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Preface to ”Advances in Micro- and Nanomechanics”

Material science, including the field of nanotechnologies, requires the consistent development

of a theoretical and experimental basis for better understanding of small-scale material

behaviour. Current advances in the field have resulted in the rapid development of micro-

and nano-electromechanical systems (MEMS and NEMS). Among examples of these, it is worth

mentioning nanosensors, actuators, filters and energy harvesters.

For the design and modelling of these systems, various enhanced models of continuum

and structural mechanics can be applied. Here we mention strain and strain gradient elasticity,

other nonlocal models, surface elasticity, micropolar, microstretch, couple-stress and micromorphic

continua among others.

Manufacturing and further experimental studies of material at small scales also require

advanced techniques, as discussed in this Special Issue of Nanomaterials. These techniques include,

but are not restricted to, magnetron sputtering, nanoindentation, optical, scanning electron and

atomic force microscopy, and X-ray microtomography Raman spectroscopy.

This reprint could be useful for both theoreticians and experimentalists working in the field of

micro- and nanomechanics.

Victor A. Eremeyev

Editor
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Editorial

Advances in Micro- and Nanomechanics

Victor A. Eremeyev

Department of Civil and Environmental Engineering and Architecture (DICAAR), University of Cagliari,
Via Marengo, 2, 09123 Cagliari, Italy; victor.eremeev@unica.it or eremeyev.victor@gmail.com

Recent advances in technologies of design, manufacturing and further studies of new
materials and structures result in an essential extension of classic models of continuum
and structural mechanics. For example, nowadays it is well established that material
properties at small scales could be size-dependent. In the literature, various approaches
were proposed for studying such phenomena. It is worth mentioning stress and strain
gradient elasticity, surface elasticity, media with internal degrees of freedom, and nonlocal
continua among others. These models can successfully describe various sized effects.

Another direction in the mechanics of materials, close-related to the aforementioned
enhancements, addresses theoretical and experimental studies of material properties for
media with complex internal microstructure. In particular, the great interest is the deter-
mination of effective properties of new composite materials and further analysis of their
dependence on the microstructure.

Let us also note that at micro- and nano-scales one can observe a more rich picture of
electromechanical couplings. The latter may play an important role in material response.
For example, so-called flexoeffects relate electric polarization or magnetization to gradients
of strains. So both flexoelectricity and flexomagneticity bring us another example of strain
gradient models. Being sometimes even negligible at the macro-scale, these properties may
be dominant at the nanoscale. This gives a possibility to use such materials as elements of
MEMS and NEMS, such as energy harvesters, sensors, and actuators.

This special issue “Advances in Micro- and Nanomechanics” collects several papers
that have presented theoretical, numerical, and experimental studies of materials and
structures at small scales. It is rather natural to expect new phenomena in nanometer-sized
thin-walled structures such as nanowires and nanofilms.

The new model of a nanowire embedded into an elastic substrate was proposed in [1].
Here surface energy was taken into account as in the Gurtin–Murdoch surface elasticity as
well as a nonlocality according to the strain gradient approach. For the derivation of the
governing equations, the virtual force technique was applied.

Experimental studies of thin films were presented in [2–4]. Here, films were produced
with magnetron sputtering and further analyzed using various techniques such as atomic
force microscopy and nanoindentation. As a result, microstructural, nanomechanical, and
tribological properties were discussed in more detail. The residual stress-driven technique
was applied to the determination of Young’s modulus of nanofilms in [5]. Here authors
proposed a new relatively simple approach based on the consideration of deformations of
bilayer cantilevers. The analysis of the thermal stability and hardness of nanocrystalline
Ni thin films was given in [6]. Here it was shown that the addition of cysteine results in
improved hardness of films.

Properties of nanoparticles and related composites were investigated in [7,8]. Fracture
strength and local hardness of spherical particles made of B4C and TiC were estimated
in [7]. In [8], nanoparticles of NiO/C applied for the manufacturing of nanocomposites for
supercapacitors were investigated using X-ray diffraction and other techniques.

Biomechanical studies of coatings were discussed in [9]. Here authors discussed the
mechanical properties, microstructure, and composition of enamel and dentine at the initial
stages of caries. Here X-ray microtomography, optical, Raman, atomic force, scanning
electron microscopy, and nanoindentation were simultaneously applied.

Nanomaterials 2021, 11, 274. https://doi.org/10.3390/coatings11030274 https://www.mdpi.com/journal/nanomaterials1
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Magneto-electro-elastic coupling was studied in [10,11]. In [10], linear vibrations and
buckling of nanoplates in a hygro-thermal environment were analyzed. To this end, a strain
gradient nonlocal approach was used. Finally, using a variational approach nonlinear
deformations of a nanobeam considering piezo- and flexomagneticity were studied in [11].

The content of the SI reflects the state of the art in the field of micro- and nanomechanics.
It combines new theoretical models with modern experimental studies of materials.

Conflicts of Interest: The author declares no conflict of interest.
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Strain-Gradient Bar-Elastic Substrate Model with
Surface-Energy Effect: Virtual-Force Approach
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Piti Sukontasukkul 6, Woraphot Prachasaree 1 and Thanongsak Imjai 7
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2 Civil Engineering Program, School of Engineering, University of Phayao, Phayao 56000, Thailand
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Abstract: This paper presents an alternative approach to formulating a rational bar-elastic substrate
model with inclusion of small-scale and surface-energy effects. The thermodynamics-based strain
gradient model is utilized to account for the small-scale effect (nonlocality) of the bar-bulk material
while the Gurtin–Murdoch surface theory is adopted to capture the surface-energy effect. To consider
the bar-surrounding substrate interactive mechanism, the Winkler foundation model is called for. The
governing differential compatibility equation as well as the consistent end-boundary compatibility
conditions are revealed using the virtual force principle and form the core of the model formulation.
Within the framework of the virtual force principle, the axial force field serves as the fundamental
solution to the governing differential compatibility equation. The problem of a nanowire embedded
in an elastic substrate medium is employed as a numerical example to show the accuracy of the
proposed bar-elastic substrate model and advantage over its counterpart displacement model. The
influences of material nonlocality on both global and local responses are thoroughly discussed in
this example.

Keywords: virtual force principle; nanobar; surface-energy effect; thermodynamics-based strain
gradient; elastic substrate media

1. Introduction

In recent years, enormous research efforts by scientists and engineers worldwide
have been dedicated to the understanding and characterization of the unique responses of
micro-sized and nano-sized structures. Their superior mechanical properties have attracted
a wide spectrum of novel applications in modern science and technology [1]. Examples
of novel devices employing small-sized structures are biosensors [2], piezoelectric actua-
tors [3], nanosensors [4], and gyroscopes [5]. Profound understanding and characterizing
mechanical properties of small-sized structures are critical to rational design procedure and
performance assessment of these devices during their service life. In addition, nano-sized
structures are commonly used as reinforcement components in nanocomposites due to their
excellent mechanical properties [6,7]. Generally, the response characteristic of structures
at microscale and nanoscale is drastically different from the corresponding response at

Nanomaterials 2021, 11, 274. https://doi.org/10.3390/coatings11030274 https://www.mdpi.com/journal/nanomaterials3
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macroscale due to two unique features inherent to micro-sized and nano-sized structures,
namely the small-scale effect and the size-dependent effect. The former effect is related
to the discrete nature of matter, thus inducing the material nonlocality while the latter is
associated with excessive energy stored in the surface due to high surface-to-volume ratio,
hence resulting in the size-dependency characteristic.

Experimental studies and atomistic/molecular dynamic modeling have been carried
out by researchers to gain a thorough understanding of mechanical responses of structures
at microscale and nanoscale. Due to the small-sized nature of specimens, experimental
studies generally require high-precision apparatus and special testing procedure [8]. How-
ever, atomistic/molecular dynamic modeling is a viable method to characterize mechanical
responses of micro-sized and nano-sized structures and can provide comprehensive simu-
lation information [9,10] but high computational expense must be paid [11]. Consequently,
only systems with limited amounts of atoms and molecules can be practically investigated,
thus an alternative modeling approach with a superior computational efficiency is deemed
essential. Collaboration between a structural-mechanics model (bar, beam, plate, and
shell) and non-classical elasticity theory has been carried out by researchers to develop
an alternative tool to characterize mechanical responses of small-sized structures [12–18].
This integrated modeling approach could account for the small-scale effect as well as the
size-dependent effect with good balance between accuracy and computational efficiency.

Long-range inter-atomic forces associated with the discrete nature of materials are
more influential when the dimension of a structure is in the range spanning from nanoscale
to microscale. In the literature, this phenomenon is often referred to as the “small-scale”
effect and induces nonlocality in the material. The assertion of material nonlocality is that
dependency of a stress at a generic point is not only on the strain at that particular point,
but also on those strains and related quantities at all other points throughout the elastic
body. Several amended elasticity models have been proposed in the literatures to account
for this discrete nature of materials [19–26]. Most widely used among them is the Eringen
differential form of the strain-driven nonlocal elasticity model [20,21]. Consequently, a myr-
iad of structural-mechanics models has been armed with this nonlocal constitutive model
to account for the small-scale effect [12,27–32]. Unfortunately, those enhanced structural-
mechanics models usually result in debatable and discrepant responses as pointed out by
several researchers [27,33,34]. Romano et al. [35] have thoroughly diagnosed the cause
of these problematic responses and concluded that an ill-posed mathematical problem is
encountered with the adoption of Eringen nonlocal differential model. In addition, the
Eringen nonlocal differential model would not accept quadratic energy functional form of
elasticity [36] and the work conjugate nature of stress and strain in this nonlocal constitutive
model is ambiguous [37].

Other rational nonlocal constitutive models have been proposed and adopted by
various researchers to remedy the debatable and discrepant features inherent to the Erin-
gen nonlocal structural-mechanics models [24,38–42]. Among these rational theories, the
thermodynamics-based strain gradient model proposed by Barretta and Marotti de Scia-
rra [24] is of special interest since it could be adopted with reasonable effort. It is worth
mentioning here that nanobars and nanobeams based on this thermodynamics-based strain
gradient model do not present debatable and discrepant responses [43–45]. Therefore, this
study would employ the thermodynamics-based strain gradient model of Barretta and
Marotti de Sciarra [24] to represent the material nonlocality.

In opposition to mechanical responses at macroscale, the surface free energy related to
surface stress and surface elasticity affects mechanical responses of structures at nanoscale.
In literatures, this phenomenon is referred to as the “surface-energy” effect and induces the
size dependency of nano-sized structures. To enhance structural-mechanics models with
the surface-energy effect, the surface elasticity theory of Gurtin and Murdoch [46,47] has
been widely adopted [48–54]. In this surface elasticity model, the surface layer of a solid
core is considered a negligibly thin membrane perfectly bonded to the wrapped solid core.
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Nanowires have found a wide spectrum of novel applications in nanoscience and
nanotechnology covering optoelectronics, biotechnology, biosensors, and micro/nano
electro-mechanical systems (M/NEMS) due to their outstanding mechanical, electrical,
and thermal performances [55–59]. In these novel applications, nanowires have often
been fabricated into larger parts via polymer substrate media. As a result, the interactive
mechanism between the nanowire and its surrounding polymer substrate is of practical
value, and plays a crucial role in designing and controlling of performance of devices
and systems in such novel applications. In the literature, researchers have developed
different nanobeam-elastic substrate models to characterize responses of nanowire-elastic
substrate systems. For example, Ponbunyanon et al. [60] analytically investigated static
flexural responses of silver nanowire-elastic substrate systems; Zhao et al. [61] analytically
conducted buckling load analyses of nanowire-elastic substrate systems; Malekzadeh and
Shojaee [62] used beam models to study nonlocal and surface-energy effects on vibrating
responses of nanowire-elastic substrate systems.

In the literature, analytical models—though limited in number—have been devoted to
characterize the tensile response of nanobar-elastic substrate systems [12,63] and the “irra-
tional” Eringen nonlocal differential model has been employed in those models. Recently,
Sae-Long et al. [44] has proposed a rational nanobar-substrate model within the frame-
work of the virtual displacement principle. The thermodynamics-based strain-gradient
model of Barretta and Marotti de Sciarra [24] was employed to represent the bulk-material
nonlocality. The debatable and discrepant characteristics inherent to the Eringen nonlocal
differential model were eliminated in this model. As a counterpart of the nanobar-substrate
model proposed by Sae-Long et al. [44], the fundamental interest of this research work is to
develop the nanobar-substrate model within the framework of the virtual force principle.
The general idea of the model formulation stems from the Eringen’s nonlocal bar-substrate
model proposed by Limkatanyu et al. [63] and Eringen’s nonlocal beam-substrate model
proposed by Ponbunyanon et al. [60]. To the best knowledge of the authors, this research
work presents, for the first time, the formulation of the strain-gradient bar-substrate model
within the framework of the virtual force principle and the merit of this formulation frame-
work is discussed. This developing novelty is a more efficient computational platform and
is able to remedy several flaws inherent to the standard displacement-based method, as
confirmed in the literature [58,61].

Organization of this research work is as follows: first, introductions to thermodynamics-
based strain gradient model, surface elasticity model, and Winkler foundation model are
briefly presented. The first two models are respectively employed to account for the
small-scale and size-dependent effects, while the third is used to represent the interactive
mechanism between the bar and its surrounding elastic substrate. Then, the differential
equilibrium equation and end-force equilibrium conditions revealed by Sae-Long et al. [44]
using the virtual displacement principle are introduced. The system sectional deformation-
force (compliance form) relations are subsequently derived. Next, differential compatibility
equations, as well as associated classical and non-classical end-displacement compati-
bility conditions, are consistently derived using the virtual force principle and form the
core of the model formulation. The modified Tonti’s diagram is employed to illustrate
the problem formulation within the framework of the virtual force principle. Finally, a
nanowire-substrate system is employed as a numerical example to show the accuracy of
the proposed nanobar-substrate model and to present the advantage over its counterpart
proposed by Sae-Long et al. [44]. Both global and local responses of the nanowire-substrate
system are thoroughly discussed. The computer software Mathematica [64] is used to
perform all symbolic calculations.

2. Strain Gradient Bars with Inclusion of Surface-Free Energy

In the present work, the bar section of Figure 1 is considered a composite composing
of a bar-bulk material and a mathematically zero-thickness surface. The simplified strain-
gradient elasticity theory of Altan and Aifantis [65] is employed to account for the small-
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scale effect of the bar-bulk material while the surface elasticity theory of Gurtin and
Murdoch [46,47] is used to consider the surface-free energy due to the excess energy at the
surface of the bar-bulk material.

y

z

D

x

y

Figure 1. Nanobar section with a warping surface layer.

2.1. Simplified Strain-Gradient Model

As a simple variant of Mindlin’s strain-gradient elasticity theory [19], the simplified
strain-gradient elasticity model of Altan and Aifantis [65] is adopted herein to represent
higher-order deformation mechanism of materials. This simplified variant is of great
interest since it contains only one material small-scale parameter, thus rendering the
process of the material-parameter determination and calibration simple and expeditious.
Therefore, the simplified strain-gradient elasticity model is well suited to the simplest form
of structural-mechanics model-like bars in this study.

For a uniaxial response, the degenerated form of the strain energy density functional
Ψ is given by Barretta and Marotti de Sciarra [24] as

( ) ( )xx xxx xx xx xx x xxxE E lε η ε ηΨ = +  
(1)

with Exx being the elastic modulus; εxx(x), the axial strain; ηxxx(x) = ∂εxx(x)/∂x, the
gradient of axial strain along the x-axis (the axial-strain gradient); and lx, the material
length-scale parameter associated with the axial-strain gradient.

Clearly, the strain energy density functional Ψ of Equation (1) depends not only on
the local axial strain εxx(x) but also on the axial-strain gradient ηxxx(x), thus inducing
nonlocality of the bar-bulk material. Therefore, nonlocality associated with higher-order
deformation mechanism of the strain-gradient materials are accounted for through this
amended strain energy density functional Ψ.

Following the strain–displacement compatibility relation [24], the axial strain εxx(x)
and the axial-strain gradient ηxxx(x) can be expressed in terms of the bar axial displacement
ux(x) as

εxx(x) =
∂ux(x)

∂x
; and ηxxx(x) =

∂2ux(x)
∂x2 (2)

To couple the strain energy density functional Ψ with the principle of thermodynamics,
the rate form of Equation (1) is required and can be expressed as

.
Ψ[εxx, ηxxx] =

∂Ψ
∂εxx

.
εxx +

∂Ψ
∂ηxxx

.
ηxxx (3)

with (·) denoting the derivative with respect to time t.

6
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Considering the conjugate-work pairs of strain quantities (εxx and ηxxx), the stress
quantities can be defined based on Equation (3) as

σL
xx =

∂Ψ
∂εxx

= Exxεxx and Σxx =
∂Ψ

∂ηxxx
= lx

2Exxηxxx (4)

where σL
xx defines the local axial stress and represents the conjugate-work pair of the axial

strain εxx; and Σxx defines the higher-order axial stress and represents the conjugate-work
pair of the axial-strain gradient ηxxx.

Recalling the first law of thermodynamics, the following expression must be satisfied

∫
L

⎛
⎝∫

A

σxx
.
εxxdA

⎞
⎠ dx −

∫
L

⎛
⎝∫

A

.
Ψ dA

⎞
⎠ dx = 0 (5)

where σxx is the nonlocal axial stress; A, the bar cross-section area; and L, the bar length.
Substituting Equation (3) into Equation (5) leads to the following expression

∫
L

N(x)
.
εxx dx −

∫
L

NL(x)
.
εxxdx −

∫
L

NH(x)
.
ηxxxdx = 0 (6)

where the sectional resultant forces (N(x), NL(x), and NH(x)) are defined as

[N(x), NL(x), NH(x)] =
∫
A

[
σxx, σL

xx, Σxx

]
dA (7)

As demonstrated by Sae-Long et al. [44], the integral relation of Equation (6) plays an
essential role in deriving the governing differential equilibrium equation of the nanobar-
elastic substrate system via the virtual displacement principle.

2.2. Surface Elasticity Theory

The size-dependent phenomenon is unique to nano-sized structures. The so-called
“surface-free energy” related to excessive energy at the surface atoms is responsible for
this unique phenomenon. This study employs the surface elasticity model of Gurtin and
Murdoch [46,47] to account for the surface-energy effect on nano-sized bar responses. For
the present problem of nanobars, the degenerated form of the Gurtin–Murdoch surface
constitutive model can be written as

τsur
xx − τsur

0 = Esurεsur
xx (8)

where τsur
xx is the axial component of the surface stress tensor; τsur

0 , the residual surface
stress under unconstrained conditions; Esur, the surface elastic modulus; usur

xx , the surface
axial displacement; and εsur

xx = ∂usur
x /∂x, the surface strain.

Following the perfectly bonded interface between the bar bulk and the wrapped
surface layer (full composite action), the following relations are obtained

usur
xx (x) = ux(x) and εsur

xx (x) = εxx(x) (9)

3. Bar-Substrate Medium Interaction

To consider interactive mechanism between the bar and its surrounding substrate
medium, the widely used Winkler foundation model [66] is called for. Smeared elastic
springs in a series are distributed along the bar length to represent the surrounding substrate
medium. The force–deformation relation for these smeared elastic springs is

DS(x) = kSΔS(x) (10)

7
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with DS(x) being the substrate interactive force; kS, the elastic substrate stiffness; and
ΔS(x), the substrate deformation.

Full compatibility between the bar and its surrounding substrate medium results in
the following relation

ΔS(x) = ux(x) (11)

4. Model Formulation

4.1. Differential Equilibrium Equation and End-Force Equilibrium Conditions: The Virtual
Displacement Approach

As an alternative to represent the system equilibrium, the virtual displacement princi-
ple is called for. The general expression of the virtual displacement principle is

δW = δWint + δWext = 0 (12)

where δW represents the system total virtual work; δWint represents the system internal
virtual work; and δWext represents the system external virtual work.

For a strain gradient bar-elastic substrate medium system with inclusion of surface-free
energy shown in Figure 2, δWint and δWext are given by Sae-Long et al. [44] as

( ) ( ) ( ) ( )

( )( ) ( )( )

xx xx S S
L A L

sur sur sur
xx xx

L

W x dA x dx D x x dx

x x d dx

δ σ δε δ

τ τ δε

−

Γ

−

= + Δ

+ − Γ
(13)

( ) ( )x x
L

W p x u x dxδ δ δ= − −
(14)

where Γ is the bar perimeter; px(x) represents the longitudinal distributed load; the vec-
tor U =

{
U1 U2 U3 U4

}T collects displacements at the bar ends; and the vector

P =
{

P1 P2 P3 P4
}T collects conjugate-work forces at the bar ends.

Figure 2. Nanobar-elastic substrate system: the virtual-displacement formulation.

Recalling the definition of the sectional resultant forces of Equation (7), imposing
the compatibility conditions of Equations (2), (9) and (11) and subsequently imposing the
thermodynamics condition of Equation (6), the system internal virtual work δWint becomes

δWint =
∫
L

NL(x) ∂δux(x)
∂x dx +

∫
L

NH(x) ∂2δux(x)
∂x2 dx +

∫
L

DS(x)δux(x)dx

+
∫
L

Nsur
τxx−τ0

(x) ∂δux(x)
∂x dx

(15)

8
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where the surface axial force Nsur
τxx−τ0

(x) is defined as

Nsur
τxx−τ0

(x) =
∮
Γ

(τsur
xx (x)− τsur

0 ) dΓ (16)

Consequently, the virtual displacement statement of Equation (12) is rewritten as

δW =
∫
L

Nsur
L (x) ∂δux(x)

∂x dx +
∫
L

NH(x) ∂2δux(x)
∂x2 dx +

∫
L

DS(x)δux(x)dx

−∫
L

px(x)δux(x)dx − δUTP = 0
(17)

where Nsur
L (x) = NL(x) + Nsur

τxx−τ0
(x) is defined as the lower-order composite axial force

and is contributed from the full composite action between the bar-bulk material and the
wrapped surface layer.

Following the virtual displacement principle employed by Sae-Long et al. [44], the
governing differential equilibrium equation (Euler–Lagrange equation) as well as its associ-
ated end-boundary force conditions (natural boundary conditions) of the nanobar-elastic
substrate system are consistently derived as

∂2NH(x)
∂x2 − ∂Nsur

L (x)
∂x

+ DS(x)− px(x) = 0 : forx ∈ (0, L) (18)

P1 = −
(

Nsur
L (x)− ∂NH(x)

∂x

)
x=0

; P2 = −(NH(x))x=0;

P3 =
(

Nsur
L (x)− ∂NH(x)

∂x

)
x=L

; P4 = (NH(x))x=L

(19)

It is worth remarking that the differential equilibrium equation of Equation (18) is
of vital importance when the virtual force principle is employed to reveal the differential
compatibility equation of the problem, as will be presented subsequently.

4.2. Sectional Constitutive Relations: Compliance Form

The sectional constitutive relations can be obtained by substituting the stress–strain
relations of Equations (4) and (8) into Equations (7) and (16), respectively, and can be
written in the compliance form as

εxx(x) =
NL(x)
Exx A

; ηxxx(x) =
NH(x)

lx2Exx A
; and εsur

xx (x) =
Nsur

τxx−τ0
(x)

EsurΓ
(20)

Imposing the full composite action between the bar bulk and the wrapped surface layer
of Equations (9) and (20) provides the following relations between axial force components

NL(x) = Exx A
Exx A+EsurΓ Nsur

L (x); Nsur
τxx−τ0

(x) = EsurΓ
Exx A+EsurΓ Nsur

L (x); and

NH(x) = lx2Exx A
Exx A+EsurΓ

∂Nsur
L (x)
∂x

(21)

Based on Equation (10), the deformation-force (compliance form) relation for an elastic
substrate medium can be expressed as

ΔS(x) =
DS(x)

kS
(22)

4.3. Differential Compatibility Equations and End-Displacement Compatibility Conditions: The
Virtual Force Approach

To express the system compatibility conditions in the integral (weak) form, the virtual
force principle is applied. The virtual force equation can be written in a general form as

δW∗ = δW∗
int + δW∗

ext = 0 (23)

9



Nanomaterials 2021, 11, 274

where δW∗ represents the system total complementary virtual work; δW∗
int represents the

system internal complementary virtual work; and δW∗
ext represents the system external

complementary virtual work.
For the bar-substrate medium system of Figure 3, δW∗

int and δW∗
ext are

δW∗
int =

∫
L

δNL(x)εxx(x) dx +
∫
L

δNH(x)ηxxx(x) dx

+
∫
L

δNsur
τxx−τ0

(x)εsur
xx (x)dx +

∫
L

δDS(x)ΔS(x) dx
(24)

δW∗
ext = −

∫
L

δpx(x)ux(x)dx − δPTU (25)

Figure 3. Nanobar-elastic substrate system: the virtual-force formulation.

To eliminate the bar axial displacement ux(x) from the virtual force statement, the
virtual longitudinal distributed load δpx(x) can arbitrarily be chosen to be zero without
loss of model generality. Therefore, Equation (23) becomes∫

L
δNL(x)εxx(x) dx +

∫
L

δNH(x)ηxxx(x) dx+∫
L

δDS(x)ΔS(x) dx +
∫
L

δNsur
τxx−τ0

(x)εsur
xx (x)dx − δPTU = 0

(26)

Enforcing the compliance-type constitutive relations of Equations (20) and (22), Equa-
tion (26) can be rewritten as

∫
L

δNsur
L (x)NL(x)

Exx A dx +
∫
L

δNH(x) NH(x)
lx2Exx A dx+∫

L
δDS(x)DS(x)

kS
dx − δPTU = 0

(27)

Imposing the differential equilibrium relation of Equation (18), the substrate interactive
force DS(x) and its virtual counterpart δDS(x) can be excluded from the virtual force
statement. Thus, Equation (24) is rewritten as

∫
L

δNsur
L (x)NL(x)

Exx A dx +
∫
L

δNH(x) NH(x)
lx2Exx A dx

+
∫
L

(
− ∂2δNH(x)

∂x2 +
∂δNsur

L (x)
∂x

)(
1
kS

)(
− ∂2 NH(x)

∂x2 +
∂Nsur

L (x)
∂x + px(x)

)
dx

−δPTU = 0

(28)

10
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In order to move differential operators to axial forces Nsur
L (x) and NH(x), integration

by parts is called for, thus resulting in the following expression

∫
L

δNsur
L (x)

(
NL(x)
Exx A +

(
1
kS

)(
∂3 NH(x)

∂x3 − ∂2 Nsur
L (x)

∂x2 − ∂px(x)
∂x

))
dx+

∫
L

δNH(x)
(

NH(x)
lx2Exx A

+
(

1
kS

)(
∂4 NH(x)

∂x4 − ∂3 Nsur
L (x)

∂x3 − ∂2 px(x)
∂x2

))
dx+[

1
kS

(
− ∂2 NH(x)

∂x2 +
∂Nsur

L (x)
∂x + px(x)

)(
δNsur

L (x)− ∂δNH(x)
∂x

)]L

0
+[

1
kS

(
− ∂3 NH(x)

∂x3 +
∂2 Nsur

L (x)
∂x2 + ∂px(x)

∂x

)
δNH(x)

]L

0
− δPTU = 0

(29)

The virtual force quantities in the first boundary term of Equation (29) reveal that the
total lower-order (local) axial force N(x) is defined in terms of the lower-order composite
axial force Nsur

L (x) and the higher-order axial force NH(x) as

N(x) = Nsur
L (x)− ∂NH(x)

∂x
(30)

The axial-force relation of Equation (30) was also gained by Sae-Long et al. [44] using
the virtual displacement principle as shown in Equation (19).

Following the Cartesian sign convention and recalling the axial-force definition of
Equation (30), Equation (29) becomes

∫
L

δNsur
L (x)

(
NL(x)
Exx A +

(
1
kS

)(
∂3 NH(x)

∂x3 − ∂2 Nsur
L (x)

∂x2 − ∂px(x)
∂x

))
dx+

∫
L

δNH(x)
(

NH(x)
lx2Exx A

+
(

1
kS

)(
∂4 NH(x)

∂x4 − ∂3 Nsur
L (x)

∂x3 − ∂2 px(x)
∂x2

))
dx+

−δP1

(
U1 +

1
kS

(
− ∂2 NH(x)

∂x2 +
∂Nsur

L (x)
∂x + px(x)

)
x=0

)
−δP2

(
U2 − 1

kS

(
− ∂3 NH(x)

∂x3 +
∂2 Nsur

L (x)
∂x2 + ∂px(x)

∂x

)
x=0

)
−δP3

(
U3 +

1
kS

(
− ∂2 NH(x)

∂x2 +
∂Nsur

L (x)
∂x + px(x)

)
x=L

)
−δP4

(
U4 − 1

kS

(
− ∂3 NH(x)

∂x3 +
∂2 Nsur

L (x)
∂x2 + ∂px(x)

∂x

)
x=L

)
= 0

(31)

Accounting for arbitrariness of δNsur
L (x) and δNH(x), the governing differential com-

patibility equations associated with the lower-order and higher-order axial forces are
obtained, respectively, as

NL(x)
Exx A

+

(
1
kS

)(
∂3NH(x)

∂x3 − ∂2Nsur
L (x)

∂x2 − ∂px(x)
∂x

)
= 0 : forx ∈ (0, L) (32)

NH(x)
lx2Exx A

+

(
1
kS

)(
∂4NH(x)

∂x4 − ∂3Nsur
L (x)

∂x3 − ∂2 px(x)
∂x2

)
= 0 : forx ∈ (0, L) (33)

It is worth remarking that due to elimination of the substrate interactive force DS(x)
and its virtual counterpart δDS(x) as discussed earlier, the compatibility condition asso-
ciated with the elastic-substrate medium is not present in the virtual force statement of
Equation (31).

Considering the compliance-type constitutive relations of Equations (20) and (22),
enforcing the Winkler-foundation assumption of Equation (11), and imposing the equilib-

11
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rium relation of Equation (18), Equations (20) and (22) simply address the lower-order and
higher-order strain–displacement compatibility conditions as

εxx(x)− ∂ux(x)
∂x

= 0 (34)

ηxxx(x)− ∂2ux(x)
∂x2 = 0 (35)

Considering the first and third axial-force relations of Equation (21), the following
relation between the first derivative of the local axial force NL(x) and higher-order axial
force NH(x) can be established by

NH(x) = lx
2 ∂NL(x)

∂x
(36)

With the axial-force relation of Equation (36), two differential compatibility conditions
of Equations (32) and (33) can be combined into a single expression as

NL(x)
Exx A

+

(
1
kS

)(
lx

2 ∂4NH(x)
∂x4 − ∂2Nsur

L (x)
∂x2 − ∂px(x)

∂x

)
= 0 : forx ∈ (0, L) (37)

It is worth restating that the differential equilibrium equation given by Sae-Long
et al. [44] is derived based on the virtual displacement principle while the differential
compatibility equation of Equation (37) is derived based on the virtual force principle.
Comparison between these two differential equations confirms the dualism of the virtual
displacement and virtual force principles.

Accounting for the arbitrariness of δP in Equation (31) yields the following end-
boundary displacement conditions (essential boundary conditions).

U1 = 1
kS

(
∂2 NH(x)

∂x2 − ∂Nsur
L (x)
∂x

)
x=0

− 1
kS
(px(x))x=0

U2 = 1
kS

(
− ∂3 NH(x)

∂x3 +
∂2 Nsur

L (x)
∂x2

)
x=0

+ 1
kS

(
∂px(x)

∂x

)
x=0

U3 = 1
kS

(
∂2 NH(x)

∂x2 − ∂Nsur
L (x)
∂x

)
x=L

− 1
kS
(px(x))x=L

U4 = 1
kS

(
− ∂3 NH(x)

∂x3 +
∂2 Nsur

L (x)
∂x2

)
x=L

+ 1
kS

(
∂px(x)

∂x

)
x=L

(38)

Compared to the end-boundary force conditions given by Sae-Long et al. [44] using
the virtual displacement principle, Equation (38) and those given by Sae-Long et al. [44]
are dual. Furthermore, end-displacement components associated with the bar bulk-surface
layer composite (Nsur

L (x) and NH(x)) and the distributed load px(x) are clearly separated
in Equation (38).

In summary, a complete set of governing equations of the problem formulated within
the framework of virtual force principle are the equilibrium condition of Equation (18),
the compliance-type constitutive relations of Equations (20) and (22), and the virtual-force
statement (weak form) of the compatibility relations of Equations (32) and (33) together with
the end-boundary displacement conditions of Equation (38). The formulation procedure
within the framework of the virtual force principle can concisely be presented in the
modified Tonti’s diagram of Figure 4.
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Figure 4. Modified Tonti’s diagram for nanobar-elastic substrate system: The virtual-force formulation.

5. Analytical Solution of Differential Compatibility Equation: Axial-Force Solution

Within the framework of the virtual force formulation, the analytical solution to the
differential compatibility equation of Equation (37) is expressed in terms of axial force
variables. Unfortunately, the present form of Equation (37) cannot be solved readily since it
contains multi axial-force variables (NL(x), Nsur

L (x) and NH(x)). Recalling the axial-force
relations of Equation (21), the differential compatibility relation of Equation (37) can be
expressed in terms of a single axial-force field Nsur

L (x) as

(
lx

2Exx A
) ∂4Nsur

L (x)
∂x4 − (EA)sur

xx
∂2Nsur

L (x)
∂x2 + kS Nsur

L (x) = (EA)sur
xx

∂px(x)
∂x

for x ∈ (0, L) (39)

with the composite bar axial stiffness (EA)sur
xx being defined as Exx A + EsurΓ.

Equation (39) is central to the axial-force determination of the strain-gradient bar-
elastic substrate system with inclusion of surface-energy effect. The strain-gradient nature
of the bar-bulk material induces the higher-order derivative (fourth order) while the
surface-free energy induces the lower-order derivative (second order). Furthermore, it is
observed from Equation (39) that the surface-energy effect influences both homogeneous
and particular solutions while the strain-gradient effect only affects the homogeneous
solution. It is worth pointing out that with the presence of a uniformly distributed load
px(x) = px0, only the homogeneous solution is required since the term on the right-hand
side of Equation (39) vanishes. In other words, the axial-force response Nsur

L (x) is not
influenced with the presence of a uniformly distributed load px(x) = px0. This unique
feature makes the proposed bar-elastic substrate model desirable since there is no need
for the particular solution with this specific loading case. However, the presence of the
uniformly distributed load px(x) = px0 affects the system response through the system
equilibrium condition of Equation (18).

As suggested by Gülkan and Alemdar [67], the homogeneous solution to Equation (39)
can be written in the general form as

Nsur
L (x) = φ1(x)c1 + φ2(x)c2 + φ3(x)c3 + φ4(x)c4 (40)
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where c1, c2, c3, and c4 are constants of integration and can be determined from the
imposed boundary conditions; and φ1, φ2, φ3, and φ4 are the basic functions which forms
are governed by the system parameters (see Appendix A).

To analytically determine the axial-force solution, essential and natural boundary
conditions are both required. Investigating the first boundary term of Equation (29) reveals
the following classical essential and natural boundary conditions

specify ux = 1
kS

(
− ∂2 NH(x)

∂x2 +
∂Nsur

L (x)
∂x + px(x)

)
specify N = Nsur

L (x)− ∂NH(x)
∂x

⎫⎬
⎭ at x = 0, L (41)

Similarly, considering the second boundary term of Equation (29) reveals the following
non-classical essential and natural boundary conditions

specify u′
x = ∂ux(x)

∂x = 1
kS

(
− ∂3 NH(x)

∂x3 +
∂2 Nsur

L (x)
∂x2 + ∂px(x)

∂x

)
specify NH = NH(x)

⎫⎬
⎭ at x = 0, L (42)

Unfortunately, boundary conditions of Equations (41) and (42) cannot be readily
employed since the lower-order composite axial force Nsur

L (x) is only the single variable
present in the governing differential compatibility equation of Equation (39). However,
boundary conditions of Equations (41) and (42) can be expressed in terms of the lower-
order composite axial force Nsur

L (x) by employing the axial-force relations of Equation (21).
Consequently, Equations (41) and (42) become

specify ux = 1
kS

(
− lx2Exx A

(EA)sur
xx

∂3 Nsur
L (x)

∂x3 +
∂Nsur

L (x)
∂x + px(x)

)
specify N = Nsur

L (x)− lx2Exx A
(EA)sur

xx

∂2 Nsur
L (x)

∂x2

⎫⎪⎬
⎪⎭ at x = 0, L (43)

specify u′
x = ∂ux(x)

∂x = 1
kS

⎛
⎝ − lx2Exx A

(EA)sur
xx

∂4 Nsur
L (x)

∂x4 +

∂2 Nsur
L (x)

∂x2 + ∂px(x)
∂x

⎞
⎠

specify NH = lx2Exx A
(EA)sur

xx

∂Nsur
L (x)
∂x

⎫⎪⎪⎪⎬
⎪⎪⎪⎭

at x = 0, L (44)

6. Numerical Example

In the present study, a nanowire-elastic substrate system of Figure 5 is employed as
a numerical example to investigate the characteristics and to assess the accuracy of the
proposed nanobar-substrate model. An end force P of 2400 nN and a uniformly distributed
load px0 of 2.4 nN/nm are exerted on this bar-substrate system. It is noted that this
numerical example had been employed to present the characteristics of Eringen’s nonlocal
bar-substrate model proposed by Limkatanyu et al. [63]. The nanowire is made of silver
material with the bulk modulus Exx = 76 GPa and has the following geometric properties:
diameter D = 50 nm and length L = 1000 nm. These mechanical and geometric properties
follow values given by Juntarasaid et al. [68] and He and Lilley [48], respectively. The
material length-scale parameter lx = 200 nm is assumed as provided by Yang and Lim [69].
As suggested by He and Lilley [48], the surface elastic modulus Esur of 1.22 nN/nm is
employed. A stiffness coefficient KS of 95 × 10−3 nN/nm3 is employed for the surrounding
substrate medium, thus resulting in an elastic substrate stiffness kS of 14.92 nN/nm2. This
particular value for the surrounding substrate is provided by Liew et al. [70] to represent
the surrounding substrate medium as polymer.
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Figure 5. Nanowire-elastic substrate system under axial force loadings: Numerical example.

Two different bar-substrate systems are employed to simulate the responses of the
silver nanowire-substrate system of Figure 5. The first is based on the classical (local)
bar-substrate model [71], thus excluding both nonlocal and surface-energy effects while the
second is based on the proposed strain-gradient bar-substrate model, thus including both
nonlocal and surface-energy effects. Furthermore, the responses of the silver nanowire-
substrate system are also simulated by the strain-gradient bar-substrate model of Sae-
Long et al. [44] to confirm the accuracy and efficiency of the proposed bar-substrate model.
It is worth mentioning that the strain-gradient bar-substrate model of Sae-Long et al. [44]
provides the axial displacement ux(x) as the basic solution while the proposed strain-
gradient bar-substrate model yields the lower-order composite axial force Nsur

L (x) as the
basic solution. Unlike the strain-gradient bar-substrate model of Sae-Long et al. [44], the
proposed strain-gradient bar-substrate model does not require the particular solution for
the present case of the uniformly distributed load px0, thus showing the merit of the present
model formulation.

Figure 6 plots and compares axial-displacement profiles obtained from classical and
two bar-substrate models. Clearly, the axial-displacement profile obtained from the pro-
posed bar-substrate model is identical to that obtained from the bar-substrate model of
Sae-Long et al. [44], thus confirming validity of the proposed model. Compared with the
classical model, a stiffer nanowire-substrate system response is obtained with the proposed
model. Considering the coefficient of the lower-order derivative (second order) term in
Equation (39), the system stiffness enhancement related to the surface-free energy can
clearly be noticed. However, this stiffening effect of the surface-free energy is minimal for
specific values of system parameters herein since the composite bar axial stiffness (EA)sur

xx
increases merely 0.128% with inclusion of the surface-energy effect. Therefore, the stiffening
effect associated with the bar-bulk nonlocality is much more pronounced than that associ-
ated with the surface-free energy. With the classical model, the axial displacement remains
approximately constant at 0.16 nm along half of the nanowire (see the inset in Figure 6) and
then drastically increases to reach its maximum value of 1.8 nm at the loading end. With
the proposed model, the left half of the nanowire experiences a gradual decrease in the
axial displacement between its free end (0.16 nm) and its middle region (0.13 nm) while the
right half of the nanowire also encounters a drastic increase in axial displacement between
its middle region and its loading end (1.36 nm). This particular displacement characteristic
is associated with the higher-order derivative (fourth order) term in Equation (39) and the
statically indeterminate nature of the bar-substrate system.
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Figure 6. Axial displacement versus distance along the nanowire.

Figure 7a compares axial-strain distributions obtained from classical and two bar-
substrate models while Figure 7b plots the axial-strain gradient distribution obtained
from the bar-substrate models. It is clear from Figure 7a that the strain-gradient nature
of the bar-bulk material drastically alters the distribution characteristics of axial-strain
responses. With the classical model, the axial strain remains approximately zero along
half of the nanowire (see the inset in Figure 7a) and then rapidly increases toward the
loading end. In other words, the axial-strain distribution of the classical model appears
to be localized in the neighborhood of the loading end. With the proposed model, the
axial strain along approximately half of the nanowire is in compression (negative value)
and then smoothly increases to reach its maximum positive value at the loading end. The
maximum axial strain obtained with the proposed model is about three times less than that
obtained with the classical model. This peculiar but unique axial-strain response complies
with the axial-displacement response presented in Figure 6. The axial-strain gradient
distribution is shown in Figure 7b. Vanishing of the axial-strain gradient at either nanowire
end (ηxxx(0) = ηxxx(L) = 0) is associated with the imposed higher-order force boundary
conditions at both the nanowire ends (NH(0) = NH(L) = 0) through the constitutive
relation of Equation (20).

Figure 8 compares the axial-force distributions obtained from classical and two bar-
substrate models. With the classical model, the axial force remains approximately zero
along the left half of the nanowire (see the inset in Figure 8) and then drastically increases
toward the loading end, thus implying that only the right half of the nanowire takes part
in the axial-force resistance. With the proposed model, a whole portion of the nanowire
participates in the axial-force resistance. The axial force is in compression (negative value)
along around three quarters of the whole length (see the inset in Figure 8) and drastically
increases to reach its maximum in tension at the loading end. This unique but rather
peculiar axial-force response is induced by the higher-order axial force solution to the
governing differential equation of Equation (39) and the statical indeterminacy inherent to
the nanowire-elastic substrate system.
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(a) (b) 

Figure 7. Axial strain and axial-strain gradient versus distance along the nanowire: (a) Axial strain;
(b) Axial-strain gradient.

Figure 8. Total lower-order axial force versus distance along the nanowire.

To scrutinize the axial-force distribution nature of the proposed bar-substrate model,
distribution diagrams of lower-order composite axial force Nsur

L (x), higher-order axial
force NH(x), and higher-order axial-force gradient ∂NH(x)/∂x are respectively plotted
in Figure 9a–c. All axial-force diagrams obtained from the bar-substrate model of Sae-
Long et al. [44] are also superimposed to confirm validity of the proposed bar-substrate model.
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(a) 

 
(b) (c) 

Figure 9. Axial force responses versus distance along the nanowire: (a) Lower-order composite axial
force Nsur

L (x); (b) Higher-order axial force NH(x); (c) Higher-order axial-force gradient ∂NH(x)/∂x.

Figure 9a clearly shows that the lower-order composite axial force Nsur
L (x) does not

satisfy the end-force boundary conditions, and its distribution nature is much smoother
than that of its local counterpart present in the classical model presented in Figure 8. It is
worth remarking that the lower-order composite axial force Nsur

L (x) is the fundamental
solution to the fourth order differential equation of Equation (39) while its local counterpart
is the fundamental solution to the second order differential equation. The higher-order axial
force NH(x) is related to the derivative of the lower-order composite axial force Nsur

L (x)
through Equation (36).

Figure 9b shows the higher-order axial-force distribution and confirms satisfaction
of the imposed higher-order end-force boundary conditions (NH(0) = NH(L) = 0). It is
observed that the distribution nature of the higher-order axial force is much more rapid
than that of the lower-order composite axial force due to the differentiation relation between
these two axial-force quantities in Equation (36).

Figure 9c presents the distribution diagram of the higher-order axial-force gradient.
As indicated in Equation (30), the lower-order composite axial force Nsur

L (x) and the
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higher-order axial-force gradient ∂NH(x)/∂x both contribute to the total lower-order axial
force N(x). Therefore, the end-value combinations of axial-force diagrams in Figure 9a,c
satisfy the end-force boundary conditions imposed on the total lower-order axial force
N(x) as shown in Figure 8 (N(0) = 0 and N(L) = 2400 nN). Furthermore, it is observed
from Figure 9a,c that the higher-order axial-force gradient ∂NH(x)/∂x participates more
in contributing to the total lower-order axial force N(x) for the present nanowire-elastic
substrate system.

The substrate interactive-force diagrams obtained from classical and two bar-substrate
models are shown in Figure 10. Complying with the Winkler-foundation hypothesis, the
shapes of the substrate interactive-force diagrams resemble those of the axial-displacement
diagrams shown in Figure 6. With the classical model, the substrate interactive force
remains approximately constant at the value of the uniformly distributed load px0 of
2.4 nN/nm along half of the nanowire (see the inset in Figure 10). This observation has the
physical interpretation as the bar component has no contribution to the system resistance
to externally applied loads along the left half of the nanowire, thus complying with the
axial-force distribution presented in Figure 8. With the proposed model, the substrate
interactive force continuously varies along the length of the nanowire, thus implying the
whole part of the bar component participates in the system resistance to the externally
applied loads.

Figure 10. Substrate interactive force versus distance along the nanowire.

7. Summary and Conclusions

In the present work, a rational bar-elastic substrate model with inclusion of small-scale
and surface-energy effects is alternatively formulated within the framework of virtual
force principle. The small-scale (nonlocal) effect of the bar bulk is introduced through the
thermodynamics-based strain-gradient model while the surface-energy-dependent size
effect is included using the Gurtin–Murdoch surface model. To account for the bar-elastic
substrate interaction, Winkler foundation model is called for. The higher-order differential
compatibility equation of the problem and its associated classical and non-classical end-
displacement compatibility conditions are consistently derived from the virtual force
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principle and form the core of the proposed bar-elastic substrate model. The axial force
field serves as a basic solution to the higher-order differential compatibility equation.

