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Lubricating problems are common in many engineering
applications, such as aerospace, ground mechanical equip-
ment, and large aircraft carriers. Moreover, the high-
performance lubricating materials are the key to ensure high
running precision and stability for mechanical systems. With
the rapid development of modern technology, various lubri-
cating materials have been developed for different machiner-
ies. These developments are geared toward improving the
property of materials and allowing them to surmount severe
challenges under extreme conditions (e.g., high/low temper-
ature, special media, and unfavorable atmosphere) in the
fields of aviation, space, nuclear energy, andmicroelectronics.
The lubricating materials corresponding to the required
conditions in these fields must be capable of working in
corrosive environments and high/low temperatures for a long
time. However, because the conventional lubricating mate-
rials cannot satisfy these application requirements, lubri-
cating materials are currently facing a series of challenges
[1, 2].

In recent years, much effort has been directed toward
preparing high-performance materials and coatings for
tribological applications, such as laminated-graded self-
lubricating composites [3, 4], composite-lubricating coatings
[5], and DLC films with surface texturing [6]. In addition,
nanomaterials and nanostructures, because of their special
dimensional effects, reveal totally different tribological and
mechanical properties compared with traditional materials

[7, 8]. The combination of nanomaterials and lubricating
composites is a promising way to achieve the optimization
of lubricating materials [9]. Meanwhile, the emergences of
new preparation technologies [10] and theoretical approaches
[11] have hastened the development of an increasingly large
number of new lubricatingmaterials and thus speeded up the
industrialization process of these materials.

In this special issue, five papers are devoted to the
mechanical and tribological performances of nanomaterials
and films. The carbon nanolayer, remained on the surface
of Ti6Al4V alloy after ion implantation, was proved to
have an influence on friction reduction due to the self-
lubrication property of the carbon nanolayer. Dual-coated
TiO
2
nanoparticles as water based lubricant additive and

cutting fluids additive provided excellent tribological prop-
erties, which might be ascribed to the forming of a dynamic
deposition film during rubbing process according to surface
analysis. For DLC films, nanotribological properties such
as H (Nanoindentation hardness) and nanowear resistance
were highly correlated with ID/IG ratio and highly dependent
on the films’ nanostructures. Hard and soft multilayered
SiCN nanocoatings with high hardness and toughness were
prepared by magnetron sputtering. Increased deformation
accommodation was achieved for such alternate hard and
soft layers as the thin hard layers slide relative to each
other due to shear deformation of low modulus layers. This
special issue also contains a very interesting hypothesis about
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developing an elastic property analysis model suitable for
three commonly used fabric liners through a theoretical
analysis of the elastic properties.

We hope that readers will find in this special issue not
only accurate data and updated reviews on the tribological
behavior of advanced materials, but also important guidance
for the optimization of the advanced lubricating materials.

Yongsheng Zhang
Tianchang Hu
Xianjin Ning

Qi Ding
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The major failure mechanism of typical spherical plain bearings with self-lubrication is the wear of the woven fabric liner, which
is an orthotropic composite of different elastic properties in different directions. The elastic properties of the liner are required for
studying the tribological properties of the spherical plain bearings. This paper aims to develop an elastic property analysis model
suitable for three commonly used fabric liners through a theoretical analysis of the elastic properties in order to obtain the parameter
expression of the compliance matrix. The influence of the elastic properties on the wear depth of the spherical plain bearings is
further investigated. Suggestions are made for the optimal design of the spherical plain bearings based on wear reduction.

1. Introduction

Spherical plain bearing with self-lubricating is a kind of
sliding bearings with low-speed multiaxial rotary oscillating
motion pattern. Widely used in mining and metallurgy,
aerospace, tank cannon gun system, and so forth [1, 2], the
typical spherical plain bearing with self-lubricating consists
of an inner ringwith an outside spherical surface and an outer
ring which has an inner sphere surface with a woven fabric
liner bonded to it, and its main failure form is the wear of
the woven fabric liner. The current studies on woven fabric
liner of spherical plain bearing with self-lubricating largely
concern the aspect of friction and wear experiments [3, 4],
while the elastic properties are obtained mainly by tensile
test experiments [5, 6] or numerical experiments [7–9]. Most
of the experiments focus on the particular structure of the
woven fabric liners [10–14]. Obtaining the elastic properties
of the liner is essential in studying the mechanical properties
of spherical plain bearings. The study on the influence of the
elastic properties of woven fabric liners on the wear depth of
the spherical plain bearings is almost blank. The purposes
of this paper are to create an elastic properties analysis
model which is suitable for the three commonly used woven
fabric liners, to obtain the elastic properties of the plain and
stain liners using the method of the tensile test experiment,

and then to validate the analysis model in an experimental
way and to investigate the influence of the elastic prop-
erties on the wear depth of the spherical plain bearings.
We wish to propose some suggestions for liner structural
optimizing.

2. Theoretical Analysis of Elastic
Properties of the Liner

2.1. Geometric Model of the Woven Fabric Liner. The woven
fabric liner is mainlymade up ofmatrix and reinforced fibers,
and the fiber distribution of the typical woven fabric liners
is shown in Figure 1. A global Cartesian coordinate system
(𝑋, 𝑌, 𝑍) is set, where axis 𝑋, whose included angle with
warp direction is 𝛽, is along the horizontal direction, and
axes 𝑌, 𝑍 are along the directions of fill and thickness of the
woven fabric liners, respectively. The angle between the warp
and fill directions is 𝛾, the fibers in the warp direction are
the mixture of polytetrafluoroethylene (PTFE) and Nomex,
and only Nomex fibres are in fill direction. The Nomex fiber
is used to improve the strength of the liner materials and
bonding properties, while the PTFE fiber is mainly used to
improve friction and wear properties of materials.Thematrix
of the woven fabric liner is phenolic resin.
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Figure 1: Fiber distribution of the woven fabric liner.

Take the black box parts (in Figure 1) of the liners for
the analysis units and make the following assumptions of the
microstructure of the fabric liners.

(1) The cross section of the yarn is lenticular shape [15].
Its shape and geometric dimensions are shown in Figure 2.

The width𝑤
𝑤
and the thickness 𝑑

𝑤
of the warp yarn after

cutting along 𝑌 direction can be obtained as

𝑤
𝑤
=

𝑤

sin 𝛾
, 𝑑

𝑤
= 𝑑, (1)

where 𝑤 and 𝑑 represent the width and the thickness of
the yarn in the cross section, respectively. The subscript 𝑤
indicates the warp yarn, and the subscript 𝑓 will be used in
the fill yarn (an exception if it is labeled especially).The warp
yarns of the liner are taken as an example, to study here, and
the fill yarns could be studied in the similar way.

The radius, 𝑅
𝑤
, the inner angle, 𝜑

𝑤
, and the cross-

sectional area, 𝐴
𝑤
, can be expressed as follows:

𝑅
𝑤
=
𝑤2
𝑤

4𝑑
𝑤

+
𝑑
𝑤

4
, 𝜑

𝑤
= 2 arcsin(

2𝑤
𝑤
𝑑
𝑤

𝑑2
𝑤
+ 𝑤2
𝑤

) ,

𝐴
𝑤
= 𝑅
2

𝑤
𝜑
𝑤
− 𝑤
𝑤
𝑅
𝑤
+
𝑑
𝑤
𝑤
𝑤

2
.

(2)

(2) Warp and fill yarns have the same fiber directions.
The global coordinate system of the liner is (𝑋, 𝑌, 𝑍), the

coordinate system of the plane of the fiber yarn trace is local
coordinate system (𝑢, V, 𝑤), and the coordinate system of the
fiber yarn trace is local coordinate system (1, 2, 3). The local
coordinate system (𝑢, V, 𝑤) is obtained by 𝛽 angle rotation of
the global coordinate system (𝑋, 𝑌, 𝑍) around𝑍 axis, and the
coordinate axes of (1, 2, 3) is parallel to the axes of (𝑢, V, 𝑤)
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Figure 2: Cross section of the fiber yarn.
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Figure 3: Coordinate systems of warp yarn.

after rotating 𝜃 angle around V axis. The position relationship
of the coordinate systems is shown in Figure 3.

Fibers directions are divided into the straight parts and
the curve parts shown in Figure 4.Thismodel applies to plain,
twill, and stain fabric liners.

The thickness of two layers of fiber yarns can be written
as

𝑡 = 𝑑
𝑤
+ 𝑑
𝑓
, (3)

where 𝑑
𝑓
indicates the thickness of the fill yarn after cutting

along warp direction.
The bend radius of the yarn can be obtained as

𝑟
𝑤
= 𝑅
𝑓
+
𝑑
𝑤

2
. (4)

Yarn-to-yarn distance is

𝐿𝑠
𝑤
= 2√𝑟2

𝑤
− 𝑅2
𝑓
. (5)

The length of the curve part of the yarn is

𝐿𝑐
𝑤
= 𝑟
𝑤
𝜑
𝑓
. (6)

The length of the warp yarn can be calculated by

𝐿
𝑠/𝑤

= 𝑚𝐿𝑠
𝑤
+ 2𝐿𝑐
𝑤
, 𝑚 = 0, 1, 2, (7)

where 𝑚 = 0, 1, 2 represents plain, twill, and stain woven
fabric liner, respectively. The subscript 𝑠 refers to the fiber

yarn, the subscript 𝑤 refers to the warp direction, and the
meaning of the subscript 𝑠/𝑤 below is the same as here.

The volumes of the warp yarns in the basic study cell can
be obtained as

𝑉
𝑠/𝑤

=

𝑛

∑
𝑖=1

𝐴
𝑤𝑖
𝐿
(𝑠/𝑤)𝑖

, 𝑛 = 2, 3, 4, (8)

where 𝑛 = 2, 3, and 4 correspond to the plain, twill, and stain
woven fabric liners, respectively. The meaning of the 𝑛 below
is the same as here; 𝑖 = 1 represents the first warp yarn.

The length of the basic study cell in thewarp direction can
be written as

𝐿
𝑤
= 𝑛𝐿𝑠

𝑤
, 𝑛 = 2, 3, 4. (9)

The volume of the basic study cell is

𝑉 = 𝐿
𝑤
𝐿
𝑓
ℎ, (10)

where 𝐿
𝑓
indicates the length of the basic study cell in the

fill direction, and ℎ represents the thickness of the study cell.
Since the thickness of thematrix is very thin, we assume ℎ = 𝑡.

The volume fraction of the warp yarns in the basic study
cell can be obtained as

V
𝑠/𝑤

=
𝑉
𝑠/𝑤

𝑉
. (11)

Thefiber volume fraction of thewarp yarns can bewritten
as

𝜓
𝑤
=
𝑘𝐴
𝑓/𝑤

𝐴
𝑤

, (12)

where 𝑘 indicates the number of the single fiber in the yarn,
𝐴
𝑓/𝑤

represents the cross-sectional area of the single fiber,
and subscripts 𝑓 and 𝑤 in 𝑓/𝑤 refer to the single fiber and
warp direction, respectively. The meaning of the subscript
𝑓/𝑤 below is the same as here.

Accordingly, the fiber volume fraction of the warp direc-
tion in the basic study cell can be calculated by

]
𝑓/𝑤

= 𝜓
𝑤
]
𝑠/𝑤

=
𝑘𝐴
𝑓/𝑤

∑
𝑛

𝑖=1
𝐿
(𝑠/𝑤)𝑖

𝐿
𝑤
𝐿
𝑓
ℎ

, 𝑛 = 2, 3, 4. (13)

2.2. Elastic Properties of the Woven Fabric Liner. The chamis
model [16] is used to calculate the elastic constants of the
straight part of the yarn. The expressions are as follows:

𝐸
11
= 𝑉
𝑓
𝐸
𝑓

11
+ 𝑉
𝑚
𝐸
𝑚

, ]
12
= 𝑉
𝑓
]𝑓
12
+ 𝑉
𝑚
]𝑚,

𝐸
22
=

𝐸𝑚

1 − √𝑉𝑓 (1 − 𝐸
𝑚/𝐸
𝑓

22
)
,

𝐺
12
=

𝐺𝑚

1 − √𝑉𝑓 (1 − 𝐺
𝑚/𝐺
𝑓

12
)
,

𝐺
23
=

𝐺𝑚

1 − √𝑉𝑓 (1 − 𝐺
𝑚/𝐺
𝑓

23
)
,

(14)
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where 1 is radial direction along the direction of the fiber axis;
2, 3 are traverse directions lying in the plane perpendicular to
the fiber;𝐸

11
and𝐸

22
are the elasticmoduli of fiber yarn along

the direction of 1 and 2, respectively; ]
12

is Poisson’s ratio
of the fiber yarn of the 1-2 plane; 𝐺

12
and 𝐺

23
are the shear

moduli of fiber yarn of the 1-2 and 2-3 planes, respectively;
𝐸𝑚, ]𝑚, and 𝐺𝑚 are the elastic modulus, Poisson’s ratio,
and shear modulus of the matrix, respectively; 𝐸𝑓

11
, 𝐸𝑓
22
, ]𝑓
12
,

𝐺
𝑓

12
, and 𝐺𝑓

23
are the radial elastic modulus, traverse elastic

modulus, in-plane Poisson’s ratio, in-plane shear modulus,

and 2-3 plane shear modulus of the fiber, respectively; 𝑉
𝑓

indicates the fiber volume fraction of the yarn, namely, 𝜓
𝑤

in the expression (12).
The curve part of the yarn can be regarded as the assem-

blage of a number of infinitesimal straight yarn segments.The
compliance matrix of the straight part of the warp yarn in the
local coordinate system (1, 2, 3) and the transitionmatrix [16]
between any two coordinate systems (𝑥

1
, 𝑥
2
, 𝑥
3
) and (𝑥, 𝑦, 𝑧)

can be written as

𝑆
𝑠

𝑖𝑗
=

[
[
[
[
[
[
[
[

[

𝑆
11

𝑆
12

𝑆
12

0 0 0

𝑆
12

𝑆
22

𝑆
23

0 0 0

𝑆
12

𝑆
23

𝑆
22

0 0 0

0 0 0 𝑆
44

0 0

0 0 0 0 𝑆
55

0

0 0 0 0 0 𝑆
55

]
]
]
]
]
]
]
]

]

, 𝑇 =

[
[
[
[
[
[
[
[
[
[

[

𝑙
2

1
𝑙2
2

𝑙2
3

𝑙
2
𝑙
3

𝑙
3
𝑙
1

𝑙
1
𝑙
2

𝑚2
1

𝑚2
2

𝑚2
3

𝑚
2
𝑚
3

𝑚
3
𝑚
1

𝑚
1
𝑚
2

𝑛
2

1
𝑛
2

2
𝑛
2

3
𝑛
2
𝑛
3

𝑛
3
𝑛
1

𝑛
1
𝑛
2

2𝑚
1
𝑛
1
2𝑚
2
𝑛
2
2𝑚
3
𝑛
3
𝑚
2
𝑛
3
+ 𝑚
3
𝑛
2
𝑚
1
𝑛
3
+ 𝑚
3
𝑛
1
𝑚
1
𝑛
2
+ 𝑚
2
𝑛
1

2𝑛
1
𝑙
1

2𝑛
2
𝑙
2

2𝑛
3
𝑙
3

𝑙
2
𝑛
3
+ 𝑙
3
𝑛
2

𝑙
1
𝑛
3
+ 𝑛
1
𝑙
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𝑙
1
𝑛
2
+ 𝑙
2
𝑛
1

2𝑙
1
𝑚
1

2𝑙
2
𝑚
2
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3
𝑚
3

𝑙
2
𝑚
3
+ 𝑙
3
𝑚
2

𝑙
1
𝑚
3
+ 𝑙
3
𝑚
1

𝑙
1
𝑚
2
+ 𝑙
2
𝑚
1

]
]
]
]
]
]
]
]
]
]

]

, (15)

where subscripts 𝑖 and 𝑗 in 𝑆𝑠
𝑖𝑗
refer to the row and column,

respectively. For the transition matrix 𝑇,

𝑙
𝑖
= cos (𝑥

𝑖
, 𝑥) , 𝑚

𝑖
= cos (𝑥

𝑖
, 𝑦) , 𝑛

𝑖
= cos (𝑥

𝑖
, 𝑧)

𝑖 = 1, 2, 3.

