
[193]. Commonly used density available functional theory
software packages include VASP [194] and Quantum Espresso
[195]. The interfacial interactions of graphene with several
orientations of a-alumina have been systematically investi-
gated by first-principles calculations and experiments in
Fig. 17 [196]. It is shown that the (0001), (1012), (1011), (1010),
and (1102) alumina surfaces do not undergo significant
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geometrical reconfiguration with the (0001) graphene surface,
whereas the (1011) alumina surface shrinks obviously with the
graphene surface. The (1102) alumina surface is the most
stable as shown in Fig. 17 (a). The strength of the interfacial
electronic interactions is directly related to the stability of the
interface through the localized electron density of the states
in Fig. 17 (b). In situ high-resolution spherical aberration
electron microscopy observation and Raman stress analysis
were performed on graphene/alumina interface samples to
verify the theoretical calculations in Fig. 17 (c)—(f). It is
confirmed that the interface consisting of (1102) surfaces can
indeed be stabilized. The finite-element method is a numeri-
cal calculation technique used to simulate the mechanical
properties of nano-multilayered films. The method divides the
film into small cells and solves the mechanical equations in
each cell. Popularly used finite-element software packages
include ANSYS [197] and COMSOL [198].

In conclusion, modeling and simulations are crucial tools
for studying nano-multilayered films. These methods can
provide valuable insights into the structures and properties of
thin films, which can guide the material design and engi-
neering applications.

6. Conclusion

This paper reviews the basic types, preparation technologies,
microstructures, and mechanical properties of nano-
multilayered films, which exhibit unique and attractive
characteristics. The possible reasons and design criteria for
achieving excellent properties are discussed, and proposed
research directions for nano-multilayered films are suggested.
The main contents of this paper can be summarized as
follows:

(1) Several technologies for the deposition of nano-
multilayered films are summarized, including magne-
tron sputtering, ion plating, chemical-vapor deposition,
electrochemical deposition, and other methods. The
characteristics of each preparation technique are dis-
cussed. Magnetron sputtering has the advantages of
broad application, low temperature, and easy manipu-
lation, while arc-ion-plating deposition has the advan-
tages of the high incident particle energy, superior
plating density, better strength and durability, and
excellent bond strength. Electrodeposition is a versatile
technique for preparing nanofilms, in which the elec-
trolyte undergoes a surface reaction during the trans-
port to the substrate.

(2) The microstructures of nano-multilayered films with
phase transformations, interfaces, modulation periods,
and ductile metallic phases are discussed. The micro-
structures of nano-multilayered films affect their ma-
terial properties. The volume expansion due to the
stress-induced transformation of the constituent pha-
ses in the modulation layer and the phase transition of
the modulation layer by the template effect provide
a new way to enhance the mechanical properties of

nano-multilayered films. Coherent interfaces have the
same crystal structures and approximate lattice pa-
rameters, and dislocations can cross the coherent in-
terfaces. However, small lattice mismatches at the
interfaces lead to high coherent stresses, which in-
crease the stiffness of nano-multilayered films. Semi-
coherent interfaces exhibit high diffusivity and low
formation energy and may contain more than one set of
interfacial dislocation sites; in turn, dislocations may
provide a diffusion pathway to facilitate the diffusion
and generation of point defects. “SL films” are formed
when the nano-multilayered films obtain the optimum
4, and two adjacent sublayers grow together at the grain
boundaries. Modulated layers with ductility, having a
huge slip system, undergo plastic deformation and
absorb a large amount of fracture energy during crack
extension, which leads to a material with good
toughness.
(3) The mechanical properties of nano-multilayered films,
including high hardness and elastic modulus, tough-
ness, temperature and oxidation resistance, and supe-
rior wear resistance, are summarized. Multilayers with
hard and tough properties represent new high-
performance films. Many factors, such as the material
composition, 4, interface structure, residual stress, and
dislocation sliding, influence the mechanical behavior
of nano-multilayered films. Nano-multilayered films'
low frictional wear properties provide better application
prospects for high-load and long-life friction industries.
Future work on nano-multilayered films is proposed for
the preparation processes, microstructures, models,
properties, and applications, which includes the devel-
opment of new preparation processes, the design of
nano-multilayered films with superior hardness and
toughness, and the development of modeling and
simulations.
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