To show the accuracy and merit of the proposed bar-elastic substrate model, a nanowire-
elastic substrate system under axial loadings is employed as a numerical example. Under a
uniformly distributed loading, the proposed model requires no particular solution. This is
in opposition to its counterpart proposed by Sae-Long et al. [44]. Considering the small-
scale and surface-energy effects consistently leads to a stiffer bar-elastic substrate system
in similar way as enhancement of the bar axial rigidity when compared to the classical
bar-elastic substrate model. This system stiffness enhancement has been confirmed by both
theoretical studies and experimental evidence available in the literature [72]. Peculiar but
specific response distributions along the nanowire length are observed at both global and
local levels and they are associated with the higher-order governing differential equation
and the statistical indeterminacy of the nanowire-elastic substrate system. It is anticipated
that the bar-elastic substrate model proposed herein will be especially useful to scientists
and engineers working in the area of nanoscience and nanoengineering.
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Appendix A

The general form of the homogeneous solution to Equation (39) can be written as

Nsur
L (x) = φ1(x)c1 + φ2(x)c2 + φ3(x)c3 + φ4(x)c4 (A1)

The homogeneous solution Nsur
L (x) in Equation (A1) is derived stem from the ana-

lytical solution of the beam on a two-parameter foundation as introduced by Gülkan and
Alemder [67]. Thus, the basic functions in each solution cases can be expressed as:

Case I: λ2 < 2
√

λ1

φ1 = cosh[αx] cos[βx]; φ2 = sinh[αx] cos[βx]
φ3 = cosh[αx] sin[βx]; φ4 = sinh[αx] sin[βx]

(A2)

Case II: λ2 > 2
√

λ1

φ1 = cosh[αx] cosh[βx]; φ2 = sinh[αx] cosh[βx]
φ3 = cosh[αx] sinh[βx]; φ4 = sinh[αx] sinh[βx]

(A3)
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Case III: λ2 = 2
√

λ1

φ1 = e
4√λ1x; φ2 = xe

4√λ1x; φ3 = e−
4√λ1x; φ4 = xe−

4√λ1x (A4)

with the auxiliary variables as

λ1 = kS
(lx2Exx A)

; λ2 =
(EA)sur

xx
(lx2Exx A)

; α =
√√

λ1
2 + λ2

4 ;

β =
√√

λ1
2 − λ2

4 for Case I; and β =
√

λ2
4 −

√
λ1
2 for Case II

(A5)
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Abstract: Precise prediction of mechanical behavior of thin films at the nanoscale requires techniques
that consider size effects and fabrication-related issues. Here, we propose a test methodology to
estimate the Young’s modulus of nanometer-thick films using micromachined bilayer cantilevers. The
bilayer cantilevers which comprise a well-known reference layer and a tested film deflect due to the
relief of the residual stresses generated during the fabrication process. The mechanical relationship
between the measured residual stresses and the corresponding deflections was used to characterize
the tested film. Residual stresses and deflections were related using analytical and finite element
models that consider intrinsic stress gradients and the use of adherence layers. The proposed
methodology was applied to low pressure chemical vapor deposited silicon nitride tested films
with thicknesses ranging from 46 nm to 288 nm. The estimated Young’s modulus values varying
between 213.9 GPa and 288.3 GPa were consistent with nanoindentation and alternative residual
stress-driven techniques. In addition, the dependence of the results on the thickness and the intrinsic
stress gradient of the materials was confirmed. The proposed methodology is simple and can be used
to characterize diverse materials deposited under different fabrication conditions.

Keywords: bilayer cantilever; deflections; thin films; residual stresses; young’s modulus

1. Introduction

Accurate values of the Young’s modulus are essential to correctly quantify the stiffness
of the structures under different loading conditions. A comprehensive understanding of
this mechanical property in very thin films is critical to the proper design of small-scale
micromachined devices. The Young’s modulus of materials with nanometric dimensions
(especially below 100 nm) can vary due to the effect of small size [1] and the fabrication
process [2]. Therefore, its correct estimation is an area of great interest in many fields such
as microelectronics, protective coatings, and nanoelectromechanical systems (NEMS). At
this level, the determination of the Young’s modulus requires very different procedures
to the traditional uniaxial tensile tests of bulk samples. Several techniques, including
nanoindentation [3–5], bulge test [6–8], electrostatic pull-in experiments [9,10], or resonant-
based methods [11,12] have been developed for this purpose. However, they often require
complex experimental setups and extraction procedures that complicate the replicability of
the experimental results. The main difficulty of these tests lies in the need to apply external
loads that can eventually disturb the samples and produce noise in the measurements.
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The residual stresses of materials deposited by surface micromachining processes
can be used as a means of actuation to extract the Young’s modulus of thin films without
external manipulation of the samples. An example is the on-chip nanomechanical testing
laboratory developed to apply a uniaxial load to the tested films using the internal stress
present in a well-characterized reference material [13]. The test methodology is simple,
which allows the study of the stress-strain response of a wide range of materials. Thus,
different properties such as Young’s modulus, yield stress or fracture stress, fracture strain,
and strain hardening can be estimated. In addition, this procedure can also be implemented
in a semiconductor device production line [14]. Although ultrathin films can be evaluated
with this technique, long actuator beams are needed to provide accurate measurements and
large strains. This is an important challenge because of the difficulty of fabricating structures
with high aspect ratios (length/thickness). Another proposal consists of combining the
measurement of the internal stress after film deposition with the measurement of the
corresponding internal elastic strain of freestanding beams [15]. This method is simple and
easy to implement but is limited to thin films that have high internal stresses. Furthermore,
the accuracy of the strain measurement requires long beams that can suffer from stiction
in the release steps. Recently, the deflections of residual stress-driven bilayer cantilevers
integrated by a tested film and a well-characterized reference layer have been used to
study the elastic properties of ultrathin films [16,17]. In these cases, the parameters that
are evaluated are both Young’s modulus and mismatch strain of the tested film. Due to
these reasons, several cantilevers with different thickness ratios between the tested film
and the reference layer must be fabricated. Thus, the intersection of the corresponding
stress-deflection curves gives the solution under the assumption that the mismatch strain
is the same in all specimens. Accurate measurements can be achieved by applying this
method on tested films with thicknesses less than 100 nm due to the large curvatures of the
deflected cantilevers. However, the control of thickness in the micromachining process is a
critical issue that could limit the reproducibility of the results and hinder the evaluation of
materials with high etching rates. Moreover, the presence of intrinsic stress gradients and
the use of an adherence layer seriously influence the precision of the results.

In this work, we propose the use of residual stress-driven bilayer cantilevers to estimate
the Young’s modulus of thin films with nanometer thicknesses. Our proposal is motivated
by the large curvature variations of fully released cantilevers, resulting in increased sensitiv-
ity to tested film characteristics. However, we consider wafer-level measurement of residual
stresses in both the reference layer and the tested film in comparison to the investigations
reported in previous reports [16,17]. The in-situ measurement of these residual stresses
allows the characterization of the elastic mismatch strain. Therefore, it is not required to
vary the thickness ratio among the fabricated cantilevers, since the Young’s modulus of
the tested film is the only parameter to evaluate. Fabricating cantilevers with common
thicknesses eliminates the impact that changes in material sizes have on the results and
simplifies thickness control in the fabrication process. The tested film is characterized by re-
lating the measured residual stresses to the corresponding deflections. For this, we propose
analytical and finite element models from a static analysis of the cantilever. The models
consider the effects of intrinsic stress gradients through the thickness of the materials and
the possible use of an adhered layer to strengthen the bond between the reference layer and
the tested film. The consideration of these effects is relevant for the correct estimation of the
elastic properties of the thin films. The results of our methodology are in good agreement
with experimental data reported in the literature.

2. Estimation Methodology

Bilayer cantilevers deflect when released from their base substrate due to the difference
in the residual stresses in the materials used to fabricate them. The magnitude of the
deflection depends on the elastic properties of the materials and the intensity of the residual
stresses stored during the fabrication process. Therefore, the Young’s modulus of the tested
film can be deduced if the mechanical properties of the reference layer are known and

26



Nanomaterials 2021, 11, 274

both deflections and residual stresses are measured. Occasionally, an additional layer is
deposited to promote adhesion between the reference layer and the tested film. In such
cases, it is also necessary to know the residual stresses and the mechanical properties of
this adherence layer to correctly characterize the tested film. The mechanical relationship
between deflections and residual stresses was found through analytical and finite element
models. The analytical model was developed from a large deflection analysis of the flexible
structure, while the finite element model (FEM) was carried out in the ANSYS® Workbench
software using nonlinear static structural analysis.

2.1. Analytical Modeling

The relaxation of the residual stresses stored in the materials during the fabrication
process causes an internal bending moment that deflects the cantilever to an equilibrium
position. The radius of curvature R of the deflected cantilever can be related to the internal
bending moment M from the Euler–Bernoulli beam equation [18,19]:

1
R

=
M

(EI)e
, (1)

where (EI)e is the equivalent bending rigidity of the cantilever.
The horizontal (a) and vertical (b) deflections of the cantilever are determined as shown

in Figure 1a:

a = R sin
(

L
R

)
, (2)

b = R
[

1 − cos
(

L
R

)]
, (3)

where L is the length of the cantilever.
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Figure 1. Schematic representation of the residual stress-driven cantilever. (a) Deflection profile after
released. θ is the angular deflection of the cantilever. (b) Geometrical parameters of the cross-section.
The reference layer is supposed to be the material located at the bottom of the structure.

2.1.1. Bending Rigidity of the Cantilever

The equivalent bending rigidity of the cantilever (EI)e is given as reported in a previous
report [20]:

(EI)e = Er[Ir + zr Ar(zr − zN)] + E f

[
I f + z f A f

(
z f − zN

)]
+ Ea[Ia + za Aa(za − zN)], (4)
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where zr,f,a is the distance between the neutral axis of each material and the bottom of the
cantilever. The subscripts r, f, a denote the reference layer, the thin film, and the adherence
layer, respectively. In case of homogeneous cross sections, zr, zf, and za are calculated as
shown in Figure 1b:

zr =
hr

2
, (5)

za = hr +
ha

2
, (6)

z f = hr + ha +
h f

2
, (7)

where hr,f,a is the thickness of each individual material.
Considering rectangular cross-sections, the cross-sectional area (Ar,f,a) and moment of

inertia (Ir,f,a) of the three materials are determined as:

Ar, f ,a = whr, f ,a, (8)

Ir, f ,a =
1

12
wh3

r, f ,a, (9)

where w is the width of the cantilever. The moment of inertia of each individual mate-
rial is calculated with respect to its own neutral axis, that is, passing through its center
of symmetry.

The position of the neutral axis of the entire structure (zN) is obtained as mentioned in
previous reports [20]:

zN =
zrEr Ar + z f E f A f + zaEa Aa

Er Ar + E f A f + Ea Aa
(10)

The biaxial Young’s modulus of each material (Er,f,a) is:

Er, f ,a =
Er, f ,a

1 − vr, f ,a
, (11)

where Er,f,a and νr,f,a are the Young’s modulus and the Poisson ratio, respectively.

2.1.2. Internal Bending Moment

The residual stresses in each material (Figure 2a) can be divided into a uniform
component and an intrinsic stress gradient (Figure 2b). Uniform residual stresses are
positive if they cause compression in the materials once the cantilever is released from its
base substrate. On the other hand, intrinsic stress gradients are positive if they produce
out-of-plane deflection towards the positive z-axis. The uniform stress and the intrinsic
stress gradient can be represented as an axial force and a moment load, respectively, both
acting uniformly over the material cross-section (Figure 2c). By the moment equilibrium
around zN,

M = Fa(za − zN) + Ff

(
z f − zN

)
+ Fr(zr − zN) + Ma + Mr + Mf , (12)

where M is the internal bending moment that deflects the fully released cantilever. The
axial force of each material Fr,f,a expressed in terms of the uniform stress σr,f,a is given by:

Fr, f ,a = σr, f ,a Ar, f ,a (13)

Generally, σr,f,a is determined using the Stoney formula by the measurement of the
radius of curvature of the base substrate before and after deposition of each material [21].
Changes in substrate curvatures can be accurately measured using mechanical, capacitive,
or optical methods [21]. This technique is quick and practical for the estimation of the
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uniform residual stresses of wafer-level thin films. However, it has the limitation of being
accurate only if the deposited material produces substantial changes in the initial curvature.
Curvature changes are practically imperceptible when the thickness of the deposited
material is extremely small compared to that of the substrate. In such cases, alternative
experimental techniques, such as X-ray diffraction, ultrasound, or Raman spectroscopy
should be considered [21,22].
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Figure 2. (a) Residual stresses stored in the materials during the fabrication process of the cantilever.
(b) Uniform stresses and intrinsic stress gradients that form the total residual stresses. (c) Equivalent
system of axial forces and moments.

The moment load of the individual materials Mr,f,a can be experimentally estimated by
applying Equation (1) in corresponding freestanding monolayer beams. Monolayer beams
can be fabricated alongside bilayer cantilevers over the same base substrate following a
single fabrication process. Then,

Mr, f ,a =
Er, f ,a Ir, f ,a

Rr, f ,a
, (14)

where Rr,f,a is the radius of curvature of each monolayer beam. The radii of curvature
of the cantilevers (R and Rr,f,a) are estimated from the deflection profile using the Taubin
method [23]. Nevertheless, Equations (2) and (3) can be used to estimate each radius of
curvature in the cases in which only the horizontal or vertical deflections of the cantilever
tip are measured.

2.1.3. Solution and Simplification Procedures

The Young’s modulus of the tested film Ef is obtained by numerically solving the
system of linear equations composed of Equations (1) and (4)–(14). However, the analytical
model can be reduced to a single expression:

k =
−6C1 + hrErC2

hrEr

[
m4

aλ2
a + 4m3

aλa

(
m f λ f + 1

)
+ 6m2

a

(
m2

f λaλ f + 2m f λ f + λa

)
+ 4ma

(
m3

f λaλ f + 3m2
f λ f + 3m f λ f + λa

)]
+ hrErC3

, (15)

where,

C1 =
[
mam f

(
ma + m f

)(
λ f σa − λaσf

)]
+ [ma(ma + 1)(λaσr − σa)] +

[
m f

(
m f + 2ma + 1

)(
λ f σr − σf

)]
, (16)

C2 =
(

kam3
aλa + k f m3

f λ f + kr

)(
maλa + m f λ f + 1

)
, (17)

C3 = 1 + m f λ f

(
4 + 6m f + 4m2

f

)
+ m4

f λ2
f , (18)

where λf = Ef/Er is the biaxial modulus ratio of the tested film and the reference layer,
and λa = Ea/Er is the biaxial modulus ratio of the adherence layer and the reference layer.
mf = hf/hr is the thickness ratio of the tested film and the reference layer, and ma = ha/hr
is the thickness ratio of the adherence layer and the reference layer. k = 1/R, kr = 1/Rr,
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kf = 1/Rf and ka = 1/Ra are defined as the curvature of the bilayer cantilever, reference layer,
tested film, and adherence layer, respectively.

The terms related to the adherence layer are overridden in the analytical model if the
deposition of this material is not required during the fabrication process. In those cases,
Equation (15) can be simplified as:

k =

[
−6m f

(
m f + 1

)(
λ f σr − σf

)]
+
[

hrEr

(
m f λ f + 1

)(
k f m3

f λ f + kr

)]
hrEr

[
1 + m f λ f

(
4 + 6m f + 4m2

f

)
+ m4

f λ2
f

] (19)

Equation (19) can be further simplified if the reference layer and the tested film do not
develop intrinsic stress gradients (Mr,f = 0):

k =

⎡
⎣−6m f

(
λ f σr − σf

)
hrEr

⎤
⎦

(
m f + 1

)
1 + m f λ f

(
4 + 6m f + 4m2

f

)
+ m4

f λ2
f

(20)

Equation (20) can be also expressed in terms of the uniform residual strain of the
reference layer (er) and the tested film (ef) using the Hooke’s law (σr,f = er,f Er, f ):

k =

⎡
⎣−6λ f m f

(
er − e f

)
hr

⎤
⎦

(
m f + 1

)
1 + m f λ f

(
4 + 6m f + 4m2

f

)
+ m4

f λ2
f

(21)

This expression is the generalization of the Stoney formula for uniform mismatch strain
in the tested film [24]. It was used in the aforementioned bilayer cantilever-based methods
to extract the Young modulus of ultrathin films [16,17]. However, Equation (21) can be
only used in the cases where the contribution of the intrinsic stress gradients to the internal
bending moment is very small compared to that from the uniform stress components.

Finally, if the stiffness of the reference layer is much larger than the tested film (hr � hf)
such that it does not develop uniform residual stresses (i.e., σr = 0), the second part of
Equation (20) is simplified, obtaining the classical Stoney formula:

k =
6m f σf

hrEr
=

6h f σf

h2
r Er

(22)

2.2. Finite Element Modeling

The cantilever is modeled by grouping the materials into a multibody solid that is
then fixed at one end (Figure 3a). Each material is split into two symmetrical sections over
its thickness. The symmetry of the structure in the yz-plane is exploited to simplify the
model to half the width. All parts are connected using shared topologies rather than contact
regions to have a continuous mesh across the model. The model is meshed with SOLID186
higher-order 3D 20-node hexagonal elements that exhibit quadratic displacement behavior.

Deflections are induced in the model by applying a uniform temperature gradient ΔT
to the multilayer material of the solid body. The application of the uniform temperature
gradient produces thermal strains in the sections according to the following expression:

e1(r, f ,a) = α1(r, f ,a)ΔT, (23)

e2(r, f ,a) = α2(r, f ,a)ΔT, (24)

where e1(r,f,a) and e2(r,f,a) are the thermal strain of the bottom and top sections of each material,
respectively. α1(r,f,a) and α2(r,f,a) are the specific thermal expansion coefficients of the bottom
and top sections of each material, respectively.
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Figure 3. Finite element model of the bilayer cantilever. (a) 3D multibody solid meshed with
hexagonal elements. (b) The thermal strains applied to the two sections of each material produce
axial forces due to the interaction between the parts. (c) The combined action of the two axial forces
in each material produces the uniform stresses and intrinsic stress gradients.

Thermal strains produce axial forces in the sections due to the interaction between the
parts (Figure 3b). The values of the thermal strains expressed in terms of their respective
axial forces are:

e1(r, f ,a) =
F1(r, f ,a)

Er, f ,a Ar, f ,a
, (25)

e2(r, f ,a) =
F2(r, f ,a)

Er, f ,a Ar, f ,a
, (26)

where F1(r,f,a) and F2(r,f,a) are the axial forces in the bottom and top sections of each material,
respectively.

The required axial forces are determined by applying the following two boundary
conditions to each material. First, the sum of the axial forces of the material must be equal
to the equivalent force produced by the uniform residual stress (Figure 3c):

F1(r, f ,a) + F2(r, f ,a) = −Fr, f ,a (27)

Second, the sum of the moments around the neutral axis of the material must be equal
to the moment load produced by the intrinsic stress gradient (Figure 3c):

F2(r, f ,a) − F1(r, f ,a) =
−4Mr, f ,a

hr, f ,a
(28)

The minus sign appears in Equations (27) and (28) due to the relaxation of positive and
negative uniform stresses produce compression and tension in the materials, respectively.

Once the values of the thermal strains are estimated using Equations (25)–(28), the
thermal expansion coefficients are specified through Equations (23) and (24) by setting the
ΔT value. Negative thermal expansion coefficients or with a value of zero can be required to
perform the simulations correctly. If a material does not develop intrinsic stress gradients,
it is not mandatory to split it into two sections, since its respective thermal expansion
coefficients will have the same value. The combined action of all axial forces causes the
deflection of the cantilever until an equilibrium position is reached.
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The Young’s modulus of the tested film (Ef) is found by varying its magnitude in the
model until the simulated deflections coincide with those experimentally measured. The
simulated deflection profile is extracted from the plane of symmetry of the structure and
can be quantified in terms of a, b, or R (Figure 1a).

2.3. Accuracy of the Proposed Models

The results of the analytical model may differ from those obtained using FEM if the
deflection of the cantilever becomes extremely large. To illustrate this, the deflections of
three different residual stress-driven cantilevers (S1, S2, and S3) are considered as examples.
The geometric dimensions of the cantilevers, the elastic properties of the materials, the
curvatures of the monolayer beams, and the uniform residual stresses are indicated in
Tables 1 and 2. The parameters indicated in Table 1 are common in the examples, whereas
the parameters indicated in Table 2 vary according to the cantilever. The uniform residual
stress of the tested film is varied in each example to cover a broad range of deflections
in the analysis. The cantilevers exhibit similar deflections with the indicated parameters.
The examples include the use of adherence layers and the development of intrinsic stress
gradients in the materials.

Table 1. Common parameters in the analyzed examples.

Parameter Value

Cantilever width, w 12 μm
Cantilever length, L 150 μm

Thickness of the adherence layer, ha 30 nm
Thickness of the tested film, hf 60 nm

Biaxial Young’s modulus of the reference layer, Er 250 GPa
Biaxial Young’s modulus of the adherence layer, Ea 125 GPa

Young’s modulus of the tested film, Ef 160 GPa
Poisson ratio of the tested film, vf 0.2

Curvature of the reference layer beam, kr −890 m−1

Curvature of the adherence layer beam, ka 0
Curvature of the tested film beam, kf 1790 m−1

Uniform residual stress of the reference layer, σr −50 MPa
Uniform residual stress of the adherence layer, σa 0

Table 2. Parameters for cantilevers S1, S2 and S3.

Parameter S1 S2 S3

Thickness of the reference layer, hr [nm] 120 240 480
Uniform residual stress of the tested film, σf [MPa] 40–200 100–500 300–1500

First, the given parameters are used to calculate the deflection of the cantilevers
through the proposed models. In these calculations, the Young’s modulus of the tested
film has been considered as an input value. The evolution of the normalized curvature (k*)
with respect the normalized internal bending moment (M*) in each cantilever is shown in
Figure 4. The expressions for k* and M* are derived following the normalization procedure
proposed in previous report [16]:

M∗ = M
1 × 10−8[N · m]

w2(
hr + ha + h f

)2 , (29)

k∗ = k
w2

hr + ha + h f
, (30)
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where M and k are the internal bending moment and the curvature of each bilayer cantilever,
respectively. The analytical model solutions indicate that curvatures are directly propor-
tional to the internal bending moments. However, the results estimated by FEM show that
the relationship between the two parameters evolves nonlinearly as the deflections increase
beyond their initial values. Nonlinearity can be attributed to stress hardening (which usu-
ally appears in structures with very low bending stiffness) and shear deformations. These
effects are not considered in the analytical model as it is derived from the Euler-Bernoulli
beam theory (Equation (1)). Nevertheless, it is observed that the nonlinear effects drop
considerably as the total thickness of the structures increases (results for cantilever S3).

Figure 4. Normalized curvature k* vs. normalized internal bending moment M* for the cantilevers S1,
S2, and S3. The dotted curve with circular markers corresponds to the results estimated by FEM. The
dashed line represents the results obtained by the analytical model (Equation (15)). The dash-dotted
line shows the results obtained by the analytical model if the parameters related to the adherence
layer and intrinsic stress gradients are not considered (Equation (20)).

Nonlinear deflection of cantilevers can have a significant impact on the accuracy of
the analytical model. The Young’s modulus of the tested film (Ef) is calculated from the
curvatures obtained by FEM using Equation (15). Figure 5a shows the calculated Ef values
with respect to the curvatures exhibited in each cantilever (k). As expected, the analytical
model solutions deviate from the real value of Ef as the deflections increase. However, it is
confirmed that the errors produced by nonlinear effects are greater on the cantilevers with
smaller thickness (cantilever S1). In other words, for cantilevers with very thin tested films
and adherence layers, the accuracy of the analytical model improves with higher hr values.

 
(a) (b) 

Figure 5. Effect of nonlinear deflections on the estimation of the Young’s modulus of the tested films
(Ef). The results were calculated from the curvatures obtained from FEM solutions using: (a) Equation
(15) and (b) Equation (20). The vertical axis on the left side of both graphs represents the results of Ef.
The vertical axis on the right side of the graphs represents the error of the results with respect to the
real value of Ef (indicated in Table 1).
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The accuracy of the analytical model also decreases when the effects of adherence
layers and intrinsic stress gradients are neglected. If the parameters related to these
characteristics are not considered in the calculations, Equation (20) can be used to obtain
the results. Based on this mathematical expression, the slope of the curves M* versus k* are
greater than those obtained using Equation (15) (Figure 4). As a result, the values calculated
for the Young’s modulus of the tested films from the curvatures obtained by FEM are
unrealistic, especially at small deflections (Figure 5b). A comparative analysis of Equations
(15) and (20) shows that the effects of the adherence layer can be omitted in the analyzed
examples if ha is equal to or less than 3 nm, 6 nm, and 3 nm of the cantilevers S1, S2, and
S3, respectively. Likewise, it can be determined that the effects of intrinsic stress gradients
can be neglected when the relative difference between the internal bending moment (M)
and the moment produced by the uniform stresses and is less than 2%. However, this last
condition is satisfied only if σf is greater than 360 MPa, 1300 MPa, and 5100 MPa of the
cantilevers S1, S2, and S3, respectively. These values of uniform residual stresses of the
tested film are very far from those indicated in Table 2.

It is difficult to establish the validity range of the analytical model proposed in this
work due to the large number of variables involved in the equations. However, good
results were observed for cantilevers with normalized curvatures below 1.7 (k* ≤ 1.7).
This condition is generally fulfilled in cantilevers with angular deflections (Figure 1a)
less than ninety degrees (θ < 90◦) and with a reference layer of thickness greater than or
equal to four hundred nanometers (hr ≥ 400 nm). Finite element models are generally
more accurate because they consider the nonlinear response of the cantilevers when they
experience very large deflections. However, some effects that can limit the accuracy of the
results are excessive etching of materials and non-homogeneous deposition of the thin films.
Furthermore, it is important to note that the models consider initially straight cantilevers
with linearly elastic and inextensible materials.

3. Results and Discussions

We use the methodology proposed in this work to estimate the Young’s modulus
of previously reported silicon nitride (Si3N4) tested films in two different cases. In the
first case, the bilayer cantilever comprises a reference layer of silicon oxide (SiO2) [25]. In
the second case, the reference layer is made of silicon (Si) [16]. Originally, the research
reported by Laconte et al. in [25] aimed to estimate the residual stresses generated in
materials during the fabrication process. On the other hand, in the report reported by
Favache et al. [16], the bilayer cantilevers were also used to determine the Young’s modulus
of Si3N4 by applying a different procedure. In both reports, the samples were fabricated in
the WINFAB (Wallonia Infrastructure Nano Fabrication) cleanroom facilities at Université
catholique de Louvain, Louvain-la-Neuve, Belgium (https://sites.uclouvain.be/winfab/
NEW_website/. Retrieved 30 November 2021) under similar conditions using different
substrates. The results are validated with those previously obtained in the same laboratory
using alternative techniques.

3.1. Case 1: SiO2/Si3N4 Bilayer Cantilever

The fabrication process of the SiO2/Si3N4 bilayer cantilever started with the growth
of a thermal SiO2 layer on a silicon substrate at 1000 ◦C under a mixed O2/H2 atmosphere.
Afterward, Si3N4 was deposited over the thermal SiO2 at 800 ◦C by low pressure chemical
vapor deposition (LPCVD) with a stoichiometric mixture of dichlorosilane with an ammonia
(SiH2Cl2/NH3) ratio of 1:3. Individual layers of SiO2 and Si3N4 were separately deposited
on two different silicon wafers to obtain the monolayer beams. After growing the thin
layers, the structures were defined by photolithography and patterned using a plasma
etching for the silicon nitride and hydrofluoric acid (HF) for the thermal silicon oxide.
The thick silicon wafers were etched in 20% tetramethyl ammonium hydroxide (TMAH)
solution at 90 ◦C for one hour to release the cantilevers and then rinsed in de-ionized water
and dried in methanol to avoid structural damage. The deposition of an adherence layer
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was not considered in the fabrication process because the materials showed high adhesion.
A schematic diagram of the fabrication steps is shown in Figure 6.

 

 

  
(a) (b) (c) 

Silicon (Si) 

Silicon nitride (Si3N4) 
Silicon oxide (SiO2) 

Figure 6. Schematic representation of the main fabrication steps for the case 1. (a) SiO2/Si3N4 bilayer
cantilever: thermal growth of the SiO2 layer, deposition of the Si3N4 layer, patterning of the deposited
layers and release from the Si substrate. (b) SiO2 beam: growth and patterning of the SiO2 layer and
release from the Si substrate. (c) Si3N4 beam: deposition and patterning of the Si3N4 film and release
from the Si substrate.

Corresponding uniform components of the residual stresses were measured using the
Stoney formula by wafer curvature measurements [21]. The thicknesses of the deposited
materials were verified by ellipsometry while the in-plane dimensions of the cantilevers
were measured by SEM. Figure 7 shows the SEM views of the fabricated cantilevers
after being released from the Si substrate. The vertical deflection for 100 μm length and
10 μm wide cantilevers was measured using an optical microscope comparing the focus on
both ends.

   
(a) (b) (c) 

Figure 7. SEM views of the released cantilevers in case 1 (longest showed cantilevers are 150 μm
long). (a) SiO2/Si3N4 Bilayer Cantilever. (b) SiO2 beam. Deflection reveals the presence of strain
gradients over film thickness. (c) Si3N4 beam. Some stiction appeared after rinsing with water and
drying in methanol. Reprinted with permission from [25]. Copyright©2006, Springer Nature.

Monolayer SiO2 beams exhibited a notable vertical deflection that revealed the pres-
ence of intrinsic stress gradients in this material (Figure 7b). In contrast, the tested film
appears to be free of the intrinsic stress gradients as their respective freestanding beams
remained straight after being released (Figure 7c). The Young’s modulus and the Poisson
ratio of the SiO2 reference layer and the Poisson ratio of the tested Si3N4 material were
reported in the literature [25]. The dimensions of the structures, the uniform residual
stresses, the vertical deflections of the cantilevers, and the elastic properties of the materials
are indicated in Table 3.
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Table 3. Parameters for case 1 (SiO2/Si3N4 bilayer cantilever).

Parameter Value Measurement Technique

Cantilever width, w 10 μm SEM
Cantilever length, L 100 μm SEM

Thickness SiO2 layer, hr 433 nm Ellipsometry
Thickness Si3N4 film, hf 288 nm Ellipsometry

Vertical deflection bilayer cantilever, b 50.51 μm Optical microscopy
Vertical deflection SiO2 beam, br 12 μm Optical microscopy
Vertical deflection Si3N4 beam, bf ≈0 Optical microscopy

Young’s modulus SiO2, Er 70 GPa Reported in [25]
Poisson ratio SiO2, vr 0.2 Reported in [25]
Poisson ratio Si3N4, vf 0.27 Reported in [25]

Uniform residual stress SiO2 layer, σr −281 MPa Wafer curvature measurement and Stoney formula
Uniform residual stress Si3N4 film, σf 914 MPa Wafer curvature measurement and Stoney formula

The analytical solution was estimated using Equation (19) since the SiO2 layer de-
veloped intrinsic stress gradients during the fabrication process. The radii of curvature
of the bilayer cantilever and the monolayer beams were calculated from their respective
vertical deflections using Equation (3). For the FEM solution, the 3D model was meshed
with 250 elements over the length, 15 elements over the half width, 1 element over the
thickness of the two sections of the SiO2 layer, and 1 element over the thickness of the
Si3N4 film. The silicon nitride tested film was not split into two symmetrical sections since
it was free of intrinsic stress gradients. Several simulations were conducted varying the Ef
value from 284 to 292 GPa to obtain different Young’s Modulus versus deflection responses.
Subsequently, a linear regression was performed on the recorded data to approximate the
relationship between the two variables (Figure 8). Then, the correct value of Ef was obtained
by evaluating the experimentally measured bilayer cantilever deflection on the fitted linear
function. Both silicon oxide and silicon nitride were considered isotropic materials [25].

Figure 8. Estimated Young’s modulus of the Si3N4 tested films for case 1 (SiO2/Si3N4 bilayer
cantilever). The colored dots indicate the FEM results for different values of Ef from which linear
fits (dashed lines) are made. The correct value of Ef is found by evaluating the measured vertical
deflection on the fitted linear function. The incidence of the intrinsic gradient of the SiO2 layer on the
results is evidenced in the lower values of the Young’s modulus of the Si3N4 when it is assumed that
Mr = 0.

The Young’s modulus values of the 288 nm thick Si3N4 tested films found through the
models proposed in this work are listed in Table 4. The results of the analytical model agree
well with those obtained by FEM. The incidence of the intrinsic gradient of the SiO2 layer
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has on the results was studied by repeating the calculations with Mr = 0. The elimination of
Mr leads to an underestimation of 4.9 and 5.7% in the Ef values estimated by the analytical
and FEM models, respectively.

Table 4. Estimated values of the Young’s modulus of the Si3N4 tested films for case 1 (SiO2/Si3N4

bilayer cantilever).

Result Analytical Model FEM Relative Difference

Ef [GPa] 299.3 1 288.3 3.8%
Ef (Mr = 0) [GPa] 284.7 2 271.9 4.7%

1 Equation (19). 2 Equation (20).

The results of the Young’s modulus of the Si3N4 films for case 1 are slightly above
the upper range of the reported values for the same lab (summarized in Table 5). The
lack of resolution in the optical microscope and the ineffectiveness of the strategy used to
estimate vertical deflection may be the reason. Furthermore, edge effects at the free end of
the cantilevers can cause miscalculation of the respective radii of curvature. Nevertheless,
it is worth mentioning that Young’s modulus of the silicon nitride can vary from 193 GPa
to 338.5 GPa according to the review of existing data reported in the previous report [16].

Table 5. Young’s modulus of silicon nitride thin films deposited in the WINFAB laboratory.

Method Thickness (nm) Value (GPa) Reference

Nanoindentation 250 235 ± 10 [13]
Stoney and freestanding beams 301 233 [15]

Nanoindentation 301 241 [15]
Bilayer cantilever 55 270 ± 20 [16]

This work (case 1) 288 288.3 –

This work (case 2)

46 242.9 –
63 236.2
102 222.4 –
133 213.9 –

3.2. Case 2: Si/Si3N4 Bilayer Cantilever

In this case, the structures were fabricated on a silicon-on-insulator (SOI) wafer follow-
ing the process shown in Figure 9. The first step was the patterning of the upper Si layer of
the SOI wafer by reactive ion etching (RIE) with a sulfur hexafluoride (SF6)-based plasma.
The Si3N4 film was then deposited at 790 ◦C through LPCVD and then patterned by RIE
using a mixture of sulfur hexafluoride and silicon tetrachloride (SF6/SiCl4)-based plasma.
At this point, the wafer was cut into four samples (G1, G2, G3, and G4) before releasing
the structures by the etching of the SiO2 sacrificial layer using HF (73 vol.%). Since HF
also etches Si3N4 at a slower rate than SiO2, the release time was varied in each sample
to expect obtain bilayer cantilevers with different tested film thicknesses hf (Table 6). The
fabrication process allows the production of Si/Si3N4 bilayer cantilevers and freestanding
monolayer Si and Si3N4 beams of several lengths.

Table 6. Thicknesses and Curvatures of the Si/Si3N4 bilayer cantilevers.

Dimension G1 G2 G3 G4

Thickness Si layer [nm], hr 400 400 400 400
Thickness Si3N4 film [nm], hf 46 63 102 133

Curvature bilayer cantilever [m−1], k 5479 6250 7143 7407
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(a) 

(b) (d) 

  
(c) (e) 

Silicon (Si) 
Silicon nitride (Si3N4) 
Silicon oxide (SiO2) 

Figure 9. Schematic representation of the main fabrication steps for the case 2 (Si/Si3N4 bilayer
cantilever). (a) SOI wafer; (b) patterning of the top Si; (c) deposition of Si3N4; (d) patterning of Si3N4;
(e) etching of the SiO2 sacrificial layer.

The thickness of the Si reference layer was obtained from the SOI wafer specifications,
whereas the thickness of the Si3N4 films was measured by ellipsometry using the Cauchi
model [26]. On the other hand, the deflection profile shown by the bilayer cantilevers after
being released (Figure 10) was measured using SEM and interferometry. Subsequently,
the respective radii of curvature were estimated by interpolating a circle on the deformed
shape applying the Taubin method [23].

 
Figure 10. SEM view of the fully released Si/Si3N4 (sample G1) bilayer cantilevers. Reprinted with
permission from [16]. Copyright©2016, AIP Publishing.

Freestanding monolayer Si and Si3N4 beams did not exhibit perceptible deflections,
indicating the absence of intrinsic stress gradients. Therefore, the in-plane deformations
were used to estimate the uniform residual strains. The residual strains of the Si3N4 and Si
beams were ef = 0.0032 and er ≈ 0 (indicating the absence of uniform residual stresses at the
top of the Si layer of the SOI wafer), respectively. The measured thicknesses and curvatures
of the Si/Si3N4 bilayer cantilevers are given in Table 6, while the geometrical and elastic
properties required in the models are indicated in Table 7.

Table 7. Dimensions and elastic properties for case 2 (Si/Si3N4 bilayer cantilever).

Parameter Value Measurement Technique

Cantilever width, w 10 μm Optical microscopy
Cantilever length, L 200 μm Optical microscopy

Poisson ratio Si3N4 film, vf 0.27 reported in [16]
Uniform residual strain Si layer, er ≈0 SEM

Uniform residual strain Si3N4 film, ef 0.0032 SEM
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The analytical solution was estimated from the uniform residual strains using
Equation (21) since the materials were free of intrinsic stress gradients. The FEM solu-
tion was found following the same extraction methodology of case 1 (Figure 11). The model
was meshed with 160 elements over the length, 15 elements over the half width, and 1
element over the thickness of the Si layer and the Si3N4 film. The materials were not split
into two symmetrical sections as they did not develop intrinsic stress gradients during the
fabrication process. Experimentally, it was observed that the radius of curvature does not
have significant changes in the bilayer cantilevers with lengths ranging between 100 μm
and 1.9 mm. Therefore, a length of 200 μm is appropriate to perform the simulations with
better results. The thermal expansion coefficients of the materials were calculated from the
uniform residual strains using Equations (23) or (24). The simulated deflection profile was
extracted in the range of 10 μm to 190 μm across the long axis to avoid edge effects.

Figure 11. Estimated Young’s modulus of the Si3N4 tested films for case 2 (Si/Si3N4 bilayer cantilever).

In the solutions, Si3N4 was considered isotropic while Si was considered orthotropic [16].
According to the global coordinate system of Figure 3, the elastic constants of the orthotropic
silicon are [27]: [

Ex, Ey, Ez
]
= [169, 169, 130] [GPa][

vxy, vyz, vzx
]
= [0.064, 0.36, 0.28][

Gxy, Gyz, Gzx
]
= [50.9, 79.6, 79.6] [GPa]

(31)

where E, v, and G refer to Young’s modulus, Poisson’s ratio, and shear modulus, respectively.
For the analytical solution, the biaxial Young’s modulus of silicon was taken from the elastic
constants in the xy–plane:

Er =
Ex

1−vxy
=

Ey
1−vxy

= 180.55 [MPa] (32)

Table 8 presents the Young’s modulus values of the Si3N4 tested films for each of the
four samples. The results are in good agreement with those values obtained in silicon
nitride films fabricated under similar experimental conditions (Table 5).

Table 8. Estimated values of the Young’s modulus of the Si3N4 tested films for case 2 (Si/Si3N4

bilayer cantilever).

Sample Analytical Model [GPa] 1 FEM [GPa] Relative Difference

G1 228.5 242.9 5.9%
G2 218.3 236.2 7.6%
G3 197.1 222.4 11.4%
G4 184.7 213.9 13.7%

1 Equation (21).
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The values obtained using the analytical models agree well with those obtained by
FEM, but the relative difference between them increases with higher tested film thickness
hf. The increase of hf has more incidence on the internal bending moment M than on the
bending rigidity (EI)e due to the high magnitude of σf. Nonproportional increase in the
values of M and (EI)e results in larger deflections of the bilayer cantilever. Under large
deflections, the curvature k does not vary linearly with the internal bending moment M
and the accuracy of the analytical model decreases (as explained in Section 2.3).

The dependence of the results on the size of the tested film is seen in the Ef versus hf
plot shown in Figure 12. Specifically, it is noticed that the Young’s modulus of the Si3N4
tested film increases as its thickness decreases. The estimated Young’s modulus of Si3N4
tested film with a thickness of 40 nm (sample G1) is about 14% higher than that of Si3N4
tested film with a thickness of 133 nm (sample G4). Nevertheless, it should be considered
that the estimation of the Young’s modulus of ultrathin layered materials can be influenced
by defects in the test material or by internal factors such as roughness. The study of the
influence of these internal parameters on the results is not part of the objectives of this work.

Figure 12. Young’s modulus Ef vs. thickness hf for case 2 (Si/Si3N4 bilayer cantilever).

Finally, it was found that the Si3N4 films tested in case 1 (SiO2/Si3N4 bilayer can-
tilever) have a higher Young’s modulus than Si3N4 films tested in case 2 (Si/Si3N4 bilayer
cantilever). This may be because the structural properties of the Si3N4 deposited on SiO2
can be different from the structural properties of the Si3N4 deposited on Si [25]. In addition,
some specific parameters of the fabrication process, such as deposition time, etching time,
or etch solutions (which are different in the two investigated cases) can alter the properties
of the tested films.

4. Conclusions

A methodology to predict the Young’s modulus of nanometer-thick films using resid-
ual stress-driven bilayer cantilevers was reported. The bilayer cantilever consists of a
well-known reference layer and a tested film that store residual stresses during the fabri-
cation process. The fully released cantilever deflects due to the difference in the residual
stresses of the two materials. The measured deflections and residual stresses are related
using analytical or finite element models to calculate the Young’s modulus of the tested film.
The proposed models include the intrinsic stress gradients and the use of adherence layers.
Our methodology was applied to previously reported silicon nitride (Si3N4)-tested films
deposited on silicon oxide (SiO2) and silicon (Si) reference layers. The estimated Young’s
modulus for the 288 nm thick Si3N4 tested films deposited on SiO2 was 288.3 GPa. On the
other hand, the estimated Young’s modulus for the Si3N4 tested films deposited on Si with
thicknesses ranging between 43 and 133 nm varied from 242.9 GPa to 213.9 GPa. The results
obtained in this work were in good agreement with reported literature data of Si3N4 films
fabricated under similar conditions. This methodology can be easily used for thin films of
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different materials. However, it is limited by the resolution of the techniques employed
to estimate the residual stresses, deflections, and in-plane dimensions. Future research
will focus on estimating the Young’s modulus of thin films using residual stress-driven
structures but reducing the dependence of the methodology on the Poisson’s ratio of the
tested film and the elastic properties of the reference layer.
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Abstract: The present paper addresses the problem of identification of microstructural, nanome-
chanical, and tribological properties of thin films of tantalum (Ta) and its compounds deposited on
stainless steel substrates by direct current magnetron sputtering. The compositions of the obtained
nanostructured films were determined by energy dispersive spectroscopy. Surface morphology was
investigated using atomic force microscopy (AFM). The coatings were found to be homogeneous
and have low roughness values (<10 nm). The values of microhardness and elastic modulus were
obtained by means of nanoindentation. Elastic modulus values for all the coatings remained un-
changed with different atomic percentage of tantalum in the films. The values of microhardness of
the tantalum films were increased after incorporation of the oxygen and nitrogen atoms into the
crystal lattice of the coatings. The coefficient of friction, CoF, was determined by the AFM method in
the “sliding” and “plowing” modes. Deposition of the coatings on the substrates led to a decrease of
CoF for the coating-substrate system compared to the substrates; thus, the final product utilizing such
a coating will presumably have a longer service life. The tantalum nitride films were characterized
by the smallest values of CoF and specific volumetric wear.

Keywords: atomic force microscopy; friction coefficient; magnetron sputtering; nanoindentation;
nanostructured coatings; tantalum

1. Introduction

The stainless steel (for example, 316L SS), platinum iridium alloys, tantalum, nitinol,
cobalt–chrome alloys, titanium and its alloys, and pure iron and magnesium alloys are the
basic materials for the production of stents. Stainless steel is the most common material
for the production of stents with and without coatings. The stents made of stainless steel
demonstrate suitable mechanical properties and excellent corrosion resistance. However,
the clinical application of steel is limited by the ferromagnetic nature of the alloy and its low
density. Due to these properties, the steel is poorly visible in X-ray and magnetic resonance
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imaging [1]. The implants of the stainless steel may cause an allergy to nickel, chromium,
and molybdenum, leading to local immune responses and inflammation. Different ma-
terials are used as coatings on stainless steel stents that lead to improvements of X-ray
visibility and biocompatibility. Titanium and its alloys have excellent biocompatibility, high
corrosion resistance, and are intensively used in orthopedics and dentistry. Pure titanium is
not suitable for the stent production due to rather low values of the mechanical properties;
however, it can be used as a coating for stainless steel stents to improve biocompatibility.
Such stents show excellent results in clinical trials [1,2].

Usage of stents that represent a system of the stainless steel substrate with titanium
or tantalum coating allows combining the suitable mechanical properties and bioinert-
ness [3–5]. Tantalum is characterized by a good plasticity, high strength, wear resistance,
weldability, corrosion resistance, infusibility, biocompatibility, and it is clearly visible in
X-rays and magnetic resonance imaging [6,7]. In addition, due to its properties, tantalum is
widely used not only in electronics [8,9], protective coatings [10,11], anti-corrosion coat-
ings [12,13], optical coatings [14–17], chemical industry [18], but also in biomedicine [19–24]
(orthopedics and dentistry [25–29], endovascular stents, and neurosurgical implants [30]).
However, the use of tantalum is difficult due to its high density, manufacturing complexity,
and the relatively high cost. For these reasons, a various approaches are currently being
proposed to modify the surface properties of metal substrates for the improvement of
biological responses by applying coatings based on Ta. The modern processing methods
allow obtaining the tantalum coatings with a fine-grained structure and optimal properties
(tensile strength up to 600 MPa, and elongation of about 30%) for the stents production [31].
In combination with increased strength, tantalum has a high protective ability that prevents
active corrosion processes and the electrochemical destruction of metal surface structures in
various environments. For example, β-Ta nanocrystalline coatings on Ti-6Al-4V substrates
showed high hardness in combination with good resistance to contact damage [32]. Thus,
the corrosion resistance of 316 L stainless steel was significantly improved due to the
TaCxN1–x coatings [33]. These coatings also demonstrated good adhesion characteristics.
Thus, depending on the formation conditions, the properties of the coatings change. How-
ever, the best conditions for tantalum coatings formation have not yet been determined.