(16)

The compliance matrix of the straight part of the warp
yarn in the local coordinate system (1, 2, and 3) can be
completely determined by the chamis model, based on the
relationship between compliance matrix and elastic con-
stants.The transitionmatrix𝑇

𝑤1
between the local coordinate

system (1, 2, and 3) and (𝑢, ], 𝑤) and 𝑇
𝑤2

between the local
coordinate system (𝑢, ], 𝑤) and the global coordinate system
(𝑋, 𝑌, 𝑍) can be obtained according to transition matrix 𝑇.
Then the compliance matrix of the warp yarn in the global
coordinate system can be derived

𝑆
𝑠𝑤

𝑖𝑗
= 𝑇
𝑤2
𝑆
𝑠

𝑖𝑗
𝑇
𝑇

𝑤2
, 𝑆

𝑐𝐺

𝑖𝑗
= 𝑇
𝑤2
𝑇
𝑤1
𝑆
𝑠

𝑖𝑗
𝑇
𝑇

𝑤1
𝑇
𝑇

𝑤2
,

𝑆
𝑐𝑤

𝑖𝑗
=
1

𝜃
∫
𝜃

0

𝑆
𝑐𝐺

𝑖𝑗
𝑑𝜃,

(17)

where 𝑆𝑠𝑤
𝑖𝑗
, 𝑆𝑐𝐺
𝑖𝑗
, and 𝑆𝑐𝑤

𝑖𝑗
signify the compliancematrices of the

straight part, curve part yarn segment, and curve part yarn in
the global coordinate system (𝑋, 𝑌, 𝑍), respectively.

The compliance matrix of the warp yarn can be written as

𝑆
𝑤

𝑖𝑗
= 𝜆
𝑠𝑤
𝑆
𝑠𝑤

𝑖𝑗
+ 𝜆
𝑐𝑤
𝑆
𝑐𝑤

𝑖𝑗
, (18)

where 𝜆
𝑐𝑤

= 2𝐿
𝐶𝑤
/𝐿
𝑠/𝑤

and 𝜆
𝑠𝑤

= 1 − 𝜆
𝑐𝑤

indicate
the length fractions of the curve part and the straight part,
respectively.

The compliance matrix of the fill yarn 𝑆𝑓
𝑖𝑗
can be obtained

in a similar way. Since the compliance matrices of the warp

and fill yarns have been obtained, their stiffness matrices can
also be obtained by inversing their compliancematrices.Then
according to the volume fraction of the fibers in the warp
and fill directions, the stiffness matrices of the woven fabric
liners of spherical plain bearing with self-lubricating can be
calculated by

𝐶
𝑐

𝑖𝑗
= ]
𝑓/𝑤

𝐶
𝑤

𝑖𝑗
+ ]
𝑓/𝑓

𝐶
𝑓

𝑖𝑗
+ (1 − ]

𝑓/𝑤
− ]
𝑓/𝑓

) 𝐶
𝑚

𝑖𝑗
, (19)

where 𝐶𝑤
𝑖𝑗
, 𝐶𝑓
𝑖𝑗
, and 𝐶𝑚

𝑖𝑗
indicate the stiffness matrices of the

warp yarn, fill yarn, and matrix, respectively. ]
𝑓/𝑤

and ]
𝑓/𝑓

refer to fiber volume fraction of the warp and fill direction,
respectively.

The compliancematrix 𝑆𝑐
𝑖𝑗
of the woven fabric liner can be

obtained by inversing stiffness matrix𝐶𝑐
𝑖𝑗
, and the nine elastic

constants of the liner can be written as 𝐸
11
= 1/𝑆

𝑐

11
, 𝐸
22
=

1/𝑆𝑐
22
, 𝐸
33

= 1/𝑆𝑐
33
, ]
12

= −𝑆𝑐
12
/𝑆𝑐
11
, ]
23

= −𝑆𝑐
23
/𝑆𝑐
22
, ]
13

=

−𝑆𝑐
13
/𝑆𝑐
11
, 𝐺
12
= 1/𝑆𝑐
66
, 𝐺
13
= 1/𝑆𝑐
55
, and 𝐺

23
= 1/𝑆𝑐
44
.

3. Elastic Properties Test and Validation of
the Analysis Model

Experiment specimens include two types of woven fabric
liners: one is the plain woven fabric liner with PTFE fibers in
both the warp and fill directions; the other is the stain woven
fabric liner with PTFE and Nomex fibers in the warp direc-
tion and Nomex fiber in the fill direction. The experiment
is implemented by Zwick/Roell (BZ2.5/TS1S) test machine.
During the experiment, the displacement control mode is
used, and the loading speed is 0.2mm/min. A CCD camera
is placed at the normal of the specimen surface to record
images while loading. Precision for strain measurement is
50 𝜇𝜀. The sequential images are subjected to DIC (digital
image correlation) analysis, and then we can acquire the
elastic properties of the liners through the corresponding
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Figure 4: Geometric model of fibers directions.

Table 1: Geometric parameters of woven fabric composites.

Liner types Thickness of yarn (mm) (𝑑) Width of yarn (mm) (𝑤) Lamina thickness
(mm) (h)

Inner angle (∘)
(𝜑
𝑤
)

Fiber volume fraction of
the yarn (𝜓

𝑤
)Warp Fill Warp Fill

Plain/stain liners 0.19 0.51 0.38 90 0.70

Table 2: Material elastic properties.

Material 𝐸
11
(GPa) 𝐸

22
(GPa) 𝐺

12
(GPa) 𝐺

13
(GPa) ]

12

PTFE fiber 0.75 0.75 0.28 0.28 0.30
Nomex fiber 6.70 6.70 2.69 2.69 0.23
Phenolic resin
matrix 2.88 2.88 1.01 1.01 0.42

stress-strain curves. The structural and material parameters
are shown in Tables 1 and 2 [17]. The elastic properties
of plain and stain liners can be calculated by applying the
structural and material parameters to Sections 2.1 and 2.2,
respectively. The comparison between the computational
and experimental results is listed in Table 3. The coordinate
system (𝑋, 𝑌, 𝑍) is replaced by (1, 2, and 3) to align with the
conventional means of expression.

Table 3 shows that the calculation results of plain woven
fabric liner are in good agreementwith the experimental data.
Relative error of the warp elastic modulus of the stain woven
fabric liner is a little bit bigger, but within the scope of the
engineering allowable error.

4. Influence of Elastic Properties of the Liner
on Wear Depth of Spherical Plain Bearing

Wear simulation was realized by commercial finite element
software ABAQUS. Wear simulation program is designed
using Python language and the elastic properties of the liner
is changed to derive the variation trend of the maximum
wear depth of spherical plain bearing after 25000 cycles of
oscillating.
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Figure 5: Influencing of elastic modulus 𝐸
1
on the maximum wear

depth.

Figure 5 to Figure 8 are the curves of influencing of
the elastic properties on the maximum wear depth of the
spherical plain bearing after 25000 cycles of oscillating.

Figures 5 and 6 show that the elastic moduli of the liner
have a tremendous impact on the maximum wear depth of
the spherical plain bearing.The elastic moduli 𝐸

1
(𝐸
2
) and 𝐸

3

have an opposite influence on the maximal wear depth when
they vary from 0GPa to 65GPa. With 𝐸

1
(𝐸
2
) increasing, the

maximal wear depth is firstly increased by 96.34% and then
decreased by 30.61%. With the increase of 𝐸

3
, the maximal

wear depth is firstly decreased by 49.31% and then increased
by 28.33%. When the elastic moduli are over 65GPa, the
maximal wear depth increases firstly and then decreases and
increases with the increase of 𝐸

1
(𝐸
2
) and 𝐸

3
, respectively.
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Table 3: Comparison between the computational and experimental results.

Liner types Elastic properties Computational results Test results Error

Plain liner
𝐸
11
(GPa) 1.95 1.98 1.35%

𝐸
22
(GPa) 1.95 1.98 1.35%

𝐺
12
(GPa) 0.66 0.63 4.39%

Stain liner
𝐸
11
(GPa) 3.29 2.96 11.15%

𝐸
22
(GPa) 3.36 3.23 4.02%

𝐺
12
(GPa) 1.19 1.09 9.17%

60

70

80

90

100

110

120

130

140

Elastic modulus E3 (GPa)

M
ax

im
um

 w
ea

r d
ep

th
 (𝜇

m
)

0 10 20 30 40 50 60 70 80 90

Figure 6: Influencing of elastic modulus 𝐸
3
on the maximum wear

depth.

75
80
85
90
95

100
105
110
115
120
125
130
135

Shear moduli (GPa)

G12

G13, G23

M
ax

im
um

 w
ea

r d
ep

th
 (𝜇

m
)

0 10 20 30 40 50 60 70 80 90

Figure 7: Influencing of shearmoduli on themaximumwear depth.

The main movement pattern of the spherical plain bear-
ing is multiaxial rotary oscillatingmotion in a lower speed, so
there is an impact of the in-plane shear performance on wear
depth of the spherical plain bearing,which cannot be ignored.
As shown in Figure 7, with the shearmodulus𝐺

12
increasing,

the maximal wear depth firstly decreases, then increases, and
then decreases again. And it varies greatly when the shear
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Figure 8: Influencing of Poisson’s ratios on the maximum wear
depth.

modulus 𝐺
12

ranges from 35GPa to 60GPa. The maximal
wear depth of the bearing almost keeps the same and is under
the minimum state when𝐺

13
and𝐺

23
change from 20GPa to

80GPa.
Figure 8 suggests that the maximum wear depth will

increase and decrease when the Poisson’s ratio ]
12

increases
in the area of 0.1 to 0.15 or 0.3 to 0.35 and 0.15 to 0.3 or 0.35
to 0.4, respectively. The maximal wear depth will be minimal
when Poisson’s ratio ]

12
is 0.3. Poisson’s ratios ]

13
and ]
23
have

no effect on the maximal wear depth.
The wear depth of the spherical plain bearing at prede-

termined conditions cannot be greater than allowed limit
0.114mm based on the standard MIL-B-81820. Thus the
elasticmoduli𝐸

1
and𝐸

2
should change from0GPa to 40GPa

or 56GPa to 113GPa, 𝐸
3
should be greater than 12GPa, the

shear modulus 𝐺
12

should change from 0GPa to 46GPa or
54GPa to 80GPa, and Poisson’s ratios ]

12
should change from

0.16 to 0.34 or 0.36 to 0.45. Because the elastic constants 𝐺
13
,

𝐺
23
, ]
13
, and ]

23
, have a little or no influence on the maximal

wear depth, they can be ignored.

5. Conclusions

An elastic property analysis model, which is suitable for
three commonly used woven fabric liners, is described in
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this paper. The influence of the elastic properties on the wear
depth of the spherical plain bearings is further investigated.
The following is a summary.

(1) A general elastic properties analysis model adjusting
to the plain, twill, and stain liners was built.

(2) For the plain woven fabric liner, the computational
results of elastic properties are in good agreement
with the experimental data, and the relative errors
of in-plane elastic and shear moduli are 1.35% and
4.39%, respectively. For the stain woven fabric liner,
the relative error of thewarp elasticmodulus is 11.15%,
which is a little larger but within the scope of the
engineering allowable error, and the relative errors of
fill elastic and in-plane shear modulus are 4.02% and
9.17%, respectively.

(3) The influence of the liner elastic properties on the
wear of the spherical plain bearing was analyzed
based on the finite element method. The results show
that the liner elastic properties, which are the elastic
moduli 𝐸

1
(𝐸
2
) and 𝐸

3
, the shear modulus 𝐺

12
, and

Poisson’s ratio ]
12
, have the greater impacts on the

maximal wear depth of the woven fabric liner of the
spherical plain bearing. The results also show that
the shear moduli 𝐺

13
(𝐺
23
) have a small effect and

Poisson’s ratios ]
13

(V
23
) have no effect on the liner’s

wear.

(4) For the woven fabric liner of the spherical plain
bearing based on the standard MIL-B-81820, the
elastic moduli 𝐸

1
, 𝐸
2
should change from 0GPa to

40GPa or 56GPa to 113GPa, 𝐸
3
should be greater

than 12GPa, the shear modulus 𝐺
12

should change
from 0GPa to 46GPa or 54GPa to 80GPa, and
Poisson’s ratios V

12
should change from 0.16 to 0.34

or 0.36 to 0.45, so as to meet the wear requirement
of the bearing. The elastic constants 𝐺

13
, 𝐺
23
, ]
13
,

and ]
23

have a little or no influence on the maximal
wear depth; therefore they can be ignored. Above
suggestions could be used for the optimal design of
the spherical plain bearings based on wear reduction,
so as to select the suitable geometric and material
parameters of the woven fabric composite.
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Diamond-like carbon (DLC) films are deposited by bend filtered cathodic vacuum arc (FCVA) technique with DC and pulsed
bias voltage. The effects of varying bias voltage on nanoindentation and nanowear properties were evaluated by atomic force
microscopy. DLC films deposited with DC bias voltage of −50V exhibited the greatest hardness at approximately 50GPa, a low
modulus of dissipation, low elastic modulus to nanoindentation hardness ratio, and high nanowear resistance. Nanoindentation
hardness was positively correlated with the Raman peak ratio I

𝑑
/I
𝑔
, whereas wear depth was negatively correlated with this ratio.

These nanotribological properties highly depend on the films’ nanostructures. The tribological properties of the FCVA-DLC films
were also investigated using a ball-on-disk test. The average friction coefficient of DLC films deposited with DC bias voltage was
lower than that of DLC films deposited with pulse bias voltage. The friction coefficient calculated from the ball-on-disk test was
correlated with the nanoindentation hardness in dry conditions. However, under boundary lubrication conditions, the friction
coefficient and specific wear rate had little correlation with nanoindentation hardness, and wear behavior seemed to be influenced
by other factors such as adhesion strength between the film and substrate.

1. Introduction

Diamond-like carbon (DLC) films have attractedmuch atten-
tion as a surface coating due to their superior tribological
properties [1]. DLC films exhibit outstanding tribological
properties such as low friction, high hardness, and wear
resistance [2]. Furthermore, improvement of the boundary
lubrication properties of such films is also expected. For
instance, in an attempt to maximize fuel efficiency of auto-
mobile engines by decreasing friction, DLC films on the shim
of a follower series have been investigated. On comparing
the lubrication properties of these films with those of other
films, it was observed that hydrogen-free DLC films were
readily obtained [3, 4]. In the case of magnetic storage disks,
wear and minute friction fluctuation diminishes equipment
performance. An extremely thin wear and corrosion resistant

film coated on these surfaces should be considered [5–7].
To achieve high recording density, a durable protective film
should be less than 2 nm thick, and to achieve such thick-
nesses the filtered cathodic vacuumarc (FCVA) technique has
been studied extensively [8–10].

Many methods have been applied to depositing DLC
films. Films produced by the plasma chemical vapor depo-
sition (CVD) method contain hydrogen; therefore to avoid
this physical vapor deposition (PVD) methods such as arc
ion plating (AIP) have been applied. When solid carbon is
used as the vapor source, little hydrogen is found in the
films. AIP is applied when there is a desire to improve the
hardness and adhesion of the films using high energy plasma.
With AIP, it is possible to deposit a tetrahedral amorphous
carbon (ta-C) thin film, which is employed in the fabrication
of automobile sliding parts and films that protect magnetic
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heads at a high speed. However, a disadvantage of AIP is that
the surface roughness will be increased due to the deposition
of macroparticles. In order to overcome this problem, a
filter has been used in film deposition. Since FCVA was first
reported as an efficient method for depositing high-quality
hard coatings free of macroparticles, DLC films deposited
by the FCVAmethod have generated considerable interest as
coating materials [11, 12]. Ion energy controlled by substrate
bias is an important parameter in determining the properties
of films deposited via the FCVA technique.The hardness and
Young’s modulus values for a ta-C film deposited at an ion
energy of 75 eV were 59 and 507GPa, respectively [12].

In this study, DLC thin films were deposited via FCVA
ion plating under both DC and pulse bias voltages. Then,
the relationships between the structures and nano- and
macrotribological properties of FCVA-DLC films deposited
at various bias voltages were evaluated by regression analysis.

2. Materials and Methods

2.1. Deposition of DLC Films. DLC films were deposited by
FCVAplatingwith a bended filter, a graphite target, and argon
gas.The substrate was subjected toDC and pulse bias voltages
during film deposition. To deposit smooth DLC films, the
bended filter was applied to arc plasma from a graphite target.
The high density arc plasma was applied while the target was
irradiated. During this time, macroparticles were removed
by the magnetic field through the pipe bended filter. For
depositing films, a bias voltage, DC bias voltage from −50 to
−200V, or pulse bias voltage from−0.5 to−2.0 kVwas applied
on the substrate. The DLC films were also deposited under
floating voltage and ground without bias voltage and were
then compared with biased DLC films. To avoid the influence
of surface roughness, the silicon (100) substrate was polished
to give a mirror finish. The above-mentioned conditions
resulted in a film thickness of approximately 200 nm and are
listed in Table 1.

To clarify the structure of the FCVA-DLC film [12],
Raman spectral measurements (200–2000 cm−1) were car-
ried out [13] with a LabRAMHoriba Jobin Yvon spectrometer
equipped with a CCD detector and a He-Ne laser (532 nm) at
5mW. All samples were analyzed at an exposure time of 100 s
and with an aperture hole of 100 𝜇m.

2.2. Evaluation of Nanoindentation Properties. Nanoinden-
tation tests were carried out to evaluate the mechanical
properties of FCVA-DLC films by atomic force microscopy
(AFM: digital instrument with hysitron digital instrument).
The Berkovich diamond indenter, which is a three-sided
pyramid, was used with a load of 300 𝜇N and a tip radius
of approximately 200 nm. During the experiment, both the
loading and unloading times were 5 s. Maximum plastic
deformation depth was evaluated from the nanoindentation
curve, and the contact area (Ar) encircled by load curve,
unload curve, and 𝑋-axis was calculated. Then, hardness 𝐻
was calculated as follows:

𝐻 =
𝑃

Ar
, (1)

Table 1: Deposition condition.

Bias

Direct current −50 to −200V
Pulse bias −0.5 to −2.0 kV

Ground, floating
Film thickness: ∼200 nm

where 𝑃 is the applied load in the measurement. Young’s
modulus 𝐸 was obtained on the basis of inclination of the
unloading curve in the nanoindentation test and the plasticity
index [14] was defined as follows.

To clarify the deformation mechanism of FCVA-DLC
films, an energy analysis of nanoindentation was performed
[15]. Total deformation energy was calculated using the
integral of the loading curve. Storage energy was calculated
using the integral of the unloading curve and dissipated
energy was calculated as the remainder of total energy minus
the storage energy.Themodulus of dissipation was calculated
by dividing the dissipation energy by the total energy.

2.3. Nanowear Test. A nanowear test was performed to
evaluate wear resistance at the nanometer scale using AFM
[2, 11, 16] as shown in Figure 1(a). The tip was supported by
a parallel-leaf spring unit with a small spring constant. The
diamond tip was slid against the specimen surface by lead
zirconate titanate (PZT) scanner, which moved the sample
for contact, loading, and scanning. Samples coated with DLC
films were scanned by this scanner and the test conditions
were as follows: the radius of the Berkovich diamond indenter
tip was nearly 200 nm, the load was 30 𝜇N, the scan range
was 500 × 500 nm2, and the friction speed was 4.0 𝜇m/s.
After the wear test, the nanowear volumes were measured
by AFM from the change in surface profile measured at
a load less than 1 𝜇N. Then, the wear average depth was
evaluated.

2.4. Tribological Test. A ball-on-disk type friction test was
carried out to evaluate the tribological properties of FCVA-
DLC films as shown in Figure 1(b). By rotating the sample
with the application of a specific load on a 6mm diameter
SUS440C ball indenter, we measured the friction force
using a strain gauge type friction sensor. The tribological
properties of these DLC films under dry and boundary
lubrication conditions were investigated. The dependence of
frictional properties on rotation cycles was evaluated under
conditions of a load of 5.0N, a rotation speed of 100 rpm,
a rotation radius of 4mm, and a total number of rotating
cycles of 6000. The velocity was approximately 31.4mm/s.
The testing temperature was maintained near 293K.
After the friction test, the wear traces of the samples were
observed using an optical microscope and three-dimensional
profile meter. Moreover, to investigate the boundary
lubrication properties of DLC films, Z-20 lubricant with
molybdenum dithiocarbamates (MoDTC) and water were
used.
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Figure 1: Schematic diagrams for (a) nanowear and (b) ball-on-disk tribotests.

1350.00
1515.68

Floating

1350.00 1544.0

Ground

1200 1400 1600 1800

(a) Without bias

1200 1400 1600 1800

1350.00 1514.84

1350.00 1521.44

1350.00

1530.80

1350.00
1529.14

Wavenumber (cm)

DC −50V

DC −100 V

DC −150 V

DC −200 V

(b) DC bias

1200 1400 1600 1800

Wavenumber (cm)

1350.00
1526.06

1350.00

1521.44

1350.00
1520.77

1350.00

1523.63

Pulse −0.5 kV

Pulse −1.0 kV

Pulse −1.5 kV

Pulse −2.0 kV

(c) Pulse bias

Figure 2: Raman spectra of DLC films deposited at various bias voltages.

3. Results and Discussion

3.1. DLC Film Roughness and Structure

3.1.1. Surface Roughness. To examine the surface roughness
created by the macroparticles produced during DLC film
deposition, surface profiles of coated samples were observed
with AFM. Maximum roughness, Sy, and center-line average
roughness, Sa, were evaluated. The roughness values of the
DLC film deposited with ground were the highest at 5.3 nm
Sy and 0.4 nm Sa, whereas those of the DLC film deposited
with floating voltage were low at 1.5 nm Sy and 0.18 nm
Sa. Under the floating condition, self biased voltages were
induced. When the direct current bias voltage was applied
during deposition, the surface roughness values were 1.5 nm
Sy and 0.15 nm Sa. For DLC films deposited under pulse bias
voltage, the roughness values were 1.8 nm Sy and 0.18 nm Sa.
These results show that the macroparticles produced during
deposition were removed by filtering and the roughness of
DLCfilms deposited under both direct and pulse bias voltages
were less than 2.0 nm Sy and 0.2 nm Sa.

3.1.2. Raman Spectra. Figure 2 shows the Raman spectra of
DLC films prepared by the FCVA method with different
target bias voltages. For all FCVA-DLC films deposited with
pulse, floating, and DC bias voltages, the intensity of the
peak at approximately 1580 cm−1 (Graphite- (G-) band) was
higher than that of FCVA-DLC films deposited with ground.
For these FCVA-DLC films, except the DLC film deposited
with ground, the G-band peak intensity was very low, and
no significant Disorder- (D-) band peak at approximately
1350 cm−1 was observed. However, for films deposited with
ground, the intensity of the G-band peak was higher than
those of other FCVA-DLC films. The G-band peak was due
to the motion of the sp2 carbon in the graphite plane, and
the D-band peak was due to the disorder of the structure.
In addition, the G-band peak appeared to shift to the left
with increasing bias voltage due to the distortion of atom
bonds. Figure 3 illustrates the dependence of Id/Ig and G
position on bias voltage. The Id/Ig of a DLC film deposited
with ground was as high as 2.5. Id/Ig decreased to nearly
1.0 with the addition of bias voltage. Moreover, Id/Ig slightly
increased with an increase in the DC bias voltage. DLC films
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Figure 3: Effects of (a) DC bias voltage and (b) pulse bias voltage on Id/Ig and G position.

deposited at floating voltage showed low values of Id/Ig due
to their self biased voltage. For pulse bias voltage, Id/Ig was as
low as 1.0 at −0.5 kV and then increased with the pulse peak
voltage. On the other hand, the G position was the lowest at
1515 cm−1 with floating and −50V DC bias voltage. For pulse
bias voltage, the G position showed a similar trend as Id/Ig
and was low at −1 kV. The background noise caused by the
polymeric structure in these films was also low, because the
FCVA-DLCfilmswere deposited via a hydrogen-free process.
These results show that the FCVA-DLC films deposited with
bias voltage contain significant sp3 bonding structures [12,
13].

3.2. Nanoindentation Properties. Nanoindentation hardness,
H, is defined as the resistance to plastic deformation per
unit area. Elastic modulus (E)/H was evaluated because E/H
is the material parameter indicating the index of plasticity;
thus, E/H corresponds to the ease of plastic deformation.The
average H and E/H values in this study are summarized in
Figure 4. The H values of DLC films with floating voltage
and with ground were 45 and 29GPa, respectively. DLC
films deposited with DC bias voltage had higher H than
those of DLC films with ground. The DLC films exhibited
a maximum H of approximately 50GPa when the DC bias
voltage was −50V, and the hardness of these films decreased
with increasing DC bias voltage. For the pulse bias voltage,
DLC films had a maximum hardness when the peak voltage
was −0.5 kV, and then, hardness decreased with increasing
peak voltage.The proper bias voltages for high hardness were
obtained under both DC and pulse bias voltages. The same

test was carried out on the DLC films deposited by electron
beam ion plating and by sputtering, andH values of bothwere
approximately 20GPa. The H value of the silicon substrate
was 13GPa.

The scatter diagram of the modulus of dissipation and
E/H dependence on H is shown in Figure 5. A high positive
correlationwas observed between themodulus of dissipation,
E/H, and H, because their correlation coefficient R and
coefficient of determination R2 were as high as 0.82 and
0.65, respectively. The relationships between the moduli of
dissipation in these nanoindentation tests are expressed, as
shown in Figure 5.

All tested DLC films deposited with ground, floating, and
DC and pulse bias voltages can be expressed in onemastering
curve. The hardest −50V DC biased DLC film showed a
low modulus of dissipation and E/H. Therefore, these FCVA-
DLC films show excellent resistance to plastic deformation.
Moreover, when the DC bias voltage was reduced from −50V
to −150V, the modulus of dissipation and E/H increased.The
modulus of dissipation and E/H of DLC films deposited with
groundwere larger than those of the other films.Themodulus
of dissipation of DLC films deposited with ground and with
−2.0 kV pulse peak voltage was approximately 25% and 28%,
respectively. Under the same test conditions, the modulus of
dissipation of the DLC films deposited by electron beam ion
plating was approximately 25%, which is similar to that of
DLC films deposited with ground.

For very hard materials, it is difficult to induce plastic
deformation. The value of E/H ranges from 14 to 20 for
conventional materials such as metals. In the case of the
DLC films deposited with bias voltage by an FCVA method,
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Figure 4: Effects of (a) DC bias voltage and (b) pulse bias voltage on nanoindentation hardness (H).
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the value of E/H was very small, about 10.0. From the results
of the nanoindentation test, we conclude that the DLC films
deposited by the FCVAmethod exhibit superior resistance to
plastic deformation.

3.3. Nanowear Properties. A nanowear test was carried out
by AFM to evaluate the dependence of nanowear resis-
tance properties of the FCVA-DLC films on bias volt-
age. Figure 6(a) shows the nanowear profiles of DLC films
deposited with −50V DC (A) and −1.5 kV pulse (B) bias

voltage compared with ground (C). A quantificational analy-
sis was carried out to evaluate the wear depth of an atomic
order. The histograms of the profiles near the wear areas
were calculated. For eachDLC film, two peaks corresponding
to the top surface and the surface of the wear groove were
obtained as shown in Figure 6(b). The wear depth was
estimated from the distance between central values of these
two peaks. The atomic radius of carbon is approximately
0.07 nm, and according to this method the atomic scale of
wear depth can be evaluated. For DLC films deposited with
ground, the peak of the top surface was broad due to the
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Figure 6: Nanowear profile and histogram of wear surfaces.
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Figure 7: Scatter diagram of wear depth and wear volume for DLC films deposited with 10 different bias voltages.

large surface roughness, and the peak of bottom surface was
separated from the top surface due to the deep wear depth.
By contrast, on DLC films prepared with DC −50V, the wear
groove is flat and the surface roughness is low. Nearly 0.6 nm
differences between the two peaks of these DLC films were
observed. For the DLC film deposited with −1.5 kV pulse
bias voltage, the wear depth was 1.8 nm, whereas for those
deposited with ground the wear depth was 2.5 nm.