The development of technologies for the formation of functional tantalum nanos-
tructured coatings is currently of high interest for both medical and material science
community [34]. The perspective ion–plasma spraying method for creating nanostructured
coatings allows to form nanocoatings to change surface properties and obtain biocompat-
ible materials with desired properties. Thus, in [35], it was found that the TaNx coating
applied by high-frequency magnetron sputtering at a relatively high bias voltage of 200 V
demonstrates good tribological characteristics, hardness, and adhesive strength. The au-
thors of [36] synthesized tantalum nitride films onto silicon using magnetron sputtering
(the N2 content in the gas mixture was changed). As a result, it was revealed which content
of N2 allows obtaining films with the highest hardness, low friction coefficient, and low
wear rate. In the present research, a new efficient technology has been developed for the
deposition of nanostructured coatings based on tantalum by magnetron sputtering. The
optimal modes of metal substrates modification with nanostructured coatings based on
Ta were developed in order to create new improved devices for medical applications (car-
diovascular surgery, endoscopy, and orthopedics). Remarkably, nanostructured materials
have larger surface energy than typical materials enhancing the adhesion of bone cells
and producing higher osseointegration [32]. The surface nature of a biomaterial (relief,
hydrophobic–hydrophilic properties, chemical composition, etc.) plays an important role
in regulating the cellular response of a biological organism to the biomaterial. Since the
approach for the deposition of the Ta coatings involves changing the structure and prop-
erties of materials at both the micro- and nanoscales, it is advisable to assess changes in
the structure and properties at these levels. Such instrumental research methods as atomic
force microscopy (AFM) and nanoindentation (NI) allow studying the surface properties of
the films of tantalum and its compounds at the nanoscale, as well as to evaluate the nature
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of their changes (roughness, friction coefficient) in the biological medium and estimate the
possibility of using these nanocoatings as biocompatible materials [37–40].

The aim of the present work was to study the physical, mechanical, and tribological
properties of nanostructured tantalum oxynitride coatings on the stainless steel substrates.
This complex of characteristics helps to assess the performance characteristics of coatings
more accurately than the traditionally used microhardness. Estimation of such a complex
is vital for the production of devices for various medical applications.

2. Materials and Methods

The coatings of Ta, Ta2O5, TaN, and TaON were deposited on the polished stainless
steel (type is 316 L SS) substrates using reactive direct current planar magnetron sputtering.
Deposition process was performed on the experimental set-up (KhNU and NSC KIPT
NASU, Kharkov, Ukraine) [41,42]. The physical and chemical processes in plasma were
investigated during the reactive magnetron deposition of tantalum oxynitride [43]. Prior
to the deposition, substrates were cleaned in an ultrasonic bath, then the ion cleaning
was performed (Hall type ion source) in argon atmosphere (pressure was 6.65 × 10−2 Pa,
ion acceleration voltage—3 kW, ion source current—100 mA) during 5 min. Then, the
substrates were placed in a chamber pumped to a residual vacuum of less than 10−3 Pa.
The ion cleaning was performed (Hall type ion source) in argon atmosphere (pressure was
6.65 × 10−2 Pa, ion acceleration voltage—3 kW, ion source current—100 mA) during 5 min.
Then the deposition of the coatings of Ta, Ta2O5, TaN, TaON of about 1 μm thickness was
conducted. The tantalum target with a diameter of 170 mm was used. The magnetron
discharge power was 4–5 kW. The distance between magnetron and samples was about
30 cm. The feature of this system was the additional oxygen activation by discharge plasma
source induction. The oxygen was supplied through a plasma source for activation. The
deposition parameters of the coatings are summarized in Table 1. These deposition modes
were selected after optimization of the spraying technology carried out in [42,43].

Table 1. The parameters of the magnetron sputtering for the coatings of tantalum and its compounds.

Type of
Coating

Gas Pressure P [Pa]
Magnetron

Voltage Um [V]
Magnetron

Current Im [A]

Time of
Deposition

[min]

Gas Mass Flow
Rate Q

[cm3/min]

Ta 1 × 10−1 (Ar) 495 6.6 30 -
Ta2O5 1.3 × 10−1 (general) 500 6.4 20 25 (O2)
TaN 1.2 × 10−1 (N2) 800 3.4 60 95 (N2)

TaON 1.5 × 10−1 (general) 620 4.0 30 10 (O2)
45 (N2)

The morphology of the coatings was evaluated by the AFM Dimension FastScan
(Bruker, Santa Barbara, CA, USA) in PeakForce QNM (Quantitative NanoMechanics, Bruker,
Santa Barbara, CA, USA) regime with CSG10_SS (Micromasch, Tallinn, Estonia) cantilevers.
The study of the microstructure and elemental composition of the samples was carried
out on the JSM7001F (JEOL, Tokyo, Japan) scanning electron microscope (SEM) equipped
with the X-ray energy dispersive microanalysis probe system INCA ENERGY 350 (Oxford
Instruments, Abingdon, Oxfordshire, UK) at x10,000 magnification. The operating voltage
and probe current were 20 KV and 5 nA, respectively. The working distance was 10 mm.
The microstructure was analyzed in the secondary electron mode (SEI mode).

The phase compositions were studied by X-ray phase analysis (XRD) on a DRON-4-07
(LNPO “Burevestnik”, Saint-Petersburg, Russia) unit in copper radiation. To analyze the
amorphous and crystal structure formation, coatings were annealed at a temperature of
700 ◦C for 15 min and one hour in air in a Nabertherm GmbH L5 /13/ B180 furnace.

The method for the investigation of the friction coefficient (CoF) using AFM is based
on measuring the twist angle of the silicon cantilever of the probe around its axis under
the action of friction between the surface and the tip. It is described in detail in the
paper by Chizhik et al. [44]. In the present research, we used NCS 11A silicon cantilevers
(Mikromasch, Tallinn, Estonia) with the stiffness 3 N/m to determine the CoF using AFM
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NT-206 in a “sliding” mode. During the tests on the five different 20 × 4 μm areas and
256 × 50 points, the probe load was 0.005 μN, and the friction speed was 4.9 μm/s. The
radius of curvature of the cantilever was increased to 100 nm by scanning at high loads on
the silicon surface in order to prevent these changes during research.

The CoF in a “plowing” mode and the wear of the coatings were studied using a
Dimension FastScan AFM in the Contact Mode using a diamond probe on silicon console
of D300 type (SCDprobes, Tallinn, Estonia) with an initial tip radius of curvature of 33 nm
The stiffness of cantilevers was 13.84 N·m−1. During the tests, the normal load of 1.164 μN
(calculated = 0.6 V) per probe was controlled. The process parameters, which were kept
constant, were as follows: the scanning area 20 × 4 μm, 100 cycles, 256 × 256 points, friction
speed 2.0 μm/s. The movement of the probe on the surface was reciprocating. Thus, the
use of silicon and diamond probes with different loads allowed exploring the surface of
tantalum coatings by various friction mechanisms (Figure 1). At the “sliding” mode, the
action of adhesive forces was influenced on the friction coefficient, and the “plowing”
mode characterized the strength properties of the material during friction.

Figure 1. The principle scheme of friction mechanisms: “sliding” and “plowing”.

The friction force (F) was recorded separately in the forward and in the reverse
scanning. In the processing program, the image of the reverse scanning was subtracted
from the obtained image of the forward scanning, and thus the average value of the friction
force was determined. The mechanical stresses in the contact zone of the AFM probe
with the coating surface (contact pressure) were determined using the AMES (Advanced
Mechanical Engineering Solutions) contact stress calculator [45,46], setting the values of
the radius of curvature of the probe, the elastic modulus of the coatings, and the probe.
The value of the specific volumetric wear kv was calculated as the ratio of the volume of
worn material (V) to the normal load (L) and the indenter path length along the sample (S)
and expressed in m3/N·m:

kv = V/(L·S) (1)

The volume of wear V was estimated by the cross-sectional area and the perimeter of
the wear track [47].

The thickness of the coatings was determined via AFM scanning of cross sections of
coatings–substrate obtained after cooling samples into the fluid nitrogen during 10 min
and fracture of cooled samples.

The microhardness (H) and the elastic modulus (E) were measured with using Hysitron
750 Ubi nanoindentation device (Bruker, Minneapolis, MN, USA). The radius of curvature
of the diamond Berkovich indenter was 150 nm. For each sample, 9 curves were obtained
at the load of 2000 μN. The indentation depth (h) into the coatings was 50–80 nm. The
radius of the tip was calibrated by a set of indentations with increasing load into a surface
of standard fused silica sample.
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3. Results and Discussion

3.1. Elemental Analysis of Coatings

The EDX spectra (Figure 2) confirm the presence of basic characteristic elements in
the films, such as tantalum, oxygen, and nitrogen [48]. The amount of tantalum is close to
its atomic content in the compounds Ta2O5, TaN, and TaON. Except for the main lines of
tantalum, the peak at 2.2 KeV corresponds to a secondary line of Ta (Figure 2b–d). Probably,
the peak intensity is related to the texture of different Ta-based coatings. Deviations from
the stoichiometric composition of coatings can be associated with some method accuracy.
Non-uniformity of a scan coating surface and the presence of a small amount of other
elements in the spectrum, for example Ar, may affect the error in the results normalizing.
Previously carried out research [49] demonstrated the stoichiometric composition of the
tested coatings. X-ray photoelectron spectroscopy was carried out using ESCALAB MkII
(VG Scientific, East Grinstead, UK) with 1486.6 eV Al Kα radiation. Detailed scans were
detected for the C1s, O1s, N1s, and Ta4f regions (Figure A1). An error on the binding
energy (BE) values was obtained by standard deviation about 0.2 eV. Data analysis was
made with a Shirley-type background subtraction, non-linear least-squares curve fitting
with Gaussian-Lorentzian peak shapes. The atomic compositions were calculated using
peak areas. The compositional analysis of oxide Ta2O5, oxynitride TaON, and nitride TaN
coatings by X-ray photoelectron spectroscopy was performed. The photoelectron spectra of
Ta4f, O1s, and N1s coatings were observed [49]. The spectrum included the photoelectron
lines for Ta (4f7/2) and Ta (4f5/2). The Ta+5 signals were detected at binding energies
26.8 eV and 28.7 eV. The O1s high-resolution spectra demonstrated the peak at binding
energy position Eb = 530.9 eV, associated with Ta-O chemical bond. The N1s peak was
detected at binding energy Eb = 396.2 eV, associated with Ta-N chemical bond. This peak is
generally considered to be the evidence for replacement of O atoms by N atoms in Ta2O5
crystal lattices [50]. In addition, a slight N1s peak at binding energy Eb = 398.0 eV was
corresponded to Ta-N-O chemical bonds [51]. All binding energies of the high resolution
spectra were calibrated with the C1s binding energy of 285.0 eV.

XRD spectra of as-deposited and annealed Ta2O5 and TaON coatings were analyzed
(Figure A2). According to the XRD data, the amorphous nature of the as deposited Ta2O5
coatings was confirmed. Changes were detected for the Ta205 coatings after the treatment
at 700 ◦C for 15 min, as confirmed by the XRD pattern peaks which became sharper and
more intense (Figure A2). The increase in the crystallinity of the coatings as a function of
thermal treatment temperature was detected. After 15 min annealing at a temperature of
700 ◦C, the peaks typical for the formation of the crystal structure of Ta2O5 (001), (110),
(111), as well as the peaks typical for Ta (200), were clearly identified. Further heating for
1 h led to an increase in the intensity of main peaks and the appearance of a new one (020)
in the angular range of 24–72 degrees (2θ). In the case of TaON, characteristic peaks of
oxynitride at angles of 27◦, 33◦, 36◦, 38◦, as well as spectra associated with the formation of
TaON structure at angles in the range of 61–63 degrees (2θ) were detected after 15 min of
annealing. In addition, some characteristic peaks of the nitride structure (110), (111), (220)
were revealed. Subsequent annealing for an hour was resulted in the further formation of
the oxynitride structure and increase in the characteristic peaks at the angles of 23◦, 37◦,
47◦, and 67◦.

3.2. The Thickness of the Coatings and Fracture Microstructure

AFM images of fractures of the investigated coatings of tantalum compounds on steel
and their surface profiles are demonstrated on the Figure 3. According to these profiles,
the values of the thickness for the coatings were as follows: Ta2O5 and TaON—1500 nm,
TaN—800 nm, and Ta—500 nm, which is confirmed by the SEM data (Figure A3). In
addition, the fracture sites of coatings allow a qualitative assessment of the brittleness of
coatings. Thus, the fracture sites of Ta2O5 and TaN coatings have in their microstructure
significant fragments of a “columnar” texture (arrows in Figure 3a,c), which are typical for
more brittle fracture. The microstructure of TaON coatings shows strips with a thickness
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of 20–40 nm (arrows in Figure 3b). The layered Ta and fracture sites coatings consist of
nanosized grains of 40 nm in diameter (arrows in Figure 3d). In the case of fracture, the
grains are arranged in rows under the action of deformation. These structures are typical
for the more plastic materials, according to the plasticity values determined by NI: the
highest value for Ta (59.2%), the high for TaON (52.3%), the middle for TaN (42.3%), and
Ta2O5 has the lowest η (27.2%).

  
(a) (b) 

  
(c) (d) 

Figure 2. EDX spectra of nanostructured coatings: tantalum (a), tantalum oxide (b), tantalum nitride (c), and tantalum
oxynitride (d).

3.3. The Surface Microstructure of Coatings

In the process of magnetron sputtering, the mechanism of growth is determined by
the balance of the energy of the substrate surface, the deposited material, the energy of
the material-substrate interface, and the energy of elastic stresses in the growing film.
High-resolution AFM is needed to reveal the surface morphology and roughness of smooth
amorphous coatings on polished substrates. According to AFM-images, the polished
surface of the stainless steel has a microstructure with irregularities and protruding particles
of alloying phases of 20–200 nm in diameter (arrows Figure 4a). The arithmetic mean
roughness (Ra) for the steel surface on the area of 4 × 4 μm was 3.8 nm.
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Figure 3. AFM-images of nanostructured coatings fractures: tantalum oxide (a), tantalum oxynitride (b), tantalum nitride
(c), and tantalum (d).

Surface uniformity was increased after tantalum was deposited on the steel surface.
On the area of 1 × 1 μm, Ta coatings have the cellular surface with ribbings that are
limitative for the cells (arrows Figure 4b). The ribbings have granular microstructure with
the diameter of grains of 20 nm that are shown on the area of 60 × 60 nm scanning field
(inset Figure 4b). Ra of Ta coatings on the area 4 × 4 μm was 4.8 nm.

Flat islets with the height of 4–6 nm and the size of 100–500 nm appeared on the Ta2O5
coatings in the process of the sputtering (arrows Figure 4c). These flat islets indicate that a
growth mechanism of tantalum oxide is different compared to the one of tantalum films. Ta
coatings are characterized by polycrystalline growth, while tantalum oxide is characterized
by layer-by-layer growth. On the area of 60 × 60 nm (inset Figure 4c), Ta2O5 coatings have
granular microstructure with the diameter of grains of 5–20 nm. Ra of Ta2O5 coatings on
the area 4 × 4 μm was 4.2 nm.
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(a) 

  
(b) (c) 

  
(d) (e) 

Figure 4. AFM-images of stainless steel (a) and the coatings: tantalum (b), tantalum oxide (c), tantalum oxynitride (d), and
tantalum nitride (e).
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The surface of TaON coatings is characterized by a granular structure with the small
crystallites of 5 nm in diameter (inset Figure 4d). The surface of TaN coatings consists of
grains of 20 nm in diameter (inset Figure 4e). These grains assembled into chains, which
formed the edges of cells 200 nm in size (arrows Figure 4e). Ra values of TaN and TaON
coatings on the area 4 × 4 μm were 9.5 and 5.6 nm, respectively.

The obtained morphology of the coatings of tantalum and its compounds makes it
possible to explain the numerical values of the roughness.

The obtained results on AFM microstructure of the coatings of tantalum compounds
are consistent with the previously published studies of Ta [52] and TaN [53] coatings which
had a granular structure. The grain size is significantly smaller and is close to calculations
in the research of Alishahi et al. [54].

3.4. The Mechanical Properties of Coatings

The diagrams, showing dependence of the indentation depth on indentation load for
the coatings and the steel are demonstrated in the Figure 5. The shape of the curves and
their position according to the Y axis show the distribution of coatings by H: the closer
the curve is to the Y axis, the harder the material is. The area bounded by the curves of
the approach–retraction characterizes the plastic deformation. According to the curves the
significant difference in mechanical properties of coatings and substrate is visible.

Figure 5. The dependence curves of load on the indentation depth h.

It was shown that the values of H and E of stainless steel 316 L SS were determined as
1.7 ± 0.2 and 150.0 ± 10.0 GPa, respectively. Plasticity according to the indentation curve
area was the heighest—91.4% and H/E—the lowest—was 0.01. Metallic Ta coatings are
characterized by the lowest H of 8.3 ± 0.2 GPa. Nonmetallic addition of O and N increased
the value of H to 10.0 ± 0.3 GPa for TaN, 13.3 ± 0.6 GPa for TaON, and 16.0 ± 3.5 GPa
for Ta2O5. The values of the elastic moduli of four studied coatings on the stainless steel
substrates are about 158.0 GPa. These values are close to E of 156 GPa and H of 10 GPa for
bulk pure Ta, obtained and described by Kommel et al. [55]. After the coatings’ deposition,
the strength of the steel substrate increased and H/E allows to estimate by how much:

51



Nanomaterials 2021, 11, 274

0.05 for Ta, 0.06 for TaN, 0.08 for TaON, and 0.10 for Ta2O5. The coatings on stainless
steel substrates (304 SS), formed via reactive magnetron sputtering by the authors of [56],
showed lower mechanical properties for coatings of Ta compounds: for Ta2O5—H of
5.8 GPa, E of 135 GPa, and H/E of 0.049 and for TaON—H of 7.5 GPa, E of 119 GPa, and
H/E of 0.056. The reason of the underestimated values of H and E in [56] may be the
lower content of Ta in the coatings in comparison to those studied in this work. In [57],
for coatings of 700–100 nm thickness, the values of E were 127 GPa for Ta and 108 GPa
for Ta2O5, and the values of H—6.8 GPa for Ta and 8.4 GPa for Ta2O5. The somewhat
underestimated values of the characteristics can be explained by the excessive indentation
depth and the influence of the substrate.

The dependences of the mechanical properties of investigated coatings on the atomic
content of Ta are shown in Figure 6. The higher oxygen and nitrogen content in the coatings
based on Ta, the greater the microhardness of the surface. This tendency is associated
with the introduction of oxygen and nitrogen atoms into the tantalum crystal structure,
what leads to compressive residual stress in the coatings [58]. In addition, the authors of
work [59] found that the higher the oxygen content, the higher the average hardness.

 

Figure 6. The dependences of H/E, H, E and η of Ta based coatings on the Ta atomic content.

On the base of the dependence of E and H on the atomic content of Ta coatings on the
steel (Figure 6), the Ta content in the coatings does not affect the elastic modulus but affect
the hardness. Such effect was described in [55] where two existing polytypes of tantalum
α-Ta and β-Ta showed the same E of 188 GPa and the different H: 10 GPa for α-Ta and
18 GPa for β-Ta. The discrepancy in the values of E and H can be explained by the film
thickness (of 100 and 300 nm), which is usually higher for thin films.

Taking into account the whole set of physical and mechanical characteristics of Ta
coatings and its compounds, TaON is the optimal coating, which simultaneously has
sufficient hardness and high plasticity.

3.5. The Tribological Characteristics

The results of friction and wear tests in the “plowing” regime are shown in Figure 7.
Wear tracks on TaON and Ta coatings are visible only in the Friction regime. These tracks
show the efficacy of Ta based coatings of wear protection of steel. Wear tracks on TaN
(Figure 7d) and Ta (Figure 7e) coatings are visible only in the PeakForce Error data type.
Since PeakForce QNM uses Peak Force as the feedback signal, the PeakForce Error data
type is essentially the Peak Force Setpoint with the error. It is recorded simultaneously
with the topography. In this mode, the boundaries of the wear mark are better visible. We
had to use the error signal as the wear on these materials was very low. The topography
mode did not allow it to be visualized against the background of scratches and protruding
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microparticles. Moreover, the error signal showed the contours of the worn material at the
boundaries of the wear marks located across the scanning direction due to a significant
change in the Peak Force Setpoint in this scanning area.

 

Figure 7. AFM-images of wear test results at loading of 1.164 μN, speed of 2 μm/s, and 100 cycles on
the steel substrate and the tantalum coatings: steel (a), Ta2O5 (b), TaON (c), TaN (d), Ta (e).

The dependences of the CoF and F of the coatings during the wear in the “plowing”
mode to the number of friction cycles are presented in Figure 8. Each point in the obtained
diagrams is averaged over 50 scanning lines. “Teeth” in values of CoF are explained by
position of the probe in each cycle with respect to the surface and AFM- photodetector:
«upper–down» or «down–upper». The higher the value of CoF, the larger the “part” of
probe twisting per when changing the position of the probe at reciprocating motion. CoF
values were decreased after 15 cycles; it is explained by «breaking-in» to expressed in the
change in the subnanometer layer of the material under the tribological load from the start
of scanning and its uniform distribution over the surface. CoF in steady-state for steel
was 0.448. The coatings TaON, Ta, and TaN allow decreasing CoF of the surface down to
0.444, 0.336, and 0.308, respectively (Figure 8). The deposition of Ta2O5 coatings on the
steel substrate increases CoF to 0.780.

Specific volumetric wear allows comparing coatings of tantalum and its compounds
with other materials quantitatively. All the tantalum coatings under research are capable of
reducing the wear of steel (25.4 × 10−13 m3/N·m) more than twice (Figure 9). The minimum
value of specific volumetric wear were recorded for the Ta coatings— 2.1 × 10−13 m3/N·m.
TaN and TaON showed the middle values—4.2 × 10−13 and 6.1 × 10−13 m3/N·m. The min-
imum wear were determined for Ta2O5 coatings—11.6 × 10−13 m3/N·m. The dependences
of specific volumetric wear on Ta atomic content in coatings are in good agreement with
their CoF (Figure 9). The “plowing” mode allows assessing the real strength properties of
the material during the friction.
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Figure 8. Dependence of the obtained friction coefficients on the number of friction cycles of the
studied coatings on the steel substrates.

Figure 9. The dependences of h, CoF (sliding), CoF (plowing), kv, and F of Ta based coatings on the
Ta atomic content.

The influence of the adhesive forces is better characterized by the “sliding” mode [60,61].
The determined CoF for stainless steel in the “sliding” mode is 0.072 (Figure 9). After the
deposition of nanostructured tantalum coatings, the CoF decreases to 0.014 (Ta) and 0.019
(TaN and TaON). CoF of Ta2O5 coatings in the “sliding” mode is 0.041. The dependences of
CoF in the “sliding” and “plowing” modes on Ta atomic content in coatings have a similar
behavior (Figure 9).

The better tribological properties of Ta coatings can be explained by its microstructure
and plasticity of the coating. The low CoF values of the oxynitride film can be explained
by the high roughness, and the high values of tantalum oxide, by the low roughness.
Microhardness is often considered as the main characteristic to predict the wear. The Ta2O5
coatings with the highest H of 18 GPa and Ra of 4.2 nm showed the weakest nanotribological
properties. This result can be explained by the significantly different mechanism of wear in
the environment of nanofriction contact from usual classical mechanism of macrocontact.

The authors of [35] obtained TaNx coatings by the high-frequency magnetron sput-
tering method. Tribological researches were carried out by the nanoindentation method
using a Berkovich diamond tip at a load of 5 μN. The average friction coefficient was ~0.18.
The significant difference between CoF in [35] and those obtained by us for TaN (0.30) is
explained by the low applied load during tribological tests of AFM. In [36], tantalum nitride
films were synthesized on silicon using magnetron sputtering. A pin-on-disk (alumina
ball) tribometer at 1 N load was used to obtain the coefficient of friction and the wear rate
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of these films. It was found that 13% N2 films have the highest hardness, a low coefficient
of friction (~0.6), and a reduced wear rate (7.09 × 10−15 m3/N·m). The discrepancy in the
values of CoF is associated with an increased load and a significantly larger contact area
in [35]. Wear during AFM tests is overestimated due to high mechanical stresses in the
contact associated with the small radius of the tip, wherein AFM-wear makes it possible to
accurately determine the difference between all compared coatings.

The used normal forces about 1 μN and a nanoscale radius of the probe (8–76 nm)
lead to the creation on the surface of coatings of significant contour pressure (or mechanical
stress in contact, contact pressure) of 15–65 GPa. This value is many times higher than
the level of contact stresses at macro-tribotests of about 1.3–1.6 GPa. The localization of
maximal mechanical stresses at nanometers depth and displacement of the material from
the surface by atomic layers gives a different mechanism of the friction process under
conditions of microcontact. The high η of Ta coatings allow light moving of atomic layer of
materials under the probe acting.

The TaON coatings were chosen according to the strength properties because of the
rather high values of H and simultaneously high η and H/E value of 0.08, then according
to tribological characteristics—Ta, TaN, and TaON.

4. Conclusions

Nanostructured films of tantalum compounds were deposited on the stainless steel
substrates by magnetron sputtering. It was determined that the microstructure of coatings
depends on the elemental composition. All tantalum based coatings are characterized by a
granular structure. Depending on the composition of the coatings, the grains vary in size
from 5 to 20 nm. In some cases (Ta and TaN), the grains associate into cells. All obtained
coatings have low roughness values.

The best combination of properties among the studied coatings have TaN (H of
10.0 GPa, E of 158.0 GPa and H/E = 0.06) and TaON (H of 13.3 GPa, E of 157.0 GPa and
H/E = 0.08).

The tribological characteristics of obtained coatings were: TaN—CoF of 0.019 in the
”sliding“ mode and 0.308 in the ”plowing” mode, specific volumetric wear of
4.2 × 10−13 m3/N·m, TaON—CoF of 0.019 in the ”sliding” mode and 0.444 in the ”plow-
ing” mode, and specific volumetric wear of 6.1 × 10−13 m3/N·m. Thus, deposition of
TaN decreases specific volumetric wear of steel by more than 6 times, TaON—by more
than 4 times. These tribological characteristics allow reducing of platelets on the surface of
stents, and thereby, preventing the formation of a blood clot.

Thus, TaN and TaON coatings, which have a special complex of mechanical and
tribological properties, can be used as upper layer for stainless steel stents.
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Appendix A

Figure A1. XPS spectra of Ta-based coatings deposited on the steel substrates: Ta+5 for Ta2O5 (a),
Ta+5 and Ta0 for Ta/Ta2O5 (b), O1s for Ta2O5 (c) [49].

(a) (b) 

Figure A2. Diffraction X-ray profiles of the Ta2O5 (a) and TaON (b) coatings after application and annealing at a temperature
of 973 K for 15 min and 1 h.

Figure A3. Cont.
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Figure A3. SEM-images of nanostructured coatings cross-sections: tantalum oxide (a), tantalum oxynitride (b), tantalum
nitride (c), tantalum (d).
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Abstract: Generally, hard ceramic carbide particles, such as B4C and TiC, are angulated, and particle
size control below the micrometer scale is difficult owing to their hardness. However, submicrometer
particles (SMPs) with spherical shape can be experimentally fabricated, even for hard carbides, via
instantaneous pulsed laser heating of raw particles dispersed in a liquid (pulsed laser melting in
liquid). The spherical shape of the particles is important for mechanical applications as it can directly
transfer the mechanical force without any loss from one side to the other. To evaluate the potential
of such particles for mechanical applications, SMPs were compressed on various substrates using
a diamond tip in a scanning electron microscope. The mechanical behaviors of SMPs were then
examined from the obtained load–displacement curves. Particles were fractured on hard substrates,
such as SiC, and fracture strength was estimated to be in the GPa range, which is larger than their
corresponding bulk bending strength and is 10–40% of their ideal strength, as calculated using the
density-functional theory. Contrarily, particles can be embedded into soft substrates, such as Si and
Al, and the local hardness of the substrate can be estimated from the load–displacement curves as a
nanoscale Brinell hardness measurement.

Keywords: pulsed laser melting in liquid; spherical submicrometer particles; particle fracture;
particle embedment; Brinell hardness; titanium carbide

1. Introduction

Spherical submicrometer particles (SMPs) are larger than well-studied nanoparticles
(NPs) but have been an interesting research topic owing to their mechanical applications.
The spherical shape of the particles is important, as it can directly transfer the mechanical
force without any loss from one side to the other. Submicrometer size is another important
factor because suitable fabrication techniques via a top-down approach, such as milling, or
a bottom-up approach, such as the nucleation process, are currently unavailable. However,
the use of spacers, milling agents, lubricant fillers, etc., has been proposed and is in
demand [1,2].

Ductile SMPs made of polymers or glasses are relatively easy to fabricate and are
commercially available. Spherical SMPs composed of NP aggregates have also been
reported for TiO2 [3]. However, these SMPs are polycrystalline or porous, and, therefore,
their mechanical properties are not good, owing to the high density of grain boundaries or
nanopores, which act as defect sources [4].

Nanomaterials 2021, 11, 274. https://doi.org/10.3390/coatings11030274 https://www.mdpi.com/journal/nanomaterials61
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Our group reported a new fabrication technique for various spherical SMPs, which
is called pulsed laser melting in liquid (PLML) [5–9]. In this process, spherical SMPs are
synthesized by applying pulsed laser irradiation with relatively weak laser fluence onto
raw colloidal NPs dispersed in a liquid medium. Raw aggregated or agglomerated NPs in
a liquid medium are selectively heated and melted via unfocused pulsed laser irradiation
to form larger molten droplets due to the temperature increase over the melting point.
Subsequently, the particles are quenched with the surrounding liquid to produce crystalline
non-porous spherical SMPs [10,11].

PLML appears similar to the well-studied pulsed laser ablation in liquid (PLAL) for
NP fabrication [12–14], as both are laser processes in liquid medium. However, PLML is not
a plasma process like PLAL but a thermal process at high temperatures, ranging from 2000
to 4000 K, due to the difference in the applied laser fluence [15,16]. Therefore, non-porous
SMPs of high-temperature materials, such as B, W, TiO2, and ZnO, can be fabricated via
a simple transient melting process, and B4C SPMs can be reactively fabricated via laser
melting of raw B particles in ethanol (as a carbon source) [5,6]. Thus, SMPs obtained by
PLML are unique in fabrication as well as possible mechanical applications.

However, only a few studies on mechanical properties of hard, brittle, crystalline
SMPs have been reported so far [4,17]. In our previous report, brittle non-porous SMPs of
B4C and TiO2 were fabricated via PLML, and their mechanical properties were measured
using a nanoindenter equipped in a SEM [4]. In that experiment, the particles were placed
on a hard SiC substrate and pressed using a diamond indenter. Their fracture strengths
were 40–50% of the ideal strength calculated using the density functional theory (DFT) and
somewhat stronger than the bending strength of bulk B4C and TiO2. Thus, SMPs obtained
via PLML were harder compared with those obtained using other techniques, such as
chemical methods, and are promising for various mechanical applications.

Here, by extending our previous studies on the mechanical property measurements of
SMPs fabricated via PLML [4], indentation tests of various combinations of hard and brittle
SMPs fabricated via PLML and single-crystal substrates were conducted using a diamond
indenter equipped in an SEM. B4C, B and newly fabricated TiC were used as hard and
brittle SMPs. Not only a hard substrate, such as SiC, but also softer substrates, such as Si
and Al, were used to compare the mechanical behaviors using an embedment process at
submicrometer scale. In particular, the possibilities of nano-Brinell hardness measurement
and local surface enforcement were explored by analyzing the particle embedment process.

2. Materials and Methods

2.1. Particle Fabrication

Brittle SMPs of B4C, B, and TiC were fabricated via PLML and used for mechanical
tests. The fabrication procedures of B4C and B have been previously reported [5,6]. Briefly,
raw B NPs (Sigma-Aldrich, 7440-42-8, nominal size < 100 nm, Tokyo, Japan) were dispersed
in deionized water for B SMPs and in ethanol for B4C SMPs and then irradiated using
a Nd:YAG laser (Continuum, Powerlite Precision 8000, pulse width: 7 ns, wavelength:
355 nm, pulse frequency: 10 Hz) with a fluence of 200 mJ pulse−1 cm−2 for 10 min at
room temperature. During laser irradiation, a magnetic stirrer was used to stir the liquid
for agitation to disperse the raw particles. For B4C SMP fabrication, unreacted B was
dissolved in nitric acid and removed. Common byproducts of boric acid for both processes
were dissolved in water and removed. For TiC SMPs, TiC NPs (Sigma-Aldrich, 636967,
<200 nm, Tokyo, Japan) were used as raw particles. A 532 nm Nd:YAG laser was irradiated
at 150 mJ pulse−1 cm−2 in ethanol for 10 min and toluene for 120 min. The particles in
toluene required a longer ultrasonication time for pre-dispersion (60 min) compared with
those in ethanol.

2.2. Characterization

The morphology of the obtained spherical SMPs following laser irradiation was ob-
served using a field emission scanning electron microscope (FE-SEM; JEOL JSM-6500F,
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Akishima, Japan). The crystallinity of the obtained particles was analyzed from X-ray
diffraction patterns (XRD; Rigaku SmartLab, Akishima, Japan). The composition pro-
file within individual particles was analyzed via energy-dispersive X-ray analysis (EDX)
equipped with an aberration-corrected scanning transmission electron microscope (STEM;
FEI Titan Cubed G2 60–300, Tokyo, Japan). The crystallinities of individual particles were
measured via the electron diffraction technique using a high-resolution TEM (HR-TEM;
JEOL JEM-ARM1300, Akishima, Japan).

2.3. Observation of Fracture and Embedment Behavior of SMPs

An indentation device (Hysitron PI SEM PicoIndenter) installed in a SEM (JEOL
JIB-4600 F) was utilized for compressive fracture and embedment tests of the SMPs. The
indenter speed for all compression tests was fixed at 12.5 nm s−1. Further detailed exper-
imental conditions and the typical arrangement of the particles, substrate, and indenter
tip were the same as those described in a previous report [4]. The diamond indenter tip
was flattened to a 1 μm square, using a focused ion beam installed on the SEM, for the
facile operation and observation of the particles during mechanical tests. This helped to
ensure good reproducibility and repeatability. The substrates used for the mechanical
tests of the particles were single crystals of SiC, TiO2, and SrTiO3, and polycrystals of
Al (A5052), which have to be sufficiently flat and electroconductive for SEM observation
during indentation. The particles must be sparsely distributed on the substrate to avoid
compression of multiple particles with the indenter tip during measurements.

3. Results and Discussion

3.1. Fabrication of TiC SMPs by PLML

Figure 1 shows the SEM images of raw TiC NPs and particles fabricated via PLML
in ethanol and toluene. Spherical particles were successfully fabricated in both solvents,
forming SMPs with a similar size range from 300 to 500 nm. Figure 2 shows XRD patterns
of the particles in Figure 1. Raw particles and particles obtained in toluene were pure
TiC, whereas those prepared in ethanol contained TiO2 rutile phase, which was probably
induced by reaction with oxygen in ethanol. Figure 3 shows the compositional line scans
of particles prepared in ethanol and toluene obtained via aberration-corrected STEM. The
data indicate that the particles fabricated in ethanol were oxidized at the surface and
those in toluene were nearly oxygen-free. The electron diffraction technique using high-
resolution TEM (not shown here) confirmed that the particles fabricated in toluene were
single crystalline and those in ethanol were polycrystalline.

Figure 1. TiC SMP fabrication from TiC NPs via PLML. (a) SEM image of raw TiC NPs (<200 nm).
SMPs obtained by 532 nm Nd:YAG laser irradiation at 150 mJ pulse −1 cm−2 (b) in ethanol for 10 min
and (c) in toluene for 120 min.
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Figure 2. XRD patterns of raw TiC NPs and SMPs obtained via 532 nm Nd:YAG laser irradiation in
ethanol and toluene. Circles indicate the TiC peaks, and the square indicates the TiO2 rutile phase.

Figure 3. STEM images of TiC SMPs fabricated via PLML (a) in ethanol and (b) in toluene. The laser
irradiation conditions were 532 nm Nd:YAG laser at 150 mJ pulse−1 cm−2 for 10 min in ethanol and
120 min in toluene. Compositional line scans of corresponding single particles obtained (c) in ethanol
and (d) in toluene.

3.2. Fracture Strength of TiC SMPs Prepared by PLML

We previously reported fracture tests of B4C SMPs on SiC substrates using diamond
tip indentation [4]. The fracture strength of the B4C SMPs was calculated to be 6–12 GPa,
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assuming tensile fracture at the center of a particle. This value was rather large compared
with the typical bending strength by tensile fracture of a B4C sintered body (0.3–0.9 GPa)
and was 18–38% of the ideal strength calculated by first-principles DFT. This high strength
is due to the less defective nature of SMPs obtained via the PLML process.

Figure 4 shows a typical fracture process of TiC SMPs on a SiC substrate using a
diamond indenter with SEM images before and after the test. A clear jump of displacement
induced by a fracture is observed in the load–displacement curve. Figure 5 shows the
particle size dependence of fracture strength for TiC SMPs obtained using the Hiramatsu–
Oka equation [18–20].

St = 2.8
F

πD2 (1)

where St (N m−2) denotes the fracture strength; F (N), the failure load of a spherical particle;
and D (m), the particle diameter. The values indicate that the particles obtained in toluene
(red circles, average fracture strength: 7.46 GPa) have higher fracture strength than those
obtained in ethanol (black squares, average fracture strength: 2.67 GPa), although the
average size obtained in toluene (396 nm) is larger than that in ethanol (301 nm), which is
due to the difference in the permittivity of liquid, which controls the aggregation behavior
of raw particles [6]. Larger particles generally have lower fracture strength due to the
increased possibility of defect inclusion. However, our results indicate that the high fracture
strength of particles obtained in toluene is caused by more perfect SMPs with less oxygen
inclusion, as suggested in Figures 2 and 3.

Figure 4. Typical fracture process of a TiC SMP and corresponding load–displacement curve during
the compression test.

Figure 5 also shows a comparison of bulk bending strength [21–23], SMP fracture
strength, and calculated ideal strength (24.4 GPa) of TiC [24]. The fracture strength of TiC
SMPs fabricated via PLML ranged from 3% to 20% of the ideal strength when prepared in
ethanol and from 20% to 50% when prepared in toluene. The previously reported fracture
strengths of B4C and TiO2 SMPs obtained via PLML ranged from 18% to 38% and 10% to
40% of their respective ideal tensile strengths, which is similar to the TiC SMPs obtained in
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toluene. In relation to bulk fracture strength, TiC SPMs obtained in toluene were greater by
one order of magnitude, as in the case of B4C [4].

Figure 5. Particle size dependence of the fracture strength of TiC SMPs fabricated in ethanol (black
squares) and toluene (red circles). The particles were placed on the SiC substrate and indented by a
diamond tip. The calculated ideal tensile strengths and bulk strengths of large compact samples for
TiC are also shown.

3.3. Embedding Process of SMPs Obtained via PLML

The above data for the SMP fracture strength measurements were obtained using hard
SiC substrates, and the particles were interlaid between the substrate and a diamond tip
to be fractured. Si substrates can also be used for the indenter test of TiC, as shown in
Figure 6. However, most fractured TiC SMPs on Si substrates were larger than 400 nm,
which corresponds to the size range wherein phase-separated or polycrystalline SMPs tend
to be formed in the PLML process [25]. Thus, the fracture strength gradually degraded with
increasing particle size, as in the previous report [4]. In contrast, when smaller TiC SMPs
were indented on the Si substrates, the particles were often embedded without appreciable
shape change or after slight fracturing. This behavior may be observed on soft substrates
and differs from the simple particle fracture process. Therefore, the embedding process of
SMPs is systematically studied hereafter.

Figure 6. Particle size dependence of fracture strength of TiC SMPs fabricated in toluene. Fracture
tests were conducted on SiC and Si substrates indented with a diamond tip.
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When soft Al substrates were used, the particles did not fracture but were gradually
embedded, as shown in Figure 7. Figure 8 shows SEM images of the Al substrate after
embedment of TiC SMPs, indicating complete embedment to the substrate level. Figure 9
shows a typical load–displacement curve wherein a particle is embedded and the corre-
sponding schematic images illustrate how the particle is embedded. In contrast to the
particle fracture in Figure 4, the particle is embedded with the load increment at the initial
stage (Figure 9a) and then inserted into the substrate without a further load increase, ex-
hibiting a plateau in the load–displacement curve (Figure 9b). This behavior is relevant to
the contact area change with embedded depth, as shown in Figure 9c. When the particle is
embedded by half, a further push is made only through the contacting hemisphere surface.
Further pushing will cause the diamond tip to touch the substrate, resulting in a sharp rise
in the load–displacement curve, as demonstrated at the right side of the curve in Figure 9b.
Thus, the idealized relation between the contact area and embedded depth is schematically
displayed in Figure 9c.

Figure 7. Embedment process of TiC SMPs on an Al substrate.

Figure 8. SEM images of the TiC-SMP embedded region on an Al substrate: left: oblique downward
view; right: top view.
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Figure 9. Embedding process of TiC SMPs on an Al substrate. (a) Schematic illustration of the particle
embedment process. (b) Typical load–displacement curve of TiC SMPs on Al substrate. (c) Calculated
relationship between the particle-surface contact area and embedded depth.

3.4. Hardness Estimation of Substrates via SMP Embedding Process

Figure 10 shows the load–displacement curve of the particle embedding process for
250 and 450 nm B4C particles into Si single-crystalline substrates with SEM images before
and after the load application. Nearly the entire particle was embedded after the load
application, and only the top part of the particle can be observed after embedment. Plateau
ranges in the load–displacement curves began when the displacement exceeded half of the
particle size, suggesting the embedding process described in Figure 9c. The load at the
plateau was larger for larger particles. For larger particles, a pop-in process, as in the case
of 450 nm indented particles, is sometimes observed, indicating discontinuous embedment
by crack formation of the particles [26].

Figure 10. SEM images before and after the load application and load–displacement curves of the
particle embedding process for (a) 250 and (b) 450 nm B4C particles in Si substrates.
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With regard to the tip shape to push the substrate, the experimental arrangement
in this study is similar to common Brinell hardness measurements using a macroscopic
spherical tip, mostly made of a diamond of millimeter order in size and, recently, with
micrometer range [27–34]. However, in our case, the particle indenter size was at the
submicrometer scale, which is somewhat smaller than the conventional spherical indenter
used for Brinell hardness measurements. When a large spherical tip was pushed onto the
specimen, the Brinell hardness, HB, was calculated from the applied load, F; particle size, D;
and measured indentation diameter, d, of the specimen in overhead view after unloading:

HB =
2F

πD
(

D −√
D2 − d2

) (2)

In our experimental setup, a particle was continuously pushed during particle em-
bedment. Thus, the displacement of the tip from the surface, h, can be adopted as the
indentation depth, and the Brinell hardness can be calculated as follows:

HB =
F

πDh
=

F
(πD2)(h/D)

(3)

Figure 11 shows the Brinell hardness variations calculated using Equation (3) from
the initial stage of particle embedment data in Figure 10. In the embedded fraction range
of 0.25–0.50 (d/D range: 0.66–0.87), the calculated Brinell hardness values were close,
irrespective of the particle size used to push the Si substrate.

Figure 11. Brinell hardness variations calculated using Equation (3) from the initial stage of particle
embedment data in Figure 10.

The load value at the plateau range, Fp, in Figure 10 can be easily determined since
the embedded fraction, h/D, is 0.5 and, therefore, Equation (3) can be simplified as follows:

Fp =
π

2
HBD2 (4)

Figure 12 shows the embedding load at the plateau region in the load–displacement
curve as a function of particle size for various B4C SMPs on a Si substrate. The solid
black line is a curve fitted with a parabolic curve based on Equation (4) and is well fitted
to the experimental data, indicated by red circles, without pop-in. The fit is also good
for the data with pop-in behavior (blue triangles)—for particles larger than 450 nm. The
Brinell hardness estimated from the fitting parameter in Figure 12 and Equation (4) was
7.01 GPa. Typical hardness values of Si reported were 11.1 (Vickers) [35] and 10.9 GPa
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(Berkovich) [36], obtained via microindentation tests, although the values were scattered
from 7 to 20 GPa [37], depending on defect concentrations and distributions of the speci-
mens and the difference in size, shape, and material of the indenter.

Figure 12. Particle size dependence of embedding load at the plateau region for B4C particles on Si
substrate. Red circles and blue triangles are experimental data without and with pop-in behavior
during indentation. The black curve is a fitted curve.

Nanoindentation techniques for hardness estimation have been developed to measure
the mechanical properties of nano-objects. However, most nanoindentation devices use
Vickers tips based on a pyramidal shape. Nanosized, sphere-shaped tips have seldom
been utilized, probably owing to the unavailability of hard and small spherical particles.
Spherical SMPs are a possible candidate for nano-Brinell tips to evaluate the hardness of
nanosized objects.

3.5. Substrate Effects on the SMP Embedding Process

Another possible application of hard and brittle SMPs is the site-selective surface
post-enforcement of soft materials via particle embedment. For such enforcement to
be sufficiently effective, particles should not be easily detached after embedment and,
therefore, more than half of the particles have to be embedded. Particle embedment is
completed when the indenter starts to push the substrate. The tip displacement on this
occasion can be estimated from the right end of the load–displacement curve in Figure 9b.
From the tip displacement at the embedment completion, hc; the particle size, D; embedded
volume, Vh; and particle volume, VD, (as presented in Figure 13), the embedded volume
fractions can be calculated as follows:

Vh
VD

= 3
(

hc

D

)2
− 2
(

hc

D

)3
(5)

 
Figure 13. Schematic illustration of particle embedment.