Figure 7 shows the scatter diagram of wear depth and
wear volume for films deposited with the 10 different bias
voltages. A high positive correlation was found between wear
depth and wear volume, and the correlation coefficient was

R = 0.91. The wear depths of films deposited with pulse bias
voltage were slightly greater than those of films deposited
withDCbias voltage.Thewear depths ofDLCfilms deposited
with both −2.0 kV pulse bias voltage and ground exhibited
similar large values. Figure 8 shows the scatter diagram of
wear depth andH for films depositedwith the 10 different bias
voltages. A strong negative correlation was found between
wear depth and H, and the correlation coefficient was R =
0.87. The extremely thin wear depths, which were less than
4 nm, reveal that the clear differences in the nanotribological
properties of films deposited under different conditions can
be evaluated.
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The scatter diagram of Id/Ig and H for films deposited
with the 10 different bias voltages is shown in Figure 9. H
decreased with increasing Id/Ig, and a strong negative corre-
lation was identified between H and Id/Ig, with a correlation
coefficient as high as R = 0.81. By contrast, H and G position
were less correlated, with a correlation coefficient of R = 0.56.

The scatter diagram of nanowear depth and Id/Ig for
films deposited with the 10 different bias voltages is shown in
Figure 10. A strong positive correlationwas observed between
nanowear depth and Id/Ig, with a correlation coefficient as
high as R = 0.82.These results show that the nanotribological
properties such as H and nanowear resistance are highly
correlated with Id/Ig and highly dependent on the nanostruc-
tures of the films.

3.4. Tribological Properties Evaluated by Ball-on-Disk Tri-
botest. Using a ball-on-disk type tribotester, the frictional
properties of the DLC films were evaluated under dry and
boundary lubrication conditions.

3.4.1. Frictional Properties under Dry Conditions. Figure 11
shows the relationship between the friction coefficient
and the number of sliding cycles under dry conditions. For
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Figure 10: Scatter diagram of wear depth and Id/Ig for DLC films
deposited with 10 different bias voltages.

the DLC films deposited with ground, the friction coefficient
increased with the number of sliding cycles, with a friction
coefficient as high as 0.3∼0.5. The friction coefficient of
the DLC films deposited with floating voltage showed a
minimum value at 0.2. The friction coefficients of the DLC
films deposited with both DC and pulse bias voltages were
approximately 0.2∼0.3. These friction coefficients decreased
and then became saturated with additional sliding cycles.

Figure 12 shows the dependence of the average friction
coefficient of DLC films on bias voltage. DLC films deposited
with floating voltage exhibited the lowest friction coefficient
among all the samples. For DLC films deposited with −1.0 kV
pulse bias voltage, the friction coefficient was also low and
was similar to that for DLC films deposited with floating
voltage.

3.4.2. Frictional Properties under Boundary Lubrication Con-
ditions with Z-20 and Modifier (MoDTC) Lubricant. Evalua-
tion of boundary lubrication properties was carried out using
Z-20 with added modifier (MoDTC) lubricant. The average
friction coefficients of DLC films are shown in Figure 13.
DLC films deposited with all DC bias voltages and the
ground exhibited low friction coefficients, which were near
0.1. The lowest friction coefficient of DLC films deposited
at −150V was nearly 0.09. For DLC films deposited with
pulse bias voltage, friction coefficients were slightly higher
at approximately 0.1∼0.12. DLC films deposited with −1.0 kV
pulse bias voltage showed the highest friction coefficient
value at approximately 0.12.

3.4.3. Friction Properties under Boundary Lubrication with
Refined Water. Under boundary lubrication with refined
water, the friction reduction effect was less than that obtained
using the Z-20 with MoDTC lubricant as shown in Figure 14.
The change in friction properties compared to those obtained
under dry conditions was different with refined water. For
example, the friction coefficient of DLC films deposited
with floating voltage was high at approximately 0.35. By
contrast, under dry conditions the friction coefficient was
the lowest. For films deposited with floating voltage, the
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Figure 11: Friction properties of various biased DLC films deposited with (a) DC bias and (b) pulse bias voltage (load: 5.0N, dry conditions).
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Figure 12: Average friction coefficient of DLC films under dry conditions.

friction exhibited inconsistent fluctuation at the beginning
of the experiment. The friction coefficient of DLC films
deposited with DC bias voltage was stable at approximately
0.15. The lowest friction coefficient of 0.1 was observed for
DLC films deposited with ground. In addition, the average
friction coefficients of DLC films deposited with pulse bias
voltage were greater than those for DLC films deposited
with DC bias voltage. Overall, the friction coefficients
fluctuated inconsistently from 0.2 to 0.4, similarly as

under dry conditions. The friction coefficient of DLC films
deposited with −1.0 kV pulse peak voltage reached as high as
0.4 and then decreased with an increase in peak voltage.

3.4.4. Damage to DLC Films after Friction Testing. Under
dry conditions, no visible damage to most of the FCVA-
DLC film-coated samples was observed. Figure 15 shows
an example of wear tracks formed with the use of Z-20
with MoDTC lubricant. The damage to DLC films deposited
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Figure 13: Average friction coefficient of DLC films deposited with (a) DC bias and (b) pulse bias voltage under lubrication using Z-20 with
MoDTC.
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Figure 14: Average friction coefficient of DLC films deposited with (a) DC bias and (b) pulse bias voltage under lubrication using refined
water.

with DC bias voltage and floating voltage was difficult to
observe under an optical microscope. By contrast, clear
damage to DLC films deposited with pulse bias voltage and
ground was observed. Under water boundary lubrication,
less damage was observed on DLC films deposited with DC
bias voltage than on the others as shown in Figure 16. On
the other hand, DLC films deposited with pulse bias voltage,

ground, and floating voltage showed considerable damage,
especially those deposited with ground, which showed the
most damage. Under lubrication with motor oil or water,
severe wear damage was formed by friction. This deduced
that peeled hard and brittle films act as abrasives.

The damaged states of the tested DLC films are summa-
rized in Table 3. The extent of damage caused was divided



10 Journal of Nanomaterials

2.0

1.0

0

0

2.0

0

(mm)

(𝜇
m

)

2.0

1.0

0

0

2.0

0

(mm)

(𝜇
m

)

(a) Ground Ground

0.50 1.0
(mm)

2.0

1.0

0

0

2.0

0

(mm)

(m
m)

(m
m) (m

m)

(𝜇
m

)

(b) DC −100 V (c) Pulse −1.0 kV

Figure 15: Wear profiles of DLC films deposited with (a) ground, (b) DC at −100V, and (c) pulse bias at −1.0 kV under lubrication using Z-20
with MoDTC.

into three levels. At the first level, the damage could be
observed clearly by optical microscopy, and the profile
measurement was expressed as severe damage, ×. At the
second level, the damage was difficult to observe by optical
microscopy, and the profile measurement was expressed as
slight damage,△. At the third level, the damage could not be
observed by optical microscopy, and the profilemeasurement
was expressed as no damage, I. In particular, DLC films
deposited with DC bias voltages showed superior wear
resistance under dry, water, and oil boundary lubrication
conditions.

3.4.5. Correlation of Nano- and Macrotribological Properties.
Generally, the friction coefficient depends on hardness and
Young’s modulus. The scatter diagram of friction coefficients
shows dependence on hardness and Young’s modulus for the
10 types of DLC films deposited with bias voltage under dry
conditions, and a negative correlation between the friction
coefficient and hardness is shown in Figure 17. The correla-
tion coefficients, R, of the friction coefficient with hardness
andwithEwas as large as 0.47 and 0.69, respectively, as shown
in Figure 10. This decrease in friction coefficient is attributed
to the decrease in the contact area with increasing hardness
and Young’s modulus. Under Z-20 with MoDTC and water
boundary lubrication, the regression between the friction

Table 2: Friction and lubrication properties test conditions.

Load 5.0N
Sliding speed 31.4mm/s
Ball indenter ANSI 440 C (radius = 3.0mm)

Environment
Dry condition

Water lubrication (refined water)
Motor oil lubrication (Z-20; MO-DTC containing)

coefficient and H is very weak. Under boundary lubrication,
the friction coefficients were influenced by surface damage
(Table 2).

There is little correlation between the specific wear rate
andH of the prepared FCVA-DLC films.The damage to DLC
films deposited without bias voltage was considerable, and
the damage to DLC films deposited with pulse bias voltage
was greater than that observed on films deposited with DC
bias voltage. Therefore, the specific wear rates determined
in the friction test seemed to be affected by other factors
such as the adhesion strength between the DLC films and the
substrate.
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Table 3: Sliding damage and specific wear rate (nm2/N).

DC Pulse Ground Floating
−50V −100V −150V −200V −0.5 kV −1.0 kV −1.5 kV −2.0 kV 0V 0V

Dry I I I I I I I △ △ I
0.21 0.20

Oil I I I △ × × × × × △

0.61 6.54 9.26 8.88 8.20 6.76 0.24

Water × △ △ △ × × × × × ×

1.35 0.62 0.86 0.38 5.0 1.80 2.42 1.46 6.92 5.28
I: damage free;△: less damage; ×: severe damage.

4. Conclusions

The nano- and macrotribological properties of DLC films
deposited by the FCVA method were evaluated, and the
results are summarized as follows.

(1) To determine resistance to plastic deformation, H,
the modulus of dissipation, and E/H were measured
using a nanoindentation test. Strong correlations
between hardness, modulus of dissipation, and E/H
were observed. The FCVA-DLC films deposited with
DC bias voltage showed high resistance to plastic
deformation. The DLC films deposited with a DC
bias voltage of −50V exhibited the greatest hardness
(approximately 50GPa), a low modulus of dissipa-
tion, and low E/H.

(2) Nanowear properties of FCVA-DLC films at less than
4 nm depth were evaluated by the AFM. The wear
depths of DLC films deposited with floating and DC
bias voltage were shallow at less than 1.0 nm. A strong
negative correlation was found between H and wear
depth.

(3) A positive correlation was observed between H and
the Raman peak ratio Id/Ig, whereas a negative cor-
relation was observed between wear depth and Id/Ig.
These results show that nanotribological properties
such as H and nanowear resistance are highly corre-
lated with Id/Ig and highly dependent on the films’
nanostructures.

(4) Under dry conditions, DLC films deposited with
floating and pulse bias voltages of −1.0 kV exhibited
low friction coefficients (𝜇 = 0.2). Under boundary
lubrication with MoDTC-containing Z-20, FCVA-
DLC films deposited with DC bias voltage also
showed low friction coefficients (𝜇=0.1). Underwater
boundary lubrication, the average friction coefficients
ofDLCfilms depositedwithDCbias voltage alsowere
low at about 0.1.

(5) Under dry conditions, no visible damage could be
observed on any of the FCVA-DLC films after friction
testing. The damage to DLC films deposited with DC
bias voltage was also very little under boundary lubri-
cation with either MoDTC-containing Z-20 lubricant
or water. By contrast, the FCVA-DLC films deposited

with pulse bias voltage and ground clearly exhibited
visible damage.

(6) The friction coefficient determined by a ball-on-disk
test was correlated with H under dry conditions.
However, with boundary lubrication, the friction
coefficient and the specific wear rate showed little cor-
relation withH. These results suggest that the friction
and wear behaviors of these films are influenced by
other factors such as the adhesion strength between
the film and substrate.
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Titanium dioxide nanoparticles (TiO
2
) were synthesized and then dual-coated with silane coupling agent (KH-570) and OP-

10 in sequence in order to be dispersed stably in water as lubricant additives. The tribological properties and the application
performance inQ235 steelmachining of the nanoparticles aswater-based lubricant additiveswere investigated on anMSR-10D four-
ball tribotester and on a bench drilling machine, respectively. Scanning electron microscope (SEM) and atomic force microscope
(AFM) were used to analyze the worn surface. The results show that the surface-modified TiO

2
nanoparticles can remarkably

improve the load-carrying capacity, the friction reducing, and anti wear abilities of pure water. The wear scar diameter and the
coefficient of friction of the water-based lubricating fluids with TiO

2
nanoparticles decreased, and the thick deep furrows on the

surface of wear scar also decreased obviously with the increase of TiO
2
concentration. The power consumption in drilling process

was lower and the cutting surface was smoother using the water-based lubricating fluids added TiO
2
nanoparticles compared to

the fluid without addition.The reason for nanoparticles improving tribological properties of water based lubricating fluid might be
the formation of a dynamic deposition film during rubbing process according to analysis of the worn surface.

1. Introduction

Environment protection and energy conservation are becom-
ing very important issues in modern industrial production.
The main cause of energy loss in a mechanical system is
friction [1]. The conventional choice is use of a mineral oil-
based lubricant to reduce wear and friction in mechanical
systems [2]. However, due to the inherent toxicity and the
nonbiodegradable nature of oil-based lubricants, developing
environment-friendly water-based lubricating fluids ismean-
ingful for resource conservation society [3, 4]. Nevertheless,
the poor tribological properties of water-based lubricating
fluids [5] make it unacceptable for most of tribological
applications. In order to adjust the performance and to
improve the properties of water based lubricants, high-
quality additives are used [6]. Liu et al. synthesized poly(N-
isopropylacrylamide) brush as water-soluble additive and
found that the additive helped decrease the friction coeffi-
cient of the lubricant to 0.03 due to its physical adsorption of
the polymer chains [7]. Zhang et al. investigated the friction
and wear behaviours of a (Ca, Mg)-sialon/SAE 52100 steel

pair under the lubrication of various polyols in water and
found that the friction coefficient was much lower than that
of pure water [8]. Duan Biao in his research on colloidal PSt
as a new additive for water-based lubrication found that it
can improve the base fluid’s antiwear and extreme pressure
performance [9]. Among all of the studies on water-based
lubricant additives, nanoparticles arouse our interest because
there have been a lot of researches on nanoparticles as addi-
tive in traditional oil-based lubricant and the nanoparticles
exhibit good antiwear and friction reducing properties [10–
18]. Some researchers have found that Fe

2
O
3
, CeO

2
, and

diamond nanoparticles as water-based lubricating additives
can significantly reduce the friction coefficients and improve
anti-wear properties [19–21]. But the studies on nanoparticles
as additive in water and, especially, on the application of
nanoparticles in water-based machining liquid are still scare
and should be further investigated due to their difficulty of
dispersion and stability in water [22, 23].

Among all nanoparticles as lubricant additives, TiO
2

nanoparticle is a promising additive to water-based lubricat-
ing fluids because of its excellent comprehensive properties,

Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2014, Article ID 785680, 8 pages
http://dx.doi.org/10.1155/2014/785680

http://dx.doi.org/10.1155/2014/785680


2 Journal of Nanomaterials

such as nontoxicity, white color, low density, and good
tribological properties [24–26].

In this paper, titanium dioxide (TiO
2
) nanoparticles were

synthesized using the homogeneous precipitation method.
The surface of TiO

2
nanoparticles was modified by dual

coatings with silane coupling agent (KH-570) and OP-10 in
sequence in order to improve its dispersion and stability
in water. Zeta potential of TiO

2
nanoparticles in water was

measured to analyse its dispersion stability. Tribological
properties of TiO

2
nanoparticles as lubricant additive in

water were investigated using a four-ball tester. And Q235
steel-drilling test on a bench drilling machine was carried
out using water-based cutting fluids with TiO

2
nanoparticles

in order to explore TiO
2
nanoparticles action on machining

application. The antiwear and friction reducing mechanism
of the dual-coated TiO

2
nanoparticles as water-based lubri-

cant additive was discussed according to SEM and AFM
analysis of the worn surfaces.

2. Experimental Method

2.1. TiO
2
Nanoparticle Synthesis. TiO

2
nanoparticles were

synthesized by homogeneous precipitation (urea as precipi-
tant)method in this paper. All chemical reagentswere reagent
grade without further purification. The typical preparation
procedure is as follows: the solutions of titanous sulfate and
sodium dodecyl benzene sulfonate (LAS) were prepared and
mixed under stirring, and then an aqueous solution of urea
(PH = 1.5) was added into the above mixture at 343K,
and the molar composition of urea to TiOSO

4
was 10 : 1.

After completing precipitation, white precipitated powders
were cleaned by deionized water, dried in a vacuum drying
oven for 3 hours, calcined in a furnace at 650∘C for 5 h, and
then ground into powders in absolute ethyl alcohol-added
KH-570 using a ball-grinding mill. And the KH-570 surface-
modified TiO

2
powders were coated again by OP-10 in water

at 343K under ultrasonic vibration and mechanical stirring.
The obtained powder was analyzed by transmission electron
microscopy (TEM) and X-ray diffraction (XRD). The zeta
potential of the dual-coated TiO

2
nanoparticles in the water

was examined by a Zetasizer Nano ZS ZEN 3600 particle-size
analyzer to determine its surface charge.

2.2. Tribological Test and Surface Analysis. In this study,
deionized water was used as pure water. Water-based
lubricants with different concentration of 0.1 vt.%, 0.2 vt.%,
0.4 vt.%, 0.8 vt.%, and 1.6 vt.% TiO

2
nanoparticles were pre-

pared.
Experiments of measuring friction reduction and anti-

wear properties of the cutting fluids with nanoparticles were
carried out with an MSR-10D four-ball tribotest at a rotating
speed of 1440 rpm under the applied loads of 147N for
10min. The steel ball (Φ 12.7mm, HRC 62–64) was made
of GGr15 bearing steel (AISI 52100 steel). Same tests were
performed for three times so as to minimize data scattering.
At the end of each test, wear scar diameters on the three
stationary balls were measured, and an average wear scar
diameter of the three tests was calculated. Scanning electron

microscope (SEM), atomic force microscope (AFM), and
energy dispersive spectrometry (EDS) were used to examine
the morphology and chemical composition of the wear scars
and to study possible tribochemical changes involved in the
friction process.

2.3. The Application of the Water-Based Cutting Fluids Added
TiO
2
Nanoparticle. The application performance of water-

based cutting fluids added TiO
2
nanoparticles was explored

by drilling test. A bench drilling machine (Z516-A) was used
to measure the power consumption of drilling at 1800 rpm
and room temperature for evaluating lubricating properties.
The power consumption was calculated by the following
formula:

ΔP
𝑃
=
(𝑃 − 𝑃

0
)

𝑃
0

∗ 100%, (1)

where 𝑃
0
is the input power when the drilling machine is in

idle, yet the 𝑃 is the actual input power during the drilling
process.

The applied steel plates in all tests were made of Q235
steel, and the diameter of drill bit was 10mm. The addition
concentration of dual-coated TiO

2
nanoparticles in pure

water was 2 vt.%, 4 vt.%, 6 vt.%, and 10 vt.%, respectively con-
sidering actual situation of drill processing. The water-based
cutting fluids without nanoparticles used in the experiment
were pure water mixed with an amount of KH-570 and
OP-10 in order to exclude the effect of surfactant on TiO

2

nanoparticles action.
The machining surfaces of inside wall of the holes were

analyzed after the experiments.

3. Results and Discussion

3.1. TiO
2
Nanoparticle Characterization. Figure 1 presents the

XRD pattern and TEM images of TiO
2
nanoparticles. It can

be seen that the prepared particles are pure TiO
2
particles

with single anatase phase (Figure 1(a)).The dual-coated TiO
2

nanoparticles have spherical shape, take on homogeneous
dispersion, and have no obvious aggregation, and the average
size of the prepared particles is about 20 nm in diameter
as shown in Figure 1(b). The surface modification agents
are adsorbed on the surface of nanocrystalline, which can
reduce the surface energy of nanocrystalline and prevent
nanoparticles from aggregating. The zeta potential value
of pure TiO

2
nanoparticles in water is measured to be

−5.44mV, and the zeta potential value of dual-coated nano-
TiO
2
increases to −24.6mV. The modified nanoparticles in

water show relatively higher dispersion stability because the
zeta potential value of dual-coated nano-TiO

2
is more than

three times higher than that of pure TiO
2
nanoparticles.

3.2. Experimental Results of Four-Ball Test. Maximum non-
seizure load (𝑃

𝐵
values) of the lubricants containing the dual-

coated TiO
2
nanoparticles is shown in Figure 2. In general,

the 𝑃
𝐵
value of the lubricant increases with the increase of

nanoparticles addition concentration, but the concentration
of nanoparticles is 0.4 vt.%, and the 𝑃

𝐵
value reaches the
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Figure 1: (a) X-ray diffraction spectra of the TiO
2
nanoparticles; (b) TEM image of the TiO

2
nanoparticles.
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Figure 2: The maximum nonseizure load (𝑃
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values) of lubricants with different additive concentration.

maximal value. At that concentration, the 𝑃
𝐵
value of the

lubricants with TiO
2
nanoparticles is improved maximally

by 157%. So it can be thought that the dual-coated TiO
2

nanoparticle has good load-carrying capacity and excellent
extreme pressure property.

The wear scar diameter and friction coefficient are func-
tions of the additive nanoparticle concentration in water, as
presented in Figure 3. Figure 3(a) shows wear scar diameter
(WSD) of steel balls lubricated by base water containing dif-
ferent amounts of TiO

2
nanoparticles. Results show that TiO

2

nanoparticles can improve the antiwear properties (reduce
WSD) of the basewater obviously, even at a low concentration
of 0.1 vt.%.When the concentration of nanoparticles in water
increases, the value of WSD decreased. The WSD of the
lubricants with TiO

2
nanoparticles is reduced by 34.8%

maximally.
The coefficient of friction is a demonstration of energy

loss caused by friction. Figure 3(b) shows the friction reduc-
ing property of the TiO

2
nanoparticles at different additive

concentration in base water. It can be seen from Figure 3(b)
that the friction coefficient of the water-added TiO

2
nanopar-

ticles is decreased dramatically compared to the lubricant
without nanoparticles with the friction coefficient of 0.17; the
minimum value of friction coefficient of the water containing

nanoparticles reaches 0.04 as the addition concentration of
nanoparticles in water is 1.6 vt.%, which indicates that dual-
coated TiO

2
nanoparticles as water-based lubricant additive

have excellent friction reducing property.
Figure 4 gives SEM images of the rubbed surface lubri-

cated with pure water and water-added TiO
2
nanoparticles

of 0.1 vt.%, 0.8 vt.%, and 1.6 vt.%, respectively. The worn
surface lubricated with pure water presented in Figure 4(a)
is rough with many thick and deep furrows due to strong
adhesion and ploughing between contacted asperities on the
rubbed surface of tribopairs. The worn surface lubricated
with water-added TiO

2
nanoparticles is smoother than that

lubricated with pure water. And with the increase of addition
concentration of TiO

2
nanoparticles in pure water, the thick

and deep furrows on wear scar surfaces become less and
shallower.

3.3. Experimental Results of Drilling Test. Figure 5 plots the
variation of power consumption of drilling with addition
concentration of TiO

2
nanoparticles in cutting fluids. In

this figure, it can be seen that with the increase of TiO
2

nanoparticles in cutting fluids, the power consumption of
drilling firstly decreases to the minimum value and then
increases. The optimal addition concentration is 6 vt.%, and
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Figure 3: Wear scar diameter (a) and friction coefficient (b) as a function of additive concentration.
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Figure 4: SEM micrographs of wear scar surfaces lubricated with different concentration of nanoparticles: (a) no addition, (b) 0.1 vt.%, (c)
0.8 vt.%, and (d) 1.6 vt.%.

under this concentration, the power consumption of drilling
is 35.4% less than that without TiO

2
addition.

Figure 6 presents SEM images of the machined inside
surface of drilling hole lubricated without lubricant liquid,
using cutting fluids without nanoparticles and using cutting
fluids with 2 vt.% and 6 vt.% nanoparticles.

The machined inside surface lubricated without lubri-
cant liquid presented in Figure 6(a) is evidently rough
with many built-up edges and some thick deep furrows

because of severe adhesion and ploughing. In Figure 6(b)
the machined inside surface lubricated with cutting fluids
without nanoparticles is also rough with many thick and
deep furrows but without built-up edge. In Figures 6(c), and
6(d), the machined inside surfaces lubricated with cutting
fluids with 2 vt.% and 6 vt.% nanoparticles, respectively,
are smoother than that lubricated with the cutting fluids
without nanoparticles, and the furrows of surface are less and
shallower.
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Figure 5: The power consumption of drilling as a function of additive concentration.

(a)

50𝜇m

(b)

50𝜇m

(c)

50𝜇m

(d)

50𝜇m

Figure 6: SEM image of the machined inside surface of drilling hole lubricated (a) without lubricant liquid; (b) using cutting fluids without
nanoparticles; (c) using cutting fluids with 2 vt.% nanoparticles; (d) using cutting fluids with 6 vt.% nanoparticles.

3.4. Tribological Mechanism Analysis of Nanoparticles as
Water-Based Additive. Figure 7 presents the tribological
model of nanoparticles as water-based lubricant additive
according to the above experimental results.

The antiwear and friction reducing mechanism of
nanoparticles as water-based additive might be understood
better due to the separation effect of nanoparticles as depo-
sition film to the asperities on the contacting surface of the
tribopairs. When lubricated with the water without nanopar-
ticles addition as shown in Figure 7(a), many asperities on
the rubbing surface of tribo-pairsmight directly be in contact
due to poor separation of pure water to the asperities, which
leads to strong adhesion and ploughing between contacted
asperities on the rubbed surface of tribo-pairs [27], andmany
thick and deep furrows on the worn surface are found as
shown in Figures 4(a) and 6(b). When a trace amount of
nanoparticles were added into the water as lubricant additive

as shown in Figure 7(b), the nanoparticlesmight be deposited
on the rubbing surface, which separates apart asperities on
the contacting surface and reduces the thick deep furrows on
the worn surface as shown in Figures 4(b) and 6(c), due to
reduction of the area of contacted asperities on the rubbing
surfaces. When lubricated with the water added with an
appropriate amount of nanoparticles as shown in Figure 7(c),
the nanoparticles separate all asperities on the contacting
surface and the thick deep furrows on the worn surface
cannot be found as shown in Figures 4(c), 4(d), and 6(d). At
the same time, the worn surface became smoother compared
to that lubricated without nanoparticles.

In order to further explore the nanoparticles action as
water-based lubricant additive in rubbing process, atom force
microscope (AFM) is used to analyze theworn surface of steel
ball lubricated with the water-added 1.6 vt.% nanoparticles
after ultrasonic washing for 5 minutes as shown in Figure 8.
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Figure 7: Schematic diagram showing separation effect of nanoparticles during rubbing lubricated (a) pure water without nanoparticle; (b)
the water with a trace amount of nanoparticles; (c) the water with an appropriate amount of nanoparticles.
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Figure 8: AFM analysis of the worn surface of steel ball after four-ball test lubricated by the water with 1.6 vt.% TiO
2
nanoparticles with

ultrasonic washing for 5 minutes (a) height image; (b) phase image.

The nanoparticles are found on the surface of asperities.
However, the amount of nanoparticles found on the surface of
asperities is little and cannot separate the contacted asperities
completely, so cannot perform excellent tribological proper-
ties.

Figure 9 presents the EDS analysis of worn surface after
four-ball test lubricated by the water-added 1.6 vt.% TiO

2

nanoparticles without ultrasonic washing andwith ultrasonic
washing for 2 minutes and 5 minutes, respectively. It can be
seen that with the increase of washing time, weight percent
of Ti element on the worn surface decreases gradually, and
Ti element is not found on the worn surface after ultrasonic
washing for 5 minutes.

The reasonable explanation might be a dynamic depo-
sition film formed by nanoparticles during rubbing process

which might separate effectively the direct contact of asper-
ities, alleviate the strong adhesion and ploughing between
asperities, and result in the decrease of the wear scar diameter
and the friction coefficient obviously during four-ball test as
shown in Figure 3 and the significant reduction of the power
consumption during drilling test as shown in Figure 5.

4. Conclusion

(1) Dual-coated TiO
2
nanoparticles with KH-570 and

OP-10 in sequence exhibit good dispersity and stabil-
ity in pure water.

(2) Dual-coated TiO
2
nanoparticles as water-based lubri-

cant additive provide more excellent tribological
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Figure 9: SEM and EDS analysis of worn surface of steel ball after four-ball test lubricated by the water-added 1.6 vt.% TiO
2
nanoparticles.

(a) Without ultrasonic washing; (b) with ultrasonic washing for 2 minutes; (c) with ultrasonic washing for 5 minutes.

properties than pure water in terms of load-carrying
capacity, antiwear, and friction reducing.

(3) Dual-coated TiO
2
nanoparticles as cutting fluids

additives also exhibit better friction reducing prop-
erty.Thepower consumption in drilling process lubri-
cated with TiO

2
nanoparticles is lower than that of

the fluid without nanoparticle addition. The optimal
concentration is about 6 vt.%.

(4) The antiwear and friction reducingmechanism is that
TiO
2
nanoparticles can form a dynamic deposition

film on the worn surface and separates the direct
contact between the asperities of the rubbing surfaces
according to the analysis of SEM, AFM, and EDS of
worn surfaces.
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H. Störi, “Tribological properties of additives for water-based
lubricants,”Wear, vol. 269, no. 11-12, pp. 804–810, 2010.

[7] Y. H. Liu, X. YuQi, and L. JianBin, “Preparation of poly (N-
isopropylacrylamide) brush bonded on silicon substrate and its
water-based lubricating property,” Science China Technological
Sciences, vol. 55, no. 12, pp. 3352–3358, 2012.

[8] W. Zhang, W. Liu, and L. Yu, “Friction and wear behaviors of a
(Ca, Mg)-sialon/SAE 52100 steel pair under the lubrication of
various polyols as water-based lubricating additives,” Tribology
International, vol. 33, no. 11, pp. 769–775, 2000.

[9] B. Duan, “A study on colloidal PSt: a new type of water-based
lubrication additive,”Wear, vol. 236, no. 1-2, pp. 235–239, 1999.

[10] L. Rapoport, N. Fleischer, and R. Tenne, “Applications of WS2
(MoS2) inorganic nanotubes and fullerene-like nanoparticles
for solid lubrication and for structural nanocomposites,” Journal
of Materials Chemistry, vol. 15, no. 18, pp. 1782–1788, 2005.