Figure 14 shows the embedded volume fraction as a function of particle size for various
SMPs on Si substrates. Various hard brittle particles of TiC, B4C, and B were embedded
in similar volume fractions (50–70%) into Si substrates, irrespective of the particle size.
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The average volume fractions, indicated by lines with corresponding colors, were nearly
the same.

Figure 14. Particle size dependence of embedded volume fraction of TiC (red circles), B4C (black
squares), and B (blue triangles) on Si substrates. The horizontal lines indicate the average values of
the embedded volume fraction of particles with corresponding colors.

Figure 15 shows the embedded volume fraction as a function of particle size for
various SMPs on TiO2, Si, SrTiO3, and Al substrates. The embedded volume fractions do
not have a clear size dependence in the case of Si substrates, though the embedded volume
fraction increased with the decrease in Vickers hardness of the substrates, as presented
in Figure 16. When more than half of the B4C, B, or TiC particles must be embedded,
substrates with a Vickers hardness smaller than 12 GPa have to be used. Thus, site-selective
surface enforcement is considered to be possible simply by spreading mechanically hard
SPMs on a soft material surface and applying local force.

Figure 15. Particle size dependence of the embedded volume fraction for SMPs on various substrates
of TiO2 (red circle), Si (black squares), SrTiO3 (blue triangles), and Al (green inverted triangles).
The horizontal lines indicate the average values of the embedded volume fraction of particles with
corresponding colors.
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Figure 16. Relationship between Vickers hardness of substrates and average embedded volume
fraction of SMPs.

4. Conclusions

Spherical non-porous SMPs of hard and brittle ceramics, such as B4C, TiC, and B, were
experimentally fabricated via the PLML process, which employs instantaneous pulsed
laser heating of raw particles dispersed in a liquid. To explore and evaluate their potential
for mechanical applications, these hard SMPs were compressed using a diamond tip on
various substrates. The hard particles were fractured on hard substrates, such as SiC, and
embedded into soft substrates, such as Si or Al. From the fracture process, particle strength
can be estimated to be 5–12 GPa, which is larger by one order of magnitude than the bulk
bending strength and 10–40% of the ideal strength of 24.4 GPa from the DFT calculations.
From the embedment process, the submicrometer-scale Brinell hardness of 7.01 GPa of the
Si substrate can be estimated by analyzing the load–displacement curves. The relationship
of particle embedding depth and the hardness of substrates was elucidated from various
combinations of SMPs and substrates.
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Abstract: The changes in the morphology and the electrophysical properties of the Cr/n-Si (111)
structure depending on the rapid thermal treatment were considered in this study. The chromium
films of about 30 nm thickness were deposited via magnetron sputtering. The rapid thermal treatment
was performed by the irradiation of the substrate’s back side with the incoherent light flux of
the quartz halogen lamps in nitrogen medium up to 200–550 ◦C. The surface morphology was
investigated, including the grain size, the roughness parameters and the specific surface energy using
atomic force microscopy. The resistivity value of the chromium films on silicon was determined by
means of the four-probe method. It was established that at the temperatures of the rapid thermal
treatment up to 350 ◦C one can observe re-crystallization of the chromium films with preservation
of the fine grain morphology of the surface, accompanied by a reduction in the grain sizes, specific
surface energy and the value of specific resistivity. At the temperatures of the rapid thermal treatment
from 400 to 550 ◦C there originates the diffusion synthesis of the chromium disilicide CrSi2 with the
wave-like surface morphology, followed by an increase in the grain sizes, roughness parameters, the
specific surface energy and the specific resistivity value.

Keywords: thin films; chromium; chromium disilicide; silicon substrate; rapid thermal treatment;
roughness

1. Introduction

The chromium films represent an important and multifunctional material in the
various contemporary branches of industry owing to their exceptional properties (enhanced
mechanical, corrosion, conductive, optical and catalytic properties) [1–3]. The chromium
thin films (thick up to 200 nm) are widely applied as durable conductive coatings and
contact pads in microelectronics and sensors [4,5]. Chromium can be applied as the
underlayer material for the multipurpose coatings in the microelectronic devices and
microsensor products on silicon and glass [6–8], where its morphology is important, as it
determines the structure and properties of the subsequent functional layer [9]. In this case,
chromium promotes the crystallization extent of the upper layer, increases the grain size
and increases the Hall ratio and the concentration of carriers owing to the suppression of
Na atom diffusion into the films (for glass) and reduces resistance. Meanwhile, the increase
in roughness that takes place in the upper films with deposition on the underlayer of Cr
enhances the functional parameters of the upper layer [6].

The electric conductivity of the chromium films, applied on the silicon substrate,
substantially changes during the formation of the chromium disilicide (CrSi2) [10–12].
Such properties of CrSi2 as the high temperature of melting, the resistance to oxidation

Nanomaterials 2021, 11, 274. https://doi.org/10.3390/coatings11030274 https://www.mdpi.com/journal/nanomaterials75



Nanomaterials 2021, 11, 274

and the capability of standing a considerable deformation make it a prospective material
under the conditions of the energy influences [11,13]. Earlier, CrSi2 layers were mainly
applied as the barriers of Schottky diodes [3–5,11,14,15]. At present, the CrSi2 layers are
also used as a joint between silicon and the working element in the integrated circuits and
the sensors owing to the low transient resistance and the semiconductor properties [2,11].
This peculiarity in combination with a good compatibility with the regular silicon technolo-
gies makes it possible to successfully apply CrSi2 in the thermoelectric and photoelectric
devices [1,2,16]. The narrow prohibited zone [17] makes it suitable for application in the
converters and sensors in micro- and nanoelectronics. Meanwhile, the electrical properties
of CrSi2 substantially depend on the method of formation and the microstructure.

The chromium disilicide layers may be formed by direct deposition of the given phase
on the silicon substrate [12] and by means of modification of the chromium films at the
expense of diffusion of silicon atoms into chromium [18]. This diffusion may progress even
under low (<300 ◦C) temperatures [18]. The conventional heating (furnace annealing) is
performed at the temperature of 450 ◦C and lasts for 30 min [16].

The standard temperature of transition of the nanocrystalline film of CrSi2 to the semi-
conductor state is the temperature of 1200 ◦C [19]. In the case of CrSi2 layers synthesized
at 450 ◦C and possessing metallic conductivity, they can be subjected to annealing for 300 s.
The progressive method of the rapid thermal treatment (RTT) of the silicon wafer with
the applied metal layer makes it possible to obtain the required semiconductor layers at a
substantially lower temperature, and the process parameters make it possible to control
the electrical properties of the synthesized coatings [20]. An abrupt change in the electrical
properties of the metallic films at the RTT temperature of 400 ◦C is related to the phase
transitions [21]. The rapid thermal treatment of the silicon wafer with the applied Cr layer
makes it possible to obtain the CrSi2 layers in several seconds and at a temperature of
400–600 ◦C [22].

The scientific literature presents no dependences relating the RTT temperature of
the Cr films to their parameters of roughness, grain size, specific surface energies and
resistivity. The purpose of the given paper is to study the influence of the RTT temperature
of the chromium thin films, applied on the silicon substrate by means of the magnetron
sputtering, on the parameters of the surface roughness, grain size, specific surface energy
and resistivity.

2. Materials and Methods

2.1. Coating Deposition

The chromium films about 30 nm thick were applied on the silicon substrates by
means of the magnetron sputtering of the chromium target with the purity of 99.5% in
the argon medium with the purity of 99.993% under the Ar pressure of 0.35 Pa, at the Ar
flow rate of 180 ccm, the power of discharge of 5.1 kW and the discharge current of 7.5 A
(the power density constituted about 5.85 W/cm2 with the discharge voltage of 680 V)
on the unit SNT (StratNanoTech) “Sigma” (StratNanoTech Invest, Minsk, Belarus). The
silicon substrates were essentially the epitaxial layers of phosphorus-doped silicon with the
resistivity of 0.58–0.63 Ω·cm and the thickness of 5.3–5.8 μm, formed on the substrates of
p-type monocrystalline silicon with the resistivity of 10 Ω·cm and the orientation of (111).

Further on, the substrates were subjected to the rapid thermal treatment in the mode
of the heat balance by means of irradiation of the reverse side of the substrates with the
incoherent light flux of the quartz halogen lamps of the constant power in the nitrogen
medium for 7 s to attain the temperature from 200 to 550 ◦C at atmospheric pressure on the
unit JetFirst 100 (Jipelec Qualiflow, Montpellier, France). The heating rate was 30–80◦/s.
The temperature control of the working side of the substrate was performed by means of
the thermal couple with the precision of ±0.5 ◦C.
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2.2. Coating Characterization

The surface roughness parameters after the rapid thermal treatment of the Cr/Si
structure were determined by means of AFM [23]. All studies of the surface morphol-
ogy, roughness and adhesion forces (Fad) values were carried out using AFM Dimension
FastScan (Bruker, Santa Barbara, CA, USA) in the PeakForce QNM (Quantitative Nanoscale
Mechanical Mapping, Bruker, Santa Barbara, CA, USA ) mode with standard silicon can-
tilevers of the CSG10_SS type (TipsNano, Moscow, Russia) with a tip radius of 3.2 nm and
console stiffness of 0.26 N/m. The probe performs an “approach–retraction” motion to
the sample surface with the record of the forces curves at each point of the image. The
forces between the AFM tip and the sample can be precisely controlled. Obtaining and
recording entry of such curves is the basis of the PeakForce QNM mode, based on which
recomputation of the values of the adhesion forces is automatically performed with consid-
eration of the specific characteristics of the used probe. For each sample, 220–250 grains
were considered to determine the grain size of Cr and CrSi2 films. The “Particle Analysis”
function in the “NanoScope analysis” processing program was applied for this purpose.

The specific surface energy (γ) (the work of adhesion) was determined by means of
the expression γ = Fad/(2πR) [24], where Fad is the force of adhesive interaction between
the AFM probe tip and the surface, N, and R is the radius of the probe tip, m. Ra, Rq and
Rz parameters were measured on 1 × 1 μm2 areas; the grain diameters were measured on
250 × 250 nm2 areas.

The surface resistance (Rs) of the Cr/Si and CrSi2/Si layers was measured by means
of the four-probe method with the unit RS-30 (KLA Tencor, Milpitas, CA, USA). The
error of the surface resistance determination was less than 5%. Meanwhile, the thickness
of the layers (t) was determined by means of the scanning electron microscope S-4800
(Hitachi, Tokyo, Japan). To measure the thickness of the films by the SEM (scanning
electron microscopy ) method, the silicon wafer with the film was vertically cleaved. This
cross-sectional cleavage was examined by SEM to determine the thickness (Figure 1). The
resistivity value (ρ) was determined by means of the expression ρ = Rs × t [21].

Figure 1. The initial Cr film (a) and CrSi2 film (b) obtained by RTT Cr at 400 ◦C.

3. Results and Discussion

Structural properties of the deposited Cr film and the Cr film after RTT measured by
XRD are shown in Figure 2. The main phase in the initial film and after RTT at 300 ◦C and
350 ◦C is the Cr phase. The main phase after RTT at 400 ◦C and 450 ◦C is the CrSi2 phase.
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Figure 2. X-ray diffraction (XRD) patterns of Cr coatings in the initial state (20 ◦C) and after RTT
with Cr lines (300 ◦C, 350 ◦C) and CrSi2 lines (400 ◦C, 450 ◦C).

The results of the investigations of the surface morphology of the obtained coating
are represented in Figure 3. In the initial microstructure of Cr/Si, as well as after its rapid
thermal treatment at the temperatures from 200 to 350 ◦C, one observes the smooth surface
with the fine grain morphology (Figure 3a,b). At the RTT temperature of 400–550 ◦C, there
arises the “wave-like” morphology of the Cr/Si structure surface (Figure 3c,d). The given
changes are explained by the phase transition of the chromium film into the chromium
silicide in the temperature range from 350 to 400 ◦C, which is well matched with the
results of the earlier academic papers [10], where the phase transition of Cr to CrSi2 was
observed at the temperature of 400 ◦C. The presence of the “wave-like” morphology in
the structures of CrSi2/Si obtained by diffusion synthesis conforms well with the results
of the literature [15,25] and is explained by the mismatch of the crystal lattice parameters
of CrSi2 and Cr and the prevailing diffusion of silicon from the substrate to the boundary
of Cr/Si. It is known that the parameter of the crystal lattice of CrSi2 by far exceeds the
parameter of the crystal lattice of Cr (4.405 and 2.885 Å, respectively) [14,21]. Formation of
CrSi2 starts at the boundary of Cr/Si under the layer of Cr and is realized by diffusion of Si
from the substrate to the separation boundary and by embedding into the lattice of Cr with
its subsequent transformation into CrSi2.
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Figure 3. Morphology and the surface nanoprofiles of the Cr/Si structure after deposition and rapid
thermal treatment: (a) initial film; (b) at the temperature of 350 ◦C; (c) at the temperature of 400 ◦C;
(d) at the temperature of 550 ◦C.

Table 1 shows the difference in the characteristics of the Cr films after the conventional
heating and RTT of the same film at the same temperature. The complete absence of Cr
lines in the XRD analysis of the Cr/Si structure after RTT treatment at 450 ◦C suggests that
the top layer is CrSi2 (Figure 2). The thickness of the CrSi2 layer obtained by RTT is almost
twice that after conventional heating. The difference in Cr thickness after conventional
heating and RTT heat treatment is explained by the difference in the activation energy
of the process. During RTT, additional stimulating factors act on the process of CrSi2
formation, reducing the activation energy of the process. Such factors can be the breaking
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of silicon–silicon bonds and the excitation of electrons in the silicon wafer under the action
of photon flux.

Table 1. Comparison of the CrSi2 layer properties obtained by RTT and conventional heating.

Treatment T (◦C) Time
Film

Thickness
(nm)

Ra (nm) Rq (nm) Rz (nm)
Grain
Size
(nm)

γ
(N/m)

Specific
Resistivity

(10−4 Ω·cm)

RTT 450 7 s 60.0 * 3.33 4.25 3.1 18.1 0.28 31.1
Conventional heating 30 min 35.7 1.59 2.17 1.7 16.8 0.28 1.2

* The thickness of film after RTT; the thickness before RTT was about 30 nm.

At the time of the rapid thermal treatment (for several seconds) the entire layer of
Cr is replaced with CrSi2, and as its volume is greater, distortion of the straight line of
the boundary between the silicon wafer and the film occurs with distortion of the coating
surface. Formation of CrSi2 in the system of Cr–Si is a most probable outcome on the
assumption of the lowest standard enthalpy of formation (ΔH◦) of an individual phase
of CrSi2 amongst other probable phases [25]. The paper [26] indicates that chromium
disilicide is formed at the expense of silicon atom diffusion and not because of chromium,
as for metals a higher energy of activation is required, 1.4 times higher as a minimum.

The surface morphological change during the phase transition of Cr → CrSi2 also de-
termines the appropriate changes of its nanoprofiles (compare Figure 3a,b and Figure 3c,d).
The comparative analysis of the samples’ nanoprofiles demonstrates an abrupt increase
in both the average values of nanoasperities at the RTT temperature of 400 ◦C and of the
incidences of their scatter (Figure 4). Thus, in the initial structure of Cr/Si and after its rapid
thermal treatment at the temperature from 200 to 350 ◦C, the mean values of nanoasperities
are within the limits from 2 to 7 nm. An increase in the RTT temperature from 400 to 550 ◦C
results in the shift of the distribution maximum and in the scatter of the average values of
nanoasperities from 10–35 nm to 30–60 nm appropriately. Such an evolution of the surface
nanoprofiles is determined not only by the samples’ surface morphology transformation
but also by the size change of the crystal grains.

Figure 4. Histograms of the distribution densities of the height values of the nanoasperities on the
surface of the structure with the size of 1 × 1 μm2 after deposition and rapid thermal treatment.

Analysis of the changes in the grain sizes in the Cr/Si structure, obtained by means of
AFM on the fields with the size of 100 × 100 nm2, with the increase in the RTT temperature
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confirms the given conclusion (Figure 5). The mean grain size in the initial film of Cr is
about 15 nm (Figure 5a). At the RTT temperature of the Cr/Si structure from 200 to 350 ◦C,
it is reduced to 10–12 nm (Figure 5b). This somewhat contradicts the classic presumptions
in compliance with which the process of heating increases the grain size as during the
prolonged time the collective recrystallization manages to occur [27]. However, in our case,
this does not happen due to the high rate of heating and absence of the prolonged retention
at the temperature.

 

Figure 5. Atomic force microscope image (2D view) of the surface and the histograms of the
distribution densities of the grain sizes of the Cr/Si structure after deposition and rapid thermal
treatment: (a) initial film; (b) at the temperature of 350 ◦C; (c) at the temperature of 400 ◦C; (d) at the
temperature of 550 ◦C.
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Nonetheless, the given treatment results in recrystallization of the Cr films, accompa-
nied by the density reduction of the structural and admixture defects, which enhances their
density. At the RTT temperature of the Cr/Si structure from 400 to 550 ◦C, the average
grain size increases from 16 to 26 nm, which is determined by the increase in the rate of the
Si diffusion into the Cr film with the RTT temperature increase.

In all the applications of the thin films of Cr and CrSi2, the important parameters
determining the level of their functional properties are the grain size and roughness of
the surface. In some cases, the best option is low roughness, while in others, the best
option is high roughness [6]. The values of the roughness parameters determined with the
application of the atomic force microscope (AFM) can be found in academic papers on the
electronic properties of the thin films of Cr and CrSi2 [1,2,5,6,28–30]. However, grain size
investigation results are far more rarely found, although the atomic force microscope is
a well-suited tool for the evaluation of the grain size in polycrystalline films [31,32]. For
example, in [2], the grain size of the Cr film was close to that obtained in this work and was
13 and 14 nm at the negative bias voltage on the substrate of 50 and 250 V. At the negative
bias on the substrate of 450 V, the grain size was 20 nm [2]. The roughness was also close
and amounted to 0.57–1.49 nm.

Analyses of dependences the roughness parameters Ra, Rq and Rz on the RTT temper-
ature (Figure 6) also show their relation, primarily, with the phase changes in the structure
of Cr/Si. Roughness parameters Ra and Rq of the initial structure and after its rapid
thermal treatment at the temperature from 200 to 350 ◦C are at the level of 0.5 nm and do
not experience substantial changes. The Rz roughness parameter within the given RTT
temperature range is at the level of 1.0–2.0 nm. The considerable changes in the values
of the surface roughness parameters of the Cr/Si structure are observed in the result of
the phase transition of Cr → CrSi2 with the RTT temperature increase from 400 to 550 ◦C.
Thus, the Ra surface roughness parameter in the given RTT temperature range increases
from 1.5 to 5.5 nm, the Rq parameter increases from 2.0 to 7.0 nm and the Rz parameter
increases from 1.5 to 11.0 nm, reflecting the changes in the phase composition and the
crystal structure.

Figure 6. Dependences of the roughness parameters Ra, Rq and Rz and the specific surface energy of
the Cr/Si structure on the rapid thermal treatment temperature.

The value of the specific surface energy in the samples with the initial structure of
Cr/Si is at the level of 0.26 N/m and after the rapid thermal treatment at the temperature
of 200 ◦C is reduced almost 2 times to values of the order of 0.14 N/m. The given behavior
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of the γ parameter serves as evidence of the unbalanced state of the initial Cr film, obtained
immediately after the magnetron sputtering and containing the excessive mechanical
stresses, structural defects and argon admixture atoms. Thus, the RTT of the Cr/Si structure
results in the density reduction of the structural and admixture defects in the Cr film, as
well as in the relaxation of the film’s mechanical stresses. The insignificant growth of
values of the γ parameter up to 0.18–0.20 N/m with the RTT temperature increase to
250–350 ◦C is caused by the growth in the number of unbalanced states, related to the
appropriate increase in the heating and cooling rate of the structure. The unbalanced states
of some atoms are associated with the action of photon energy and additional breaking
of Si–Si bonds. The changes of the γ parameter at the RTT temperatures from 400 to
550 ◦C, apparently, are determined both by the structural-phase transformations in the
Cr/Si structure and the by the changing morphology of its surface, as well as by the cooling
rate of the structure after the rapid thermal treatment.

The specific resistivity value of the initial Cr thin films on silicon is about
1.0 × 10−4 Ω·cm, and after the rapid thermal treatment at the temperatures from 200
to 350 ◦C, it is reduced to 8.0 × 10−5 Ω·cm (Figure 5), which confirms the earlier as-
sumptions about the recrystallization processes resulting in the density reduction of the
admixture and structural defects and in the higher density of grains. The rapid ther-
mal treatment at the temperature of 400 ◦C results in the avalanche growth of specific
resistivity to values of the order of 1.2 × 10−3 Ω·cm, which is definitely determined
by the transition of the Cr film to the CrSi2 phase. Within the RTT temperature range
from 450 to 550 ◦C, one observes the growth in the specific resistivity from 3.1 × 10−3 to
4.0 × 10−3 Ω·cm. Comparison of the dependences of the specific resistivity and the grain
sizes on the RTT temperature of the Cr/Si structure (Figure 7) makes it possible to draw a
conclusion that the � value is directly influenced specifically by the grain size of the CrSi2
phase. The significant changes in all parameters (roughness, specific surface energy, grain
size, thickness, surface resistivity) of the thin Cr and CrSi2 films are indicators of the phase
transition in the films. The increased diffusion rate at 400–550 ◦C RTT is associated with
the breaking of Si–Si bonds under the action of photon energy. The increased diffusion
rate and the difference in the parameters of the crystal lattices of Cr and CrSi2 cause an
increased surface roughness in the CrSi2 layers. A high correlation has been found between
roughness and surface resistance.

Figure 7. Dependences of resistivity and the mean grain size in the Cr film on the temperature of the
rapid thermal treatment of the Cr/Si structure.
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4. Conclusions

By means of the atomic force microscope and the electrophysical measurements, the
influence of the rapid thermal treatment temperature of the Cr/n-Si structure (111) with
incoherent light flux irradiation at constant power on the back side of the silicon wafer for
7 s in the nitrogen medium on the surface morphology and the specific resistivity of the Cr
films was studied.

It has been established that at the rapid thermal treatment temperature of the Cr/Si
structure from 200 to 350 ◦C, the fine grain morphology of the initial Cr film is retained,
as are the values of the surface roughness parameters Ra, Rq and Rz. Meanwhile, one
observes an insignificant reduction in the grain size, specific surface energy and resistivity
of the chromium films, which is determined by recrystallization of the chromium films,
accompanied by the density reduction of the structural and admixture defects.

Within the rapid thermal treatment temperature range of the Cr/Si structure from
400 to 550 ◦C, the surface acquires the wave-like morphology determined by the phase
transition of the Cr film to the CrSi2 layer with a greater parameter of the crystal lattice
and is formed at the expense of silicon atom diffusion from the substrate to the layer in
growth. The given phase changes are accompanied by the growth of the crystal grain size
and determine the increase in the surface roughness parameters Ra, Rq and Rz and the
specific surface energy and resistivity of the CrSi2 layers.
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Abstract: A series of NiO/C nanocomposites with NiO concentrations ranging from 10 to 90 wt%
was synthesized using a simple and efficient two-step method based on non-isothermal decom-
position of Nickel(II) bis(acetylacetonate). X-ray diffraction (XRD) measurements of these NiO/C
nanocomposites demonstrate the presence of β-NiO. NiO/C nanocomposites are composed of spher-
ical particles distributed over the carbon support surface. The average diameter of nickel oxide
spheres increases with the NiO content and are estimated as 36, 50 and 205 nm for nanocomposites
with 10, 50 and 80 wt% NiO concentrations, respectively. In turn, each NiO sphere contains several
nickel oxide nanoparticles, whose average sizes are 7–8 nm. According to the tests performed us-
ing a three-electrode cell, specific capacitance (SC) of NiO/C nanocomposites increases from 200
to 400 F/g as the NiO content achieves a maximum of 60 wt% concentration, after which the SC
decreases. The study of the NiO/C composite showing the highest SC in three- and two-electrode
cells reveals that its SC remains almost unchanged while increasing the current density, and the
sample demonstrates excellent cycling stability properties. Finally, NiO/C (60% NiO) composites are
shown to be promising materials for charging quartz clocks with a power rating of 1.5 V (30 min).

Keywords: supercapacitor; nickel oxide; NiO/C nanocomposite; non-isothermal decomposition

1. Introduction

Asymmetric supercapacitors (SCs) are increasingly attracting attention as promising
energy storage devices due to the constantly growing energy and ecological problems that
are associated with fossil fuel depletion and global warming [1]. SCs contain transition
metal oxides that are able to accumulate large charges through Faraday processes on
the electrode surface. Among these oxides, NiO is of great interest [2,3] due to the high
estimated capacitance (2584 F/g [4]), good corrosion resistance in alkaline solutions, and
environmental safety.

Meanwhile, nickel oxide is known as a broadband p-type semiconductor (3.6–4.0 eV [5])
with a low electron conductivity (0.01–0.32 S/m [6]), which impedes its use in supercapaci-
tor electrodes. This problem can be solved by reinforcing NiO’s conductivity with conduct-
ing carbon nanomaterials, such as ultradispersed soot, carbon nanotubes, or graphene, that
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possess highly developed surface, chemical inertness and high electron conductivity [7,8].
In comparison with pure nickel oxides, NiO/carbon composite structures ensure faster
transfer of electron and ion charges, reduce the resistance of the rechargeable material and
allow efficient application of the latter.

Electrodes of NiO supercapacitors are typically based on various nanostructures. On
the one hand, the use of nanocrystalline NiO leads to an increase of the surface area. On
the other hand, the size effect causes a decrease of the bandgap and an increase of con-
ductivity [9,10]. The synthesis of nanometer scale NiO with different morphology, i.e.,
nano-sheets [11], thin film [12], plates [13], nanopyramids [14], and nanoparticles [15], is
currently accessible via electrochemical routes [13,16], emulsion nanoreactor method [17],
thermal decomposition of Ni(OH)2 at various temperatures [18,19], sol–gel [20], hydrother-
mal method [11,21], spray pyrolysis [12], etc.

Since the capacitance of oxide-based composites strongly depends on their microstruc-
tural characteristics that may differ at various synthesis conditions and component ratios,
the development of an efficient and simple synthesis method that would ensure the pro-
duction of composite electrode materials with optimal specific electrochemical properties
is a relevant task. Furthermore, it was previously shown [22,23] that non-isothermal de-
composition of Pt acetyl acetonate enables access to Pt/C nanoparticles whose surface
area can reach 100 m2/g. This synthesis method is very simple and requires only two
stages; moreover, no washing, filtering or subsequent drying of a specimen are required.
Hence, the present study is based on the non-thermal decomposition synthesis for pro-
ducing NiO/C nanoparticles. This synthesis was performed at constant heating rate, but
at different nickel oxide-to-carbon carrier ratios in order to achieve the highest possible
capacitance of a composite material.

2. Materials and Methods

Nickel (II) acetylacetonate Ni(acac)2 (95%, Sigma-Aldrich, St. Louis, MO, USA) was
used as a precursor for the synthesis of NiO/C nanocomposites, and Vulcan-XC 72 (Cabot,
Boston, MA, USA) served as carbon support. At the first stage, nickel acetylacetonate was
solved at room-temperature in Tetrahydrofuran solution (99.9%, Panreac Quimica SLU,
Barcelona, Spain). The volume of solvent was chosen so that Ni(acac)2 was completely
diluted. The carbon support was then added to the mixture using continuous stirring.
After that, the blend was dried under continuous stirring using a magnetic stirrer and in
an ultrasonic bath at a temperature of 50 ◦C. The powder was subsequently placed in a
Nabertherm P300 high-temperature furnace (Nabertherm, Lilienthal, Germany). The syn-
thesis was conducted under non-isothermal conditions in air at a heating rate of 1 K/min.
The final synthesis temperature was determined from thermogravimetry data as 420 ◦C,
which corresponded to complete acetylacetonate decomposition (Figure S1). According to
the thermogravimetric data, nickel oxide concentrations in resulting composite materials
were respectively 10, 20, 30, 40, 50, 60, 70, 80, and 90 wt%.

The powder X-ray diffraction (XRD) data were collected on ARL X’TRA Thermo Fisher
Scientific powder diffractometer (Thermo Electron SA, Ecublens, Switzerland). All XRD
powder patterns were refined using the Rietveld method which enabled us to evaluate
the average crystalline size D and parameter of the unit cell a. Since the β-form of nickel
oxide has a space group Fm3m, the X-ray diffraction patterns were refined similarly to
that described in the work [24,25]. The quality of X-ray refinement of NiO/C composite
is shown in Figure S2. Scanning electron microscopy (SEM) images were obtained on
a ZEISS Supra 25 unit microscope (Carl Zeiss SMT, Oberkochen, Germany) operated at
20 kV. Transmission electron microscopy (TEM) images obtained in a Philips CM 20 TEM
microscope (Philips, Amsterdam, The Netherlands) operated at 200 kV. Raman spectra
were measured at room temperature through 50× microscope objective using a Renishaw
micro-Raman spectrometer (Renishaw plc., Gloucestershire, UK) equipped with argon
laser (514.5 nm, max power Pex = 10 mW).
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The electrochemical characterization of NiO/C composites as electrode materials for
supercapacitors was performed at room temperature in a three-electrode cell using a P-150
potentiostat/galvanostat (Elins STC, Zelenograd, Moscow, Russia). A platinum wire and
a saturated Ag/AgCl were used as counter and reference electrodes, respectively. The
working electrodes were fabricated in accordance with the following procedure: 15 mg of
a NiO/C composite (pure carbon black Vulcan XC-72) was suspended in a mixture of 2-
propanol (Sigma-Aldrich) (0.5 mL) and 10 wt% aqueous NafionTM solution (Sigma-Aldrich)
(0.02 mL). The mixture was stirred with a magnetic stirrer for 40 min; the formed ink was
then dropped onto a glassy carbon foil electrode (Sigma-Aldrich) and was air-dried. The
amount of dried ink in the working electrode was 1.0 mg. A 1 M KOH aqueous solution
was used as electrolyte. Cyclic voltammetry measurements (CVs) were conducted in a
potential range of −0.1 to 0.65 V at different scan rates. The galvanostatic charge–discharge
(GCD) and cycle-life/stability studies were carried out within the potential range of 0
to 0.5 V. Based on the GCD process, the specific capacitance (Cs) was obtained from the
following equation [26]:

Cs =
I × Δt

m × ΔV

where Cs (F g−1) is the specific capacitance in a three-electrode system; I (A) is the discharg-
ing current; Δt (s) is the discharge time; m (g) is the weight of active materials (NiO/C
composite or pure carbon black Vulcan XC-72); and ΔV (V) is the voltage charge during
the discharge process.

A home-made cell of asymmetrical two-electrode SCs was assembled from polyte-
trafluoroethylene, where positive and negative current collectors were made of a nickel foil
(23 mm in diameter). The separator consisted of a hydrophilic polypropylene membrane,
and the electrolyte was a 6 M KOH solution. Both electrodes were prepared by mixing the
active electrode material (NiO/C nanocomposite in the case of the positive electrode and
carbon black (CB) Timcal Super C65 (Nanografi Nano Technology, Ankara, Turkey) for the
negative electrode), the CB conductor (Timcal Super C65) and polyvinylidene difluoride
(PVDF) with weight ratio of 7.5:1:1.5. A few drops of N-Methylpyrrolidone (Sigma-Aldrich)
were added to form the slurry that was smeared onto the nickel foil current collector and
exposed to 6 h of drying at 80 ◦C.

The electrochemical performance of the two-electrode system was tested via CV and
GCD measurements. CV measurements were carried out in a potential range of 0 to 1.65 V
at different scan rates. The GCD and cycle-life/stability studies were implemented in
the same potential range. In the context the GCD process, the specific capacitance of a
two-electrode system was obtained, as follows [27]:

Cs =
I × Δt

M × ΔV

where Cs (F g−1) is the specific capacitance of a two-electrode system; I(A) is the discharging
current; Δt (s) is the discharge time; M(g) is the total weight of active materials on positive
and negative electrodes; and ΔV (V) is the voltage charge during the discharge process.

The mass ratio between the positive and negative electrodes can be found using the
charge balance (q+ = q−) from the equation below [26,27]:

m+

m−
=

C− × ΔV−
C+ × ΔV+

where m is the mass, C is the specific capacitance, and ΔV is the potential window of
the electrode. The electrochemical properties of the NiO/C composite and CB in a three-
electrode system were examined separately through the CV and GCD measurements.
According to the peculiar electrochemical behavior of each component, the optimal loading
mass ratio of NiO/C to CB is about 0.045.
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3. Results and Discussion

Figure 1 displays the data for all NiO/C composites. The peaks correspond to β-NiO
(4.18 Å, Fm3m). Besides this, the 2θ angle range of NiO-deficient composites exhibits the
presence of a broadened peak referred to a Vulcan carbon support. The average NiO
nanoparticle size as a function of concentration, determined by XRD data refinement of
NiO/C composites, evidences a slight increase in nanoparticle size from 7 to 8 nm while
increasing the NiO concentration (Figure 2). The unit cell parameters vary from 4.1830 Å to
4.1792 Å when increasing the NiO concentration from 10 to 90 wt%, which exceeds the unit
cell parameter a = 4.1771 Å for bulk NiO (JCPDS card no. 78-0429). A similar effect of the
unit cell parameter behaving as an inverse relationship of the average NiO nanoparticle
size was also observed in previous works [10].

Figure 1. X-ray powder diffraction patterns of freshly prepared NiO/C nanocomposites.
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Figure 2. Nanoparticle average sizes evaluated from XRD (black circles) and TEM (red circles) data.

Each spectrum can be roughly divided into three areas: (i) 300 . . . 1200 cm−1, region
where standard modes of NiO are observed (TO, LO, 2TO, TO+LO, 2LO) (Figure S3); (i) 1200
. . . 1800 cm−1, the region where the Vulcan modes are observed, corresponding to the first
scattering order and representing a pattern typical for amorphous carbon (bands D and G);
in this case, the two-magnon mode of NiO (~1490 cm−1) is not visible (Figures S4 and S5).

Spectra can be conventionally divided into two groups: (i) spectra of samples with
NiO concentration of 10%, 20%, 30%, 50% and 80%—in these spectra the Vulcan peaks are
most pronounced and the NiO peaks are weakly visible (Figure S4); (ii) spectra of samples
with NiO concentration of 40%, 60%, 70%, 90%—in these spectra the NiO peaks are most
pronounced and the Vulcan peaks are weakly visible (Figure S5).

Scanning and transmission electron microscopy data of the synthesized NiO/C sam-
ples are plotted in Figure 3. As seen from the SEM images (Figure 3a,c), the samples are
composed of NiO spherical particles distributed over the carbon support surface. Their
sizes increase with NiO concentration in the produced nanocomposites. The average diam-
eters of nickel oxide spheres are found to be 36 nm, 50 nm and 205 nm for nanocomposites
with 10, 50 and 80 wt% of NiO concentrations, respectively. Based on these XRPD results,
each sphere contains individual nickel oxide nanoparticles. This conclusion is consistent
with TEM optical micrographs of NiO/C composites (Figure 3d–f).
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Figure 3. SEM (a–c) and TEM (d–f) images and grain size distributions (g–i) of NiO nanoparti-
cles in NiO/C nanocomposites with different NiO concentrations: (a,d,g) 10 wt%, (b,e,h) 50 wt%,
(c,f,i) 90 wt%.

Figure 3g–i illustrate the particle size distributions at various NiO concentrations in
composites. The average NiO nanoparticle size as a function of NiO concentration is given
in Figure 2. It is evident that the average nanoparticle sizes evaluated from TEM data is
commensurate with those estimated via the Rietweld method.

The electrochemical results of all NiO/C composites, obtained in a three-electrode cell,
are plotted in Figures 4 and 5. The cyclic voltammograms (CVs) can be divided into two
groups with respect to their profiles (Figure 4). The first group comprises the composites
with nickel oxide contents ranging from 10 to 60 wt% inclusively (Figure 4a). The current
peaks of the higher nickel oxide formation at potentials unfolding towards the anodic range,
as well as the appropriate current peaks of the higher nickel oxide reduction upon the
potential unfolding towards the cathodic range in a series from 10 wt% to 60 wt%, increase
regularly with the NiO amount, and all CVs exhibit an analogous conventional shape. The
second group (Figure 4b), including NiO/C composites with NiO concentrations from 70
to 90 wt%, evidences no regularities from the first group. Along with galvanostatic data
for all composites, displayed in Figure 5, such a division into two groups can be explained
in the context of the percolation theory in strongly inhomogeneous media [28]. NiO/C
composites are composed of a low-conductivity semiconducting component of nickel oxide
(10−9 S cm−1 [9]) and an electron conductor of Vulcan carbon soot at their certain ratio,
which ensures sufficient conductivity. According to earlier studies [29], starting from
the volume soot concentration of 65 vol% (which corresponds to ~40 wt%), the electron
conductivity of a composite becomes commensurate to that of pure soot, which allows the
electrochemical data to be interpreted in a correct manner.
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Figure 4. Cyclic voltammograms (CVs) of NiO/C samples, divided into two groups with NiO
concentrations of: (a): 0, 10, 20, 30, 40, 50, 60 wt%; (b) 0, 70, 80, 90 wt%.

Figure 5. Specific capacitance as a function of NiO content in NiO/C composites at a current density
of 0.5 F g−1 in a three-electrode cell in a 1 M KOH solution. The results are divided into two groups.

Preliminary examination in a three-electrode cell enables to conclude that a NiO/C
composite with a 60 wt% NiO concentration possesses the best electrochemical properties,
which makes it a desirable object for more comprehensive investigation of electrochemical
characteristics.

The CVs of NiO/C (60 wt%) samples (Figure 6a) exhibit a pronounced anodic peak,
associated with a higher oxide formation on the surface, and a cathodic peak of their
reduction described by the following Equation (1):

NiO + OH¯ ←→ NiOOH + e¯ (1)
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Figure 6. Electrochemical performance of NiO/C nanocomposite (60 wt% NiO) in a three-electrode
cell in a 1 M KOH aqueous solution: (a) CVs at various scan rates; (b) galvanostatic discharge curves
at various current densities; (c) specific capacitance as a function of current density; (d) cycling
stability at the current density of 2 A/g.

The maximum current of the anodic peak depends on the potential unfolding rate,
meaning that the diffusion limiting process is the proton diffusion in the solid phase.

In order to gather more detailed information on the specific capacitance of NiO/C
(60 wt%) composite, the galvanostatic charge/discharge measurements were made at
various current densities (Figure 6b). As clearly seen in Figure 6c, the specific capacitance
remains almost unchanged while increasing the current density.

In the Table S1 demonstrated a comparation of the electrochemical performance of the
obtained NiO/C (60 wt% NiO) and other NiO/C composites with different carbon supports
(composite microspheres [30], hollow microspheres [31], CNTs [32], carbon coating on the
NiO [33], graphite [34], sulfonated graphene [35], carbon nanospheres [36]), prepared by
various methods [30–36]. One can see that the Cs of the NiO/C (60 wt% NiO) at the current
density of 1 A g−1 is 405 Fg−1 (Figure 6c, Table S1) which is nearly the same [35,36] or
much higher than Cs [30–34] of other materials.

In order to investigate the electrochemical properties of NiO/C nanocomposite
(60 wt% NiO) in terms of its potential applications, an asymmetric two-electrode cell
was assembled (Figure 7) with a positive electrode of NiO/C (60 wt% NiO) and a negative
electrode of carbon black Timcal Super C65 in a 6 M KOH electrolyte.
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Figure 7. A two-electrode cell: 1—stainless steel plate, 2—polytetrafluoroethylene cell, 3, 5—current
collectors (Ni foil), 4—separator (hydrophilic polypropylene membrane), 6—polytetrafluoroethylene
isolation gasket, 7—stainless steel cover with polytetrafluoroethylene spacer.

The use of such electrodes conforms to the principle of constructing an asymmetric
supercapacitor, because the potential windows for carbon and NiO/C electrodes are
−1–0 V and 0–0.65 V versus a saturated Ag/AgCl electrode, respectively (Figure 8), which
helps widen the work potentials of the cell.

Figure 8. CV curves of carbon black Timcal Super C65 (CB) and NiO/C (60 wt% NiO) in a three-
electrode cell in a 6 M KOH solution at a scan rate of 50 mV s−1.

A series of CV curves were measured within different potential ranges at a scan rate of
50 mV/s to estimate the optimal potential window for the asymmetrical two-electrode cell
(Figure 9a). When the potential window increased from 1 to 1.65 V, two redox peaks were
observed, indicating the pseudocapacitive behavior of the supercapacitor. Based on these
results, the CV measurements were performed at different scan rates within a potential
window of 1.65 V. As shown in Figure 9b the CV curves of the assembled cell maintained
their shape even at high scan rates, evidencing its good rate capability.

The galvanostatic discharge curves exhibit no IR drop due to the internal resistance
in the initial range of a discharge curve (Figure 9c). The several-day-long cycling stability
tests of the asymmetric two-electrode cell (4000 cycles under a current density of 0.1 A g−1)
reveal the excellent cyclic performance and the enduring stability (Figure 9d), which is
essential for practical applications.
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Figure 9. Electrochemical performance of the asymmetrical two-electrode cell with carbon black
Timcal Super C65 and NiO/C (60 wt% NiO) as negative and positive electrodes, respectively, in a
6 M KOH solution: (a) cyclic voltammogram (CV) curves within different potential ranges up to 0.65,
1 and 1.65 V at 50 mV s−1; (b) CV curves at various scan rates; (c) galvanostatic discharge curves at
various current densities; (d) cycling stability at a current density of 0.1 A g−1 during 4000 cycles.

The voltage supplied by a single asymmetrical two-electrode cell with a NiO/C
positive electrode (60 wt% NiO) and an aqueous electrolyte is sufficient for the use in
different micro-devices, for example, in powering quartz clocks with a power rating of
1.5 V for about 30 min (Figure 10).

Figure 10. Application of the asymmetrical two-electrode assembled cell (NiO/C (60 wt% NiO) as a
positive electrode and CB Timcal Super C65 as a negative electrode) in a 6 M KOH aqueous solution:
(a) photograph of an asymmetrical two-electrode assembled cell charged at 0.5 mA and a battery-free
quartz clock; (b) photograph of a quartz clock (front side) in the process of charging; (c) photograph
of a quartz clock (back side) in the process of charging.
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Supplementary Materials: The following are available online at https://www.mdpi.com/2079-4
991/11/3/274/s1, Figure S1: TGA curve of Ni(acac)2: thermal decomposition at a heating rate
of 1 K/min under air atmosphere., Figure S2: Experimental (red dots) and simulated (black solid
line) XRD patterns of NiO/C nanocomposite (80 wt% NiO). The blue line is the difference between
experimental and theoretical XRD patterns. The tick marks correspond to the Bragg peak positions
of fcc Fm3m phase of NiO (Agreement factors were Rp = 4.77%, Rwp = 3.82%, and Rexp = 2.67%).
Figure S3: Decomposition into components of the NiO/Vulcan spectrum (NiO concentration—80%).
Empty circles and blue curve correspond to experimental data, green curves—to NiO peaks, gray
curves—to Vulcan peaks. Figure S4: The first group of NiO/Vulcan spectra. NiO concentrations:
10%, 20%, 30%, 50%, 80%. Figure S5: The second group of NiO/Vulcan spectra. NiO concentrations:
40%, 60%, 90%, 95%. Table S1: Comparison of electrochemical performances of NiO/C (60 wt% NiO)
and various NiO/C composites) in a three-electrode system (alkaline aqueous solution).
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Abstract: An analytical method is presented in this work for the linear vibrations and buckling
of nano-plates in a hygro-thermal environment. Nonlinear von Kármán terms are included in the
plate kinematics in order to consider the instability phenomena. Strain gradient nonlocal theory is
considered for its simplicity and applicability with respect to other nonlocal formulations which
require more parameters in their analysis. Present nano-plates have a coupled magneto-electro-elastic
constitutive equation in a hygro-thermal environment. Nano-scale effects on the vibrations and
buckling behavior of magneto-electro-elastic plates is presented and hygro-thermal load outcomes
are considered as well. In addition, critical temperatures for vibrations and buckling problems are
analyzed and given for several nano-plate configurations.