[11] Y. Y. Wu, W. C. Tsui, and T. C. Liu, “Experimental analysis
of tribological properties of lubricating oils with nanoparticle
additives,”Wear, vol. 262, no. 7-8, pp. 819–825, 2007.
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Alternate hard and soft layers increase deformation accommodation as thin hard layers slide relative to each other due to shear
deformation of lowmodulus layers. However, the processing of such multilayers is challenging. In the present paper the alternating
soft and hard multilayered SiCN coating deposited by magnetron sputtering has been studied and presented. A hardness and
modulus of 37GPa and 317GPa with elastic recovery of 62% are achieved by alternate hard and soft layer of Si–C–N by magnetron
sputtering. The trilayer films sustained even 2000 gf under indentation without failure though substrate plastically deformed. The
fracture toughness value𝐾IC was measured to be 9.5–10MPam1/2, significantly higher than many reported hard coatings.

1. Introduction

For engineering applications, hardness must be compli-
mented with high toughness, which is a property of equal
importance as hardness. Toughness is an importantmechani-
cal property related to materials resistance against the forma-
tion of cracks resulting from stress accumulation in the vicin-
ity of the structural imperfections. In an energetic context,
toughness is the ability of the material to absorb energy dur-
ing deformation until fracture. Therefore, a high toughness
coating has high resistance to the formation of cracks under
stress and high energy absorbance to hinder crack propaga-
tion, whereby preventing chipping, flaking, or catastrophic
failure. When the applied stress exceeds the critical value for
a particular crack size, there is a growth in the microcracks
present which results in brittle failure of the materials as per
Griffith’s theory [1]. Hard coatings are very important for
different industrial application for protection against wear.
However hardness must be complimented with good tough-
ness for prolonged performances of these coatings. The
nanocrystalline-amorphous composite coatings result in
improvement in strength, due to restriction in the dislocation
movement for crystallites of very small dimensions which
gets pinned when it is surrounded by amorphous matrix.

The amorphous matrix present in the surrounding also helps
in reducing problems associated with lattice misfit as the
dislocation which might be in the crystalline cannot prop-
agate in to the amorphous phase and vice versa. Secondly, if
both the nanocrystalline phase and the amorphous phase are
strong, then they have higher cohesive energies [2–4]. The
usual mechanism of deformation and mechanical failure is
absent or hindered as no dislocation multiplication source
can operate and the energy of dislocation in such small crys-
tallites being too high is repelled towards the grain bound-
aries and annihilates there during growth. However, the crack
growth is hindered in nanocrystalline composites and the
sizes of the cracks are limited to 2–4 nm. Therefore, nano-
composites coatings also provide high toughness and low
friction apart from hardness at the same time [5].

Si–C–N nanocomposites due to their exceptional combi-
nation of properties are very promising material for applica-
tions as wear and oxidation resistance, optoelectronic mate-
rial in hostile environment. Si–C–N coatings are desired for
many industrial applications such as turbine engines, blades,
and wear resistant coatings for automotive industry to
enhance the life as well as the performances of the compo-
nents.They also find application inMEMS device fabrication
in the form of field emission displays.
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Table 1: Deposition parameters for the single-layer and multilayer Si–C–N films deposited by DC magnetron sputtering.

Type of coating Nature of coating Nitrogen pressure (mbar) Argon pressure (mbar) Deposition pressure (mbar)
Single-layer SiCN coating (A) Hard 0.001 0.009 0.01-0.02
Single-layer SiCN coating (B) Soft 0.099 0.001 0.09-0.1

Double-layer SiCN coating (C) (AB) Hard 0.001 0.009 0.01
Soft 0.099 0.001 0.09-0.1

Double-layer SiCN coating (D) (BA) Soft 0.099 0.001 0.09-0.1
Hard 0.001 0.009 0.01-0.02

Trilayer SiCN (E) (ABA)
Hard 0.001 0.009 0.01
Soft 0.099 0.001 0.09-0.1
Hard 0.001 0.009 0.01

Thin film depositions of Si–C–N have been carried out
by plasma and ion-assisted deposition, chemical vapour
deposition, magnetron sputtering, microwave, and elec-
tron cyclotron resonance plasma enhanced chemical vapour
(ECRPECVD), ion implantation, pulsed laser deposition,
and rapid thermal chemical vapour deposition (RTCVD).
At substrate temperatures below 1000∘C, amorphous Si–C–N
films are reported to be deposited, while higher temperatures
produced crystalline composite films of 𝛼- and 𝛽-Si

3
N
4
and

𝛼- and 𝛽-SiC. Many reports are available on single-layer hard
coatings of SiCN nanocomposite coatings and hardness and
modulus has been tailored by varying the plasma or process
parameter during deposition and films with less hardness to
high harness more than 40GPa has been achieved.

The limitations associated with monolithic coatings such
as lack ofmultifunctional character and high residual stresses
and problems associated with adhesion to substrate have led
to increasing use of multilayer coatings. Multilayer coatings
not only offer the combination of attractive properties from
different materials, but also have observably increased tri-
bological performance over monolithic coatings. The mul-
tilayers have advantage that use of one interlayer or several
interlayers enhances the adhesion of coatings by reducing
the mismatch in mechanical, chemical, or thermal prop-
erties between coatings and substrate. Alternating layers
can improve the fracture toughness either by introducing
layer interfaces to stop cracks or providing a tough medium
through which propagation of cracks is prohibited.

A review paper by Stueber et al. [6] presents recent devel-
opments in hard, wear resistant thin films based onmultilayer
coating concept. There are many factors that contribute to
enhanced hardness in multilayers.

Multilayers with alternating soft and hard layers increase
deformation accommodation as thin hard layers slide relative
to each other by virtue of the shear deformation of low
modulus layers. However the processing aspect ofmultilayers
is much more demanding with respect to the process control
and material selection, number of layers required ensuring
sufficient interface quality, stability, and avoiding interfa-
cial reactions between layers that can decrease interfacial
strength.

Lot of research is being done on the multilayer coatings
alternated with two materials forming the bilayer period
[7–9]. The two dissimilar material layers however face the
problem of interface stresses, thermal mismatch, and lattice

mismatch of the two different materials. There is very little
evidence in the literature on the deposition of multilayer
coatings formed by depositing the hard and soft coating of
the same material. Research has been done on the effect of
pressure and nitrogen on the hardness of the Si–C–N coatings
[10–17]. The research on different aspect of single-layer hard
SiCN coatings has also been reported by one of the authors
Mishra et al. in the literature, where it showed very fine nano-
crystalline dispersion of size 2–10 nm in SiCN amorphous
matrix [18, 19]. The films were very hard ranging between 10
and 35GPa dependent on the deposition parameters.

Deposition pressure and nitrogen to argon ratio can play
a dominant role in making a hard film (hardness greater than
20GPa) or a soft film (hardness lesser than 20GPa). The
deposition of alternate hard and soft layers of the same Si–C–
Nmaterial will circumvent the problems of interface stresses,
thermal mismatch, and lattice mismatch of the two different
materials soft and hard layers.

In the present paper our research on the microstructural
study on the interface of the alternate hard and soft layers of
Si–C–N and mechanical and fracture behaviour of hard and
tough SiCN multilayered structure deposited by magnetron
sputtering is discussed.

2. Experimental

Single-layer and multilayer Si–C–N hard and soft coatings
were deposited by reactive DC magnetron sputtering on
silicon (Si-100) and stainless steel (SS-304) substrates, using
single compact target of SiC in argon-nitrogen atmosphere of
plasma. The deposition pressure and nitrogen to argon ratio
are varied to generate the comparatively soft (hardness less
than 20GPa) and hard (hardnessmore than 30GPA) coatings
of the same material, that is, Si–C–N and then use them to
generate multilayer coating alternated hard and soft coatings.
All coatings were deposited at 365∘C substrate temperatures
and at 150 watt power. Each layer was deposited for 2-hour
duration. The deposition parameters are given in Table 1.

Microstructural studies were carried out using AFM
(SEIKO 400 Japan) and TEM (FEI Tecnai G230ST, The
Netherlands). Nanoindentation (XP, MTS/Agilent, USA)
experiments were done at varying depths of the film with
strain rate of 0.05 s−1. Poisson’s ratio was taken as 0.25 for cal-
culations of all parameters. A harmonic displacement of 2 nm
at a frequency of 45Hz was initialized for the experiments.



Journal of Nanomaterials 3

100 nm

(a)

100 nm

(b)

Figure 1: SEM image of SiCN film on SS: (a) single-layer A, hard film and (b) single-layer soft film, B.

The depth for each indentation was fixed as 500 nm and the
experiment was carried out in continuous stiffnessmode.The
average hardness andmodulus for each indent were averaged
between the depth of 50 nm to 500 nm and the values
reported are the average of 8 indents. The TEM samples for
interface study were prepared by cutting very thin sample
from cross section, then lapped, and finally ion beam thinned
for TEM transparency. The percentage elastic recovery of the
films was calculated from load-depth curve obtained by
nanoindentation and by measuring total area under maxi-
mum loading and the retained plastic area with formula given
below

Percentage Elastic Recovery

= {
(Total area under the curve − Plastic area)

Total area
} ∗ 100.

(1)

The microhardness was measured by Leica Germany at
25 gf load.The effect of higher loads was studied by indenting
at higher loads of 100 gf, 200 gf, 300 gf, 500 gf, 1000 gf, and
2000 gf on the film. For each film the value presented is
average of 6 indents.

3. Results and Discussion

The thicknesses of the single-layer hard (A) coating deposited
for 2 hrs was about 2.5 micrometer, whereas soft film (B)
when deposited for 2 hrs was 1.7 micrometer. Later all the
layered films soft or hard were deposited in the desired
sequence for 2 hrs each. The sequences were AB, BA, and
ABA.

SEM images of the Si–C–N films deposited at different
pressures (filmsAandB) are given in Figure 1. It was observed
that the films deposited at the pressure of 10 Pa had larger
particle sizes (100–200 nm) but in the filmdeposited at 1 Pa no
particles could be resolved by SEM so they were very fine.The
microstructure for the film deposited at 1 Pa showed densely
packed which may be responsible for its high hardness value
(around 32GPa) whereas the microstructure for films depos-
ited at 10 Pa showed the presence of globular structures
with variable dimensions which may be the reason for their

comparatively low hardness values (around 9.6GPa). The
introduction of nitrogen in larger ratio (nitrogen argon ratio
around 99 : 1) and increase in deposition pressure (around
10 Pa) for film B is responsible for the significant particle
growth, due to lower deposition rates giving enough time to
the atoms in terms ofmobility anddiffusion.Thedouble-layer
FilmC (AB) the top layer is soft filmBhad larger size particles
(1 𝜇m) as seen in SEM image for bilayer.

SFM studies of different single and multilayer sequence
were also carried out.The hard film was having very fine par-
ticle size in the film in the range of less than 50 nm, whereas
the soft film B showed 100–120 nm particle size Figure 2(b).
The film C (AB, hard-soft) showed its particle size around
50 nm. The double-layer film D soft hard (BA) showed 50–
70 nm growth on surface. The trilayer film ABA had larger
growth on top it was found to be around 300 nm. The films
were dense as is revealed by AFM. Figures 2(a) and 2(b)
presents the AFM images of double-layer film C (AB) and
trilayer film E (ABE).

4. Interface Study of the Trilayer (ABA)
SiCN Film

The interface cross sectional studies of trilayer film C which
was consisting of hard-soft-hard three layers on silicon
substrate was studied by Transmission electron microscope.
Figure 3(a) shows the interface of Si substrate and the first
hard layer. It was observed that they had sharp interface and
the individual first hard layer A in the trilayer film was amor-
phous as confirmed by the SAEDof film (inset of Figure 3(a)).
The EDX of the film showed mainly the presence of Si, N,
and C.Though the interface between the hard and soft layers
was sharp, a very thin 5 nm reacted zone was observed at the
interface between SiCN layer A and the substrate as can be
seen in Figure 3(b).

The interface of the layer A, hard film, and the layer B, soft
film, is shown in Figure 4(a). Here the interfacewas sharp and
no delaminationwas observed. A nanocolumnar type growth
morphology was observed in the soft film with larger particle
sizes compared to hard film A.This was complimentary with
the surface microstructure revealed by AFM and SEM. EDS
composition analysis of the soft film also showed the presence
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Figure 2: AFM topography image of multilayer layer SiCN film on Si: (a) film C (layer AB) and (b) triple layer SiCN film E (ABA).
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Figure 3: Cross-sectional TEMmicrostructure: (a) Si and hard SiCN-A interface, SAED of SiCN hard layer A, and (b) high-resolution image
of the interface and the reacted zone.
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Figure 4: Cross-sectional TEMmicrostructure of SiCN layered film: (a) AB layer interface and SAED from Layer B and (b) B middle soft A
top hard layer interface.
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Figure 5: TEM microstructure SiCN film E (a) trilayer ABA, inset SAED of substrate Si, and (b) corresponding elemental EDS mapping
across the line of interface shown in (a).

of SiCN mainly; however, the nitrogen was found to be more
in case of soft film. It was so expected since the deposition
was done at higher nitrogen fraction in the plasma compared
to the hard film where nitrogen was much less. Nitrogen
incorporation in the film reduces the hardness and has been
reported in other systems of film such as TiBN, CN due to
the formation of different soft phases consisting of different
ratios of C and N and Si. The SAED of layer B also essentially
showed broad halo ring typical of an amorphous phase SAED
(inset of Figure 4(a)). The columnar growth is due to the
presence of nitrogen specieswhich leads to slower growth rate
and enough mobility of ad atoms leading to more structured
growth, whereas in hard layer A the deposition rate wasmuch
higher compared to layer B.

Figure 4(b) shows the interface of the middle B layer and
the top hard layer. Here it is clear that the columnar grown
is visible in B layer only and in A layer the particles are very
fine.The interface was found to have sharp boundary, and no
other phase was observed in cross section study.

Figure 5(b) shows the nanoprobe STEM-EDS composi-
tion line-scan profile across the interface along the line drawn
in Figure 5(a), which confirms the sharp boundaries at inter-
face and having higher amount of nitrogen and lesser amount
of Si in soft layer B compared to the hard layers A on its both
sides, as was discussed above.

Mechanical properties such as hardness and modulus
of the film were studied through nanoindentation using
Berkovich indenter. The sample A showed an appreciable
hardness 31 GPawith 266.6GPamodulus.Whereas Bwas soft
having 9GPa and 115GPa hardness and modulus.The reason
behind high hardness in film A was the formation of Si

3
N
4

and C
3
N
4
which were found to be absent in the soft film B, as

has been reported earlier by one of the present authors [20].
These phases, due to their strong covalent bonds and very fine
crystallites in amorphousmatrix, impart high hardness to the
material. Then, double-layer films were deposited (Film C
(AB) and Film D (BA)). These coatings showed increase in
hardness as well as increase in Young’s modulus and were
found to be (hardness: 25.9 and 36.4GPa) (modulus: 266,
339GPa), respectively.The hardness of film C was lesser than
the individual hard filmAdue to the presence of soft layer and
it gives a composite hardness. In the case of film D however
the filmhardness andmodulusweremore than the individual
hard film. It is due to the reason that upper most layer is
of hard film and underlayer soft layer gives a support and
resilience, which in case of single layer was substrate. The
thickness of the effective composite film increased; hence,
the effect of substrate decreased. Hence higher value trilayer
coating Film E (ABA) showed a similar range of hardness
and modulus as that of D but with higher percentage elastic
recovery. The underlayer as soft layer seems to increase the
hardness and modulus. The values for hardness, modulus,
and percentage elastic recovery for different layers are given
in Table 2. It was observed that film Ewith trilayer (ABA) had
higher hardness of 36.4GPawithmodulus 317GPa alongwith
62% elastic recovery. This also reveals that trilayer film with
ABA combination was tougher.