Keywords: smart nano-plates; semi-analytical solution; critical temperatures; buckling; vibrations

1. Introduction

In recent years research has focused heavily on MEMS (Micro-Electro-Mechanical-
System) and NEMS (Nano-Electro-Mechanical-System). This interest is mainly due to the
wide variety of applications in which these devices could be used [1–4]. These structures,
such as nanoplates, nanorods, and nanobeams [5], can be used in medicine [6], electron-
ics [7], aerospace [8] and in civil construction [9], where linear and nonlinear theories are
generally needed [10]. The behavior of this type of structures cannot be well described
through the classical theories of continuous mechanics, as they are based on the principle of
location of stresses. Due to the size of these devices, the effects induced by nanoscales must
be taken into account [11,12]. Then to improve the ability of new devices and systems made
with these smart materials, it is necessary to accurately investigate the mechanical behavior
of these advanced structures [13,14]. Non-local theories have been widely used for the study
of nanostructures since Eringen developed his theory of non-local elasticity [15]. These
theories consider the nano-scale effects thanks to the introduction of one or more length
scale parameters in addition to the well known linear elastic Lamé parameters [16–19].
The classification of nonlocal theories is generally presented as: strain gradient [20–23],
stress gradient [24], modified strain gradient [25–27], couple stress [28], modified couple
stress [29,30], integral type [31,32] and micropolar [33–35]. Article [36] offers a overview
on unified continuous/reduced-order modeling and non-linear dynamic theories for ther-
momechanical plates. Kim in [37] developed a matrix method for evaluating effective
elastic constants of generally anisotropic multilayer composites with various coupled phys-
ical effects including piezoelectricity, piezomagnetism and thermoelasticity. In [38–40] a
nonlocal nonlinear first-order shear theory is used for investigating the buckling and free
vibration of magneto-electro-thermo elastic (METE) nanoplates under magneto-electro-
thermo-mechanical loadings. Mota in [41] investigated the influence of shear factor used
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in the context of the first-order shear deformation theory on functionally graded porous
materials. In [42] free and forced vibration of a functionally graded piezoelectric plate
with the properties of the material varying along the thickness are investigated. Combined
asymptotic-tolerance modelling of dynamic and stability problems for functionally graded
shells was given in [43,44]. In [45] are studied the pyroelectric and pyromagnetic effects
on multiphase MEE cylindrical shells subjected to a uniform axisymmetric temperature
using semi-analytical finite element procedures. Eremeyev et al. in [46,47] investigate the
effect of flexoelectricity and flexomagnetic on nanobeams. Using FEM formulation [48,49]
analyzed free vibration of orthotropic cross-ply nanoplates and nanowires. Ebrahimi in [50]
studied buckling behaviour of magneto-electro-elastic functionally graded nanobeams
using higer-order beam theory and Eringen’s non-local elasticity. Also in [51] the behaviour
of MEE nanobeams is investigated using Eulero-Bernoulli beam theory and including sur-
face effects. In [52] the focus is on free vibration of laminated circular piezoelectric plates
and discs using the weak form of the equations of motion. In [53] using the third order
shear deformation plate theory, the bending, buckling, free and forced vibration behavior
of a nonlocal composite microplate is analyzed. Functionally graded microplates using
Kirchhoff plate’s theory and straing gradient theory with only one length scale parameter
are studied in [54]. In [55] theory of elasticity including surface stresses is used to study
behaviour of shells with nano-scaled thickness. In [56] Kirchhoff plate’s theory and the
modified flexoelectric theory are used to study the nonlinear free vibration of Functionally
Graded (FG) flexoelectric nanoplate by taking into account size-dependent effects. In [57] a
finite element model based on a higher-order plate’s theory is developed to study static
and free vibration problem of magneto-electro-elastic plates. In [58] the dynamic problem
of thin elastic plates resting on elastic foundation is studied using tolerance averaging
method. Vibrations on periodical structures as well as bad gaps problems in dynamics
are still an open topic thoroughly discussed by several researchers [59–62]. In [63] the
flexural vibration band gaps in periodic beams is investigated using differential quadrature
method, moreover the influence of shear deformation on the gaps is analyzed. Similarly,
natural frequencies of structures made of period cells was presented for beams in [64,65]
and for plates in [66,67]. In [68] the aim is the problem of vibration of band gaps in periodic
Mindlin plates and it is solved using spectral element method. Also in [69] is studied
the problem of vibration of band gaps in periodic plates, but is solved using differential
quadrature element method. Vibration band gap of stiffened thin plate is studied also
in [70] and is solved using center finite difference method. In [71,72] the problem of flexural
wave propagation of a periodic beam is investigated.

The aim of this paper is the study of buckling and free vibrations of functionally
graded nano-plates in hygro-thermal environment. For buckling analysis it will investigate
the influence of external applied electric and magnetic potentials on critical load that
leads to the instability of the plate, while in the case of dynamic analysis will be studied
the behavior of natural vibration frequencies and how they are influenced by external
potentials and temperature. Through the graphs will also identify the critical temperature,
which corresponds to the temperature at which the vibration frequencies become zero.
This paper is structured as described below. After the introduction section, the theoretical
background for functionally graded (FG) thin plates in hygro-thermal environment is
developed introducing also the non-linear terms of von Kármán that allow to perform
the linear analysis of buckling. Using second order strain gradient theory non local effect
are take into account. The following is a small paragraph showing how the electrical
and magnetic potentials are approximated. Using Hamilton’s principle, for the case of
METE (magneto-electro-thermo-elastic) materials, the equations of motion are obtained.
The analytical solution is obtained using Navier developments in double trigonometric
series. Then the results obtained through calculation code implemented in MATLAB for
buckling and free vibration are provided. Finally, a conclusion section is reported at the
end of this paper.
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2. Theoretical Background

As show in Figure 1, consider a METE thin nanoplate with length a, width b and
thickness h, in a Cartesian reference system (x, y, z).

Figure 1. General laminate layout.

The METE nanoplate is in a hygro-thermal environment and is subjected to an electric
potential V0 and to a magnetic potential Ω0 between the upper and lower surfaces. In this
study, classic laminate plate theory is considered. We can define the displacement field of
a generic point of the solid by means of the triad of displacement components U, V, W,
which are functions of the coordinates (x, y, z) [10].

U(x, y, z, t) = u(x, y, t)− z
∂w
∂x

V(x, y, z, t) = v(x, y, t)− z
∂w
∂y

W(x, y, z, t) = w(x, y, t)

(1)

where u,v and w are the displacements along the x, y and z axis of the point on the middle
surface and ∂w/∂x and ∂w/∂y are the corresponding rotation. The constitutive equations
for a METE material are:

σ = Cε − eE − qH − CαΔT − CβΔH

DE = e
ε + ξE + ζH − pΔT − hΔH

BM = q
ε + ζE + χH − λΔT − ηΔH

(2)

in which σ is the classical stress vector, DE = [Dx, Dy, Dz]
 and BM = [Bx, By, Bz]
 are
respectively the vector of stresses, electrical displacement and magnetic flux. ε, E and H are
the vector of strain, electric field and magnetic field. C, ξ and χ represent the rigidity matrix,
the electrical permittivity matrix and the magnetic permittivity matrix. Finally, e, q, ζ, p, λ,
h and η are respectively the piezo-electric, piezo-magnetic, magneto-electro-elastic (MEE),
pyro-electric, pyro-magnetic, hygro-electric and hygro-magnetic coefficients. For the stress
plane state (σ3 = 0) the matrices can be reduced by carrying out

ε3 = −C13

C33
ε1 − C23

C33
ε2 +

e33

C33
E3 +

q33

C33
H3 +

C13

C33
α1ΔT +

C23

C33
α2ΔT +

C13

C33
β1ΔH +

C23

C33
β2ΔH (3)

Therefore the constitutive equations can be rewritten as follows

σ1 =

(
C11 −

C2
13

C33

)
ε1 +

(
C12 − C13

C23

C33

)
ε2 −

(
e31 − C13

e33

C33

)
E3 −

(
q31 − C13

q33

C33

)
H3+

−
(

C11 −
C2

13
C33

)
α1ΔT −

(
C12 − C13

C23

C33

)
α2ΔT −

(
C11 −

C2
13

C33

)
β1ΔH −

(
C12 − C13

C23

C33

)
β2ΔH

= Q11ε1 + Q12ε2 − ẽ31E3 − q̃31H3 − Q11α1ΔT − Q12α2ΔT − Q11β1ΔH − Q12β2ΔH

(4)
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similarly for σ2 it will be

σ2 = Q12ε1 + Q22ε2 − ẽ32E3 − q̃32H3 − Q12α1ΔT − Q22α2ΔT − Q12β1ΔH − Q22β2ΔH (5)

finally, Dz can written

Dz =

(
e31 − e33

C13

C33

)
ε1 +

(
e32 − e33

C23

C33

)
ε2 +

(
ξ33 +

e2
33

C33

)
E3 +

(
ζ33 + e33

q33

C33

)
H3+

−
(

p3 − C13

C33
α1 − C23

C33
α2

)
ΔT −

(
h3 − C13

C33
β1 − C23

C33
β2

)
ΔH

= ẽ31ε1 + ẽ32ε2 + ξ̃33E3 + ζ̃33H3 − p̃3ΔT − h̃3ΔH

(6)

and similarly for BM,3 it will be

Bz = q̃31ε1 + q̃32ε2 + ζ̃33E3 + χ̃33H3 − λ̃3ΔT − η̃3ΔH (7)

So it is possible to write

ẽ =

⎡
⎣0 0 ẽ31

0 0 ẽ32
0 0 0

⎤
⎦, q̃ =

⎡
⎣0 0 q̃31

0 0 q̃32
0 0 0

⎤
⎦, ξ̃ =

⎡
⎣ξ1 0 0

0 ξ2 0
0 0 ξ̃3

⎤
⎦, χ̃ =

⎡
⎣χ1 0 0

0 χ2 0
0 0 χ̃3

⎤
⎦,

ζ̃ =

⎡
⎣ζ1 0 0

0 ζ2 0
0 0 ζ̃3

⎤
⎦, p =

⎧⎨
⎩

p1
p2
p̃3

⎫⎬
⎭, λ =

⎧⎨
⎩

λ1
λ2
λ̃3

⎫⎬
⎭, h =

⎧⎨
⎩

h1
h2
h̃3

⎫⎬
⎭, η =

⎧⎨
⎩

η1
η2
η̃3

⎫⎬
⎭

(8)

By introducing second order strain gradient theory in the constitutive equations and
by considering the mechanical properties variable with respect to the thickness direction
we have (the dependency on the time t is omitted for the sake of simplicity)

σ(x, y, z) =
(

1 − �2∇2
)[

Q̄(z)ε − ẽ(z)E − q̃(z)H
]
− Q̄(z)α(z)ΔT − Q̄(z)β(z)ΔH

DE(x, y, z) =
(

1 − �2∇2
)[

ẽ
(z)ε + ξ̃(z)E + ζ̃(z)H
]
− p(z)ΔT − h(z)ΔH

BM(x, y, z) =
(

1 − �2∇2
)[

q̃
(z)ε + ζ̃(z)E + χ̃(z)H
]
− λ(z)ΔT − η(z)ΔH

(9)

where � is the nonlocal parameter and the operator ∇2 = ∂2/∂x2 + ∂2/∂y2 is the second
order gradient operator. For the hygro-thermal loads a linear variation is considered along
the thickness as

ΔT = T0 + zT1/h, ΔH = H0 + zH1/h (10)

3. Electric and Magnetic Potentials

To satisfy Maxwell’s equations [73] the electrical and magnetic potential are approxi-
mated along the thickness with a linear and cosinusoidal combination. The first amends
for the open-circuit condition and the latter for the closed-circuit one

Φ(x, y, z, t) = − cos
πz
h

φ(x, y, t) +
2z
h

V0

Υ(x, y, z, t) = − cos
πz
h

γ(x, y, t) +
2z
h

Ω0

(11)
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in which V0 represents the difference in electrical potential between the two faces of the
plate and Ω0 represents the difference in magnetic potential. The relationships between
electric field and electric potential can be written in accordance with the above

Ex = −∂Φ
∂x

= cos
πz
h

∂φ

∂x

Ey = −∂Φ
∂y

= cos
πz
h

∂φ

∂y

Ez = −∂Φ
∂z

= −π

h
sin

πz
h

φ − 2
h

V0

(12)

that in matrix notation can be rewritten in this form

E = fEDEφ + E0 (13)

with

fE =

⎡
⎣cos πz

h 0 0
0 cos πz

h 0
0 0 −π

h sin πz
h

⎤
⎦, DE =

⎧⎪⎨
⎪⎩

∂
∂x
∂

∂y
1

⎫⎪⎬
⎪⎭, E0 =

⎧⎨
⎩

0
0

− 2
h V0

⎫⎬
⎭ (14)

Similarly for the magnetic field we can write as

Hx = −∂Υ
∂x

= cos
πz
h

∂γ

∂x

Hy = −∂Υ
∂y

= cos
πz
h

∂γ

∂y

Hz = −∂Υ
∂z

= −π

h
sin

πz
h

γ − 2
h

Ω0

(15)

which in matrix notation becomes

H = fHDHγ + H0 (16)

with

fH =

⎡
⎣cos πz

h 0 0
0 cos πz

h 0
0 0 −π

h sin πz
h

⎤
⎦, DH =

⎧⎪⎨
⎪⎩

∂
∂x
∂

∂y
1

⎫⎪⎬
⎪⎭, H0 =

⎧⎨
⎩

0
0

− 2
h Ω0

⎫⎬
⎭ (17)

4. Equations of Motion

The equations of motion are derived through Hamilton’s principle

∫ t2

t1

(δHent + δV − δK)dt = 0 (18)

Writing the variation of enthalpy δHent

δHent =
∫
A

∫ h
2

− h
2

{
σxxδεxx + σyyδεyy + σxyδγxy

− DxδEx − DyδEy − DzδEz − BxδHx − ByδHy − BzδHz

}
dzdA

(19)
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by introducing the classical stress resultants Nxx, Nyy, Nxy and Mxx, Myy, Mxy and the
piezo and magneto resultants as

⎧⎨
⎩
Dx
Dy
Dz

⎫⎬
⎭ =

∫ h
2

− h
2

fEDE dz,

⎧⎨
⎩
Bx
By
Bz

⎫⎬
⎭ =

∫ h
2

− h
2

fBBM dz (20)

The definition of the integrated elastic properties are given in the Appendix A in
Equations (A1)–(A3). Thus, it is obtained

δHent =
∫
A

{
Nxx

(
∂δu
∂x

+
∂w
∂x

∂δw
∂x

)
+ Nyy

(
∂δv
∂y

+
∂w
∂y

∂δw
∂y

)

+ Nxy

(
∂δu
∂y

+
∂δv
∂x

+
∂δw
∂y

∂w
∂x

+
∂δw
∂x

∂w
∂y

)
+

+ Mxx

(
−∂2δw

∂x2

)
+ Myy

(
−∂2δw

∂y2

)
+ Mxy

(
−2

∂2δw
∂x∂y

)
+

−
(
Dx

∂δφ

∂x
+Dy

∂δφ

∂y
+Dxδφ + Bx

∂δγ

∂x
+ By

∂δγ

∂y
+ Bzδγ

)}
dA

(21)

Integrating by parts Equation (21) is obtained

δHent =
∫
A

{(
∂Nxx

∂x
+

∂Nxy

∂y

)
δu +

(
∂Nxy

∂x
+

∂Nyy

∂y

)
δv +

[
∂

∂x

(
Nxx

∂w
∂x

+ Nxy
∂w
∂y

)

+
∂

∂y

(
Nxy

∂w
∂x

+ Nyy
∂w
∂y

)
+

∂2Mxx

∂x2 +
∂2Myy

∂y2 + 2
∂2Mxy

∂x∂y

]
δw

−
(

∂Dx

∂x
+

∂Dy

∂y
+Dz

)
δφ −

(
∂Bx

∂x
+

∂By

∂y
+ Bz

)
δγ

}
dA +

−
∫

Γ

{(
Nxx nx + Nxy ny

)
δu +

(
Nxy nx + Nyy ny

)
δv +

[(
Nxxnx + Nxyny

)∂w
∂x

+
(

Nxynx + Nyyny
)∂w

∂y
+

(
∂Mxx

∂x
+

∂Mxy

∂y

)
nx +

(
∂Myy

∂y
+

∂Mxy

∂x

)
ny

]
δw

−(Mxxnx + Mxyny
)∂δw

∂x
− (Mxynx + Myyny

)∂δw
∂y

−(Dx nx +Dy ny
)
δφ − (Bx nx + By ny

)
δγ

}
dΓ

(22)

The external work due to the external boundary loads (where mechanical, electrical and
magnetic loads are neglected) can be written as

δV =
∫

Γ

{(
N̂xxnx + N̂xyny

)
δu +

(
N̂xynx + N̂yyny

)
δv+

− (M̂xxnx + M̂xyny
)∂δw

∂x
− (M̂xynx + M̂yyny

)∂δw
∂y

+
(
Q̂xnx + Q̂yny

)
δw
}

dΓ
(23)

Variation of the Kinetic energy can be written as

δK =
∫
A

{(
−I0ü + I1

∂ẅ
∂x

)
δu +

(
−I0v̈ + I1

∂ẅ
∂y

)
δv

+

(
−I0ẅ − I1

∂ü
∂x

− I1
∂v̈
∂y

+ I2
∂ẅ
∂x

+ I2
∂ẅ
∂y

)
δw
}

dA+

+
∫

Γ

{
I1ünx + I1v̈ny − I2

∂ẅ
∂x

nx − I2
∂ẅ
∂y

ny

}
δw dΓ

(24)
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Introducing N (w) and P(w) as defined below

N (w) = ∂
∂x

(
Nxx

∂w
∂x

)
δw + ∂

∂y

(
Nyy

∂w
∂y

)
δw + ∂

∂y

(
Nxy

∂w
∂x

)
δw + ∂

∂x

(
Nxy

∂w
∂y

)
δw

P(w) =
(

Nxx
∂w
∂x + Nxy

∂w
∂y

)
nx +

(
Nxy

∂w
∂x + Nyy

∂w
∂y

)
ny

(25)

the motion equations can be written as follow

∂Nxx

∂x
+

∂Nxy

∂y
= I0ü − I1

∂ẅ
∂x

∂Nyy

∂y
+

∂Nxy

∂x
= I0v̈ − I1

∂ẅ
∂y

∂2Mxx

∂x2 + 2
∂2Mxy

∂x∂y
+

∂2Myy

∂y2 +N (w) = I0ẅ + I1

(
∂ü
∂x

+
∂v̈
∂y

)
− I2

(
∂2ẅ
∂x2 +

∂2ẅ
∂y2

)
∂Dx

∂x
+

∂Dy

∂y
+Dz = 0

∂Bx

∂x
+

∂By

∂y
+ Bz = 0

(26)

and relative boundary conditions become

δu = 0 or
(

Nxx − N̂xx
)
nx +

(
Nxy − N̂xy

)
ny = 0

δv = 0 or
(

Nyy − N̂yy
)
ny +

(
Nxy − N̂xy

)
nx = 0

δw = 0 or
(

∂Mxx

∂x
+

∂Mxy

∂y
− I1ü + I2

∂ẅ
∂x

)
nx+

+

(
∂Myy

∂y
+

∂Mxy

∂x
− I1v̈ + I2

∂ẅ
∂y

)
ny + P(w)− (Q̂x + Q̂y

)
= 0

∂δw
∂x

= 0 or
(

Mxx − M̂xx
)
nx +

(
Mxy − M̂xy

)
ny = 0

∂δw
∂y

= 0 or
(

Myy − M̂yy
)
ny +

(
Mxy − M̂xy

)
nx = 0

δφ = 0 or Dx nx +Dy ny = 0

δγ = 0 or Bx nx + By ny = 0

(27)

5. Navier Solution

Analytical solution is obtained using Navier’s expansion. This type of solution allow
to solve simply supported plate case. Navier expansion for the displacements take the form

⎧⎨
⎩

u
v
w

⎫⎬
⎭ =

M

∑
m=1

N

∑
n=1

⎡
⎣cos αx sin βy 0 0

0 sin αx cos βy 0
0 0 sin αx sin βy

⎤
⎦
⎧⎨
⎩

Umn
Vmn
Wmn

⎫⎬
⎭ (28)

whereas, the electric and magnetic potentials are both approximated with a double sinu-
soidal trigonometric expansion.

φ =
M

∑
m=1

N

∑
n=1

sin αx sin βy Φmn, γ =
M

∑
m=1

N

∑
n=1

sin αx sin βy Γmn (29)
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5.1. Buckling Analysis

Replacing the displacement field in the motion equations and performing the derivates
the algebraic system is obtained

⎡
⎢⎢⎢⎢⎣

ĉ11 ĉ12 ĉ14 ĉ15 ĉ13
ĉ12 ĉ22 ĉ24 ĉ25 ĉ23
ĉ14 ĉ24 ĉ44 ĉ45 ĉ34
ĉ15 ĉ25 ĉ45 ĉ55 ĉ35
ĉ13 ĉ23 ĉ34 ĉ35 ĉ33 + s̃33

⎤
⎥⎥⎥⎥⎦

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

Umn
Vmn
Φmn
Γmn
Wmn

⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎭

=

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

0
0
0
0
0

⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎭

(30)

The coefficients ĉij and s̃33 are defined in Appendix A at Equation (A4). By introducing the
quantities N0 = −N̂xx, κ = N̂yy/N̂xx and amn as

amn = ĉ33 + α2
(

N̂T
xx + N̂E

xx + N̂H
xx

)
+ β2

(
N̂T

yy + N̂E
yy + N̂H

yy

)

− {ĉ13 ĉ23 ĉ34 ĉ35
}
⎡
⎢⎢⎣

ĉ11 ĉ12 ĉ14 ĉ15
ĉ12 ĉ22 ĉ24 ĉ25
ĉ14 ĉ24 ĉ44 ĉ45
ĉ15 ĉ25 ĉ45 ĉ55

⎤
⎥⎥⎦
−1⎧⎪⎪⎨
⎪⎪⎩

ĉ13
ĉ23
ĉ34
ĉ35

⎫⎪⎪⎬
⎪⎪⎭

(31)

we can write the solution of the eigenvalue problem as

N0 =
amn

α2 + κβ2 (32)

The load that buckles the plate depends on m and n and in particular the critical load is the
lowest of the buckling loads. The terms N̂E

xx , N̂E
yy , N̂H

xx , N̂H
yy are defined below

N̂E
xx = N̂E

yy =
∫ h/2

−h/2
ē31(z)

2V0

h
dz , N̂H

xx = N̂H
yy =

∫ h/2

−h/2
q̄31(z)

2Ω0

h
dz (33)

Note that the electric and magnetic in-plane loads have the same intensity since in the
following applications the material is isotropic in-plane and anisotropic out-of-plane.

5.2. Thermal Free Vibration

In this paragraph it will be treated the problem of free vibrations of the FG plate simply
supported. For this problem it is necessary to rewrite the solving system in a homogeneous
form, and the rotational inertia I1 are neglected. The system becomes then

⎛
⎜⎜⎜⎜⎝

⎡
⎢⎢⎢⎢⎣

ĉ11 ĉ12 ĉ13 ĉ14 ĉ15
ĉ12 ĉ22 ĉ23 ĉ24 ĉ25
ĉ13 ĉ23 ĉ33 ĉ34 ĉ35
ĉ14 ĉ24 ĉ34 ĉ44 ĉ45
ĉ15 ĉ25 ĉ35 ĉ45 ĉ55

⎤
⎥⎥⎥⎥⎦− ω2

⎡
⎢⎢⎢⎢⎣

m̂11 0 0 0 0
0 m̂22 0 0 0
0 0 m̂33 0 0
0 0 0 0 0
0 0 0 0 0

⎤
⎥⎥⎥⎥⎦

⎞
⎟⎟⎟⎟⎠

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

Umn
Vmn
Wmn
Φmn
Γmn

⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎭

=

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

0
0
0
0
0

⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎭

(34)

with m̂11 = m̂22 = I0 e m̂33 = I0 + I2(α
2 + β2). This system can then be rewritten in a more

compact matrix form as follows
([

Kuu Kuφ

Kφu Kφφ

]
− ω2

[
Muu 0

0 0

]){
U
φ

}
=

{
0

0

}
(35)

Rewriting the matrix system by applying static condensation we get

(K̄ − ω2Muu) U = 0 (36)
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where K̄ is
K̄ = (Kuu − Kuφ(Kφφ)

−1Kφu) (37)

and U represents the ways of vibrating and ω natural frequencies.

6. Numerical Results

In this paper for the numerical solution has been considered a FG nanoplate composed
of CoFe2O4 and BaTiO3, the properties of the materials are shown in Table 1. Since it
has not been possible to find in literature the hygrometric coefficients of the materials,
the applications presented foresee only the case of thermal environment.

Table 1. Piezo-electro-magnetic-thermal properties of BaTiO3 and CoFe2O4.

BaTiO3 CoFe2O4

C11 [GPa] 166 286
C22 166 286
C33 162 269.5
C13 78 170.5
C23 78 170.5
C12 77 173
C44 43 45.3
C55 43 45.3
C66 44.5 56.5

e31 [C/m2] −4.4 0
e32 −4.4 0
e33 18.6 0

q31 [N/A·m] 0 580.3
q32 0 580.3
q33 0 699.7

ξ11 [10−9C2/N·m2] 11.2 0.08
ξ22 11.2 0.08
ξ33 12.6 0.093

ζ11 = ζ22 = ζ33 [s/m] 0 0

χ11 [10−6N·s2/C] 5 −590
χ22 5 −590
χ33 10 157

p11 = p22 [10−7 C/m2K] 0 0
p33 −11.4 0

λ11 = λ22 [10−5 Wb/m2K] 0 0
λ33 0 −36.2

α1 = α2 [10−6K−1] 15.8 10

ρ [kg/m3] 5300 5800

The variation of the material properties along the thickness is regulated by the follow-
ing relationship

P(z) = (Pt − Pb)

(
z
h
+

1
2

)pn

+ Pb (38)

where Pt and Pb represent the properties of the material placed on the top and bottom of
the plate, respectively.

Note that if pn = 0 the plate will be composed entirely of the material of the top side
while if pn → ∞ the plate will be composed entirely of the material of the bottom side.
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6.1. Buckling

In the following applications the values of the critical load will be presented in
dimensionless form through the following relationship

N̄cr =
Ncra2

C11,mh3 (39)

where C11,m is the average stiffness value of the two materials. As a first result the com-
parison with Li [74], Park and Han [75] is reported. The plate considered is isotropic with
a/h = 1000 and the properties of the material used are as reported in the cited works
(which are obtained as average values of two isotropic constituents, not as a functionally
graded composite).

Figure 2 shows the critical buckling load by varying the electric and magnetic poten-
tials. The present results agree well with the ones presented in the mentioned papers [74,75].
It is emphasized that the slight difference in the results is due to the fact that in the cited
studies the potential is approximated using three contributions: one parabolic, one linear
and one constant unlike the present study in which the potentials are approximated with a
cosine function and a linear part. In addition, in the cited studies, the in-plane components
Ex, Ey, Hx and Hy of electric and magnetic fields are null.

(a) (b)

Figure 2. Critical load N̄cr of a square Functionally Graded (FG) nanoplate for different values of electric potential V0 (a)
and magnetic potential Ω0 (b).

In the applications below a/h = 1000 and np = 1 are always considered. Table 2
shows the dimensionless critical load of a square plate FG for different values of externally
applied potentials and non-local parameter. It can be seen that as the non-local parameter
increases, the value of the critical load increases. It can also be seen that by increasing the
magnetic potential the critical load increases while the electric potential has the opposite
effect. This last phenomenon is also clearly visible in Figure 3, where the value of the
critical load is reported as the external potentials applied vary and for different values
of the non-local parameter. Finally it is remarked that for same values of the electric
and magnetic potentials the critical load takes a negative value, thus, buckling occurs for
traction loads instead of compression. Figure 4 shows the dimensional critical load when
the aspect ratio varies and for different values of the non-local parameter. As expected
the critical load increases as the plane becomes of rectangular shape and as the nonlocal
parameter increases.
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Table 2. Dimensionless critical load N̄cr of a square FG plate composed of BaTiO3/CoFe2O4 for
different electric and magnetic potentials and nonlocal parameter (�/a)2. (κ = 1, (m, n) = (1, 1)).

V0 [V]
(�/a)2 Ω0 [A] −5 −2.5 0 2.5 5

0.00 1 2.1733 2.0124 1.8516 1.6907 1.5299
0 1.4456 1.2848 1.1239 0.9631 0.8022
−1 0.7180 0.5572 0.3963 0.2355 0.0746

0.05 1 3.2825 3.1217 2.9608 2.8000 2.6391
0 2.5549 2.3940 2.2332 2.0723 1.9115
−1 1.8273 1.6664 1.5056 1.3447 1.1838

0.10 1 4.3918 4.2309 4.0701 3.9092 3.7484
0 3.6642 3.5033 3.3424 3.1816 3.0207
−1 2.9365 2.7757 2.6148 2.4540 2.2931

(a) (b)

Figure 3. Critical load N̄cr of a square FG nanoplate for different values of electric potential V0 (a) and magnetic potential Ω0 (b),
for different values of non local parameter (�/a)2.

Figure 4. Critical load N̄cr of square FG nanoplate for different values of ratio a/b and different
values of non local parameter (�/a)2.
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6.2. Thermal Free Vibration

As first application for the free vibration of piezo-electro-magnetic-thermal plates a
comparison with [76] is reported (Table 3). The plate is composed of BaTiO3/CoFe2O4 and
is of rectangular shape with a = 2 and b = 1, ratio h/a = 0.1 and properties vary linearly
along the thickness (np = 1). The results are written in dimensionless form through the
following formula

ω̄ = ω

(
a2

h

)√
ρ

C11
(40)

where ρ and C11 respectively represent the density and the (1, 1) position element of the
material stiffness matrix on the underside of the plate. It should be noted that in the study
just mentioned the Mindlin’s moderately thick plates theory (FSDT) is used, and so the
results deviate slightly and this difference increases as the vibration mode increases as the
effects of shear become more relevant.

Table 3. Dimensionless natural frequencies ω̄ of a simply supported rectangular FG plate composed
of BaTiO3/CoFe2O4.

Ref. [76] Present

1 9.525 10.0244
2 28.762 32.5716
3 50.966 66.2842
4 131.186 104.0065
5 139.106 129.6477

Table 4 shows a comparison with article [57] for a thick magneto-electro-elastic square
plate. The thickness of the plate is constant and the laminae all have the same thickness.
The properties of the material are those reported in Table 1, except the density which is
assumed constant for the two materials and equal to 1600 kg/m3. The values calculated
in this study differ slightly from those in the literature because in [57] a third order plate
theory is used while in this study it is used thin plate theory.

Table 4. Natural frequencies (rad/s) of a simply supported square plate (a = 1 m; h = 0.3 m).
B = BaTiO3; F = CoFe2O4.

Mode Ref. [57] (�/a)2 = 0

B F B/F/B F/B/F

1 12,863.98 15,185.24 13,024.78 15,043.32
2 25,106.78 28,177.03 25,401.26 27,880.80

Present (�/a)2 = 0

1 15,044.28 17,253.16 15,281.37 17,159.99
2 34,945.88 39,415.58 28,264.36 39,871.43

Present (�/a)2 = 0.05

1 21,065.74 24,351.13 20,932.93 24,069.44
2 63,337.77 73,727.92 62,619.25 72,511.91

Present (�/a)2 = 0.10

1 25,723.93 29,805.02 25,499.40 29,410.18
2 82,655.46 96,547.86 81,654.82 94,727.82

Table 5 analyzes the influence of the non-local parameter on the natural frequencies
of a square plate with a = b = 1 m and ratio a/h = 100 and np = 1. The results show
an increase in natural frequencies, due to the stiffening of the plate, as the non-local
parameter increases.
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Figure 5 shows the influence of temperature and externally applied potentials on the
natural frequency of a nanoplate composed by BaTiO3/CoFe2O4. The plate considered is a
simply supported square plate and the thickness ratio is a/h = 100. In particular, the critical
temperature of each structure can be identified when the frequency becomes zero.

Table 5. Natural frequencies ω̄ of a simply supported square FG nanoplate composed by
BaTiO3/CoFe2O4.

(�/a)2

0 0.05 0.10

1 4.0913 5.7671 7.0554
2 10.2270 19.0434 24.9141
3 20.4499 49.8179 67.4200
4 34.7550 106.4926 146.5385
5 53.1353 197.6005 274.3517

(a) (b)

(c) (d)

Figure 5. Natural frequencies ω̄ of a simply supported square FG nanoplate composed by BaTiO3/CoFe2O4 to vary of temperature
T0 and for different values of magnetic and electric potentials and non-local parameter: (a) local configuration (� = 0); (b) nonlocal
configuration with V0 �= 0; (c) nonlocal configuration with Ω0 �= 0; (d) nonlocal configuration with V0 = Ω0 = 0.

7. Conclusions

In this paper the dynamic and buckling problems of METE nanoplates have been
analyzed. In particular, the interest focused on the coupling of magnet-electro-thermo-
elastic effects and the influence that the external potentials applied to the plate have on
the critical load and natural vibration frequencies. Through Hamilton’s principle motion
equations for FG METE thin plates are derived and analytical solution using Navier method
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is obtained. The materials that have been used in the simulations are BaTiO3 and CoFe2O4
and the properties of the materials used are reported in the article. The results show
that increasing the non-local parameter increases the critical load and natural vibration
frequencies. For external potentials instead it was seen that the critical load increases with
the increase of the negative electrical potential and the positive magnetic potential. Finally,
from the graphs of the natural frequency of vibration it can be seen that the frequencies
tend to increase by subjecting the plate to a positive magnetic potential and to decrease by
subjecting it to a positive electrical potential. For what concerns the temperature instead
we see how an increase of the latter leads to a reduction of the natural frequencies.
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Appendix A

Integrating last two integrals of Equation (22) along the thickness the following
quantities can be defined

A
f
E =

∫ h
2

− h
2

ẽfE dz, AE =
∫ h

2

− h
2

ẽ dz, B
f
E =

∫ h
2

− h
2

ẽfE z dz , BE =
∫ h

2

− h
2

ẽ z dz

A
f
H =

∫ h
2

− h
2

q̃fH dz, AH =
∫ h

2

− h
2

q̃ dz, B
f
H =

∫ h
2

− h
2

q̃fH z dz, BH =
∫ h

2

− h
2

q̃ z dz

(A1)

A
f
ξ =

∫ h
2

− h
2

f
E ξ̃dz, B
f
ξ =

∫ h
2

− h
2

f
E ξ̃fEdz, A
f
ζ =

∫ h
2

− h
2

f
E ζ̃dz, B
f
ζ =

∫ h
2

− h
2

f
E ζ̃fHdz

Ap =
∫ h

2

− h
2

f
E pdz, Bp =
∫ h

2

− h
2

f
E pz dz, Ah =
∫ h

2

− h
2

f
E hdz, Bh =
∫ h

2

− h
2

f
E hz dz

(A2)

A
f
ζ =

∫ h
2

− h
2

f
H ζ̃dz, B
f
ζ =

∫ h
2

− h
2

f
H ζ̃fEdz, A
f
χ =

∫ h
2

− h
2

f
Hχ̃dz, B
f
χ =

∫ h
2

− h
2

f
Hχ̃fHdz

Aλ =
∫ h

2

− h
2

f
Hλdz, Bλ =
∫ h

2

− h
2

f
Hλz dz, Aη =
∫ h

2

− h
2

f
Hηdz, Bη =
∫ h

2

− h
2

f
Hηz dz

(A3)

Considering what reported in Equations (A1)–(A3) it can be write ĉij coefficients as follows
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ĉ11 = α2 A11 + β2 A66 + �2
[
α4 A11 + α2β2(A11 + A66) + β4 A66

]
ĉ12 = αβ(A12 + A66) + �2

[
α3β(A12 + A66) + αβ3(A12 + A66)

]
ĉ13 = −α3B11 − αβ2(B12 + 2B66)

− �2
[
α5B11 + α3β2(B12 + B11 + 2B66) + αβ4(B12 + 2B66)

]
ĉ22 = β2 A22 + α2 A66 + �2

[
α2β2(A22 + A66) + α4 A66 + β4 A22

]
ĉ23 = −α2β(B12 + 2B66)− β3B22

− �2
[
α4β(B12 + 2B66) + α2β3(B22 + B12 + 2B66) + β5B22

]
ĉ33 = α4D11 + 2α2β2(D12 + 2D66) + β4D22 + �2[α6D11 + α4β2(D11 + 2D12 + 4D66)

+ α2β4(D22 + 2D12 + 4D66) + β6D22
]

ĉ14 = −αA f
E,13 + �2

[
−α3 A f

E,13 − αβ2 A f
E,13

]
ĉ15 = −αA f

H,13 + �2
[
−α3 A f

H,13 − αβ2 A f
H,13

]
ĉ24 = −βA f

E,23 + �2
[
−β3 A f

E,23 − α2βA f
E,23

]
ĉ25 = −βA f

H,23 + �2
[
−β3 A f

H,23 − α2βA f
H,23

]
ĉ34 = α2B f

E,13 + β2B f
E,23 + �2

[
α4B f

E,13 + α2β2
(

B f
E,13 + B f

E,23

)
+ β4B f

E,23

]
ĉ35 = α2B f

H,13 + β2B f
H,23 + �2

[
α4B f

H,13 + α2β2
(

B f
H,13 + B f

H,23

)
+ β4B f

H,23

]
ĉ44 = −B f

ξ,33 − α2B f
ξ,11 − β2B f

ξ,22

− �2
[
α4B f

ξ,11 + α2β2
(

B f
ξ,11 + B f

ξ,22

)
+ β4B f

ξ,22 + α2B f
ξ,33 + β2B f

ξ,33

]
ĉ45 = −B f E

ζ,33 − α2B f E
ζ,11 − β2B f E

ζ,22

− �2
[
α4B f E

ζ,11 + α2β2
(

B f E
ζ,11 + B f E

ζ22

)
+ β4B f E

ζ,22 + α2B f E
ζ,33 + β2B f E

ζ,33

]
ĉ54 = −B f H

ζ,33 − α2B f H
ζ,11 − β2B f H

ζ,22

− �2
[
α4B f H

ζ,11 + α2β2
(

B f H
ζ,11 + B f H

ζ,22

)
+ β4B f H

ζ,22 + α2B f H
ζ,33 + β2B f H

ζ,33

]
ĉ55 = −B f

χ,33 − α2B f
χ,11 − β2B f

χ22

− �2
[
α4B f

χ,11 + α2β2
(

B f
χ,11 + B f

χ,22

)
+ β4B f

χ,22 + α2B f
χ,33 + β2B f

χ,33

]
s̃33 = α

(
N̂xx + N̂T

xx + N̂E
xx + N̂H

xx

)
+ β
(

N̂yy + N̂T
yy + N̂E

yy + N̂H
yy

)

(A4)

In case the electrical and magnetic potentials have the same through-the-thickness
expansion, as in the present study, B

f E
ζ = B

f H
ζ = B

f
ζ , hence, ĉ45 = ĉ54.
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Abstract: Alteration of the phase composition of a coating and/or its surface topography can be
achieved by changing the deposition technology and/or introducing additional elements into the
coating. Investigation of the effect of the composition of CrN-based coatings (including AlCrN and
CrON) on the microparticle height and volume, as well as the construction of correlations between
the friction coefficient at the microscale and the geometry of microparticles, are the goals of this study.
We use atomic force microscopy (AFM), which is the most effective method of investigation with
nanometer resolution. By revealing the morphology, AFM allows one to determine the diameter of the
particles, their heights and volumes and to identify different phases in the studied area by contrasted
properties. The evaluation of the distribution of mechanical properties (modulus of elasticity E and
microhardness H) on the surfaces of multiphase coatings with microparticles is carried out by using
the nanoindentation method. It is found that the roughness decreases with an increase in the Al
concentration in AlCrN. For the CrON coatings, the opposite effect is observed. Similar conclusions
are valid for the size of the microparticles and their height for both types of coating.

Keywords: AlCrN; CrON; topography; microparticles; roughness; AFM; elastic modulus;
friction coefficient

1. Introduction

The application of multifunctional coatings is an effective way to control the surface properties of
various products. A trend which has emerged in recent decades is the use of transition metal nitrides in
the form of multicomponent systems, where each element of the additive enhances a specific function
and simultaneously allows the achievement of excellent mechanical properties, corrosion and thermal
resistance, wear and oxidation resistance [1–4]. The addition of components into the two-element
transition metal–nitride system leads to the formation of various phases, grain refinement and various
crystal lattices [5–8]. The addition of the third element to nitride systems expands their functional
properties by changing the mechanical behavior of materials under the applied load depending on the
element added [9–13]. This occurs due to the structural re-arrangement of multicomponent coatings that
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transform into nanocomposites, where both different crystal lattice polytypes and amorphous phases
can be present [14–17]. Additionally, the surface microrelief of such coatings changes, which affects
friction [18–22].

Chromium nitride is one of the most widely used coatings in industry. It provides high oxidation
and corrosion resistance and good adhesion to steel substrates [1,23]. However, its hardness [24] and
abrasion resistance are often insufficient. Alteration of the properties of CrN is achieved by alloying
with metals and non-metals via the formation of ternary systems [25–27]. Al increases the thermal
resistance, C and V reduce wear, the addition of B increases the hardness due to the grain refinement,
and Si increases the oxidation resistance [1,5,28]. Due to the higher oxygen reactivity compared to
nitrogen, even a small amount of oxygen in the presence of a growing metal nitride layer causes the
formation of metal–oxygen ion bonds that appear in the matrix with a covalent metal–nitrogen bond
and thus significantly changes the surface properties of CrN [29–33].

Thus, Al and O are the most effective and most known additives to CrN coatings [34,35].
The addition of Al to CrN increases its wear resistance at high temperatures due to formation of an
oxide layer on worn surfaces [36]. The properties of AlCrN coating and the type of AlN phase lattice
depend on the aluminum concentration in it. When Al content is below 75%, a cubic c-AlN phase
is formed in AlCrN. An increase in the aluminum concentration to 80% promotes the formation of
an h-AlN hexagonal phase [37]. Under mechanical loads and temperature, the transformation of the
cubic c-AlN phase into the hexagonal h-AlN phase occurs spontaneously.

Technologists can effectively manipulate the surface properties of coatings by changing the phase
composition of the coating by varying the technological parameters of the coating deposition (such as
cathode current, bias, gas pressure) and introducing additional elements [4,38,39], which, to a great
extent, depends on the microstructure of the surface—the size of microparticles (or micro-droplet
phase), grains and the phase sizes on the surface [14,40,41].

One of the microstructural features of vacuum nitride coatings is that microparticles vary in
size from 0.5 μm to several micrometers (according to other sources—a microdroplet phase) [42–44].
Particularly, microparticles are typical for the applied deposition method that is cathodic arc evaporation.
Microparticles (or microdroplet phase) are important for tribological coatings, where they participate
in the formation of “a modified tribolayer”. This layer is formed under the load from microparticles
and from the upper plastically deformed surface layer of the coating. It is actively involved in the
friction processes, especially under the conditions of so-called “green” processing without the use of
cutting fluids [45,46].

The amount of microparticles is determined by the deposition mode and the cathode composition.
In coatings manufactured by the cathodic arc evaporation method, the microparticles (microdroplets)
can cover the surface with a continuous pattern [28]. Molten metal droplets ejected from cathode spots
can move into the substrate and accumulate there as microparticles as well as agglomerates formed
in plasma from atoms or ions. The microparticles are more plastic than the nitride phase that forms
on the surface, due to the presence of the pure cathode metal in them [47]. The size and height of
microparticles are always of interest in tribological coatings, since they allow the prediction of the
characteristics of the contact between the coating and the counterbody and calculation of the real
contact area.

For the effective implementation of new technological solutions within the framework of existing
methods, it is necessary to rely on fundamental knowledge and the results of the microstructure and
surface properties research with nanometer resolution [1,41,48]. Atomic force microscopy (AFM)
allows for the versatile characterization of the coating surface geometry. AFM provides a multiscale
(from scanning areas of 100 × 100 μm2 to 100 × 100 nm2 and less) surface visualization, allowing one
to study both the microdroplet phase and submicron and nanometer grains of a smooth surface, by
analyzing the contrast in properties to identify various phases among them [49,50]. By revealing the
morphology, AFM makes it possible to determine not only the particles’ diameter but also their height
and volume. More precisely, AFM allows one to measure all these characteristics of microparticles
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located “above the coating surface” but these microparticles are particularly important with respect
to tribological contact. The height of the “above the coating surface” particles affects the value
of the roughness, as well as the depth of the holes from chipping of microparticles. The effect of
microparticle height on the roughness is higher because the microparticles are more common than the
holes. Distribution of mechanical properties (elastic modulus E and microhardness H) on the surface
of multiphase coatings with microparticles can be studied by nanoindentation (NI) [41,51].

The effect of the aluminum and oxygen concentration on the properties of AlCrN and CrON
coatings was reported in [52–55] and [56,57], respectively. The structural, mechanical and tribological
properties of the above coatings have been also studied by our group; for AlCrN, see [58–60], and for
CrON, see [30,60–62]. It was determined that the microparticles affect the coatings’ properties [42–44].
The connection between the topography and mechanical properties of the surfaces of AlCrN and
CrON coatings and their composition was essentially not studied. The effect of addition of the metallic
or non-metallic element to the CrN coatings on the microparticle height and volume has not been
studied previously; neither has the correlation between the friction coefficients and the geometry of
the microparticles.

The aim of this research is to compare the effect of aluminum and oxygen concentration on the
height, diameter and volume of the microparticles and to determine the correlation between the friction
coefficient and the geometry of the microparticles in AlCrN and CrON coatings obtained by cathodic
arc evaporation.

2. Materials and Methods

2.1. Coating Deposition

All coatings were synthesized by cathodic arc evaporation in systems summarized in Table 1.
All cathodes were characterized by purity of 99.99%. The substrates, HS6-5-2 steel (ArcelorMittal,
Katowice, Poland), with a diameter of 32 mm and a thickness of 3 mm, were finished to a roughness
parameter Ra of around 0.02 μm. Ra was controlled by a contact profilometer, Hommel Werke T8000
(Hommelwerke GmbH, Villingen-Schwenningen, Germany). They were separately cleaned in an
alkaline and ultrasonic bath, rinsed with deionized water and dried with warm air. The substrates were
placed on a rotary holder parallel to the surface of the evaporated cathode, in the working chamber at
a distance from the arc sources, depending on the deposition system used.

The vacuum chamber was evacuated to the base pressure and then heated to the required
temperature. After reaching the desired temperature, the process of ionic etching of the substrate
began, aimed at removing the oxygen adsorbed on the substrate surface, as well as the oxide layer.
After the etching time had elapsed, a thin chromium layer was deposited on the substrate to improve
the adhesion of the coating to the substrate. The deposition process was carried out in accordance with
the parameters listed in Table 1.

The details of the three-step process of substrate preparation and coating formation in the working
chamber, i.e., substrate ion cleaning, deposition the layer increasing adhesion to the substrate (adhesive
layer) and the proper layer, are summarized in Table 1.

In the case of CrON coatings, a gas mixture (N2 +O2) with different relative oxygen concentrations,
O2(x) = O2/(N2 + O2)%, was used; see Table 1. Taking this into account, deposited coatings were
labeled as follows: CrO(x)N. This means that, for example, CrO(20)N coating was obtained at a relative
concentration of oxygen of 20%. In addition, the notation CrO(0)N coating has been simplified to CrN.
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Table 1. The parameters of the multistep coating preparation.

Parameter\Coating AlCrN CrON

Deposition system
TINA 900M [10] (Vakuumtechnik

Dresden GmbH, Dresden,
Germany)

BULAT 3T [30] (Kharkov Institute
of Physics and Technology,

Kharkiv, Ukraine)

Cathode Cr, AlCr (50:50), (70:30) and (80:20) Cr

Cathode diameter [mm] 100 60

Base pressure [Pa] 1 × 10−3 2 × 10−3

Cathode-substrate distance [mm] 180 300

Rotation [rev/min] 2 30

Ion etching

Bias [V] −600 −1300

Argon pressure [Pa] 0.5 0.5

Cr arc current [A] 80 90

Etching time [min] 10 3

Adhesion layer

Type of the layer Cr Cr

Cathode current [A] 80 90

Argon pressure [Pa] 0.5 0.5

Deposition temperature [◦C] 350 400

Bias [V] −100 −100

Thickness [μm] 0.1 0.1

Proper layer

Cathode current [A] 80 90

Total pressure [Pa] 3 1.8

Nitrogen pressure [Pa] 3 -

Relative oxygen concentration
O2(x) = O2/(N2 + O2) - 0, 5, 20, 50%

Deposition temperature [◦C] 350 400

Bias [V] −100 −150

Thickness [μm] 3 3

Investigated coatings

Amount 4 4

Composition CrN, Al50Cr50N, Al70Cr30N,
Al80Cr20N,

CrN, CrO(5)N, CrO(20)N,
CrO(50)N

2.2. Coating Characterization

The structure of AlCrN and CrON coatings was analyzed by means of X-ray diffraction (XRD) in
a conventional symmetrical Bragg–Brentano configuration (θ/2θ) with Co-Kα radiation and a DRON4
device (Burevestnik, Saint Petersburg, Russia).

The surface morphology and microstructure were evaluated by electron microscopy (JEOL
JSM-5500LV, JEOL Ltd., Tokyo, Japan). The chemical composition of the microparticles in the coatings
was analyzed by energy dispersive X-ray spectroscope (EDX) Link ISIS 300 (Link Analytical/Oxford
Instruments, High Wycombe, UK). Detection accuracy of analyzed elements was within 3.0–5.0%.
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The surface investigations of the coatings were carried out using Dimension FastScan atomic-force
microscope (Bruker, Santa Barbara, CA, USA) in the PeakForce Tapping QNM (Quantitative Nanoscale
Mechanical Mapping) mode. The standard silicon cantilevers of MPP-12120-10 (Bruker, Karlsruhe,
Germany), NSC11 and CSG10 (Micromasch, Tallinn, Estonia) types and standard diamond probes
of DRS_10 (TipsNano, Moscow, Russia) type were used. Particle Analysis was used to determine
diameter, d, area, S, and height, h, of the microparticles and Bearing Analysis was used to determine the
volume, V, of the microparticles in NanoScope Analysis software of Dimension FastScan AFM (Bruker,
Santa Barbara, CA, USA). The Particle Analysis command defines some features of interest based on
the height of pixel data. Particles may be analyzed alone or in quantities. Particles in this context are
considered as conjoined pixels above or below a given threshold height. Bearing Analysis provides a
method of plotting and analyzing the distribution of the surface height over a sample. The volume is
defined above the bearing depth plane. To determine the particle content (%), the ratio of the total area
of the particles in the field to the area of the field is calculated. AFM was used to analyze the surface
topography with the determination of the roughness (Ra = arithmetic average of the absolute values of
the surface height deviations measured from the mean plane; Rq = the standard deviation of the Z
values within the investigated area). The forces between the AFM tip and the sample can be precisely
controlled to prevent the movement of even loosely fixed microparticles [63,64]. The images of three
areas were taken and analyzed on each sample. Every area contained fields of 60 × 60, 30 × 30 and
10 × 10 μm2. In the fields of 60 × 60 and 30 × 30 μm2, the influence of the microparticles on roughness
was significant, and in the fields of 10 × 10 μm2, the roughness increased. Here, under the terms
“height” and “diameter”, we refer to “the height or diameter of the particles above the surface of the
coating”. The values S and V calculated in this work denote “the part of S and V of the microparticles
above the coating surface”. Sometimes, the microparticles can be dispersed in the coatings but their
presence on the surface significantly affects the friction properties and can be easily measured by AFM.

Microhardness (H) and elastic modulus (E) were measured using Hysitron 750 Ubi nanoindentation
device (Bruker, Minneapolis, MN, USA) equipped with the Berkovich indenter with a curvature radius
of 200 nm. The tip radius was calibrated by indentation into a fused quartz calibration sample.
The values of H and E were calculated by the Oliver–Pharr formula from the experimental curves
of continuous recording of the applied load–indentation depth. Two modes of nanoindentation (NI)
curves were used. The first one involved load/unload curves; the second one involved progressive
partial load/unload curves with partial unloading [65]. Entire load/unload curves were used for the
calculation of the E and H mean values according to 9 curves at the load of 5 mN on a nominally flat
surface. The indentation depth in this case did not exceed 110 nm, with a coating thickness of around
3 μm. Progressive partial load/unload curves with partial unloading were used to investigate the
dependences of E and H on the penetration depth into coatings at the load of 0.1–10 mN. The maps of E
and H for the upper coating layer with an average depth of indentation of around 20 nm were obtained
by using the load/unload curves. The E and H maps with the size of 20 × 20 μm2 were obtained from
400 indentations at a load of 1 mN on the surface with the microparticles.

The content of elements Al and O, peak intensity of c-CrN and h-AlN phases in the coatings,
was a criterion for correlation analysis. The relationship between two parameters (geometrical
characteristics of the microparticles or mechanical properties and the friction coefficient) with respect to
the third constant feature—an increase in the content of non-metallic (oxygen) and metallic (aluminum)
additives or a decrease in the content (peak intensity) of c-CrN and h-AlN phases—was determined.
The correlation coefficient of the parameters x and y was determined by the following formula:

rxy =

∑
(xi − x)·(yi − y)√∑

(xi − x)2·∑ (yi − y)2
(1)

where y corresponded to Cfr at a certain element content, and x alternately took the values of E, H, d, h,
S, V, Ra and Rq.
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3. Results and Discussion

Structural properties of the deposited CrN, AlCrN and CrON coatings measured by XRD are
shown in Figure 1. The main phase in the CrN coatings obtained by two instruments is the CrN phase
with a cubic crystal lattice (c-CrN). The main peaks in the CrN coating obtained by TINA are (200),
(111), (220), (311). In the CrN coating obtained using the BULAT system, only one high-intensity
diffraction line (111) is presented. It is more intense compared to line (222). It indicates a strong (111)
texture (crystallography orientation) in this CrN coating. The main phase in the Al50Cr50N coating is
c-CrN with (200) diffraction line. In the Al50Cr50N coating, the diffraction lines of the hexagonal AlN
phase (h-AlN) appear from planes (101) and (103). In the Al70Cr30N coating, the intensity of the h-AlN
phase lines increases. In the Al80Cr20N coating, the peak in the h-AlN phase becomes a preferred line.
The intensity of the (111) c- CrN line in the coating CrO(5)N is the highest one but its intensity is lower
than in the CrN coating obtained using the BULAT system. The diffraction line originating from planes
(311) became the preferred line in the CrO(20)N coating. Only the Cr2O5 phase line is established in
the CrO(50)N coating (Figure 1). The diffraction peaks from the Cr sublayer are absent.

Figure 1. X-ray diffraction (XRD) diffraction patterns of AlCrN and CrON coatings.

The EDX analysis of the microparticles of coatings showed differences in the distribution of Al and
Cr in AlCrN coatings and oxygen in CrON (Figure S1). This analysis is rather qualitative, aiming to
show the differences in the element content between the microparticles and the surface. This difference
in Al, Cr and oxygen content caused differences in the local distribution of the mechanical properties.

General assessment of the number of particles and their sizes on the CrN, AlCrN and CrON
coating surfaces reveals the highest content and height for AlCrN, followed by CrN obtained at the
TINA hardware, then CrON, and the smallest amount of microparticles with the lowest height for
CrN was obtained using the BULAT unit (Figure 2). A significant difference was found in the amount
(8.3% and 1.4%) and size (1.9 and 1.3 μm) of the microparticles in the CrN coatings deposited by
either hardware. The XRD analysis demonstrated that the preferred orientation of the cubic CrN
phase (c-CrN) in the coating obtained by TINA is (200). There are more other peaks of (111), (311),
(220), whose intensities are significant in comparison with (200). The main peak of the c-CrN phase in
the CrN coating obtained using BULAT is (111) and there is only one other peak of (222), which is
insignificant in comparison with (111). In addition, the width of the peaks in the former coating relative
to their width is significantly higher than in the latter. This qualitatively indicates a higher crystallinity
degree in the second coating. The difference in the textures of the c-CrN phase can be explained by
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the different rates of atom and ion flow to the surfaces of the CrN coatings. For TINA, this flow was
significantly higher due to the higher nitrogen pressure (more than two times) and shorter distance
between the surface and the cathode. Etching was carried out in hardware in order to clean it. The time
of cleaning for the first coating was almost three times longer, which could prepare a larger number of
crystallization centers on the surface. Together, this resulted in more microparticles in the CrN coating
produced by TINA. Based on the common statement about the effect of roughness on the friction
coefficient (Cfr) and on the basis of this preliminary estimate, one could assume that the lowest values
of Cfr should be on CrN obtained using the BULAT device, then slightly higher for CrON, succeeded
by CrN obtained using the TINA unit, and finally, one should expect the highest Cfr on AlCrN.

Figure 2. Three-dimensional atomic force microscopy (AFM) images and surface profiles of CrN,
Al50Cr50N and CrO(50)N coatings with microparticles.

The experimental results disagree with this assumption, since the phase composition, mechanical
properties and surface microgeometry have to be taken into account simultaneously. Figure 3 shows
the dependences of Cfr from the Al content in AlCrN and from the oxygen content in CrON coatings,
constructed on the basis of data obtained in [28,51] under the same conditions of sliding friction
without lubrication.

The AFM capabilities make it possible to reveal the details of a significant difference in the
morphology of the coating surfaces (Figures 4 and 5). Cathodic arc evaporation forms a “smooth”
coating surface consisting of connected cells (Figure 4a, blue arrows). The “ribs” of the cells are the
protruding edges of the crystallites. The CrN coating obtained by the TINA unit demonstrates cell
diameters of 0.5–2 μm. For the CrN coating obtained by the BULAT system, the cell diameter is
approximately two times lower and is in the range of 0.2–1 μm (Figure 4a).
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Figure 3. The dependences of the friction coefficient from the addition content in the CrN coatings.

  
(a) (b) 

  

(c) (d) 

Figure 4. Two-dimensional AFM images of the AlCrN coatings, area 20× 20μm2: (a) CrN; (b) Al50Cr50N;
(c) Al70Cr30N; (d) Al80Cr20N.
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(a) (b) 

  
(c) (d) 

Figure 5. Two-dimensional AFM images of the CrON coatings, area 20 × 20 μm2: (a) CrN; (b) CrO(5)N;
(c) CrO(20)N; (d) CrO(50)N.

The surface images shown in Figure 4 are presented in the Error mode. This channel produces a
map of the peak force measured during the scanning process. Because the PeakForce QNM mode uses
the peak force as the feedback signal, this channel is essentially the Peak Force Setpoint with the error.
It is recorded simultaneously with the topography. In this mode, one can better observe the boundaries
between the layers in the microparticle images. The height scale corresponds to the real topography of
the microparticles. The use of the Topography mode in the illustration of AlCrN microparticles, due to
their height, gives the image “flare”, i.e., very tall particles look white and uniform and there is no way
to show their internal microstructure.

The microparticle shapes in AlCrN and CrON coatings are different. In the AlCrN coatings, there
are layered particles of irregular shape. The layers in the microparticles are marked in Figure 4 by
yellow arrows and in Figure S2 by violet and yellow arrows. Their morphology shows that they were
formed by the merging of gradually layering flat islets. The long axes of these flat islets are oriented
differently with respect to the coating surface plane (Figure 4). With an increase in the Al content,
the amount of microparticles increases. In CrON, both irregular, differently oriented and layered
particles and regular spherical particles are observed. The correct spherical shape of such particles
indicates that it is unlikely that they were formed by multiple hits of clusters of already grouped atoms
outside the coating. It is possible that the regular spherical particles were formed as a result of the
crystallization of single microdroplets in the working gas environment (Figure 5).

The percentage of particles in the AlCrN coating is ten times higher than that in the CrON coating
(Figure 6). Assessing the geometric parameters of the microparticles, we used two sizes of AFM images,
namely 40 × 40 μm2 and 20 × 20 μm2. The 40 × 40 μm2 field allows for a better assessment of the

125



Nanomaterials 2021, 11, 274

total amount of the microparticles, and better accuracy in determining the diameter and height of the
microparticles is achieved using 20 × 20 μm2 fields. The dependences of the microparticle content
on the oxygen amount in the CrON coating in the fields of 40 × 40 μm2 and 20 × 20 μm2 are almost
linear (Figure 6). For the AlCrN coatings, the dependence of the content of the microparticles from the
content of aluminum in the fields of 20 × 20 μm2 is close to linear, and in the fields of 40 × 40 μm2,
it is non-monotonic, with a maximum at 70% Al. Such a difference in the form of the dependences of
the particle content from the amount of Al in the AlCrN coating at different scales of fields shows the
heterogeneity of the distribution of the microparticles and the importance of using two sizes of fields
in their study.

 

Figure 6. The dependences of the particle content from the addition content in the CrN coatings.

It is difficult to perceive any difference for the CrO20N and CrO50N coatings by their distribution
by diameter (Figure 7), but this can be identified by the average values. The microparticle distribution
by height in the AlCrN and CrON coatings is shown in Figure 8. The higher sensitivity of the
microparticle height to both the content of additives and the scale of the investigated microstructure is
clearly manifested. The differences in the most frequently encountered intervals of the microparticle
heights are much more significant than those in the diameters of microparticles (Figure 8). A difference
in the particle heights in different fields of 40 × 40 μm2 and 20 × 20 μm2 in the distribution of heights is
not detected for Al70Cr30N but is clearly seen from the average values.

Roughness quite accurately reflects the different tendency in the microparticle height change of
the AlCrN and CrON coatings (Figure 9), which is in good agreement with previous work [35]. For the
AlCrN coatings, Ra decreases from 263 nm for Al50Cr50N to 183 nm for Al80Cr20N in the field of
40 × 40 μm2. In the field of 20 × 20 μm2, the height difference is smoother, from 272 nm for Al50Cr50N
to 241 nm for Al80Cr20N. For the CrON coatings, the reverse process occurs: Ra increases when the
oxygen content increases from 10 nm for CrO(5)N to 28 nm for CrO(50)N in the field of 40 × 40 μm2,
and from 4 nm for CrO(5)N to 48 nm for CrO(50)N in the field of 20 × 20 μm2.
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Figure 7. Histograms of the microparticle diameters of the AlCrN and CrON coatings in the fields of
40 × 40 μm2 and 20 × 20 μm2.

Figure 8. Histograms of the microparticle heights of the AlCrN and CrON coatings in the fields of
40 × 40 μm2 and 20 × 20 μm2.
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(a) 

 
(b) 

Figure 9. The dependences of Ra and Rq from the element concentration: (a) aluminum in the AlCrN
coatings; (b) oxygen in the CrON coatings.

Comparison of the height and diameter dependences from the Al amount in the AlCrN coatings
clearly shows high sensitivity of the particle height to the Al content in contrast to the particle diameter.
The particle diameter remains almost unchanged in the fields of 40 × 40 μm2 and does not change at
all in the fields of 20 × 20 μm2 (Figure 10). In the AlCrN coatings, with an increase in the Al amount,
the particle heights decrease from 845 nm for Al50Cr50N to 547 nm for Al80Cr20N in the fields of
40 × 40 μm2 and from 571 nm for Al50Cr50N to 333 nm for Al80Cr20N in the fields of 20 × 20 μm2

(Figure 10). Since the diameter of particles in the AlCrN coatings practically does not change with the
increase in the Al amount, a decrease in the volume of the microparticles in the field of 20 × 20 μm2
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from 17.7 μm3 for Al50Cr50N to 10.0 μm3 for Al80Cr20N is associated with a decrease in their heights
(Figure 11).

 

Figure 10. The dependences of the particle diameter and height from the aluminum content in the
AlCrN coatings.

 

Figure 11. The dependences of the particle area and volume from the aluminum content in the
AlCrN coatings.

However, the decrease in their total volume is possible not only with a constant diameter and
decrease in the height of the particles. Even in the case when the particle diameter increases from
1.9 for Al70Cr30N to 2.3 μm for Al80Cr20N, the decrease in the particle height from 690 to 547 nm
leads to the decrease in the particle volume in the field of 40 × 40 μm2 and the volume decreases from
98.2 μm3 for Al70Cr30N up to 74.7 μm3 for Al80Cr20N (Figure 11). In the CrON coatings, the particle
diameter increases roughly twice (in CrO(20)N and CrO(50)N) with an increase in the oxygen amount
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but the particle height increases much more, around 2.5 times with respect to CrO(5)N (Figure 12).
This leads to the growth of S and V of the microparticles (Figure 13). The largest increase in the volume
of particles for the CrO(50)N coating was 0.75 μm3.

 
Figure 12. The dependences of the particle height and diameter from the oxygen content in the
CrON coatings.

Figure 13. The dependences of the particle area and volume from the oxygen content in the
CrON coatings.

When estimating the effect of additives on the amount of microparticles and the microparticle
geometry, the AlCrN and CrON coatings should be compared within the groups, given that, due to
the different deposition parameters (bias voltage, arc current, distance to the sample, pressure in the
chamber) in the TINA and BULAT equipment, even the CrN coatings have significantly different
amounts of microparticles.

Thus, the CrN coating obtained via TINA contains 9.3% of particles, Ra of 77 nm, Rq of 144 nm,
average diameter of 1.9 μm, average height of 409 nm, average area of 3.39 μm2 and average volume
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of 1.49 μm3. The CrN coating obtained via BULAT contains 5.9% of particles, Ra of 18 nm, Rq of 18 nm,
average diameter of 1.3 μm, average height of 184 nm, average area of 1.2 μm2 and volume of 0.1 μm3.

The microparticles on the surfaces of the cathodic arc deposited coatings significantly depend on
the modes of the technological process [66]. Collisions between atoms or ions become more frequent
under the influence of high pressure, and during the formation of the AlCrN coatings, it is almost
twice as high as compared to CrN, which leads to the formation of agglomerates of a larger number of
atoms before deposition on the substrate [28].

In addition to roughness and microparticle amount (subsequently transforming into a modified
material), one should take into account the mechanical properties of the “smooth” surface of the
coatings when evaluating the tribological properties of coatings. The elastic modulus E at the depth of
up to 100 nm for the CrON coatings is 292–335 GPa, which is higher compared to 157–204 GPa for
AlCrN (Figure 14). For the AlCrN coatings, with the increase in the Al content till 80%, E decreases,
which is well traced on the “load–depth” curves, which, with the Al content increase, gradually shifts
to the right (Figure S3a). According to the curves, the CrON coatings are divided into two groups,
CrN and CrO(50)N are referred to as coatings with “low E” and CrO(5)N and CrO(20)N as coatings
with “high E”. According to the shape of the “load–depth” curves (the part of plastic deformation), we
can conclude that the CrON coatings are more plastic than AlCrN (Figure S3b). These curves were
obtained on a “smooth” surface at a penetration depth of up to 110 nm.

 
Figure 14. The dependences of E and H from the aluminum content in the AlCrN coatings and on the
oxygen content in the CrON coatings.

The dependences of E and H on the indentation depth in the CrN and Al50Cr50N coatings are
shown in Figure 15. For the NI progressive partial load/unload curves with partial unloading of the
CrN and Al50Cr50N coatings used for the calculation of E and H, these dependences are shown in
Figure S4. The value of H in the upper layer of the coatings is significantly lower than at the depth of
50–100 nm, where the values are stable. For the Al50Cr50N coating, this difference is more than four
times (Figure 15).

To assess the distribution of mechanical properties over the surfaces of the coatings, maps of E
and H were constructed, with an average indentation depth of around 20 nm (Figure 16). The maps fit
well the morphology of the coatings (Figure 4a,b). The softer areas on the maps, marked in brown,
refer to the microparticles. They clearly demonstrate an increase in the number of softer particles in the
AlCrN coatings and their distribution over the surface (Figure 16). The average E values of the CrN
coating obtained with TINA system were 180 ± 69 GPa and for H were 14.4 ± 6.6 GPa. The average
values of E for the Al50Cr50N coating were 142 ± 109 GPa and for H were 8.2 ± 8.0 GPa.
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(a) (b) 

Figure 15. The dependences of E and H from the indentation depth in CrN (a) and Al50Cr50N
coatings (b).

  
(a) (b) 

 
(c) (d) 

Figure 16. Elastic modulus (a,c) and microhardness (b,d) maps of CrN (a,b) and Al50Cr50N (c,d)
coatings, area of 20 × 20 μm2.

The larger microparticle volumes on the AlCrN coating surface lead to the formation of a modified
soft layer thicker which was than that of the CrON coatings [33] (Figure S3). The presence of such
a layer can reduce friction [33]. However, it is impossible to draw a full analogy with lubrication
without taking into account the properties of the hard underlying layers of the wear-resistant coating.
For example, in the case of the elastohydrodynamic lubricant, a reduction in the friction coefficient
with the increasing coating thickness was mentioned in some theoretical studies. Thus, according
to [67], in the case of sliding contact, the increasing soft coating thickness leads to a reduction in both
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normal and tangential stresses; correspondingly, the friction force will decrease. In this case, a thinner
modified layer of microparticles with a harder CrON coating showed lower values of the friction
coefficient and the forces than in the case of a thicker layer of the AlCrN coating. The microstructure of
the “smooth” coating surface with smaller cells in CrON than in AlCrN coatings also played a role,
which helped to distribute evenly and retain the modified layer.

The influence degree of the microparticle geometry and h-AlN, c-CrN phase intensity on the
friction coefficient was shown by the correlation coefficients (Figures S4 and S5, Tables S1–S4).

For all geometrical characteristics of particles (d, h, S, V, Ra), high correlations (r > 0.7) with Cfr
were found. For h and V, the correlation coefficient of the CrON coatings was especially high—0.84
and −0.90. This result indicates a significant effect of h and V of the microparticles on Cfr and that,
along with E, the geometric characteristics of the coating microparticles are significant features of
the friction process and can be used in analytical models to solve the problem of Cfr determination.
Most of the correlations for the AlCrN coatings are positive, while for the CrON coatings, they are
negative. This means that in order to reduce Cfr for coatings in the AlCrN group, h, S, V, Ra and E
should be reduced, while for coatings in the CrON group, E should be reduced but d, h, S, V, Ra should
be increased (Figures S6 and S7).

The use of the peak intensity of c-CrN and h-AlN phases in the coatings as a criterion for
the correlation analysis gave stronger correlations between the geometrical characteristics of the
microparticles and the friction coefficient (r > 0.9). The highest is obtained for h (−1.0) and V (−0.99)
(Tables S1–S4).

4. Conclusions

Two sets of CrN-based coatings, one with the addition of aluminum and the other with the
addition of oxygen, were deposited by cathodic arc evaporation. The effect of metal and non-metal
addition on the geometry of surface defects, i.e., diameter, height and volume of the microparticles, all
above the coating surface, was assessed. The main findings are as follows:

(1) Strong correlations with a correlation coefficient of 0.82–1.00 between the friction coefficient
obtained under conditions of sliding friction without a lubricant and the geometric characteristics
of the microparticles on the coating surface (content, roughness, diameter, height, area and
volume) for AlCrN coatings with 50%, 70%, and 80% aluminum and CrON coatings containing
5%, 20% and 50% oxygen have been established.

(2) It was found that the friction coefficient does not change significantly with the increase in
aluminum content but significantly decreases with the increase in the oxygen content.

(3) The roughness parameters decrease with the increase of the Al concentration in AlCrN. For the
CrON coatings, the opposite effect is observed. Similar relationships are observed for the size of
the microparticles and their height for both types of coating.

This allows us to consider the geometric characteristics of the microparticles as significant features
in the problem of friction coefficient determination.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/11/3/274/s1,
Figure S1: SEM images and spectra of microparticles and surface in Al70Cr30N and CrO(5)N coatings, Figure S2:
AFM image with the “layered” microstructure of microparticle from Figure 4a, Figure S3: NI complete load/unload
curves in AlCrN coatings (a) and in CrON coatings (b), Figure S4: NI progressive partial load/unload curves
with partial unloading of CrN (a) and Al50Cr50N (b) coatings, Figure S5: Upper modified layer formed under
tribological load on the CrN (a) and CrO(50)N (b) coatings surface, area of 20 × 20 μm2, Figure S6: Correlation
coefficients between Cfr and E and particles characteristics for AlCrN coatings, Figure S7: Correlation coefficients
between Cfr and E and particles characteristics for CrON coatings, Table S1: Correlation between intensity of
h-AlN (100) (101), c-CrN (200) and particles characteristics (areas 40 × 40 μm2 and 20 × 20 μm2), E, H, Cfr for
AlCrN coatings, Table S2: Correlation between intensity of h-AlN (100) (101), c-CrN (200) and particle content,
E, H, Cfr for AlCrN coatings, Table S3: Correlation between intensity of c-CrN (111), Cr2O3 (104) and particles
characteristics (areas 40 × 40 μm2 and 20 × 20 μm2), E, H, Cfr for CrON coatings, Table S4: Correlation between
intensity of c- CrN (111), Cr2O3 (104) and particle content, E, H, Cfr for CrON coatings.
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Abstract: Experiments were conducted for the study of the effect of cysteine addition on
the microstructure of nanocrystalline Ni films electrodeposited from a nickel sulfate-based bath.
Furthermore, the thermal stability of the nanostructure of Ni layers processed with cysteine
addition was also investigated. It was found that with increasing cysteine content in the bath,
the grain size decreased, while the dislocation density and the twin fault probability increased.
Simultaneously, the hardness increased due to cysteine addition through various effects. Saturation
in the microstructure and hardness was achieved at cysteine contents of 0.3–0.4 g/L. Moreover,
the texture changed from (220) to (200) with increasing the concentration of cysteine. The hardness of
the Ni films processed with the addition of 0.4 g/L cysteine (∼6800 MPa) was higher than the values
obtained for other additives in the literature (<6000 MPa). This hardness was further enhanced to
∼8400 MPa when the Ni film was heated up to 500 K. It was revealed that the hardness remained as
high as 6000 MPa even after heating up to 750 K, while for other additives, the hardness decreased
below 3000 MPa at the same temperature.

Keywords: electrodeposition; nickel; cysteine; microstructure; hardness; thermal stability

1. Introduction

Nanocrystalline materials such as electrodeposited nickel [1–4] are frequently investigated due to
their unique properties as compared to their coarse-grained counterparts [5,6]. Both the correlation
between the physical properties and the microstructure of electrodeposited nickel and the effect of
deposition parameters (such as pH and temperature of the bath, applied current density, stirring rate,
and composition of the bath) were intensively studied during the past decades. A short summary of
these studies can be found in our previous article. [7].

Reduction of the grain size and increase of the defect density in nanocrystalline materials usually
improve the hardness [8], but decrease the thermal stability [9], especially in the case of pure metals [9–13].
If alloying with other elements [14–19] or codeposition of secondary-phase particles (e.g., SiC) [20–23] are
not applicable; the only way to hinder the grain growth during annealing is the application of additives
during electrodeposition, which causes the inclusion of a small amount of impurities in the deposited
layer. Even a small impurity content can improve the thermal stability [9,24–27], due to the segregation of
impurity atoms to the grain boundaries and decreasing both the boundary mobility [28–31] and the extra
enthalpy of the material caused by the presence of grain boundaries [12,32].
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Cysteine is considered to be a promising additive to create nanocrystalline nickel with a very
small grain size and with an improved thermal stability, due to the following reasons:

• As demonstrated earlier, incorporating sulfur can reduce the grain size, and increase
the hardness [7,8,33]. Sulfur may also yield a moderate strengthening during annealing at
low temperatures (between 400 K and 600 K) [9,24]. Cysteine contains sulfur and can easily
decompose into sulfur-containing components [34]. Since the sulfur atom in the cysteine molecule
is relatively weakly bound as compared to the most common additive saccharin, cysteine can be
a good candidate as sulfur-donor bath additive.

• Additives with –SH functional groups (i.e., thiols) tend to adsorb on metal surfaces with the sulfur
atom as the anchoring entity of the adsorbed molecule. Thiols can even form monolayers that
block the direct interaction between the metal and the solution. This phenomenon has a rich
literature [35–39], especially for noble metals like Au and Ag. Although this “organic shield”
does not completely block the electron transfer between the metal and the reactive solute species,
the adsorbed layer inhibits the growth of the already existing grains of the deposit and promotes
the formation of new nucleation sites [7]. It has been well evidenced that the metal deposition can
take place through the defect sites of adsorbed thiol layers [35–39]. Additionally, the interaction
of the polar/ionic groups of the cysteine molecule (i.e., the amino and the carboxylate groups)
can stabilize the solution side of the adsorbed layer by pinning the adsorbed molecules with
zwitterion formation.

• Cysteine can easily form complexes with Ni [40–42].

The electrodeposition of different metals, such as Cu [43], CuZn [44] or As [41], in the presence of
cysteine has already been studied. Investigations were conducted on the electrodeposition of gold with
cysteine addition. Different morphologies like monocrystaline surfaces [45], nanoparticles [46,47]
and dendrites [48] were observed. In the case of Ni deposited from cysteine containing baths,
mainly the electrokinetic behaviour was investigated [42,49]. Although, Ebadi et al. concluded
that cysteine could reduce the grain size and the surface roughness of Ni [49], a detailed analysis of
the microstructure and its thermal stability is missing from the literature.

The aim of the present study was to investigate the effect of various cysteine concentrations in
a nickel-sulfate based bath on the microstructure and hardness of Ni electrodeposits. At one selected
cysteine concentration (0.4 g/L), the evolution of the defect structure (dislocation density and twin fault
probability), grain size and hardness of Ni films were investigated at different annealing temperatures
up to 1000 K. The microstructure was studied by the complementary usage of transmission electron
microscopy (TEM), electron backscatter diffraction (EBSD) and X-ray line profile analysis (XLPA).

2. Materials and Methods

2.1. Electrodeposition of Nickel Samples

In order to investigate the effect of cysteine on the microstructure of Ni electrodeposit, first
cysteine was added to an organic additive-free nickel electrolyte denoted as “NOA” and described
in our former paper Ref. [8]. Then, it turned out that the original pH and current density conditions
were unfavourable when cysteine was added to bath “NOA”, since the as-deposited samples were
fragmented and had a poor adhesion to the substrate. Therefore, several preliminary trials were
performed to find more appropriate electrodeposition conditions. On the basis of these experiments,
a direct current density of j = −25 mA/cm2 and an increased concentration of boric acid were selected
and the pH was adjusted to 6.1 using NaOH. Crack-free Ni films with a thickness as large as ∼30 μm
could be successfully deposited by adjusting the deposition time, assuming 96% current efficiency [50].
The composition of the new bath is given in Table 1.
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Table 1. Composition of the electrolyte bath containing cysteine.

Component Concentration (g/L) Role

NiSO4·6H2O 155 Ni source

H3BO3 30 pH-buffer
NaSO4·10H2O 96 Supporting electrolyte
H2NSO3H 10 wetting agent

Cysteine 0; 0.1; 0.2; 0.3; 0.4 additiveHSCH2CH(NH2)COOHS

pH 6.1
Current density −25 mA/cm2

Samples were deposited at room temperature onto an 8 μm thick rolled Cu sheet acting as
the cathode at the bottom of a 8 × 20 mm2 tubular cell [51]. Nickel resupply was provided by a soluble
Ni anode. After deposition, the substrate was removed with electrochemical dissolution in the same
way as described in Ref. [9]. The samples were denoted as CYS00, CYS01, CYS02, CYS03 and CYS04,
corresponding to the cysteine contents of 0.0, 0.1, 0.2, 0.3 and 0.4 g/L, respectively. In this study,
the notations “es” and “ss” were used to distinguish between the electrolyte and substrate sides of
the as-deposited films.

2.2. Heat Treatment

As sample CYS04 (produced with a cysteine content of 0.4 g/L) exhibited the highest hardness
(see section “Results” below), this material was used for the study of the effect of cysteine on
the thermal stability of the as-deposited Ni nanostructure. Therefore, CYS04 samples were heated
up to the temperatures of 400, 500, 600, 750 and 1000 K in an Ar gas atmosphere using a Perkin-Elmer 2
type differential scanning calorimeter (DSC) (Waltham, MA, USA). These temperatures were the same
as the values used for the investigation of the thermal stability of Ni films processed with other bath
additives in our former study [9], since we wanted to compare the influence of cysteine on the stability
with the effects of other additives. The samples were heated up to the selected temperatures at a rate of
40 K/min, and then were cooled down to room temperature at a rate of 300 K/min (this is the highest
applicable rate in the calorimeter used). Since there was no significant difference between the two sides
“es” and “ss” of sample CYS04, after the heat treatment, only the electrolyte side (“es”) was studied. It
should be noted that, in the heat treatment experiments, the parts of the same film were used for annealing.

2.3. X-ray Diffraction

X-ray diffraction (XRD) characterization of the microstructure consisted of three kinds of
measurements: (i) phase analysis, (ii) X-ray diffraction line profile analysis (XLPA) of the lattice
defect structure and (iii) study of the crystallographic texture by pole figures.

The phase analysis was performed on the XRD patterns taken by a Smartlab X-ray diffractometer
(Rigaku, Tokyo, Japan), using CuKα radiation (wavelength λ = 0.15418 nm). These measurements
were taken in Bragg–Brentano geometry. The texture of the samples was characterized by the same
Smartlab diffractometer, applying parallel-beam optics and in-plane geometry (referred to as pole
figure measurements). The XLPA measurements for the characterization of the defect structure were
performed by a RA-MultiMax9 rotating anode diffractometer (Rigaku, Tokyo, Japan) (with CuKα1

radiation, wavelength λ = 0.15406 nm). The diffraction patterns were evaluated by the extended
convolutional multiple whole profile (eCMWP) fitting method [52,53]. A brief description of this
method is given below. During this evaluation, the whole experimental diffraction pattern was fitted
by the sum of a background and theoretical peak profile functions. The latter profiles were obtained
as the convolution of the measured instrumental peak and the calculated XRD profiles caused by
the finite crystallite size, dislocations and twin faults. The instrumental profiles were measured on
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a LaB6 standard material. The peak profile function related to the crystallite size effect was calculated
assuming a log-normal distribution of spherical-shaped crystallites [7], which was characterized by
the median (m) and the log-normal variance (σ2). The peak profile related to the strain effect depended
on the density of dislocations (ρ) and their arrangement, while the function related to twin faults
was influenced by the twin fault probability. The latter quantity is defined as the fraction of twin
boundaries among the (111) lattice planes, denoted as β. From the fitting of the XRD patterns, the mean
crystallite size, the dislocation density and the twin fault probability were determined. Details of
the eCMWP procedure can be found in Refs. [52,53].

It is important to note that the size of the coherently scattering domains provided by the XLPA
evaluation (consequently called “crystallite size” in this paper) is often smaller than the size of
the regions bounded by high-angle grain boundaries (HAGBs) determined by transmission electron
microscopy (TEM). The latter quantity is consequently called “grain size” in this paper. The difference
between the grain and crystallite sizes is pronounced for Ni films with larger grain sizes and is
manifested in an increasing d/<x> ratio with grain size, as depicted in Figure 10 of [8].

2.4. Transmission Electron Microscopy

TEM samples were prepared with mechanical polishing and Ar+ ion-beam milling with the use
of a Technoorg Linda ionmill (Technoorg Linda, Budapest, Hungary). Thinning was started at high
energy (10 keV) and was finished at an ion energy of 3 keV in order to minimize the structural changes
induced by the ion beam [54]. A detailed description of sample preparation can be found in Ref. [7].

To investigate both sides of the as-deposited samples with different cysteine contents,
cross-sectional (cv) samples were prepared. Since there was no difference between the two sides
of the annealed samples, for this films, only the electrolyte side was investigated by plane view
(pv) samples. The TEM measurements were performed by a Philips CM20 transmission electron
microscope (Thermo Fisher, Waltham, MA, USA) operated at an acceleration voltage of 200 kV.
Selected area electron diffraction (SAED) patterns were taken at a camera length of 1 m on areas with
linear dimensions between 1 and 5 μm.

2.5. Scanning Electron Microscopy and Energy-Dispersive X-ray Spectroscopy

The chemical composition of the samples was investigated by energy-dispersive X-ray
spectroscopy (EDS) using a Hitachi TM4000Plus scanning electron microscope (SEM) (Tokyo, Japan)
equipped with an AztecOne EDS system (made by the Oxford Instruments – Bognor Regis, UK).
The grain size for the sample heated up to 1000 K was studied by electron-backscatter diffraction
(EBSD) using a FEI Quanta 3D SEM (Hillsboro, OR, USA). The size of the grains was determined from
the grain maps obtained by EBSD using the linear intercept method.

2.6. Hardness Tests

Vickers hardness tests were performed by a Zwick/Roell ZHμ indenter (Ulm, Germany), using
a load of 10 g. The investigated samples were not polished since this surface treatment could modify
the as-deposited and the annealed microstructures. In order to avoid the influence of the substrate on
the hardness values, the load was selected to a sufficiently small value so that it yielded indentation
diagonal not higher than 66% of the thickness of the film (according to ISO 6507 standard). Thus,
the indentation diagonal for all samples was kept to be less than 15 μm, since the film thickness was
about 30 μm. Fifty indentations were made on each sample.

3. Results

3.1. The Effect of Cysteine Addition on the Chemical Composition and the Microstructure

Within the detection limit of the EDS analysis (∼0.1 at.% for both metallic impurities and sulfur),
no foreign element was found in the samples deposited in the absence of cysteine, i.e., these specimens
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were pure nickel. In contrast, all the Ni samples deposited from baths with cysteine contained about
0.6–0.7 at.% sulfur irrespectively of the cysteine concentration of the bath.

Figure 1 illustrates the effect of cysteine on the microstructure of Ni electrodeposits. These TEM
images were taken on the cross-section of the films close to the electrolyte side. Although the TEM
study was performed for all cysteine concentrations, Figure 1 shows only the cysteine-free sample
and the films processed with 0.1 and 0.4 g/L cysteine, illustrating the trend of grain refinement with
increasing additive concentration. The grain size values obtained from the TEM images (dTEM) for
both the “es” and “ss” sides are listed in Table 2 and plotted in Figure 2. For the cysteine-free sample
(CYS00), a columnar grain structure developed with increasing column diameter toward the “es” side.
The column width (called grain size hereafter) was about 67 nm at the “ss” side, which increased to
about 215 nm at the “es” side. With the addition of 0.1 g/L cysteine to the electrolyte, the grain size
decreased to about 37 nm and the difference between the electrolyte and substrate sides of the sample
disappeared. Columnar microstructure was not observed in the TEM images taken on the films
deposited from the baths containing cysteine. With an increasing amount of cysteine in the bath, only
a slight decrease in the grain size was observed and for the highest cysteine concentration applied
(0.4 g/L), the grain size decreased to 25–27 nm.

The crystallite sizes obtained by XLPA for the different cysteine contents are listed in Table 2.
For the cysteine-free case, the crystallite size values for both sides of the film are smaller than the grain
sizes determined by TEM with a factor of about three. A similar effect has been observed formerly
for materials in which the grains were divided into subgrains (see Ref. [8]). As XRD is sensitive to
small misorientations, the crystallite size characterizes rather the size of subgrains and not the grains.
For the films processed from the bath containing cysteine, the values of the crystallite size are similar
to the grain size (see Table 2), which suggests that the grains with the size of about 20–30 nm are not
divided into subgrains.

Figure 1. TEM images showing the microstructures in the cross section of the Ni films (close to
the electrolyte side) processed without cysteine (A), 0.1 g/L cysteine (B) and 0.4 g/L cysteine (C).
The white arrow in (A) indicates the growth direction of the film.
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Table 2. Microstructural parameters and Vickers hardness (HV) of samples deposited from baths
containing different amounts of cysteine. Both the electrolyte side (es) and the substrate side (ss) were
investigated. The table contains the crystallite size (<x>), the dislocation density (ρ) and the twin fault
probability (β) obtained by XLPA, as well as the mean grain size obtained from TEM (dTEM).

Concentration (g/L) Side <x> (nm) ρ (1014m−2) β (%) dTEM (nm) HV (MPa)

0 es 64 ± 6 34 ± 4 0 ± 0.1 215 ± 70 2800 ± 350
0 ss 23 ± 3 39 ± 5 0 ± 0.1 67 ± 12 3700 ± 180

0.1 es 34 ± 3 380 ± 40 1.6 ± 0.2 37 ± 3 5100 ± 270
0.1 ss 36 ± 4 360 ± 40 1.6 ± 0.2 38 ± 2 5000 ± 280

0.2 es 25 ± 3 300 ± 30 1.5 ± 0.2 19 ± 4 6700 ± 490
0.2 ss 28 ± 3 360 ± 40 1.9 ± 0.2 31 ± 3 5900 ± 340

0.3 es 28 ± 3 550 ± 60 2.5 ± 0.3 21 ± 3 5800 ± 170
0.3 ss 28 ± 3 550 ± 60 3.1 ± 0.3 20 ± 3 6100 ± 340

0.4 es 27 ± 3 620 ± 70 2.8 ± 0.3 27 ± 3 6800 ± 400
0.4 ss 28 ± 3 610 ± 60 3.3 ± 0.3 25 ± 3 6500 ± 160
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Figure 2. Grain size determined by TEM and crystallite size obtained by XLPA for the “es” and “ss”
sides of the films versus the cysteine content of the bath. Subfigure was inserted to reveal the details
of the figure without the outlier data point corresponding to the grain size of the electrolyte side of
sample CYS00.

It is noted that the TEM investigations confirmed the log-normal shape of the size distribution
function assumed in the XLPA evaluation. Namely, Pearson’s chi-square test [55] revealed that the grain
size distributions for the different samples follow log-normal distribution, with a probability higher
than 95% in most of the cases. A comparison between the directly determined median of the data
and the calculated median assuming a log-normal distribution was also made, and the difference
between them was always smaller than 5%. A detailed description of this evaluation procedure can be
found in Ref. [8].

The dislocation density and the twin fault probability determined by XLPA are summarized
in Table 2. For both sides of the cysteine-free sample, the dislocation density was about 34 − 39 ×
1014 m−2, while the twin fault probability was zero. The latter observation is not in contradiction
with the appearance of twins in the cross-sectional TEM image (see the top of Figure 1A). These twin
boundaries are commonly perpendicular to the film surface (i.e., parallel to the diffraction vector),
therefore they are practically invisible to the XLPA method. In addition, their average spacing is
higher than the detection limit of XLPA (about 200 nm). It should also be noted that the microstructure
of this cysteine-free layer differs significantly from the values obtained for the additive-free film
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used in our former studies (denoted as “NOA” in Ref. [8]). Table 3 shows the difference between
the conditions of electrodeposition and the microstructural parameters for these two additive-free
samples. The dislocation density for sample CYS00 is much higher than that for the film NOA that
might have contributed to the higher hardness of the former film.

Table 3. The difference between the conditions of electrodeposition of the additive-free sample from
Ref. [8] (denoted as “NOA”) and the additive-free sample used in this study (denoted as “CYS00”)
and a comparison between the microstructural parameters, texture and hardness.

Sample
Boric Acid

pH
Curr. Dens. <x> ρ

β (%) dTEM (nm) HV (MPa) Texture
(g/L) (mA/cm2) (nm) (1014m−2)

NOA-es 15 3.25 −6.25 42 ± 5 12 ± 1 0 ± 0.1 127 ± 45 1877 ± 211 (220)
NOA-ss 15 3.25 −6.25 27 ± 3 14 ± 2 0 ± 0.1 91 ± 14 2837 ± 344 NA

CYS00-es 30 6.1 −25 64 ± 6 34 ± 4 0 ± 0.1 215 ± 70 2800 ± 350 (220)
CYS00-ss 30 6.1 −25 23 ± 3 39 ± 5 0 ± 0.1 67 ± 12 3700 ± 180 NA

The density of lattice defects (dislocations and twin faults) was determined by XLPA using
the eCMWP fitting method. Figure 3 illustrates the eCMWP fitting for the substrate side of sample
CYS01. The evolution of the dislocation density and the twin fault probability obtained by XLPA versus
the cysteine content in the bath is plotted in Figure 4. The addition of 0.1 g/L cysteine to the bath
resulted in one order of magnitude enhancement of the dislocation density from ∼39 ×1014 m−2 to
360 − 380 × 1014 m−2. In addition, the twin fault probability increased from 0 to 1.6 ± 0.2%. Both the
dislocation density and the twin fault probability increased monotonously with the addition of
cysteine. Initially, the increase was intense and then the saturation of both parameters was observed for
the higher cysteine concentrations. The saturation value was about 620 × 1014 m−2 for the dislocation
density and about 3% for the twin fault probability.

Figure 5 shows the evolution of the crystallographic texture on the “es” side of the films with
increasing the cysteine content of the bath. Without cysteine, a (220) out-of-plane fiber texture
was formed. When 0.1–0.2 g/L cysteine was added to the bath, a (111) texture was developed.
With increasing the concentration of cysteine to 0.3–0.4 g/L, the dominating texture turned into a (200)
one with a weaker (111) component. On the “ss” side of the Ni films, a similar texture evolution was
observed with the increase of cysteine content.

Figure 3. eCMWP fitting on the pattern taken on the “ss” side of the film CYS01. The black open
circles and the red solid line represent the measured and the calculated XRD patterns, respectively.
The intensity is displayed on a logarithmic scale. The inset shows a magnified part of the pattern with
linear intensity scale. The difference between the measured and the calculated data is represented by
the blue line.
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Figure 4. Dislocation density (ρ) and twin fault probability (β) versus the cysteine content of the bath
for the “es” and “ss” sides of the films. The line serves as a guide for the eye only.

Figure 5. (111), (200) and (220) pole figures obtained by XRD for the “es” side of the Ni films deposited
with different cysteine contents.
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3.2. Hardness Evolution with Increasing Cysteine Content

The hardness values obtained on the “es” and “ss” sides of the Ni films processed from the baths
containing different amounts of cysteine are listed in Table 2. For the cysteine-free sample, the hardness
on the side “ss” was higher (∼3700 MPa) than that measured on the “es” side (∼2800 MPa), most
probably due to the smaller grain size. For the films deposited from the baths containing cysteine,
a difference between the hardness values obtained on the two sides was not observed. The change
of the hardness as a function of the cysteine content is shown in Figure 6. The hardness initially
increased monotonously with the addition of cysteine. Initially, the increase was intense. Saturation of
the hardness was observed for the higher cysteine concentrations, with a saturation value of about
6800 MPa.
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Figure 6. The Vickers hardness (HV) as a function of the cysteine content in the bath for the “es”
and “ss” sides of the Ni films. The line serves as a guide for the eye only.