For fracture behaviour of the different layers microhard-
ness studies were performed on these films. Table 3 shows the
hardness obtained for different layers on SS and Si substrates.
However, in some cases hardness could not be measured due
to the presence of cracks at those loads; hence, values are not
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Table 2: Hardness, modulus of elasticity, percentage elastic recovery of single-layer, and multilayer by nanoindentation.

Film No. of layers (substrate-SS304) Hardness (GPa) Modulus of elasticity (GPa) Percentage elastic recovery (%)
A 1 31.7 266.57 59.8
B 1 9.629 115.745 55.0
C (AB) 2 25.978 266.138 52.6
D (BA) 2 36.43 339.387 52.3
E (ABA) 3 36.394 317.236 61.9

(a) (b) (c)

Figure 6: Indentation picture of SiCN film on SS 304 (a) film E; HSH layer at 2000 gf, (b) Film A at 1000 gf and (c) FilmD; SH layer at 1000 gf.

Table 3: Hardness values by microhardness tester.

Load→ 25 gf 100 gf 200 gf 300 gf 500 gf 1000 gf
A (SS 304) 6630 6061 4552 4102 — —
B (SS 304) 3891 3181 2153 1647 —
C (AB) (SS 304) 3690 3120 2850 2999 3514 —
D (BA) (SS 304) 4077 4091 3066 3308 2875 —
E (ABA) (SS 304) 5868 3713 3314 2960 2768 2514
A (Si 100) 4077 4091 3066 3308 2875 —
E (ABA) (Si 100) 3690 3120 2850 2999 3514 —

presented. The values of hardness are different and higher
than those from nanoindentation, as in nanoindentation the
hardness measured is dynamic and at maximum depth with-
out elastic recovery, whereas in microhardness the hardness
values are measured after elastic recoveries have taken place
after unloading. Hence, in both the cases hardness values
depend on the elastic-plastic behaviour of the composite
coatings. The decrease of hardness with load is obvious since
with increase of load depth of indentation increases, substrate
starts influencing, and composite harness is measured. It is
clear from Table 3 that hardness could be measured up to
1000 gf for only trilayer film E.

From fracture behaviour of the films, it was observed that
trilayer film had better resistance to loading than individual
hard coatings. A soft layer in between played a significant role
in building resistant behaviour against indentation. In the
fracture in case of film deposited on steel it was observed that
the film did not fail even up to 2000 gf but the substrate got
plastically deformed resulting in pileups as can be seen in fig-
ure lines along the side of the indents but still the film did not
show the cracking or spalling (Figure 6(a)). However such
failures took at 1000 gf for the film A (Figure 6(b)), spalling

is clearly seen. The double-layer film C having hard and soft
layer also showed failure at 1000 gf, but film D having double
layer as soft and hard was able to sustain 1000 gf (Figure 6(c))
though here pileups were more than sample E, so the effect
of thickness of the film also plays a role; however, for film E
the structure shown is for 2000 gf. It clearly demonstrates that
three-layer films were tougher. Hence a soft layer film is help-
ing in increasing the load bearing capacity of the film. Inmul-
tilayer structure the microcracks tend to branch and deflect
at the interface between two alternating layers of different
materials. The resulting deflection and branching can lead to
reduced stress intensities at the crack tips. This means that
at every layer interface the cracking process must start all
over again, which takes energy and leads to a tougher coating.
At the same time the columnar growth of the soft layer
SiCN film beneath or in between hard layers is also added
to increase the toughness of the multilayered film due to the
stress distribution and deflection.The thickness of the bilayer
and trilayer films are also more that will also play role in load
bearing capacity of the film. A thicker film will fail at higher
loads; however, as it is clear from themicrostructure that film
has not failed but the substrate pileupswere observed, the film
remained intact at higher loads also for trilayer film.

The fracture toughness of the trilayer film E (ABA) was
measured from film deposited on Si as crack length could
be measured. Figure 7 shows the crack developed at 1000 gf
load. The toughness of the brittle materials can be calculated
by Antis equation [21]:

𝐾
𝑐
= 𝛽 × (

𝐸

𝐻
)
1/2

×
𝑃max
𝑎3/2
, (2)

where 𝛽 is an empirical constant which depends on the
geometry of the indenter and the value is 0.032 for cube cor-
ner indenter and 0.016 for Berkovich and Vicker’s indenter.
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Figure 7: A typical cracked surface of SiCN coated multilayer E
(ABA) silicon (Si 100) sample at 1000 gf load.

𝐸 is the elastic modulus and𝐻 is the hardness that was taken
from the obtained measured value from nanoindentation as
317.3 and 36.4GPa, respectively.The average crack length was
measured from microindentation and was 13.625𝜇m. The
fracture toughness was calculated at different indents and
the average toughness was found to be of the order of 9.5–
10MPam1/2, which is significant higher for a ceramic nano-
composite and single-layer film compared to the reported
values. The value of the single hard SiCN layer was also
calculated and was found around 3.5–4MPam1/2.

5. Conclusion

A detailed microstructure of surface as well the interface
has been studied for alternate hard and soft nanocomposite
SiCN film deposited by single SiC target using RFmagnetron
sputtering. The average particle size was found to be around
10–30 nm by AFM and SEM studies for hard film, whereas
for soft film it was found to be in the order of 100–150 nm.
The layered film showed a mixture of fine grains 80–100 nm.
Trilayer film showed particle size around 300 nm.Though the
interface was sharp between substrate Si and first hard layer
a very thin 5 nm reacted zone was observed at the interface.
Columnar type growth and larger particle sizes compared to
hard film were observed in soft film. The elemental compo-
sition profile across interface and layers confirms the sharp
boundaries at interface between the layers and presence of
higher amount of nitrogen and lesser amount of Si in soft
layer B compared to both side hard layers A.

The hardness and modulus for individual soft and hard
films were (10GPa and 115GPa) and (32GPa and 266GPa),
respectively.The double-layered films hard on soft and soft on
hard showed a composite hardness of (26GPa and 266GPa)
and (36GPa and 317GPa), respectively. The trilayer film E
(ABA) had 37GPa and 317GPa hardness and modulus and
appreciable elastic recovery of 62%. The fracture behaviour
on steel showed that up to 2000 gf force trilayer film E film
did not fail but substrate gets deformed resulting in pileups.
The crack could be found at 1000 gf for film on Si and fracture
toughness value 𝐾IC was measured to be 9.5–10MPam1/2.
The trilayer film E (ABA) showed higher tolerance of the
load under the microindentation compared to single-layer or

double-layer film. A soft underlayer film below hard layers
normally gave a better film in terms ofmechanical properties.
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The ion beam assisted deposition (IBAD) method was chosen for preparing a carbon thin film with a mixing area on a substrate
of Ti6Al4V titanium alloy. Nitrogen ions with energy 90 keV were used. These form a broad ion beam mixing area at the interface
between the carbon film and the substrate. We investigated the chemical composition by the glow discharge optical emission
spectroscopy (GD-OES) method and the phases by the X-ray diffraction (XRD) method. The measured concentration profiles
indicate the mixing of the carbon film into the substrate, which may have an effect on increasing the adhesion of the deposited
film. The nanohardness and the coefficient of friction were measured. We found that the modified samples had a markedly lower
coefficient of friction even after damage to the carbon film, and they also had higher nanohardness than the unmodified samples.
The increased nanohardness is attributed to the newly created phases that arose with ion implantation of nitrogen ions.

1. Introduction

Titanium and titanium alloys have many applications. They
are used in the aerospace industry and in biomedical engi-
neering. However, the components of titanium alloys show
unsatisfactory tribological properties [1]. The tribological
properties of Ti6Al4V titanium alloy have received huge
attention worldwide. Many methods and concepts for mod-
ifying the coating to reduce the coefficient of friction and
the wear rate have been applied. It is known that carbon-
based coatings can exhibit a very low coefficient of friction
and that their application on a substrate may result in a
multiple increase in its working life [2–4]. Due to the high
internal stress, these coatings have low adhesion to many
substrates [5, 6].We therefore investigated various deposition
techniques and the parameters of these techniques that
influence not only the adhesion but also other properties of
carbon-based layers [7–9]. In our work, the ion beam assisted
deposition (IBAD) method was chosen for modifying the
surface properties of the titanium alloy. A carbon coating a
few tens nanometers in thickness was applied to a Ti6Al4V

alloy substrate. Subsequent ion bombardment by nitrogen
ions with energy 90 keV was aimed at mixing the coating
and substrate atoms and hardening the surface area. The
parameters of the preparation process were proposed in such
a way that the resultingmodel of themixed area would have a
decreasing concentration towards the substrate. The aim was
to investigate the effect of the deposition parameters on the
penetration depth of the mixed and implanted atoms and on
the surface properties.

2. Materials and Methods

2.1. Substrates. The substrate material was a Ti6Al4V tita-
nium alloy with an 𝛼 + 𝛽 phase microstructure.The chemical
composition is shown in Table 1. The disc samples (20mm in
diameter and 6mm in thickness) were cut from a titanium
alloy bar and were then ground with a series of waterproof
abrasive papers up to 2000 grit. Final polishing was per-
formed with 5𝜇m and 1𝜇m diamond paste. The samples
were ultrasonically cleaned in isopropyl alcohol before the
preparation process.
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Table 1: Chemical composition of the Ti6Al4V titanium alloy (wt%).

Element C V Al O N H Fe Ti
Content 0.10 3.50–4.50 5.50–6.75 0.20 0.05 0.0125 0.3 Balance

Table 2: Operating parameters of the surface modifications by IBAD.

Parameter Values
Electron beam deposition of carbon nanolayers

Base pressure (Pa) 8 ⋅ 10
−5

Work pressure (Pa) 8 ⋅ 10−4

Acceleration voltage (kV) 6
Emission current (mA) 100
Target Graphite (99.999%)
Deposition rate (nm⋅s−1) 0.15

Nitrogen ion implantation
Base pressure (Pa) 9 ⋅ 10−5

Work pressure (Pa) 5 ⋅ 10−3

Acceleration voltage (kV) 90
Ion beam current density (𝜇A⋅cm−2) 1.5

2.2. Preparation Process. The modifications of the surface
properties were performed by the IBAD method. We used
the method in which the modifications were created by
sequential deposition and ion implantation. A scheme of
the IBAD equipment used in the experiment is presented
in our previous work [10]. The samples were attached in a
vacuum chamber to a water-cooled rotary manipulator. The
thickness of the nanolayers was monitored with a quartz
monitor, and the ion beam current was measured using a
Faraday cup. The temperature of the samples was measured
by a thermocouple located in the sample holder. The modifi-
cations were created in two steps. First, a carbon nanolayer
was deposited by electron beam evaporation of a graphite
tablet.The deposition rate of the carbon nanolayers was about
0.15 nm⋅s−1, and the work pressure was about 8 ⋅ 10−4 Pa. In
the second step, the coated substrates were irradiated with
nitrogen ions. The acceleration voltage was 90 kV, and the
ion beam current density was about 1.5𝜇A⋅cm−2. During the
deposition and ion implantation process, the temperature of
the sample was below 50∘C.The parameters of the deposition
and ion implantation process are shown in Table 2. Prior to
deposition, the samples in the vacuum chamber were cleaned
by low-energy argon bombardment for 30min. The energy
of the accelerated argon ions was 700 eV, and the ion beam
current density was 90𝜇A⋅cm−2.

The parameters of the IBADmodified samples (nanolayer
thickness and fluence of implanted ions) were proposed
according tomathematicalmodels of the carbon andnitrogen
concentration profiles simulated by TRIDYN code and SRIM
code. The chosen parameters are shown in Table 3.

2.3. Chemical and Structure Analysis of the Surface Area. We
investigated the chemical composition by means of the glow
discharge optical emission spectroscopy (GD-OES) method
[11]. A LECO GDS850A optical emission spectrometer was
used. GDS850A is an optical emission spectrometer with a

Table 3: Parameters of the IBADmodified samples (thickness of the
carbon nanolayer, fluence of the nitrogen ions).

Sample A B C D
Nanolayer thickness (nm) 20 40 20 40
Fluence (cm−2) 1 ⋅ 1017 1 ⋅ 1017 5 ⋅ 1016 5 ⋅ 1016

Paschen-Runge polychromator with focal length of 750mm,
and it has a glow discharge spectral source with a flat cathode
(Grimm type). The sample itself serves as a cathode in this
arrangement. Atomization of the sample surface is performed
by themechanism of cathode sputtering under an anomalous
discharge. The process gas was argon. The spectrometer was
calibrated using reference materials with a known composi-
tion and known sputter rates, and the “standard” calibration
model was used [12]. The intensities of selected emission
lines of the elements of interest are expressed as functions
of the product 𝑐

𝐸,𝑀
⋅ 𝑞
𝑀
, where 𝑐

𝐸,𝑀
is the concentration

of element 𝐸 in sample 𝑀 and 𝑞
𝑀

is its sputter rate. In a
depth profile analysis of an unknown sample, the intensities
of selected lines are recorded as functions of time.The sample
composition is subsequently calculated as a function of time.
The sum of the concentrations of all the elements is 100% at
each point of the profile, and the unknown sputter rate of
the sample was calculated with known emission yields as a
function of time. Finally, the time scale was converted into
depth by integrating the sputter rate as a function of time.

We investigated the phase composition using the X-ray
diffraction (XRD) method. The measurements were per-
formed on a PANalytical X’Pert PRO powder diffractometer.
Geometry with the parallel beam with an incident angle of
0.5∘ was chosen with respect to the intensity of the diffraction
pattern. The diffraction was recorded for the 2𝜃 range 20∘–
80∘. Cobalt radiation with wavelength 0.1789 nm was used.
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2.4. Nanoindentation and Sliding Tests. The nanohardness of
the ion beam modified samples was investigated by nanoin-
dentation testing. The dependence of the nanohardness on
the depth was registered. The quasistatic load controlled
experiments were performed on a Hysitron TriboIndenter
system with a Berkovich diamond tip, using a partial unload-
ing function consisting of 39 cycles, each composed of a
loading segment, a dwell, and an unloading segment (1 × 1× 1
second) up to a force value of 5000𝜇N. Nanoindentation
testing proceeded at a temperature of 23.6∘C. Grids of 3 ×
4 indents with 10𝜇m separation were applied for each
sample. The nanohardness values were determined for each
unloading segment of the indentation cycle. The tip area
function was calibrated on the fused quartz sample according
to a standard calibration procedure [13].