3.3. Thermal Stability of the Microstructure in the Ni Film Processed with the Cysteine Content of 0.4 g/L

Figure 7 shows TEM micrographs taken on the “es” side of CYS04 sample heated up to 400, 500,
600 and 750 K. The microstructure obtained on the film heated up to 1000 K is depicted by the EBSD
image in Figure 8. The grain sizes determined from the TEM and EBSD images are listed in Table 4
and plotted as a function of temperature in Figure 9. It can be seen that the grain size remained
unchanged after heating up to 400 K. This is also true for the dislocation density and the twin fault
probability (see Figure 10). When the annealing temperature was increased to 500 K, a slight decrease
in the defect densities was observed. In addition, both the grain and crystallite sizes determined
by TEM and XLPA decreased to about half of their original values. A further increase of the heat
treatment temperature resulted in a gradual enhancement of the grain and crystallite sizes, as well as
a simultaneous reduction of the dislocation density and the twin fault probability. It is worth noting
that for 600 and 750 K, the crystallite size determined by XLPA is slightly different from the grain size
determined by TEM. This observation can be explained by the fact that in the present case, the TEM
characterized the grain size parallel to the film surface while XLPA determined the crystallite size
perpendicular to the layer due to the applied diffraction geometry. Thus, the difference between
the crystallite and grain sizes may be caused by the formation of grains elongated along the thickness
after annealing at 600 and 750 K. Between 750 and 1000 K, the sample was fully recrystallized,
which was indicated by the grain growth to 43 μm and the decrease of the defect density under
the detection limit of XLPA (1013 m−2 and 0.1% for the dislocation density and the twin fault
probability, respectively).
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Figure 7. Plane view TEM images showing the microstructures on the “es” side of the CYS04 film in
the as-deposited state (A) and after annealing at 400 (B), 500 (C), 600 (D) and 750 K (E).

Figure 8. EBSD image on the microstructure obtained on the “es” side of the CYS04 film heated up to 1000 K.
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Table 4. The microstructural parameters and the hardness of the samples deposited from the bath
containing 0.4 g/L cysteine and heat treated up to different temperatures. Only the electrolyte side
(es) of the samples was investigated. The table contains the mean crystallite size (<x>), the dislocation
density (ρ) and the twin fault probability (β) obtained XLPA, the mean grain size obtained by TEM
(dTEM) and the Vickers hardness (HV).

Temperature (K) <x> (nm) ρ (1014m−2) β (%) dTEM (nm) HV (MPa)

300 27 ± 3 620 ± 70 2.8 ± 0.3 27 ± 3 6800 ± 400
400 28 ± 3 720 ± 70 3.1 ± 0.3 26 ± 2 6600 ± 340
500 11 ± 2 570 ± 60 2.2 ± 0.2 15 ± 2 8400 ± 820
600 58 ± 6 340 ± 40 1.5 ± 0.2 24 ± 2 7100 ± 350
750 88 ± 14 91 ± 10 0 ± 0.1 76 ± 6 6000 ± 260

1000 NA NA NA 43,000 2300 ± 280±6600 1

1 Grain size for sample annealed up to 1000 K was determined by EBSD.

During the heat treatment of sample CYS04, both texture components (200) and (111) remained
strong and component (111) took the dominance (see Figure 11). It should be noted that after heating
up to 500 K, both texture components are less sharp than for either 400 or 600 K.
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Figure 11. (111), (200) and (220) pole figures obtained by XRD for the “es” side of the CYS04 film
heated up to different temperatures.

3.4. Change of the Hardness During Annealing of the Ni Deposited With Cysteine Additive

Figure 12 shows the evolution of the hardness as a function of the temperature of heat treatment.
The hardness values are also listed in Table 4. Up to 400 K, a significant change in the hardness was
not observed. At the same time, after heating up to 500 K, the hardness increased from ∼6800 MPa to
∼8400 MPa. At higher temperatures, the hardness gradually decreased, but even at 750 K, the hardness
still had a high value of about 6000 MPa. For the highest temperature of 1000 K, the hardness decreased
to ∼2300 MPa (see Table 4). The sample annealed to 500 K exhibited the most interesting behaviour,
therefore this experiment was repeated on another film. The same microstructural parameters
and hardness values were obtained in both cases.
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4. Discussion

4.1. Effect of Cysteine Addition on the Texture, Grain Size and Defect Density

The grain size of an electrodeposited metal is determined by the ratio of the rates of new grain
nucleation and growth of the existing grains. During electrodeposition of nickel in the presence
of cysteine, there are various ways to reduce nickel: (i) reduction of a free (hydrated) Ni2+ ion,
(ii) reduction of a Ni2+ ion formerly part of a Ni-cysteine complex [40,49]. The first process is certainly
dominant, since the concentration ratio of Ni2+:cysteine is larger than 300. However, the surface is
covered by the adsorbed cysteine molecules, independently of the Ni deposition process. A similar
behaviour was demonstrated for Au-thiol adsorbate systems [45,47,56]. Here, we have to count with
Ni-thiol surface groups, which is analogous to the Au-thiol adsorbates [57–61]. The surface coverage
with the thiols means that the near-equilibrium growth sites are mostly blocked by the adsorbed
molecules, and the maintenance of the growth rate with the constant current must lead to the nucleation
of new crystallites that are not covered with an adsorbate layer at the moment of their formation, but
also become thiol-covered soon thereafter.

During the deposition of a face-centered cubic (fcc) material such as Ni, the different crystal planes
grow at different rates due to the surface energy anisotropy. The order of formation rate is (111) > (100)
> (110) [62]. However, since nickel electrodeposition is always accompanied by hydrogen codeposition
(because of the value of the equilibrium potential of the Ni(II)/Ni redox system), these formation
rates can change [8,62,63]. In the absence of other strongly adsorbing additives, the different lattice
planes have different hydrogen adsorption affinity, resulting in different hydrogen coverages [63–65].
Hydrogen codeposition favours the crystal planes with lower planar packing density. Thus, during
electrodeposition of additive-free nickel, due to the hydrogen codeposition, the order of the formation
rate of the crystalline planes is (110) > (100) > (111), which is in accordance with the experimentally
observed strong (220) texture in specimen CYS00.

As mentioned above, during the electrodeposition of Au in the presence of cysteine, cysteine
molecules could covalently attach to the metal surface in a preference order (110) > (100) > (111),
causing an (111) type texture, since cysteine blocks the growth of the strongly covered crystallographic
planes. Assuming the same effect for Ni, the strong (111) texture formed in the presence of a small
amount of cysteine (0.1–0.2 g/L) can be understood.

When increasing the amount of cysteine in the bath, other planes (e.g., the less favoured (111)
planes) are also covered by cysteine molecules, thereby blocking the growth of these planes, too.
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The effectiveness of this blocking depends on the number of the attached molecules (which favours
the order 110 > 100 > 111) and the packing density of lattice points on the planes (which increases in
the reverse order, 111 > 100 > 110). Thus, the combination of these two effects can result in the dominant
(200) texture observed for higher cysteine concentrations (0.3–0.4 g/L).

Moreover, quantum mechanical calculations proved that during co-adsorption of S and H on Ni
deposits, the adsorption of S at a three-fold site on plane (111) has a tendency to block the adsorption
of H at the nearby surface sites [66], thus suppressing the effect of hydrogen codeposition on the (111)
planes. Then, this effect may cause the development of a (111) texture component in accordance with
the observation for CYS03 and CYS04.

The coverage of the crystal planes by sulfur atoms and cysteine molecules can influence not only
the texture, but also the grain size and the defect density. If sulfur atoms are adsorbed on the surface
of a growing crystal during deposition, the strong Ni–S covalent bonds and their preferred bonding
angles [60] can increase the probability of grain boundary formation. Similarly, the cysteine molecules
attached to the surface can form an adsorbed monolayer acting as an “organic shield” on the crystal
planes, thereby hindering the ion transfer, but not blocking the electron transfer (though increasing
the overvoltage of the Ni2+ ion reduction process at the same time). Thus, a decrease of the grain size
was observed due to cysteine addition to the bath. Twin faults are special grain boundaries with low
energy. Therefore, when a new crystal is nucleated on a surface for which the growth was blocked by
sulfur atoms and/or cysteine molecules, the new and old crystals are often separated by coherent twin
faults. In addition, the non-coherent grain boundaries may contain dislocations. Thus, both the dislocation
density and the twin fault probability increased as a result of cysteine addition (see Figure 4).

It is worth comparing the microstructure developed in the present Ni layers deposited from
cysteine containing bath with Ni films processed with other additives, such as saccharin, nickel-chloride
or trisodium citrate [8]. Our former study revealed that the smallest grain size and the highest defect
density were obtained when saccharin was added to the electrolyte bath [8]. For the present Ni samples
processed with 0.3–0.4 g/L cysteine, similarly small grain size (20–27 nm) and twin fault probability
(about 3%) were achieved; however the dislocation density was much higher (∼620 × 1014 m−2)
than that for the former Ni deposited from the saccharin-containing bath (∼160 × 1014 m−2).
In nanocrystalline materials, the majority of dislocations can be found in the grain boundaries [67].
Since the grain size is the same for both Ni films processed with saccharin and cysteine while
the dislocation density is much higher for the CYS04 sample, a unit area in the grain boundaries
contains more dislocations in the latter specimen. Such dislocations may form in order to relax
the stresses caused by the segregation of additives to the grain boundaries. Therefore, the higher
dislocation density in the Ni film processed with cysteine suggests that a higher distortion was
developed at the grain boundaries during electrodeposition compared to the layer produced from
the saccharin-containing bath.

4.2. Influence of Concentration of Cysteine on the Hardness

Figure 6 shows that the hardness increased monotonously with increasing cysteine content of
the bath and a saturation was achieved at 0.2 g/L. The enhancement of the hardness due to the addition
of 0.1–0.2 g/L cysteine can be attributed to the reduced grain size, the increased defect density
and the development of (111) texture. Indeed, former studies have shown that (111) texture yielded
a higher hardness than that for other crystallographic directions in fcc metals [68,69]. Although
the defect density increased when the cysteine content was raised from 0.2 to 0.3 g/L, further
enhancement in the hardness was not observed. Most probably, the defect-induced hardening was
compensated by the texture softening, since for the cysteine contents of the 0.3–0.4 g/L texture
component (002) became dominant (see Figure 5). A significant difference between the hardness
values for 0.3 and 0.4 g/L cysteine contents was not observed, since all microstructural parameters
and the texture for these two samples agree within the experimental error.
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The hardness of the CYS04 sample (∼6800 MPa) is considerably higher than that for any other
Ni film deposited formerly with additives [8]. In this previous study, it was found that saccharin
addition caused the highest hardness among the Ni layers processed with different organic additives.
The present investigation revealed that, for comparable grain sizes, cysteine may cause a hardness
even higher than the saccharin additive. The difference between the grain boundary structures
of the Ni films processed with cysteine and saccharin might have caused the higher hardness for
the former sample. Indeed, the emission of dislocations from grain boundaries decorated with a high
amount of additive atoms and/or molecules is difficult during hardness testing since dislocations
help to relax the stresses caused by these additives, i.e., there is an attractive interaction between
the dislocations and the additives in the boundaries. Therefore, the plastic deformation is difficult,
resulting in an elevated hardness for the CYS04 sample.

4.3. Effect of Cysteine on the Thermal Stability

Figure 12 shows that the hardness of the Ni film processed with cysteine did not decrease up
to 600 K or even increased significantly, by 24% at 500 K. The latter phenomenon has already been
observed for Ni and Ni alloy electrodeposits and called anneal-hardening [24,70–78]. This effect
was explained by the structural relaxation of grain boundaries (e.g., by annihilation of excess
dislocations which are geometrically not necessary) and the segregation of impurities and solute
atoms to grain boundaries in alloy samples. These changes in the grain boundaries result in a more
difficult emission of dislocations from grain boundaries and a hindered grain boundary sliding,
which are the main deformation mechanisms in nanocrystalline materials with larger and smaller
grains, respectively. Due to the impeded plastic deformation, hardening occurs which depends on
the grain size. The smaller the grain size, the higher the anneal-hardening effect. For Ni with a grain
size of about 30 nm, the hardness increased by 15%; however, when the grain size decreased to
about 3 nm (for Ni–Mo electrodeposits), the hardness enhancement reached 120% [70]. Moreover,
the temperature of annealing, for which the maximum hardness was observed, increased from 500 to
800 K when the grain size decreased from 30 to 3 nm (the duration of heat treatment was 1 h for all
samples) [70].

It should be noted that in the former studies, anneal-hardening is accompanied by a slight grain
growth, but the hardening caused by the change of grain boundaries compensated the softening due to
coarsening. At the same time, in the present case, heating of the sample CYS04 up to 500 K resulted in
a decrease of the grain size from ∼26 to ∼15 nm (see Figure 9). This is an interesting observation, since
the annealing of nanocrystalline materials usually results in grain coarsening. However, the following
thermodynamic consideration may explain this unusual behaviour. Namely, the segregation of
impurities and solute alloying elements (both of them can be called foreign atoms) can decrease
the free energy of grain boundaries [79]. For a given foreign atom concentration and temperature,
the minimum free energy of the material is achieved at a certain grain size (i.e., for a certain grain
boundary area) [80]. If the grain size obtained during processing is larger than this optimal value,
there is a thermodynamic driving force for the reduction of the grain size, i.e., for the increase of
the amount of grain boundaries. It was found that the grain boundary area can increase by faceting
of the existing boundaries without the nucleation of new grains [81]. The faceting of boundaries can
be achieved by grain boundary migration, therefore this phenomenon may occur at relatively low
temperatures of annealing. If the faceted grain boundaries come in contact with each other, grain
size reduction may occur, as it was observed in the present case. Figure 13 shows a model of grain
refinement caused by faceting of grain boundaries.
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Figure 13. A schematic showing how the grain-boundary faceting can cause the reduction of the grain
size. The black dashed lines illustrate the original grain boundaries while the blue solid lines represent
the new grain boundaries after faceting. The arrows indicate the movement direction of the boundaries.

The grain refinement at 500 K may be expected to contribute to the hardening, since for
nanocrystalline Ni, the Hall–Petch formula is valid down to the grain size of about 14 nm [82].
On the other hand, significant twin fault probability was found in this sample by XLPA and twin
faults are similarly strong obstacles against dislocation glide as general grain boundaries. Therefore,
when the twin fault spacing is smaller than the grain size, the former value is suggested to be used
in the Hall–Petch formula. The twin fault spacing can be obtained from the twin fault probability as
100 × d111/β, where d111 is the lattice spacing for planes (111). Since for sample CYS04 annealed at
500 K, the twin fault spacing (∼9 nm) is lower than the grain size (∼15 nm), the decrease of the grain
size has no contribution to the increase of the hardness. It is noted that the twin fault spacing slightly
increased when film CYS04 was heated up to 500 K.

For revealing the correlation between the microstructure and the hardness, the Hall–Petch plot
for the films processed with cysteine is shown in Figure 14. The data obtained on the heat-treated
samples are also plotted. In addition, the hardness values obtained on Ni films processed with other
additives (e.g., saccharin and trisodium citrate) are also shown. These data were taken from Ref. [9].
It can be seen that the data points obtained for as-deposited films from a cysteine-containing bath are
lying only at a slightly higher hardness level than the earlier data reported for as-deposited Ni layers
processed with the use of other additives. At the same time, the samples processed with cysteine
and heat-treated at 500 K or higher temperatures exhibit considerably higher hardness than that
predicted by the Hall–Petch plot obtained for Ni films, either as-deposited or annealed, prepared
by using other additives. This observation suggests that the annealing of the specimens deposited
from cysteine containing bath increased the strength of the grain boundaries, i.e., the deformation
mechanisms (e.g., dislocation emission from the boundaries) became more difficult due to the change
of the grain boundary structure, as discussed in the first paragraph of this section. The increase of
the dominance of (111) texture during annealing of the samples processed with cysteine might have
also contributed to the high hardness of the heat-treated films compared to the Hall–Petch trend
determined for other specimens.
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Figure 14. Hall–Petch plot for the films processed with cysteine for both the as-deposited and annealed
states. In addition, the hardness values obtained on Ni films processed with other additives
(e.g., saccharin and trisodium citrate) are also shown for comparison. from Ref. [9]. The two straight
lines for grain sizes smaller and larger than 100 nm were obtained by fitting to the data determined for
the Ni films processed with additives other than cysteine (published in [9]).

As demonstrated by Figure 12, the thermal stability of Ni films processed with cysteine is much
better than that for other additives. Indeed, the hardness remained as high as ∼6000 MPa even at 750 K,
while for other additives, the hardness fell below ∼3000 MPa at such high annealing temperatures.
The higher hardness of the Ni film deposited from the cysteine-containing bath can be explained by
the more stable grain size and defect density. Indeed, while for other additives the grain size increased
above ∼240 nm at 750 K [9], for the present sample, the grain size remained below 100 nm. Similarly,
the remaining dislocation density at 750 K was about one order of magnitude higher for CYS04 sample
than for the other Ni films deposited with other additives.

5. Conclusions

Nanocrystalline Ni electrodeposits with cysteine additive were successfully processed.
The microstructure and the hardness as a function of the cysteine content were investigated. In addition,
the thermal stability of the Ni film produced with the highest applied cysteine content was studied.
The following conclusions were drawn from the results:

1. The optimal parameters for electrodeposition of nickel from a cysteine-containing bath differ
from the ones used for deposition from a conventional nickel-sulfate based bath. A nearly neutral
pH with the value of 6.1, a high current density of –25 mA/cm2 and an increased concentration of
boric acid (30 g/L) in the bath are recommended for obtaining nice deposits with cysteine.

2. With increasing the cysteine content up to 0.3 g/L, the density of lattice defects (dislocations
and twin faults) increased, while the grain size decreased in the Ni films. In addition, the (220)
texture in the additive-free Ni layer changed to (200) texture. When the cysteine content was
enhanced from 0.3 to 0.4 g/L, further significant variation in the microstructure was not observed.

3. The Ni film obtained with the addition of 0.4 g/L cysteine exhibited a higher hardness
(∼6800 MPa) than the values reported for other additives in the literature. The thermal stability
of the nanostructured Ni film fabricated with cysteine was exceptional; namely, the hardness of
the Ni layer deposited from cysteine-containing bath remained as high as ∼6000 MPa, even after
heating up to 750 K. The relatively large hardness was retained upon annealing even at 1000 K,
while the (111) texture became stronger.

4. When the Ni film processed with cysteine was heated up to 500 K, the grain size decreased from
∼27 to ∼15 nm and the hardness increased to ∼8400 MPa, which is an exceptionally high value
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among Ni electrodeposits. This very high hardness might be attributed rather to the structural
changes in the grain boundaries and the strengthening of the (111) texture than to the reduction
of the grain size.
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Abstract: The study focuses on in vitro tracing of some fundamental changes that emerge in teeth at
the initial stage of caries development using multiple approaches. The research was conducted on
a mostly sound maxillary molar tooth but with a clearly visible natural proximal white spot lesion
(WSL). Values of mineral density, reduced Young’s modulus, indentation hardness and creep as well
as the molecular composition and surface microstructure of the WSL and bordering dentine area were
studied. The results obtained were compared to those of sound enamel and dentine on the same tooth.
A decrease of mechanical properties and mineral density both for the WSL and bordering dentine was
detected in comparison to the sound counterparts, as well as increase of creep for the enamel WSL.
Differences in molecular composition and surface microstructure (including the indenter impressions)
were found and described. WSL induces a serious change in the state of not only the visually affected
enamel but also surrounding visually intact enamel and dentine in its vicinity. The results provide
the basis for future studies of efficacy of minimal invasive treatments of caries.

Keywords: caries; enamel; dentine; nanoindentation; X-Ray microtomography; Raman spectrum analysis

1. Introduction

The study of caries from a materials and microstructural point of view, in addition to conventional
bitewing X-ray techniques [1,2], provides a better understanding of the changes in the carious enamel
and affected dentine. Various mechanical and spectroscopic approaches can be applied in this
regard, each with its benefits and drawbacks. Hardness measurements have come a long way from
the pioneering studies of over 50 years ago [3] to modern day research involving instrumented
estimation of both indentation hardness and reduced Young’s modulus at the sub-micron level [4,5].
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Computed X-Ray microtomography (micro-CT) is another powerful tool to study the demineralization
and remineralization of teeth [6,7], it can also be applied for testing efficiency of caries treatments [8].
Raman spectroscopy enables researchers to study accurately the molecular composition of carious
lesions [9]. At the same time, fluorescence spectra due to organic materials may tend to dominate
the much weaker Raman signals, therefore, Raman spectroscopic studies are often limited to enamel,
which contains only a small fraction of organic components [10]. Atomic force microscopy (AFM)
enables quantification of the surface roughness parameters for the carious lesions thus representing
another method for testing of different clinical treatments such as bleaching agents [11] or detailed
observation of the enamel demineralization process [12]. This tool is mostly suitable for localized
regions of interest. Scanning electron microscopy (SEM), although unsuitable to measure the parameters
of the surface microgeometry, can be used to observe relatively large areas with serious height changes,
such as borders of the lesions. However, additional damage to the sample can occur from exposure
to vacuum or to the electron beam [13]. At the same time, the combination of different techniques
provides the possibility to overcome limitations and helps to understand the processes occurring inside
carious tissues [14,15].

The first clinically visible stage of the carious disease is characterized by enamel demineralization
without cavitation. Such diseased enamel usually presents a near intact surface layer of 10–100 μm
thickness with a subsurface porous area called the body of the lesion. The pores are formed as a
consequence of partial dissolution of carbonated hydroxyapatite crystallites due to etching caused
by carbohydrate metabolizing cariogenic biofilm bacteria producing organic acids [16]. Due to
the significant difference of the refractive indices of the medium inside the acid-created pores of the
demineralization area, a whitish opaque appearance of these lesions can be observed. This phenomenon
is called a white spot lesion (WSL) [17,18]. Overall, the number of studies characterizing the fundamental
changes that emerge in natural WSLs from a materials and microstructural point of view remains
rather low. Huang et al. in [19] using nanoindentation and micro-CT showed excellent correlation
between mineral density and elastic modulus for the enamel component of WSLs. Ko et al. [20] and
Kinoshita et al. [21] successfully provided Raman spectral imaging characterization for early caries.
Mapping of the mechanical properties for natural WSLs supplemented by SEM observations was
conducted by Huang et al. in [22]. Metwally et al. used in vivo radiographic tracing of structure to
show the stages of the remineralization process for young permanent teeth with WSLs in [23].

The present work aims to characterize the complex of properties (mineral density, reduced Young’s
modulus, indentation hardness, average roughness, maximum height of roughness) and features
(surface structure, molecular composition, indentation creep) of the enamel and dentine about a
WSL on a single tooth using all the techniques mentioned in this section. The aim of obtaining such
information is to provide the basis for future studies of efficacy of minimal invasive treatments of
caries [24–28] and deeper analysis of these properties and features.

2. Materials and Methods

An extracted permanent maxillary molar was collected for orthodontic purposes from an
individual (male, 21 years old) in the dental department of Rostov State Medical University clinic.
Local independent ethics committee of Rostov State Medical University approved the study (statement
15/9 from 3 October 2019), the patient provided informed consent. The WSL was assessed independently
by two experienced clinicians. It was located in the proximal contact zone, visually white in color with
no obvious surface damage. Following extraction, the sample was kept in 1 wt. % NaClO solution
for 10 min. Then the sample was stored in Hanks Balanced Salt Solution (HBSS) at 4 ºC with thymol
granules (Unifarm, Slavyansk-na-Kubani, Krasnodar Region, Russia), added to prevent fungal growth
and disinfection. The ratio of thymol to HBSS was 1:1000.

According to principal carious lesion classification criteria introduced in [29], the carious
WSL under consideration represents a primary active incipient enamel caries lesion located on
the smooth-surface of an adult patient. According to FDI World Dental Federation caries matrix [30]
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there are specific clinical reporting guidelines: I—sound, no obvious dentine caries, a—noncavitated
enamel (+), 1—first visual change in enamel (+), where sign (+) indicates the activity of caries lesions
as defined in the glossary of terms for caries [31].

We investigated four oval areas (approximately 1.4 mm × 1 mm) of the tooth:

1. natural enamel WSL;
2. dentine bordering the WSL (touching the dentine–enamel junction as close to the WSL as possible);
3. area of sound enamel on the opposite medial side of the tooth;
4. dentine bordering the area of sound enamel (touching the dentine–enamel junction and as close

to the area of sound enamel of area 3 as possible).

We concentrated on the different areas of the single sample to avoid variations of experimental
data attributed to noncarious factors such as age [32] and influence of the environment [33,34].

A longitudinal section through the region containing a WSL was cut using a precision saw (Isomet
4000, Buehler, Lake Bluff, IL, USA) with an abrasive SiC disc (MetAbrase, Buehler, Lake Bluff, IL, USA).
The pulp chamber was cleaned of remnants of soft tissues. The cut surface of the sample close to the
WSL was carefully ground using SiC-based abrasive papers of the following grit sizes: P800, P1200
(Siawat 1913, Sia Abrasives, Frauenfeld, Switzerland), P2000, P2500 (Smirdex, Lefki–Xanthi, Greece).
Running water was used as lubricant. During grinding the sample was thinned in such a manner
that the plane of interest crossed the internal portion of the WSL. Following grinding, polishing was
conducted with diamond oil-based suspensions (MetaDi, Buehler, Lake Bluff, IL, USA) with particles of
6 and 1 μm diameters. The lubricants GreenLube (Allied, Rancho Dominguez, CA, USA) and BlueLube
(Benchmade, Oregon City, OR, USA) were used respectively. The final polishing was made using a
sol-gel suspension (MasterPrep, Buehler, Lake Bluff, IL, USA) based on alumina 0.05 μm diameter
particles with distilled water as a lubricant. All suspensions were applied with a soft, synthetic, woven,
no-nap cloth (Trident, Buehler, Lake Bluff, IL, USA). Each grinding and polishing step was followed by
ultrasonic cleaning of the sample in distilled water (Sonorex RK 31, Bandelin, Berlin, Germany) for
3 min.

Using an optical Greenough stereomicroscope (Stemi 305, Zeiss, Shanghai, China) with a colour
video camera (Axiocam 105, Zeiss, Oberkochen, Germany) in reflected light images of the tooth crown,
including the four areas under study, were made.

The sample was investigated using a wall mounted dental X-ray device (Xelium Ultra,
Swidella International Group Limited, Guangdong, China) in order to qualitatively assess the mineral
density variation in the WSL area. The voltage on the X-ray tube was 70 kV ± 10%, current 8 mA ± 20%.
The nominal focal spot diameter was 0.8 mm. During the experiment, three images were taken with
different exposure times: 0.3 s, 0.4 s, 0.5 s.

Determination of mineral density of the sample was conducted using a micro-CT device (SkyScan
1176, Bruker, Kontich, Belgium). A tooth slice in an Eppendorf-type test tube and calibration phantoms
in cylindrical tubes (both filled with distilled water) were placed on the semicylindrical bed adapter.
Calibration phantoms were represented by a pair of rods composed of epoxy resin with embedded fine
calcium hydroxyapatite powder at concentrations of 0.25 and 0.75 g/cm3. These phantoms were used
for constructing a linear relationship between grey level and mineral density, that allowed conversion
of the measured grey value of the tooth slice to an estimated mineral density [35,36]. The micro-CT
research was divided into two parts: the first one was conducted using Cu+Al filter and the second
one with the Al filter. Within each of the parts, all four tooth areas under study were examined. For the
first micro-CT study, a Cu (thickness 0.04 mm) +Al (thickness 0.5 mm) filter of the X-ray beam was
used. The following scanning parameters were applied: X-ray tube voltage 80 kV, current 300 μA,
pixel size 8.87 μm, sample rotation at each step 0.3◦, X-ray tube rotation of 180◦, exposure time 1.275 s,
ring artefacts correction and Gaussian filter were applied. In the process of scanning, 657 projections
for both the tooth slice and the phantoms were obtained using specialized software (CTvox, Bruker,
Kontich, Belgium). For the second micro-CT study, a Cu filter (thickness 0.1 mm) of the X-ray beam

163



Nanomaterials 2021, 11, 274

was used. The following scanning parameters were applied: X-ray tube voltage 90 kV, current 270 μA,
pixel size 8.87 μm, sample rotation at each step 0.3◦, X-ray tube rotation on 180◦, exposure time 1.45 s,
ring artefacts correction and Gaussian filter were applied. We generated 657 projections for both the
tooth slice and the phantoms.

For the same four tooth areas the mechanical properties were evaluated using a nanoindentation
device (NanoTest 600 Platform 3, Micro Materials, Wrexham, UK). The experiments were carried out at
a constant temperature of 27.0 ± 0.1 ◦C in a closed chamber, a calibrated diamond Berkovich indenter
was used. The following load profile was applied: the load linearly increased for 20 s, held constant
for 30 s, then linearly decreased for 20 s. The thermal drift was recorded and corrected using the
device software. The typical and maximum values of the calculated thermal drift rate were 0.4 nm/s
and 2 nm/s, respectively. The maximum load Pmax for all the experiments was 50 mN. To prevent
shrinkage of the tooth structure the sample was maintained wet with saline droplets using a syringe
pump (Terufusion TE–332, Terumo, Leuven, Belgium). The droplets were applied on the sample
between indentations in order to prevent the influence of the droplet impact on the indenter. Values of
the reduced Young’s modulus Er and indentation hardness H for each of the areas were obtained
using the Oliver–Pharr method [37]. During the entire experiment, the indenter displacement h was
recorded while the load P was applied. The maximum value of the displacement (attained at Pmax) was
denoted as hmax. Thus, the output of each experiment was a load–displacement curve. Holding load
at its maximum value for a time before unloading eliminated the effect of any creep response on the
unloading “branch”. The unloading “branch” was approximated by the function

P = a(h− hr)
m, (1)

where a and m are fitting parameters, hr is the residual depth of the imprint, i.e., the amount of
displacement of the indenter at which the material ceased to resist during unloading. Using this
approximation, the derivative called indentation stiffness S was determined at hmax:

S =
dP
dh

(hmax), (2)

To evaluate the reduced Young’s modulus the following formula was used:

Er =
S
√
π

2β
√

Ac
, (3)

where Ac is the projected contact area (the projection of the contact surface on a plane orthogonal to the
axis of indentation), β is a correction factor. For triangular contact area it is considered to be 1.034 [38].
Indentation hardness was then calculated using the following formula:

H =
Pmax

Ac
, (4)

The nanoindentation research was divided into two parts. In the first part for each tooth area under
study 12 identical indentations were performed with 100 μm column and row offset (a four-by-three
position matrix was used) and the results were averaged. In the second part a 10 × 20 matrix of
identical indentations were made with the same offset in the area, entirely covering the WSL, the enamel
around it, the adjacent dentine–enamel junction and associated dentine bordering the enamel WSL
region. This matrix was used for the construction of the reduced Young’s modulus and indentation
hardness maps.

For the surface topography research of the four areas under study an AFM (Nano Compact,
Phywe, Göttingen, Germany) was used. The surface scanning was conducted in dynamic mode.
The device was equipped with monocrystalline Si probe with an Al coating, a resonance frequency of
190 ± 60 kHz and cantilever stiffness of 48 N/m. Scanning velocity was 0.3 ms per line. The resolution
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along the axis was 1.1 nm. The quadratic mean noise level in the dynamic mode across the z axis
(height) was 0.5 nm.

The Raman spectra were measured using a He-Ne laser (wavelength of the laser excitation was
633 nm) in the Raman spectrometer (inVia Reflex, Renishaw, Wotton-under-Edge, UK) with an Edge
filter. The backscattering scheme with a Leica optical microscope was used (the resolution of the
spectra was less than 0.5 cm−1). The laser beam diameter on the sample was of 1–2 μm. The Raman
spectra measured were corrected using the Bose–Einstein temperature factor.

For the final part of the research a Crossbeam 340 (Zeiss, Oberkochen, Germany) SEM was
used. Prior to the study the tooth was ultrasonically cleaned for 7 min and dehydrated according
to the protocol proposed by Bertassoni and Swain [39]. This protocol included immersing the tooth
slice in reagent grade acetone solutions of 25, 50, and 70% (v/v) for 5 min each, followed by 80%,
90%, 95%, and 100% (v/v) for 15 min each, and finally by two consecutive immersions in 100% (v/v)
acetone for 30 min each. After that, the tooth slice was immersed in hexamethyldisilazane (HMDS)
overnight which was permitted to evaporate under a gas ventilation hood. As a volatile organosilicon
compound HMDS enables further dehydratation of the organic matrix of the tooth. Additionally,
after the HMDS treatment the sample was held in the vacuum chamber for ~ 1.5 h at the pressure
2 × 10−4 mbar. The research was conducted using the Everhart–Thornley secondary electron detector
with an acceleration voltage of 1 and 2 kV.

3. Results

3.1. Optical Observations

Figure 1 shows the cross-section of the tooth crown through the WSL along with the surrounding
enamel, dentine–enamel junction and dentine.

 

(a) 

 

(b) 

Figure 1. Optical microscopy of the sample after final polishing: (a) the crown overview; (b) the white
spot lesion (WSL) area.

The Hunter–Schreger bands as well as the stria of Retzius are clearly visible, which testifies to the
quality of the sample polishing. The images clearly show the absence of cracks on the surface of the
sample, which indicates the carious origin of the lesion (not the consequence of pressing of a dental
instrument onto the surface of the tooth during extraction). The borders of the WSL inside the enamel
are reasonably sharply defined. The dentine bordering the WSL and the sound dentine area on the
opposite medial side of the tooth are visually indistinguishable from each other.

3.2. Bitewing X-ray

None of the obtained images demonstrated an observable decrease in the mineral density of the
WSL nor in the bordering dentine area. The typical image obtained with the exposure time 0.5 s is
shown in Figure 2a (the WSL area is marked with the burgundy dotted line).
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(a) 

 

(b) 

Figure 2. Mineral density research of the sample: (a) bitewing X-Ray image (exposure 0.5 s); (b) micro-CT
(Cu +Al filter) with virtual tablets for the demineralized area of WSL and the sound enamel. Each tablet
is cross-sectioned for better visualization of the mineral density by depth. Dentine bordering the WSL
and sound dentine is marked with blue dashed ovals.

3.3. Micro-CT

Using software (Nrecon, Bruker, Kontich, Belgium), the projections taken with both Al + Cu and
Cu filters were reconstructed into sets of virtual tooth sections. Usage of the calibration phantoms
and determining the X-ray attenuation coefficient according to the Bruker recommendations for a
mineralized material (such as bone, dentine, and enamel) made it possible to construct a map of the
mineral density across the sets of the virtual tooth sections (Figure 2b).

For the WSL area a cylindrical shape region of surface was chosen in the software (CTan, Bruker,
Kontich, Belgium) in such a way to cover the main demineralization region in width and length without
affecting the bordering enamel. After that a number of projections, where signs of demineralization
were visualised, were chosen in such way to cover the main demineralization region in depth without
affecting the underlying sound enamel. Thus, a virtual tablet of the WSL area was formed (Figure 2b,
left bottom). The same tablets were then constructed for the other three areas of interest for both filters.
Results of the measurements of mineral density are summarized in Table 1.

Table 1. Mineral density of the tooth areas.

Filter Group Area Mineral Density, g/cm3 Standard Deviation, g/cm3

Al + Cu
WSL

Enamel 2.21 0.06
Dentine 1.21 0.06

Sound
Enamel 2.33 0.08
Dentine 1.21 0.03

Cu
WSL

Enamel 2.35 0.07
Dentine 1.29 0.05

Sound
Enamel 2.47 0.08
Dentine 1.31 0.06

3.4. Nanoindentation

Figure 3 shows the load–displacement curves for each of the tooth areas under study obtained
in the first part of the nanoindentation experiments. Each curve contains loading and unloading
“branches”, and a horizontal segment produced during the holding period at maximum load. For both
carious areas the maximum value of the displacement hmax is greater than for the sound counterparts.
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The character of the load–displacement curves for enamel WSL and sound enamel areas are similar.
Comparing the curves for the dentine areas, we observed an obvious shape change of the unloading
“branch” for the dentine bordering the WSL. In addition, indentation creep while holding Pmax constant
was recorded for each curve. Determined values of mechanical properties and indentation creep
(average and standard deviation) are summarized in Table 2.

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 3. Load-displacement curves for the tooth areas: (a) WSL; (b) area of sound enamel on the
opposite medial side of the tooth; (c) dentine bordering the WSL; (d) dentine bordering the area of
sound enamel. Note the very dissimilar loading and unloading curves for the dentine bordering the
WSL in (c).

Table 2. Mechanical properties of the tooth areas.

Group Area
Reduced Young’s
Modulus Er, GPa

Indentation Hardness H,
GPa

Indentation Creep,
nm

WSL
Enamel 69.12 ± 4.97 2.79 ± 0.46 64.60 ± 18.00
Dentine 6.04 ± 0.78 0.22 ± 0.04 155.22 ± 23.24

Sound
Enamel 111.57 ± 8.95 4.85 ± 0.62 38.16 ± 9.92
Dentine 13.41 ± 1.55 0.34 ± 0.06 175.96 ± 41.20

Figure 4 demonstrates the results of the second part of the nanoindentation experiments: the maps
showing distribution of the reduced Young’s modulus and indentation hardness in the area partly
covering the WSL and extending to the dentine bordering the WSL. It is seen that the properties of the
enamel bordering the WSL are reduced despite its appearance as being sound based on optical images.
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(a) 

(b) 

Figure 4. Maps of the mechanical characteristics of WSL and surrounding tooth areas: (a) reduced
Young’s modulus; (b) indentation hardness.

3.5. Atomic Force Microscopy

For each of the four areas under study a series of AFM images were taken. Figure 5 shows one
image for each of the areas. These images were chosen as they represent the most common features at
the nanoscale that we observed among each of the areas. For each image, a 0.8 × 0.8 μm scanning field
was chosen for the convenience of visual comparison of the topographies of the areas under study.
For comparing the areas affected by caries with their sound counterparts the average surface roughness
Ra for each of the images was measured using software (Gwyddion, Czech Metrology Institute,
Brno, Czech Republic). Due to the irregularities observed on the visualized surface we considered
measurement of the roughness based on a single direction as not being completely indicative.
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 5. Surface topography of the tooth areas: (a) natural enamel WSL; (b) area of sound enamel on
the opposite medial side of the tooth; (c) dentine bordering the WSL; (d) dentine bordering the area of
sound enamel.

Thus, average roughness Ra was measured in three directions: horizontal, vertical and diagonal.
In each of the directions five profiles were constructed. After that the average value (of the 15
profiles) with the standard deviation was calculated. Maximum roughness height was denoted as Rt.
The measurement results for the images in Figure 5 are presented in Table 3.

Table 3. Surface roughness of the tooth areas.

Tooth Area Average Ra by 15 Profiles, nm Standard Deviation, nm Rt, nm

Natural enamel WSL 8.9 3.6 68.9
Sound enamel 2.8 1.0 30.8

Dentine bordering WSL 14.2 4.2 97.0
Sound dentine 7.3 3.9 70.0

According to the Student’s t-test for dependent (paired) samples the difference between the average
Ra values measured for carious and sound pairs of enamel and dentine was found to be significant.
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The value of t-test was significantly higher than the threshold chosen for statistical significance α = 0.05
and 14 degrees of freedom (2.145). In the pair of enamel WSL and sound enamel the t-test value was
7.889. In the pair of dentine bordering WSL and its counterpart, the t-test value was 3.884.

3.6. Raman Spectroscopy

Typical Raman spectra of human sound and carious enamel obtained upon excitation with a
633 nm laser beam are shown in Figure 6a. The rising background visible in the spectra appeared
due to fluorescence emission. The Raman bands of enamel observed were related to the phosphate
(PO4

3−) and carbonate (CO3
2−) groups, which play the leading role in the structure of hydroxyapatite

crystallites. The most intense band was found at 959 cm−1 (ν1 PO4
3−), it is marked with the blue

dotted rectangular on Figure 6a. Other bands associated with the ν2 and ν4 PO4
3− vibrations were

detected in regions from 390 cm−1 to 490 cm−1 and from 560 cm−1 to 625 cm−1, respectively. The bands
corresponding to ν3 PO4

3− were visible in the region from 1010 cm−1 to 1060 cm−1, whereas the band
assigned to CO3

2− groups is detected near 1071 cm−1. The shift of the most intense band as well as its
full width at half maximum (FWHM) were calculated for the most intense ν1 PO4

3− band. For showing
any band shift, the Raman bands are presented in Figure 6b, which was normalized and the background
was subtracted manually from each raw spectrum using a polynomial curve. The values of the ν1

PO4
3− band in case of sound enamel was 959.5 cm−1 similar to observations of Ko et al. [20]. This value

shifted to 960.5 cm−1 for the WSL area. FWHM of sound enamel was 10.85 cm−1. This value reduced
to 10.59 cm−1 for the WSL area. Besides, on the Raman spectra of WSL we observed a small band at
1295 cm−1, not visible for the sound enamel (marked with the green dotted rectangular on Figure 6a).

 

(a) 

 

(b) 

Figure 6. Results of the Raman spectroscopy research: (a) spectra sound enamel and WSL (average of
four spectra each); (b) the shift of the most intense band position due to the carious process.

3.7. Scanning Electron Microscopy

Figure 7 demonstrates the indentation impressions as well as the polished surface nearby for the
tooth areas under study. For each area one impression was chosen for the SEM research. The WSL
area (Figure 7a) revealed a loss of structure about the interrod areas suggesting that demineralization
had weakened this region much more than in the core of the rod structure (the borders of the enamel
rods can be clearly distinguished on the figure). The core of the rod structure was weakened as well,
although not so severely. The sound enamel shows minimal relief at the rod interface, the surface is
smooth and covered with a thin smear layer [40] (Figure 7b). Visual observation of the impressions
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in dentine (Figure 7c,d) suggests that severe dehydration has occurred in the SEM because of the
low vacuum.

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 7. Surface and indenter impressions on the various tooth areas: (a) WSL, (b) area of sound
enamel on the opposite medial side of the tooth, (c) dentine bordering the WSL, (d) dentine bordering
the area of sound enamel. Note that for the sound areas study we rotated the sample 180º.

4. Discussion

Each of the experimental methods in the present work reveals differences between the carious
and sound areas of the tooth. Comparing the mineral density derived from micro-CT for these areas,
we observed the following: using Al+Cu filter, the WSL showed a small reduction in mineral density
compared to sound enamel counterpart (up to 5.2% lower), while dentine areas demonstrated the
same values of mineral density. In the case of a Cu filter, the enamel WSL showed practically the same
level of reduction in mineral density (up to 4.9% lower), dentine bordering WSL showed also a small
reduction in mineral density compared to sound dentine counterpart (up to 1.5% lower). The difference
in enamel density is relatively small compared to those found by Huang et al. in [19], where the median
value of the relative difference in mineral density reached 28% (2.9 g/cm3 in sound area and 2.1 g/cm3

in WSL). It may indicate that the WSL in the studied sample was at an earlier stage of its development.
Reduction in mechanical properties of WSL enamel was found and compared to its sound

counterpart: Er was up to 38.1% lower and H up to 42.5% lower. Values of elastic modulus for sound
enamel fitted in the range 47–120 GPa found in literature [22,41–45]. Compared to the findings of
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Huang et al. [19,22], the values of elastic modulus for the WSL were greater, which also may be due to
the earlier stage of the WSL development. During caries development, the crystallites become partially
demineralized generally at the cores and some interfaces as observed during transmission electron
microscopic study [46], where the central dark line inside a crystallite represented a stacking fault
resembling a dislocation and residual stresses were present about the core. This line possesses a higher
concentration of Mg and Na [16] and crystallographic point defects (impurities, vacancies etc.) that
would contribute to it being more soluble resulting in greater porosity. It is thus not surprising in
this regard that we observed an increase of creep for the enamel WSL area during nanoindentation
experiments (up to 69.3% higher, Table 2). Mapping of the mechanical properties revealed a reduction
for the enamel adjacent to the WSL (although not as severe as within a WSL). This fact can be important
for the selection of area for early caries treatment by a clinician. It should be noted that both indentation
hardness and reduced Young’s modulus of the inner region of WSL located in the proximity of the
dentine–enamel junction are close to those for the dentine bordering the WSL.

Dentine bordering a WSL also demonstrated a decrease in the mechanical properties: Er was up to
55.0% lower and H up to 35.3% lower (despite the fact that the reduction in mineral density of dentine
bordering the WSL was barely visible as well as on the optical and bitewing X-ray images it also did
not differ from the sound counterpart). The shape of the unloading “branch” of load–displacement
curves for this partially demineralized dentine (Figure 3c) differs from the same “branch” for the sound
dentine (Figure 3d), which indicates a change of the mechanism of resistance to loads caused by the
mineral loss. A similar effect was reported by Angker et al. [47] and considered to be associated with
the greater porosity and permeability of this structure. This leads to an increase in the water content
and the breakdown of organic component [48]. It is interesting, however, that these processes did
not influence the indentation creep, for which, for dentine bordering a WSL, the data lay within the
standard deviation of the sound dentine.

AFM results revealed statistical significance of the Ra changes caused by caries development
(at a significance level of α = 0.05). This change appears to be higher for enamel than for dentine.
The increase in the surface microgeometrical parameters for the carious areas is consistent with the
SEM observations, where the same areas appear to be less structurally sound. We observe that
both caries-affected areas demonstrate some gaps between the crystallites and even deep grooves,
especially at the interrod region. For the WSL enamel, this most likely occurs because of the ability of
the interrod enamel to allow diffusion of acid produced by bacteria along this region more readily
than for the bulk regions of the rods. This is not surprising as the interrod structure possesses a
higher organic content compared to the enamel rods [43] and the crystallites in the interrod regions
appear to deviate up to 90º from those of the rod core [49], plus they are less densely packed [50,51].
The microstructure of dentine bordering a WSL is far more open compared to the sound counterpart
because of the loss of mineral especially within the collagen-rich intertubular region. In the absence of
cavitation and biofilm formation on dentine, the collagen fibers are well preserved by the dehydration
protocol. We note the rounding of the indentation induced crack tips in the demineralized dentine
versus the sharper cracks in the sound dentine. This is associated with the lower stiffness of the
demineralized dentine as the crack shape is related to the stress intensity factor and the modulus of the
material. The dehydration of the sample has caused embrittlement of the collagen and the indentation
impressions to act as stress concentrations sites where crack initiation occurs (Figure 7d) rather than
being simply compressed as for moist dentine.

We should also bear in mind the susceptibility of more fragile partially dissolved crystallites
in enamel to breaking up while polishing and forming the smear layer. The bigger aggregates of
hydroxyapatite crystallites on the dentine areas (Figure 5c,d) were most likely formed during sample
polishing as well and are not related to the caries disease.

The Raman bands of sound enamel observed are in good agreement with those in the
literature [41,52,53]. The shift of the most intense band position to a higher wavenumber (Figure 6b) is
in a good agreement with the results of Buchwald et al. [54]. This shift along with the change of the
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FWHM is a sign of enamel structure relaxing during demineralization as the most strained central line
area of the hydroxyapatite during caries dissolves, resulting in less strain in the remaining “skeleton”
of the crystallite. The shape of the phosphate-type band ν4 PO4

3− stretching from 560 cm−1 to 625
cm−1 appears to be similar for WSL and sound enamel. This observation slightly differs from the one
made by Natarjan et al. [55], where flattening was observed for the similar band in carious enamel.
We suggest that this difference may be attributed to the more severe stage of caries studied in [55],
namely a brown spot lesion (BSL).

The observed band at 1295 cm−1 coincides with the amide III δ (=CH) band found in bone [56].
As no such band was found on the sound enamel covered with the remains of the smear layer
after grinding and polishing procedures, it may be related to the caries disease. In sound enamel,
the protein-rich regions can be found as small clusters between the crystallites [57] in such a way
that the protein (presumably amelogenin, that contains amide III group [58] is naturally distributed
across the surface of the crystallites. On the other hand, the grooves and gaps between the crystallites
separated from each other as a result of crystallites dissolution (in addition to breakdown of some
of them during polishing) visualized using AFM may have acted as sites for collecting water and
organic material [59] including proteins. Besides, the porous structure of the weakened carious enamel
causes more scatter of the Raman laser beam, which generates more signal overall. This phenomena
is in a good agreement with [55], where opening of the enamel structure after acid treatment of BSL
enabled the infiltrated resin to be detected on Raman spectra (gaps formed by acid on the place of
damaged crystallites contributed to the increasing of the signal). This increased volume of the proteins
becomes sufficient for the Raman spectroscope to detect an amide group in the carious part of the
sample. Previously the amide III band present in Raman spectra was reported to be a sign for a carious
disease by Timchenko et al. [60], however that research was conducted at a later and more advanced
stage of caries (BSL).

The observed features using Raman spectroscopy are barely noticeable compared to the resolution
of the device: the shift for the most intense band was 1.0 cm−1, the change in its FWHM was 0.26
cm−1, the amide band is the least intense among the others present in the spectra. On the other hand,
all these features were stable and repeatable on the current sample for all four measurements of carious
and sound enamel on the tooth slice. In order to understand the significance of these results for the
non-invasive in vivo detection of early caries, various methods already proposed [61–64] and further
experiments on the external surfaces of teeth should be conducted.

5. Conclusions

The work reveals some fundamental changes emerging inside human enamel and dentine at
the first clinically visible stage of the carious disease from several points of view. The complex of
characteristics—mineral density, reduced Young’s modulus and hardness, and average roughness—was
found for the natural enamel WSL and dentine bordering it. The properties obtained were compared
to those of sound counterparts of the aforementioned areas on the same tooth. The results were
supplemented by bitewing X-ray, optical, scanning electron microscopy and Raman spectroscopy
observations. The significant reduction of the mechanical properties was recorded for both carious
areas accompanied by the abnormality of the unloading response and change of the character of
indentation marks caused by mineral loss. Increase of indentation creep for WSL area was recorded.
The maps of mechanical properties show that the enamel outside the WSL is weakened despite its
appearance as being sound on optical and bitewing X-ray images. At the same time, the decrease in
mineral density of the WSL area and bordering dentine was rather small. The average roughness of
polished surfaces was considerably increased in the caries-affected areas caused by the demineralization
process, and the surface relief changed as well. Raman spectroscopy research resulted in detection of
interesting repeatable features connected to changes in the molecular composition in the carious areas
(the most intense PO4

3− band shift, the change in FWHM and a new band appearance, detected and
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described for the WSL), which need additional specific studies for possible further implementation in
dental practice as caries detection tools.
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Abstract: Among various magneto-elastic phenomena, flexomagnetic (FM) coupling can be defined
as a dependence between strain gradient and magnetic polarization and, contrariwise, elastic strain
and magnetic field gradient. This feature is a higher-order one than piezomagnetic, which is the
magnetic response to strain. At the nanoscale, where large strain gradients are expected, the FM effect
is significant and could be even dominant. In this article, we develop a model of a simultaneously
coupled piezomagnetic–flexomagnetic nanosized Euler–Bernoulli beam and solve the corresponding
problems. In order to evaluate the FM on the nanoscale, the well-known nonlocal model of strain
gradient (NSGT) is implemented, by which the nanosize beam can be transferred into a continuum
framework. To access the equations of nonlinear bending, we use the variational formulation.
Converting the nonlinear system of differential equations into algebraic ones makes the solution
simpler. This is performed by the Galerkin weighted residual method (GWRM) for three conditions
of ends, that is to say clamp, free, and pinned (simply supported). Then, the system of nonlinear
algebraic equations is solved on the basis of the Newton–Raphson iteration technique (NRT) which
brings about numerical values of nonlinear deflections. We discovered that the FM effect causes the
reduction in deflections in the piezo-flexomagnetic nanobeam.

Keywords: flexomagnetic; nanobeam; large deflection; NSGT; Galerkin method; Newton–Raphson
method

1. Introduction

To study the flexomagnetic (FM) effect and to better identify it, one can use the family close to it,
that is, the piezomagnetic effect. In piezomagnetic, simply by compressing or stretching materials, an
internal magnetic field is created in them. The piezomagnetic effect and its application can be seen
in many materials and structures. However, in addition to these very useful applications, there is
an important drawback that this effect can only exist in about 20 crystal structures with a specific
symmetrical classification. However, there is no such limit to the FM effect, and materials with wider
classes of symmetry can cause such a phenomenon. The flexomagnetic effect can be very strong and
effective, so that it may one day be used in nanosensors or nanometer actuators. As a brief explanation
of the FM effect, it can be noted that by bending an ionic crystal, the atomic layers are drawn inside
it, and it is clear that the outermost layer will have the most tension. This difference in traction in
different layers can cause ions to transfer to the crystal so much that they eventually create a magnetic
field. In other words, bending some materials creates a magnetic field, a corresponding phenomenon
called flexomagnetic effect. The effect of strain gradients shows that the importance of the FM effect
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in micro and nano systems is comparable to that of piezomagnetic and even beyond. Additionally,
flexomagnetic, unlike piezomagnetic, can be found in a wider class of materials. This means that
compared to piezomagnetic, which is invalid and inefficient in materials with central symmetry, there
is an FM effect in all biological materials and systems. These traits have led to a growing interest in
and research into the flexomagnetic effect in recent years [1,2]. Currently, the role of the flexomagnetic
effect in the physics of dielectrics has been investigated in some studies and has shown promising
practical applications [3–7]. On the other hand, the difference between theoretical and experimental
results shows a limited understanding in this field. This study examines current knowledge of FM
in engineering.

The flexomagnetic effect exists in many solid dielectrics, soft membranes, and biological filaments.
The flexomagnetic effect is introduced as the effect of size-dependent electromagnetic coupling due to
the presence of strain gradients and magnetic fields, and promises many applications in nano-electronic
devices (with strong strain gradients). Just as the piezomagnetic effect is expected to have important
applications in nano-engines and particles [8–12], so the FM effect can play this role as well. Different
fields of science are used to study nanodielectrics by considering the FM effect. These significant parts
can be examined from a chemistry and physics point of view, or they can be put under a magnifier in
the engineering and industrial aspects. In the engineering aspects, the study of external factors on
dielectrics and their mechanical and physical behavioral responses will naturally be the criterion for
evaluation. The purpose of this study is to evaluate this aspect in static large deflection analysis of a
nano actuator beam. A close look at the history of the study of the mechanical behavior of dielectrics
by including the FM effect does not show many studies [13–15]. These studies have generally looked
at small deformations (linear strains), which, while important, cannot be the criterion for designing
dielectric nanobeams. Definitely, the deformations should be considered as large as possible to obtain a
reasonable and reliable safety factor for optimizing these significant nano-electro-magneto-mechanical
systems’ components.

The present work accounts for the large deflections by adding the nonlinear terms of Lagrangian
strain using the von Kármán approach. The constitutive equations are expanded in line with the
classical beam theory. It is worth mentioning that the small scale is fulfilled conforming to the second
stress and strain gradients. These extra terms should result in two conflict responses, that is softening
and hardening in the nanoscale structure based on the literature. We perform the solution of acquired
equations, which govern the nonlinear bending of the nanobeam, on the basis of two step solution
techniques. The first one is the Galerkin weighted residual method (GWRM) which converts the
equations into nonlinear algebraic ones, then the Newton–Raphson technique (NRT), which solves
the nonlinear system of algebraic equations and gives the numerical values of displacements into x
and z directions. At last, pictorial results are evaluated to show the disagreements and dissimilarities
betwixt linear deflection and nonlinear one for the piezo-flexomagnetic nanosize beam.

2. Mathematical Model

Let us consider a piezomagnetic-flexomagnetic nanobeam (PF-NB) with squared cross section
of length and thickness L and h; see Figure 1. A uniform vertical static loading acts above the beam.
A magnetic potential is joint to the beam to simulate and act as a magnetic field. Moreover, the z-axis is
related to the transverse direction, whereas the neutral plane of the beam is coincident with the x-axis.
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Figure 1. A square (b = h) PF-NB clamped at both ends and exposed to a lateral uniform static loading
beside an external magnetic potential.

Follow up, the kinematic displacement for each node of the beam is utilized with the aid of the
Euler–Bernoulli hypothesis [16,17]. Furthermore, the model is restricted with in-plane deformations.
The rectangular displacements correspond with u1 and u3, respectively, for axial and transverse
directions. However, such displacements for neutral plane are, respectively, regarded with u and w.
Thus, one can give accordingly

u1(x , z) = u(x) − z
dw(x)

dx
(1)

u3(x, z) = w(x) (2)

The Von Kármán assumption tells us that the nonlinear terms related to the u can be excluded
from the Lagrangian strain formula because these terms are sufficiently small compared to the other
terms [18–24]. The general Lagrangian strain can be mentioned as

εi j =
1
2

(
∂ui
∂xj

+
∂uj

∂xi
+
∂uk
∂xi

∂uk
∂xj

)
(3)

In regard to this approach, the nonzero nonlinear strain-displacement components can be derived
as follows

εxx =
du
dx
− z

d2w
dx2 +

1
2

(
dw
dx

)2

(4)

ηxxz =
dεxx

dz
= −d2w

dx2 (5)

where Equations (4) and (5) calculate, respectively, the longitudinal strain and its gradient.
The stress-strain magneto-mechanical coupling relations in the one-dimensional framework can

be given owing to [13,14].
σxx = C11εxx − q31Hz (6)

ξxxz = g31ηxxz − f31Hz (7)

Bz = a33Hz + q31εxx + f31ηxxz (8)

where σxx is the static stress field component, Hz is the magnetic field component, Bz is the magnetic
flux (induction) component, C11 is the elastic modulus, f31 is the component of the fourth-order
flexomagnetic coefficients tensor, a33 is the component of the second-order magnetic permeability
tensor, q31 is the component of the third-order piezomagnetic tensor, g31 is the component of the
sixth-order gradient elasticity tensor, and ξxxz is the component of higher-order moment stress tensor.

The variational formulation accurately develops the characteristics relation of PF-NB, thusly

δU − δW = 0 (9)
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where δ is the symbol of variation, U is the strain energies, and W is created works by outer objects. In
such a way, the entire inner energy of the specimen is in the first variation which is equal to zero as
well. The strain energy respecting magneto-mechanical composition can be variated just like this (the
first variation)

δU =

∫
V

(σxxδεxx + ξxxzδηxxz − BzδHz)dV (10)

Equation (10) can be transformed with integration by parts on the basis of the one-dimensional
displacement field previously assumed as follows

δU = δΠMech
U1

+ δΠMag
U1

+ δΠMech
U2

+ δΠMag
U2

(11)

where

δΠMech
U1

= −
L∫

0

{
dNx
dx
δu +

[
d2Mx

dx2 +
d
dx

(
Nx

dw
dx

)
+

d2Txxz

dx2

]
δw

}
dx (12)

δΠMag
U1

= −
L∫

0

h/2∫
−h/2

dBz

dz
δΨdzdx (13)

δΠMech
U2

=

{
Nxδu− [Mx + Txxz]

dδw
dx

+

[
Nx

dw
dx

+
dMx
dx

+
dTxxz

dx

]
δw

}∣∣∣∣∣∣
L

0
(14)

δΠMag
U2

=

L∫
0

(BzδΨ)

∣∣∣∣∣∣∣∣
h/2

−h/2

dx (15)

where Ψ is the variable of magnetic potential. The resultants of the stress field can be introduced along
the following lines

Nx =

h/2∫
−h/2

σxxdz (16)

Mx =

h/2∫
−h/2

σxxzdz (17)

Txxz =

h/2∫
−h/2

ξxxzdz (18)

In addition, the magnetic potential was introduced through the relation

dΨ
dz

= −Hz (19)

External forces (axial force as a result of the longitudinal magnetic field and the lateral loading)
create work thermodynamically in the particles so that the mathematical relation in the first variation
becomes [25].

δW =

L∫
0

[
N0

x

(
dδw
dx

dw
dx

)
+ p(x)δw

]
dx (20)
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in which N0
x is the in-plane longitudinal axial force, and p is the lateral load per unit length. Taking into

account the closed circuit in conjunction with the inverse piezo case, the electrical boundary conditions
can be attributed as below

Ψ
(
+

h
2

)
= ψ (21)

Ψ
(
−h

2

)
= 0 (22)

in which ψ is the external magnetic potential on the upper surface. Making in hand Equations (8), (13),
(15), (21) and (22) practicably expresses the magnetic field component and thereupon the magnetic
potential function in line with thickness as follows [13,14]

Ψ = − q31

2a33

(
z2 − h2

4

)
d2w
dx2 +

ψ

h

(
z +

h
2

)
(23)

Hz = z
q31

a33

d2w
dx2 −

ψ

h
(24)

On the basis of Equations (23) and (24), Equations (6)–(8) can be developed as

σxx = C11

⎡⎢⎢⎢⎢⎣du
dx

+
1
2

(
dw
dx

)2⎤⎥⎥⎥⎥⎦− z

⎛⎜⎜⎜⎜⎝C11 +
q2

31

a33

⎞⎟⎟⎟⎟⎠d2w
dx2 +

q31ψ

h
(25)

ξxxz = −
(
g31 +

q31 f31z
a33

)
d2w
dx2 +

f31ψ

h
(26)

Bz = q31

⎡⎢⎢⎢⎢⎣du
dx

+
1
2

(
dw
dx

)2⎤⎥⎥⎥⎥⎦− f31
d2w
dx2 −

a33ψ

h
(27)

Subsequently, Equations (16)–(18) can be rewritten in detail as

Nx = C11A

⎡⎢⎢⎢⎢⎣du
dx

+
1
2

(
dw
dx

)2⎤⎥⎥⎥⎥⎦+ q31ψ (28)

Mx = −Iz

⎛⎜⎜⎜⎜⎝C11 +
q2

31

a33

⎞⎟⎟⎟⎟⎠d2w
dx2 (29)

Txxz = −g31h
d2w
dx2 + f31ψ (30)

in which Nx, Mx, Txxz show the axial, moment, and hyper stress resultants, and Iz =
∫

A z2dA is the
area moment of inertia.

The resultant magnetic axial stress, which is achieved due to the longitudinal magnetic field,
based on Equation (28) can be determined as

NMag = q31ψ (31)

This force is supposed to act at both ends of the beam, thus

N0
x = NMag (32)

Eventually, imposing Equation (9), one can write the governing equations in a combination of
mechanical and magnetic conditions as

dNx
dx

= 0 (33)
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d2Mx

dx2 +
d2Txxz

dx2 +
(
N0

x + Nx

)d2w
dx2 +

dNx
dx

dw
dx
− p = 0 (34)

Due to being the nanobeam a size-dependent particle, the scale-dependent property should
be substituted in Equations (33) and (34). In [26], the second strain gradient of Mindlin merged
successfully with the nonlocal theory of Eringen. This model (NSGT) was incorporated in a lot of
research performed on the nanoparticles in recent years—see e.g., [27–38] and many others—and can
be a proper item at the nanoscale.

The model proposed by [26] can be compatible in our case as

(
1− μ d2

dx2

)
σNonLocal

xx =

(
1− l2

d2

dx2

)
σLocal

xx

or as (
1− μ d2

dx2

)
σNonLocal

xx =

(
1− l2

d2

dx2

)⎧⎪⎪⎨⎪⎪⎩C11

⎡⎢⎢⎢⎢⎣du
dx

+
1
2

(
dw
dx

)2⎤⎥⎥⎥⎥⎦− z

⎛⎜⎜⎜⎜⎝C11 +
q2

31

a33

⎞⎟⎟⎟⎟⎠d2w
dx2 +

q31ψ

h

⎫⎪⎪⎬⎪⎪⎭ (35)

in which μ
(
nm2

)
is the nonlocal parameter, and l(nm) is the strain gradient parameter. Thus, l > 0

establishes a nonzero strain gradient into the model, and μ = (e0a)2 is the parameter defining
nonlocality. It is germane to note that both scale parameters are dependent on the physics of the
model and cannot be material constants [39,40]. This means the parameters are not constant values,
something like an elasticity modulus for each material.

To implement the influence of size effects into the equations, Equation (35) is plugged to Equations
(28)–(30) as

Nx − μd2Nx

dx2 =

(
1− l2

d2

dx2

)⎧⎪⎪⎨⎪⎪⎩C11A

⎡⎢⎢⎢⎢⎣du
dx

+
1
2

(
dw
dx

)2⎤⎥⎥⎥⎥⎦
⎫⎪⎪⎬⎪⎪⎭ (36)

Mx − μd2Mx

dx2 =

(
1− l2

d2

dx2

)⎧⎪⎪⎨⎪⎪⎩−Iz

⎛⎜⎜⎜⎜⎝C11 +
q2

31

a33

⎞⎟⎟⎟⎟⎠d2w
dx2

⎫⎪⎪⎬⎪⎪⎭ (37)

Txxz − μd2Txxz

dx2 =

(
1− l2

d2

dx2

){
−g31h

d2w
dx2 + f31ψ

}
(38)

Equations (33) and (34) by means of Equations (36)–(38) can be derived in the framework of
displacements, respectively, as series of models.

1.1. Piezo-flexomagnetic nanobeam (PF-NB)—Nonlinear case:

C11A
[

d2u
dx2 +

d2w
dx2

dw
dx
− l2

(
d4u
dx4

+
d4w
dx4

dw
dx

+ 3
d3w
dx3

d2w
dx2

)]
= 0 (39)

−g31h d4w
dx4 + q31ψ

d2w
dx2 − p− μ

(
−g31h d6w

dx6 + q31ψ
d4w
dx4 − d2p

dx2

)

−μC11A
[

du
dx + 1

2

(
dw
dx

)2] d4w
dx4 + C11Aμl2

[
d3u
dx3 + d3w

dx3
dw
dx +

(
d2w
dx2

)2] d4w
dx4

−μC11A
(

d2u
dx2 + dw

dx
d2w
dx2

)
d3w
dx3 + C11Aμl2

(
d4u
dx4 + 3 d3w

dx3
d2w
dx2 + dw

dx
d4w
dx4

)
d3w
dx3

−μC11A
(

d4u
dx4 + dw

dx
d4w
dx4 + 3 d3w

dx3
d2w
dx2

)
dw
dx + C11A

[
du
dx + 1

2

(
dw
dx

)2] d2w
dx2

+C11Aμl2
(

d6u
dx6 + dw

dx
d6w
dx6 + 5 d5w

dx5
d2w
dx2 + 10 d4w

dx4
d3w
dx3

)
dw
dx

−C11Al2
[

d3u
dx3 + d3w

dx3
dw
dx +

(
d2w
dx2

)2] d2w
dx2 + C11A

(
d2u
dx2 + dw

dx
d2w
dx2

)
dw
dx

−Iz

(
C11 +

q2
31

a33

)(
d4w
dx4 − l2 d6w

dx6

)
−C11Al2

(
d4u
dx4 + 3 d3w

dx3
d2w
dx2 + dw

dx
d4w
dx4

)
dw
dx = 0

(40)
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1.2. Piezo-flexomagnetic nanobeam (PF-NB)—Linear case:

−g31h d4w
dx4 + q31ψ

d2w
dx2 − p− μ

(
−g31h d6w

dx6 + q31ψ
d4w
dx4 − d2p

dx2

)

−Iz

(
C11 +

q2
31

a33

)(
d4w
dx4 − l2 d6w

dx6

)
= 0

(41)

2.1. Piezomagnetic nanobeam (P-NB)—Nonlinear case:

C11A
[

d2u
dx2 +

d2w
dx2

dw
dx
− l2

(
d4u
dx4

+
d4w
dx4

dw
dx

+ 3
d3w
dx3

d2w
dx2

)]
= 0 (42)

q31ψ
d2w
dx2 − p− μ

(
q31ψ

d4w
dx4 − d2p

dx2

)
− μC11A

[
du
dx + 1

2

(
dw
dx

)2] d4w
dx4

+C11Aμl2
[

d3u
dx3 + d3w

dx3
dw
dx +

(
d2w
dx2

)2] d4w
dx4

−μC11A
(

d2u
dx2 + dw

dx
d2w
dx2

)
d3w
dx3 + C11Aμl2

(
d4u
dx4 + 3 d3w

dx3
d2w
dx2 + dw

dx
d4w
dx4

)
d3w
dx3

−μC11A
(

d4u
dx4 + dw

dx
d4w
dx4 + 3 d3w

dx3
d2w
dx2

)
dw
dx + C11A

[
du
dx + 1

2

(
dw
dx

)2] d2w
dx2

+C11Aμl2
(

d6u
dx6 + dw

dx
d6w
dx6 + 5 d5w

dx5
d2w
dx2 + 10 d4w

dx4
d3w
dx3

)
dw
dx

−C11Al2
[

d3u
dx3 + d3w

dx3
dw
dx +

(
d2w
dx2

)2] d2w
dx2 + C11A

(
d2u
dx2 + dw

dx
d2w
dx2

)
dw
dx

−Iz

(
C11 +

q2
31

a33

)(
d4w
dx4 − l2 d6w

dx6

)
−C11Al2

(
d4u
dx4 + 3 d3w

dx3
d2w
dx2 + dw

dx
d4w
dx4

)
dw
dx = 0

(43)

2.2. Piezomagnetic nanobeam (P-NB)—Linear case:

q31ψ
d2w
dx2 − p− μ

(
q31ψ

d4w
dx4
− d2p

dx2

)
− Iz

⎛⎜⎜⎜⎜⎝C11 +
q2

31

a33

⎞⎟⎟⎟⎟⎠
(

d4w
dx4
− l2

d6w
dx6

)
= 0 (44)

3.1. Nanobeam (NB)—Nonlinear case:

C11A
[

d2u
dx2 +

d2w
dx2

dw
dx
− l2

(
d4u
dx4

+
d4w
dx4

dw
dx

+ 3
d3w
dx3

d2w
dx2

)]
= 0 (45)

−p + μ d2p
dx2 − μC11A

[
du
dx + 1

2

(
dw
dx

)2] d4w
dx4

+C11Aμl2
[

d3u
dx3 + d3w

dx3
dw
dx +

(
d2w
dx2

)2] d4w
dx4

−μC11A
(

d2u
dx2 + dw

dx
d2w
dx2

)
d3w
dx3

+C11Aμl2
(

d4u
dx4 + 3 d3w

dx3
d2w
dx2 + dw

dx
d4w
dx4

)
d3w
dx3

−μC11A
(

d4u
dx4 + dw

dx
d4w
dx4 + 3 d3w

dx3
d2w
dx2

)
dw
dx + C11A

[
du
dx + 1

2

(
dw
dx

)2] d2w
dx2

+C11Aμl2
(

d6u
dx6 + dw

dx
d6w
dx6 + 5 d5w

dx5
d2w
dx2 + 10 d4w

dx4
d3w
dx3

)
dw
dx

−C11Al2
[

d3u
dx3 + d3w

dx3
dw
dx +

(
d2w
dx2

)2] d2w
dx2 + C11A

(
d2u
dx2 + dw

dx
d2w
dx2

)
dw
dx

−IzC11
(

d4w
dx4 − l2 d6w

dx6

)
−C11Al2

(
d4u
dx4 + 3 d3w

dx3
d2w
dx2 + dw

dx
d4w
dx4

)
dw
dx = 0

(46)

3.2. Nanobeam (NB)—Linear case:

− p + μ
d2p
dx2 −C11Iz

(
d4w
dx4
− l2

d6w
dx6

)
= 0 (47)

4.1. Classic beam—Nonlinear case:

C11A
(

d2u
dx2 +

d2w
dx2

dw
dx

)
= 0 (48)
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− p + C11A

⎡⎢⎢⎢⎢⎣du
dx

+
1
2

(
dw
dx

)2⎤⎥⎥⎥⎥⎦d2w
dx2 + C11A

(
d2u
dx2 +

dw
dx

d2w
dx2

)
dw
dx
−C11Iz

d4w
dx4

= 0 (49)

4.2. Classic beam—Linear case:

−C11Iz
d4w
dx4

= p (50)

In what follows, we consider these cases in more details.

3. Solution Approach

The solution process here has two steps. The first step comes with the Galerkin weighted residual
method (GWRM) on the basis of the admissible shape functions which satisfy boundary conditions. The
second step is imposing the Newton–Raphson technique (NRT) in order to solve the system of nonlinear
algebraic equations originated from GWRM. The following displacements were employed [41].

u(x) =
∞∑

m=1

Um
dXm(x)

dx
(51)

w(x) =
∞∑

m=1

WmXm(x) (52)

where Um and Wm are unknown variables that determine displacements through two axes and should
be computed, whereas Xm(x) are shape functions, m is the axial half-wave number, and becomes
m = 1, 2, . . .∞. The allowable shape functions given below satisfy end conditions as [41].

S− S : Xm(x) = sin
(mπ

L
x
)

(53)

C−C : Xm(x) = sin2
(mπ

L
x
)

(54)

C− F : Xm(x) = sin
(mπ

4L
x
)

cos
(mπ

4L
x
)

(55)

in which S, C, and F mark one by one the simply-supported, clamped, and free end conditions. Here,
e.g., C-F means a side of the beam is inserted in a clamping fixture and the opposite side is free
and hanging.

Based on the Fourier sine series, the transverse load can uniformly behave on the nanobeam as
the following form [42,43].

p(x) =
∞∑

m=1

4p0

mπ
sin

(mπ
L

x
)

(56)

in which p0 is density of the lateral load. Inserting Equations (51), (52), and (56) into Equations (39)–(50),
and integrating over the axial domain based on the GWRM approach, one can obtain

L∫
0

[η(x)Ym]dx = 0 (57)

L∫
0

[ξ(x)Zm]dx = 0 (58)

in which η and ξ are the first and second equations, respectively, and Ym and Zm show the residuals.
Then, with ordering and arranging the aforesaid equations, one can receive the nonlinear algebraic
system of two equations and two unknown variables (when considering m = 1). To solve such a system,
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there are several methods. As long as the NRT converged the results very quickly and accurately, this
technique was employed here. A primary guess (U0 and W0) was required for results in this approach.
We can express the first iteration as [44].

U1 = U0 − J−1 ×A0 (59)

W1 = W0 − J−1 ×A0 (60)

where J denotes the Jacobian matrix 2 × 2 and A is a vector 2 × 1.

J =
∂A0

∂x
, (61)

A0 = e
(

U0

W0

)
(62)

where e is the governing equations with placing the first guesses. As a matter of fact, Equations (59)
and (60) are iterative equations that are

Un+1 = Un+1 − J−1 ×An+1, (63)

Wn+1 = Wn+1 − J−1 ×An+1 (64)

where n is the number of iterations to receive the convergence. A few iterations are enough to obtain
the desired accuracy. It is worth mentioning that the convergence and the expected accuracy were
completely dependent on the value of the primary guesses. Consequently, the solution led to numerical
values of displacements along axial and transverse axes. To plot the results for large deflections, we
needed to obtain the vertical displacement only, and the other will not be drawn.

4. Numerical Results and Discussion

4.1. Results’ Validity

Based on performing some comparative studies, the credit of the present results can be checked.
In so doing, in Table 1 a pinned–pinned nanobeam under a distributed uniform force is compared
with the linear schema. The maximum deflection which occurred at the center of the beam was in
a nondimensional state as proposed by [21,45]. A good harmony among the deflections’ values is
obviously seen from the Table. It is noteworthy that the classical dimensionless deflection is indicated
by e0a/L = 0. From the Table, it is found that the nondimensional maximum deflection increased as the
value of the nonlocal parameter increased.

Table 1. Dimensionless maximum deflection for a simply-supported nanobeam exposed to transverse
uniform loading.

L/h e0a/L EBT, Linear [21] EBT, Linear [45] EBT, Linear [Present]

10

0 0.013021 0.013021 0.013021
0.05 0.013333 0.013333 0.013333
0.1 0.014271 0.014271 0.014271

0.15 0.015833 0.015833 0.015833

For an explicit understanding, another comparison is tabulated by Table 2, for which a typical
macroscale beam was utilized under both fixed ends. The present results are validated with those of
the finite element method (FEM). Both the current and FEM approach are on the basis of linear analysis.
As FEM benefits from shear deformations, it gives higher deflections. It is notable in the Table that
enlarging the volume of the load resulted in the discrepancy of deflections. The FEM outcomes can be
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changeable due to many conditions in its process such as the number of elements, the kind of element,
the number of nodes, and the algorithm of meshing, etc.

Table 2. Maximum deflection (mm) for a clamped–clamped macro beam exposed to transverse uniform
loading (E = 210 GPa, h = 5 mm).

L/h p (kN/mm) EBT, Linear [Present] FEM, Linear [ABAQUS]

10

0.01 0.0792 0.0824
0.02 0.1585 0.1648
0.03 0.2377 0.2472
0.04 0.3170 0.3297

4.2. Discussion of the Problem

Here, just employing n = 4 gave the convergence in numerical results of the Newton–Raphson
solving technique. To the best of the authors’ knowledge, no paper exists that has studied large
deflections of a piezomagnetic nanosize beam with apparent flexomagneticity, unless otherwise stated.
Estimations hereon take the necessary properties for a piezomagnetic nanoparticle accorded by Table 3
as [13,14].

Table 3. Engineering necessary features of a piezomagnetic nanobeam with apparent flexomagneticity.

CoFe2O4

C11 = 286 GPa
q31 = 580.3 N/Ampere.m

a33 = 1.57 × 10−4 N/Ampere2

L = 10 h

In light of the lack of sufficient study on FM, we took f 31 = 10−9 N/Ampere, f 31 = 10−10 N/Ampere
as [13,14]. These two values were also theoretically obtained based on some simple assumptions and
cannot be the exact numeric values of the flexomagnetic parameter of the aforesaid material presented
in Table 3.

An NSGT case was chosen to consider nanoscale impacts. In this model, as can be observed
by Equation (31), there were two small scale factors. In point of fact, to determine the results of the
bending of the nanoparticle, the amounts of these two parameters are vital. Thus, by exploring within
the literature, one can find the 0.5 nm < e0a < 0.8 nm [46], and 0 < e0a ≤ 2 nm [47,48], unless otherwise
stated. The amount of strain gradient parameter was obtained in a similar size to the lattice parameter
of the crystalline structure [49]. This factor for the aforementioned material in Table 3 was obtained
in an experiment to change between 0.8 and 0.9 nanometers at a set temperature [50]. Hence, the
averaged value of the strain gradient parameter is selected as l = 1 nm.

4.2.1. Effect of Nonlinearity

To probe the numerical results, we first show the difference between the results of the linear and
nonlinear analyses. Figure 2 is provided for the fixed support, Figure 3 is produced for the hinge
support, and lastly, Figure 4 is presented for the cantilever nanobeam. It should be noted that all figures
in the results section were plotted in both linear and nonlinear modes for the piezomagnetic nanobeam
(P-NB), piezomagnetic-flexomagnetic nanobeam (PF-NB), and common nanobeam (NB). Let us come
back to Figures 2–4. First, a comparison of the figures shows a much smaller deflection which resulted
from the boundary condition of the fix versus the other ones. For this reason, a larger load amplitude
was selected to evaluate the results of the fixed–fixed support to better distinguish between linear and
nonlinear analyses. In the first figure, as can be seen, the results of the linear analysis were valid as
long as the deflection value did not reach 15% of the thickness, i.e., w < 0.15 h. Of course, it is important
to note that according to the second figure and in the boundary condition of the hinge, this value was
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w ≤ 0.1 h for NB and w ≤ 0.08 h for PF-NB. This means that if the deflections exceed these values, the
linear analysis is no longer valid, and we must use nonlinear analysis to examine the nanobeam’s
deflections. Considering Figure 4 for a more flexible beam with clamped-free end conditions represents
that the allowable value for NB was about w ≤ 0.2 h and for PF-NB, about w ≤ 0.1 h. It is relevant
to state that due to the C-F case, a very small lateral load was chosen because of the high deflection
capacity of the nanobeam in free conditions. Comparing the three figures, it is interesting to note that
the difference between the results of the linear and nonlinear analyses was greater in, respectively, C-F
> S-S > C-C boundary conditions, and the C-F boundary condition was more sensitive. It may be
concluded that nanobeams with end conditions with higher degrees of freedom require a more urgent
nonlinear analysis. Another result of these diagrams is that the deflections of magnetic nanobeam in
both linear and nonlinear analyses were smaller than that of the conventional nanobeam. In addition,
the difference between the results of the linear analysis was greater than that of the nonlinear analysis.
These results strongly suggest that nonlinear strains must be used for static deflection analysis in
materials, unless the loads are selected so that the deflections are within the range obtained for linear
analysis. By carefully examining the results in [14], which is based on linear analysis and a thickness
of 10 nm, it can be seen that the deflections in some diagrams of this reference (see Figure 3 of the
reference) were within the range, and in some others exceeded the obtained range (see Figure 4 of the
reference). Therefore, the linear analysis cannot always be valid, and certainly, nonlinear analysis is a
matter of need.

w
(n

m
)

p0 (N/m)

PF-NB-Linear

PF-NB-Nonlinear

NB-Linear

NB-Nonlinear

Figure 2. Transverse load vs. different cases of nanobeams (Ψ = 1 mA, l = 1 nm, e0a = 0.5 nm, C-C).
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Figure 3. Transverse load vs. different cases of nanobeams (Ψ = 1 mA, l = 1 nm, e0a = 0.5 nm, S-S).
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Figure 4. Transverse load vs. different cases of nanobeams (Ψ = 1 mA, l = 1 nm, e0a = 0.5 nm, C-F).

4.2.2. Effect of Small Scale

In this section, the effect of small-scale parameters is examined, i.e., nonlocal and strain gradient
parameters. Figures 5 and 6 show the effect of variations in the value of the nonlocal parameter,
respectively, for S-S and C-F, and Figures 7 and 8 exhibit the effect of changes in the value of the
strain gradient parameter, respectively, for C-C and S-S. The first and second figure show that as the
nonlocal parameters increased, the deflections increased in all four cases examined. As a result, it can
be stated that the increase in the nonlocal parameter had a softening effect on the nanobeam material.
On the other hand, it is worth noting that as the numerical value of the nonlocal parameter increased,
this caused the difference between the linear and nonlinear analyses results. In fact, in the nonlocal
analysis of nanobeams, the effect of nonlinear analysis will be greater, and this requires that nonlinear
analysis be used to investigate nonlocal deflections. It is important to note that the effect of the nonlocal
parameter on the results of magnetic nanobeam was greater than that of the conventional nanobeam.
This result is due to the steeper slope of the results of this nanobeam with the increasing nonlocal
parameter. It is also interesting to say that the difference between the results of nonlinear and linear
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analyses in NB was much more than in PF-NB. From the third and fourth figures, which show the
effect of changes in the strain gradient parameter in two different boundary conditions, it is clear that
increasing this parameter led to a decrease in deflections of all cases and means that the increase in the
strain gradient parameter is a tightening effect inside the material. However, it is important to bear in
mind that this tightening effect will be greater in the case of a boundary with lower degrees of freedom.
As can be observed, in a nanobeam with a double-sided fixed boundary condition, the slope of the
reduction in the deflection’s results was much faster than in the case of the boundary conditions of the
double-sided hinged. It is also interesting to note that increasing the numerical value of the strain
gradient parameter will reduce the difference between the results of linear and nonlinear analyses, and
in very large values of this parameter, it can be explicitly stated that nonlinear analysis can be ignored
provided that small loads are applied.

w
(n

m
)

e0a (nm)

PF-NB, Linear PF-NB, Nonlinear

NB, Linear NB, Nonlinear

Figure 5. Nonlocal parameter vs. different cases of nanobeams (Ψ = 1 mA, l = 1 nm, p0 = 0.4 N/m, S-S).
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Figure 6. Nonlocal parameter vs. different cases of nanobeams (Ψ = 1 mA, l = 1 nm, p0 = 0.02 N/m, C-F).
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Figure 7. Strain gradient parameter vs. different cases of nanobeams (Ψ = 1 mA, e0a = 1 nm, p0 =

0.4 N/m, C-C).
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Figure 8. Strain gradient parameter vs. different cases of nanobeams (Ψ = 1 mA, e0a = 1 nm, p0 =

0.1 N/m, S-S).

4.2.3. Effect of Magnetic Field

The effect of the external magnetic field was dominant in the mechanical analysis of materials with
flexomagnetic capability, while the magnetic effect was inverse. For this purpose, based on Figures 9
and 10, the effect of increasing the magnetic potential in the positive magnetic field is presented in
two boundary condition states. Naturally, since the ordinary nanobeam does not have piezomagnetic
properties, increasing the magnetic potential will have no effect on this material model. For this reason,
the deflections of NB in different values of the external magnetic potential are constant. However, in
piezo-flexo nanobeams, with increasing external magnetic potential, the deflections decreased in both
linear and nonlinear states in both boundary conditions. Perhaps it can be interpreted that the effect of
the magnetic field shrinks the material, and eventually, the material became stiffer and in the case of
contraction, most of the deflections became smaller. As can be seen, in the linear analysis case, the
difference in results of the conventional and magnetic nanobeams was more visible. In fact, linear
analysis showed external effects with a slight exaggeration. Another interesting point is that increasing
the potential of external magnetic led to convergence of the results of linear and nonlinear analyses in
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the piezo-flexomagnetic nanobeam, but this convergence occurred faster in the boundary condition of
the hinge, so much so that in small amounts of external magnetic potential, the results of the linear
and nonlinear analyses were perfectly matched to each other. Figure 11 is also displayed to show
the impact of a negative magnetic field. The general conclusion that can be drawn from these three
figures is that in a positive magnetic field the effect of nonlinear analysis decreases and in contrast in a
negative magnetic field the influence of nonlinear analysis will be very prominent.
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PF-NB, Linear

PF-NB, Nonlinear

NB, Linear

NB, Nonlinear

Figure 9. Magnetic potential parameter vs. different cases of nanobeams (l = 1 nm, e0a = 0.5 nm, p0 =

0.4 N/m, C-C).
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Figure 10. Magnetic potential parameter vs. different cases of nanobeams (l = 1 nm, e0a = 0.5 nm, p0 =

0.1 N/m, S-S).
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Figure 11. Magnetic potential parameter vs. PF nanobeams (l = 1 nm, e0a = 0.5 nm, p0 = 0.1 N/m, S-S).

4.2.4. Effect of Slenderness Ratio

Figures 12 and 13 are drawn by defining the ratio of length to thickness as a slenderness coefficient
in the nanobeam. The first figure is reported for the boundary condition of the two heads of fix and the
second figure is plotted for the two heads of the hinge. As can be easily seen, increasing the slenderness
ratio led to an increase in static deflections in both linear and nonlinear states. Additionally, with
increasing this coefficient of the nanobeam, the difference between the results of linear and nonlinear
analyses increased significantly. In fact, this suggests that in large quantities of length, the linear
analysis presented completely erroneous results. On the other hand, in large quantities of slenderness
coefficient, the difference between the results of the magnetic nanobeam and common nanobeam in
linear mode were greater than in the nonlinear one, which proves that in large values of length, the
linear results showed, with magnification, the mechanical behavior of the magnetic nanobeam versus
the conventional nanobeam, and it cannot be true. It should be emphasized that this difference was
much greater in the results of the hinge boundary condition even with smaller loads, than in the results
of the clamp boundary condition.
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Figure 12. Slenderness ratio vs. different cases of nanobeams (Ψ = 1 mA, l = 1 nm, e0a = 0.5 nm, p0 =

0.4 N/m, C-C).
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Figure 13. Slenderness ratio vs. different cases of nanobeams (Ψ = 1 mA, l = 1 nm, e0a = 0.5 nm, p0 =

0.1 N/m, S-S).

4.2.5. Effect of FM

In this subsection, the aim is to compare the difference in results when the substance has only a
piezomagnetic effect when the flexomagnetic effect is added to it. Figure 14 shows the results of the
nanobeam with two side clamps; in Figure 15, the nanobeam with two ends of the hinge is presented;
finally, Figure 16 shows the cantilever nanobeam. First, as can be seen, the nonlinear analysis reduced
the flexomagnetic effect. This result was obtained from the difference between the results of the P-NB
and PF-NB in both nonlinear and linear analyses of the figures. On the other hand, as is clear, the results
associated with the PF-NB were smaller than those of the P-NB. This finding can be interpreted in such
a way that the flexomagnetic effect will lead to more material stiffness, and as a result, the deflections
will be smaller while considering this effect. It has to be noted that the slight difference in the results
of P-NB versus those of the PF-NB was directly related to the values of the flexomagnetic modulus.
According to the references, the value of the parameter was almost based on the assumptions, and due
to the novelty, of the discovery of the flexomagnetic effect; the exact values of this parameter have not
yet been calculated. For this reason, it is not possible to say why the difference in results between P-NB
and PF-NB was high or low. Nevertheless, such a difference was also adequately large on a nanoscale.
It should be pointed out that the FM was more remarkable in C-C end conditions. This means that the
lower degree of freedom boundary condition increased the impact of FM.

In this study, we end the discussion with Figure 17, in which different values of the flexomagnetic
parameter were investigated. To carry out this, the w * was introduced which was the deflections of the
PF-NB divided by the deflections of the P-NB. As seen, there was no appreciable change in deflections
originated from FM in lower amounts of the FM parameter. The effect of FM on the P-NB became
outstanding for large values of FM, and the assumed value f 31 = 10−10 N/Ampere can affect to some
extent the behavior of the PF-NB.
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Figure 14. Transverse load vs. deflection for different cases of nanobeams (Ψ = 1 mA, l = 1 nm, e0a =
0.5 nm, C-C).
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Figure 15. Transverse load vs. deflection for different cases of nanobeams (Ψ = 1 mA, l = 1 nm, e0a =
0.5 nm, S-S).
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Figure 16. Transverse load vs. deflection for different cases of nanobeams (Ψ = 1 mA, l = 1 nm, e0a =
0.5 nm, C-F).
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Figure 17. Presence and absence of flexomagnetic modulus for linear bending of a PF-NB (Ψ = 1 mA,
l = 1 nm, e0a = 0.5 nm, p0 = 0.5 N/m, S-S).

5. Conclusions

Due to the FM influence being new and interesting, we took into account both piezomagnetic
and flexomagnetic effects together for a reduced scale thin beam. The geometrical nonlinearity which
induces the large deformations was also assessed. Applying the variational formulation derived the
favourable governing equations. To capture the consistent nanoscale effect, the NSGT was inserted into
the mathematical model. Transmuting the acquired relations based on the NSGT into the displacement
relationship gives an eligible equation, which stands to compute large deflections. The translation
and shifting of the nonlinear system of ordinary differential equations into the algebraic ones were
performed based on the GRWM. The GRWM concerning an analytical flow estimated clamped,
simply-supported, and free end conditions. Afterward, the numerical solution regarding NRT was
investigated. From the obtained results, one can briefly write

• In hinged–hinged nanobeams, linear deflections for a NB can be used in the range w ≤ 0.1 h, and
for a PF-NB, about w ≤ 0.08 h. This value in a double-fixed NB and PF-NB is in the range w <
0.15 h. However, for a cantilever case in NB, it is w ≤ 0.2 h and in PF-NB, it is w ≤ 0.1 h.

• The difference between the nonlinear analysis and the linear one will be more pronounced in the
boundary condition with higher degrees of freedom.

• Increasing the numerical value of the nonlocal parameter leads to a softening effect on the material,
and in contrast, increasing the numerical value of the strain gradient parameter leads to the
appearance of stiffness in the material.

• The effect of nonlinear analysis is greater in large values of nonlocal parameters and small values
of strain gradient parameters.

• The effect of nonlinear analysis on a nonlocal study is greater than a local one.
• The effect of nonlinear analysis in the positive magnetic field decreases. However, the opposite is

true in the case of a negative magnetic field.
• For nanobeams with very large lengths, linear analysis gives entirely erroneous results even if the

values of lateral loads are not large.
• The flexomagnetic effect leads to more material stiffness, and thus reduces the numerical values of

deflections in static analysis.
• The less flexible the boundary condition, the higher the flexomagneticity effect.
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