A sliding test was performed in order to find out the
coefficient of friction. A pin-on-disc tribometer was used.
A constant normal load of 2N was set during the test. The
radius of rotation was 4mm, and the velocity was 6 cm⋅s−1.
The second part of the sliding couple was a 100Cr6 steel ball
6mm in diameter. The sliding tests proceeded at laboratory
ambient temperature 23∘C without lubrication and with
relative humidity of 57%.Themeasurements were performed
without sucking off the products of abrasive wear.

The sliding test of the modified samples was supple-
mented bymeasurements of the surface condition. An atomic
forcemicroscope (AFM) in tappingmodewas used to charac-
terize the surface topography.

3. Results and Discussion

3.1. Chemical Composition of Surface Area. The chemical
composition was investigated by the GD-OES method.
Figure 1 shows the resulting concentration profiles of nitro-
gen and carbon correlated with their mathematical models
from the simulation programs. The simulated concentration
profiles of carbon were determined by the TRIDYN code
[14], and the simulated concentration profiles of nitrogen
were determined by the SRIM code [15].The correspondence
between the measured and calculated depth profiles of the
carbon distribution is very good. The carbon concentration
on the surface is slightly lower than that in the mathematical
model of the carbon concentration profile. This may be due
to contamination of the surface by the residual atmosphere
consisting mainly of nitrogen. Minor differences between the
measured and simulated nitrogen concentration profiles are
shown in Figure 1.

The experimental concentration profiles are deformed
towards the surface in comparison with the mathematical
models. A large amount of energy is delivered by nuclear
collisions of ions in the surface area. This leads to the
formation of point defects. We presume that especially the
increased concentration of these defects and their migration
lead to deformation of the concentration profiles in this
area through radiation enhanced diffusion (RED). Budzynski
et al. [16] reported similar deformations of concentration
profiles caused by RED. The SRIM simulations do not
include the calculation of the dynamic change of the target
composition. This has a significant effect on the calculation

result, especially at higher fluences. The depth profile of the
nitrogen concentration towards the substrate is undoubtedly
influenced by the crater effect. A crater is formed during the
GD-OES measurement, and sputtering from the crater wall
influences the depth profile of the nitrogen concentration.
Diffusion may play some role, but the sputtering from the
crater wall has the dominant influence. For the samples with
lower fluence (5 ⋅ 1016 cm−2), themaximumnitrogen concen-
tration was found to be approximately 10 at% at a depth of
approximately 75 nm. For the samples with higher fluence
(1 ⋅ 1017 cm−2), the maximum nitrogen concentration was
found to be approximately 20 at% at a depth of approximately
80 nm.Themixing area is well perceptible from the course of
the concentration profiles of carbon and titanium in Figure 1.
For clarity, the concentration profiles of the alloying elements
of the substrate (aluminium and vanadium), which are an
addition to 100% concentration of the Ti6Al4V alloy, are not
plotted in Figure 1.

3.2. XRD Analysis. The crystal structure and the phase com-
position of the modified samples were examined by the
XRD method. This method can provide direct evidence of
intermetallic compounds formed in the implanted surface
area. Alpha structural phase of the titanium alloy (𝛼-Ti) was
observed in all samples, while no minority beta structural
phase (𝛽-Ti) was identified in the diffraction spectra. In
the XRD diffractograms, additional 𝛼-Ti phase with a larger
lattice parameter appeared. The implanted nitrogen ions
were placed in the interstitial sites, and a solid solution of
nitrogen was formed in the titanium matrix. A part of the
interstitial nitrogen ions was arranged into the structure,
and TiNx nonstoichiometric phase arose. TiN

0.61
phase and

graphite were observed for all types of samples. Liu et al.
[17] and Schmidt et al. [18] have confirmed that nitrogen
ion implantation on Ti-6Al-4V stabilizes the 𝛼-Ti phase and
forms compounds of varying composition and stoichiometry.
The diffraction spectra of all types of samples have similar
characteristics; see Figure 2.

3.3. Nanoindentation Tests. The indentation hardness was
investigated by nanoindentation.The resulting depth profiles
of the indentation hardness are shown in Figure 3.

The maximum indentation hardness values of the modi-
fied samples are shown in Table 4.

Hardness values at depths below 14 nm should be
excluded from the depth profiles in Figure 3. The results in
this region are influenced by the error originating from stan-
dard calibration of the tip area function on fused quartz [13].
The indentation hardness values decrease with increasing
contact depth and converge to the hardness of the reference
samplewithin the indentation depth. All samplesmodified by
the ion beam assisted deposition method with the proposed
technological parameters had amore than twofold increase in
indentation hardness compared to the unmodified substrate.
The increase in indentation hardness can be attributedmainly
to nitrogen ion implantation. Hard titaniumnitrides detected
by XRD in the titanium matrix hardened the surface area.
Although XRD analysis showed no carbidic phase, it can be
assumed that the mixing area may also have an impact on the
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Figure 1: Chemical composition of the surface area of the samples with a carbon nanolayer implanted by nitrogen ions—(a) C 20 nm,
1 ⋅ 1017 cm−2, (b) C 40 nm, 1 ⋅ 1017 cm−2, (c) C 20 nm, 5 ⋅ 1016 cm−2, and (d) C 40 nm, 5 ⋅ 1016 cm−2. Experimental concentration profiles
of carbon (C) and nitrogen (N) compared with the simulated concentration profiles of carbon (C TRIDYN) and nitrogen (N SRIM).

increase in indentation hardness. The indentation hardness
results in Figure 3 contain the depth profile of the indentation
hardness of the coated sample without ion implantation. The
maximum hardness value of the sample coated with a carbon
nanolayer of 40 nm without ion implantation is 6.3 GPa at a
depth of 14 nm. The nonconstant course of the indentation
hardness of the unmodified substrate is caused bymechanical
strengthening of the surface due to cutting and polishing of
the samples.

3.4. Sliding Tests. Sliding tests were carried out on a pin-on-
disc tribometer, and the results are shown in Figure 4.

Figure 4 shows the evolution of the coefficient of friction
for all ion beam modified samples as a function of the
number of cycles.The friction curves of themodified samples
can be divided into two parts. The first part represents the
low-friction regime, while the second part represents the

increased friction regime. The friction coefficient in the low-
friction part is very low, having a value of about 0.1 (Figures
4(a), 4(b), and 4(c)) which is typical for DLC (diamond-
like carbon) coatings [19]. The low level of the coefficient of
friction is explained by the thin carbon film, which remained
on the surface after ion implantation, as shown by the results
of the previous analysis of the chemical composition (see
Figure 1). The friction coefficient for modifications with a
20 nm carbon nanolayer and both applied fluences remains
low in the next 1000 cycles; and for modification with a
40 nm carbon nanolayer and fluence 1 ⋅ 1017 cm−2, it remains
low in the next 3500 cycles; that is, a two times thicker
nanolayer increased the duration of the lubrication effect by
a factor of 3.5. The low-friction coefficient value remained
constant until the carbon nanolayer was destroyed. The hard
titanium nitrides detected by XRD in the titanium matrix
hardened the surface area after nitrogen ion implantation,
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Table 4: Maximum indentation hardness values of the modified samples and the reference sample.

Sample REF
(unmodified)

A
(C 20 nm/1 ⋅ 1017 cm−2)

B
(C 40 nm/1 ⋅ 1017 cm−2)

C
(C 20 nm/5 ⋅ 1016 cm−2)

D
(C 40 nm/5 ⋅ 1016 cm−2)

Maximum
indentation
hardness
(GPa)

5.3 13 12.4 11.2 11.5

Indentation
depth (nm) 14 15 15 14.6 19.6
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Figure 2: Diffraction spectra of the modified samples—(A) C
20 nm, 1 ⋅ 1017 cm−2, (B) C 40 nm, 1 ⋅ 1017 cm−2, (C) C 20 nm,
5 ⋅ 1016 cm−2, and (D) C 40 nm, 5 ⋅ 1016 cm−2.
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Figure 3: Depth profiles of the indentation hardness of themodified
samples.

as shown by the depth profiles of the indentation hardness.
The carbon film on the hardened surface acted as a solid
lubricant. Almost identical friction curves were obtained for
the modifications with the 20 nm carbon nanolayer and for
both applied fluences. The measurements of samples with a
20 nm carbon nanolayer showed no effect of the fluence on
the course of the friction coefficient. The low-friction part
was absent for the sample with a 40 nm carbon nanolayer and
applied fluence 5 ⋅ 1016 cm−2. For the sample with a thicker
nanolayer, nitrogen impurity accumulated in the mixing
area and the lower nitrogen concentration in the titanium
matrix generated lower hardness. The lower hardness of the
substrate caused the thicker carbon nanolayer to break, and
an increase in the coefficient of friction occurred just at the
beginning of themeasurement.The thinner nanolayer did not
break, because themaximumnitrogen concentration is in the
titanium matrix, and the nanolayer is more flexible. The part
with increased friction is characterized by a sharp increase
in the coefficient of friction. In all samples, the coefficient of
friction is approximately 0.28 in this part and is constant until
the end of the test. This means a two times greater decrease
in the friction coefficient in comparison with the unmodified
substrate, which has a coefficient of friction of 0.6. The
resulting reduction in the friction coefficient is attributed
to the sliding properties of the mixing area. According to
Budzynski et al. [16], implanting nitrogen ions into Ti6Al4V
does not cause such a significant reduction in the coefficient
of friction without the lubrication effect of a sliding layer.

Three-dimensional AFM images of the selected samples
(unmodified substrate and modified sample with a 20 nm
carbon nanolayer and applied fluence 1 ⋅ 1017 cm−2) are
shown in Figures 5(a) and 5(b). The scanning area was 20
× 20𝜇m2. It can be seen that the surface topography of the
modified sample and the unmodified substrate are almost
the same. Nevertheless, ion beam modifications slightly
smoothed down the surface roughness. The surface of the
substrate was very smooth, with visible deep depressions.The
deep depressions may also be a source of premature failure
of the carbon nanolayer. In the case of high concentrations
of these depressions, the depressions could be a source of
graphite lubricant and could thus reduce the friction.

4. Conclusion

The results of chemical composition analysis indicate that
the proposed parameters of the modification process lead
to the mixing area. The carbon nanolayer remained on the
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Figure 4: Results of sliding tests of the samples with a carbon nanolayer implanted by nitrogen ions—(a) C 20 nm, 1 ⋅ 1017 cm−2, (b) C 40 nm,
1 ⋅ 10
17 cm−2, (c) C 20 nm, 5 ⋅ 1016 cm−2, (d) C 40 nm, 5 ⋅ 1016 cm−2, and (e) unmodified substrate.

surface after ion implantation, and this had an influence
on the sliding properties. The differences between the mea-
sured concentration profiles and the simulated profiles are
attributed in particular to the influence of radiation enhanced
diffusion, that is, diffusion accelerated by radiation defects.

The results show that the increase in the indentation
hardness is primarily the result of nitrogen ion implantation.
The hard titanium nitrides detected in the surface area
are probably the dominant source of higher hardness. The
measurements showed a slight increase in the indentation



Journal of Nanomaterials 7

40
20
0

−20
−40

−10 −8 −5 −3
0

3
5 8

10

−10
−8
−5
−3
0
3
5

8

10

X
(𝜇

m
)

Y (𝜇m)

Z
(n

m
)

10

0

−10
100−10

X range: 20𝜇m

Y
ra

ng
e:

20
𝜇

m

Ref-M3-20𝜇m.mdt #1
Sa = 8.07 nm

50

25

0

−25

−50

−75

−100

−125

−150

−175

−200

2 4 6 8 10 12 14 16 18

Position (𝜇m)

H
ei

gh
t (

nm
)

0

−100

−50

−150

−200

(a)

40
20
0

−20
−40

−10 −8 −5 −3
0

3
5

8
10

−10
−8
−5
−3
0
3

5

8

10

X
(𝜇

m
)

Y (𝜇m)

Z
(n

m
)

−8 −5 −3
0

3
5

8

10

0

−10
100−10

X range: 20𝜇m

Y
ra

ng
e:

20
𝜇

m

Sa = 2.56nm
C-M2-20𝜇m.mdt #1

2 4 6 8 10 12 14 16 18

Position (𝜇m)
20

10

0

−10

−20

−30

−40

H
ei

gh
t (

nm
)

80

40

0

−40

(b)

Figure 5: AFM images of selected samples (a) unmodified substrate and (b) a modified sample with a 20 nm carbon nanolayer and applied
fluence 1 ⋅ 1017 cm−2.
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hardness of the coated sample without ion implantation.
The carbon nanolayer may make some contribution to the
increase in hardness.

The results of the sliding test indicate that the carbon
nanolayer greatly decreased the friction coefficient. The
nanolayer on the hardened surface acted as a solid lubricant.
Although damage to this nanolayer increased the friction
coefficient, its value was lower than the friction coefficient of
the unmodified substrate. Double reduction of the friction
coefficient was observed. This fact leads to the conclusion
that the friction coefficient can be considerably reduced by
forming a mixing area. In order to form the mixing area
without a residual carbon layer, it is necessary to modify the
proposed IBAD deposition parameters.

Acknowledgment

This research has been supported by the Ministry of Educa-
tion, Youth and Sports of the Czech Republic, Project SGS
OHK2-033-13 of the Czech Technical University in Prague.

References

[1] M. Geetha, A. K. Singh, R. Asokamani, and A. K. Gogia,
“Ti based biomaterials, the ultimate choice for orthopaedic
implants—a review,” Progress in Materials Science, vol. 54, no.
3, pp. 397–425, 2009.

[2] S. Wei, T. Shao, and P. Ding, “Improvement of orthodontic
friction by coating archwire with carbon nitride film,” Applied
Surface Science, vol. 257, no. 24, pp. 10333–10337, 2011.

[3] S.-W. Jiang, B. Jiang, Y. Li, Y.-R. Li, G.-F. Yin, and C.-Q. Zheng,
“Friction and wear study of diamond-like carbon gradient
coatings on Ti6Al4V substrate prepared by plasma source
ion implant-ion beam enhanced deposition,” Applied Surface
Science, vol. 236, no. 1–4, pp. 285–291, 2004.

[4] D. Sheeja, B. K. Tay, S. M. Krishnan, and L. N. Nung, “Tribo-
logical characterization of diamond-like carbon (DLC) coatings
sliding against DLC coatings,” Diamond and Related Materials,
vol. 12, no. 8, pp. 1389–1395, 2003.

[5] S. Neuville andA.Matthews, “A perspective on the optimisation
of hard carbon and related coatings for engineering applica-
tions,”Thin Solid Films, vol. 515, no. 17, pp. 6619–6653, 2007.

[6] L. F. Bonetti, G. Capote, L. V. Santos, E. J. Corat, and V. J.
Trava-Airoldi, “Adhesion studies of diamond-like carbon films
deposited on Ti6Al4V substrate with a silicon interlayer,” Thin
Solid Films, vol. 515, no. 1, pp. 375–379, 2006.
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